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Scanning force microscopy (SFM) and related techniques make it possible to visualize polymer

systems with a molecular resolution. Beyond imaging, they also enable the unveiling of a variety

of (dynamic) physico-chemical properties of both isolated polymer chains and their

supramolecular architectures, including structural, mechanical and electronic properties. This

article reviews recent progress in the use of SFM on polymers, with a particular emphasis on the

mechanical properties of copolymers and single polymer chains, as well as on the bottom-up

fabrication of supramolecular polymeric (helical) nanostructures in particular based upon

p-conjugated macromolecules as building blocks for nanoelectronics. Through a detailed

understanding of the polymer behavior, we propose solutions for the generation of organic

functional (nano)systems.

SFM in polymer science

The physico-chemical properties of molecules and macro-

molecules strongly depend on the ‘‘molecular sociology’’,

namely on the way the molecules interact among them and

with external bodies, such as a solid substrate surface. The

generation of functional materials ‘‘from the bottom-up’’

requires the tuning of the hierarchical self-organization, and

consequently of a variety of properties, across a wide range of

length scales, from the molecular to the macroscopic scale.1–4

The technique

The invention of scanning probe microscopies (SPM)5 has

boosted the investigations of a large variety of physico-che-

mical properties of very small objects, including isolated

molecules and polymers, as well as their macroscopic archi-

tectures. As a result, those techniques now constitute a funda-

mental tool in materials science.6,7 In particular atomic force

microscopy (AFM), also known as scanning force microscopy

(SFM),8 is an extremely versatile technique which makes it

possible to study, in a mildly non-invasive manner, both

electrically-insulating and -conductive nanostructures with a

resolution below 3 nm.9,10 The development of SFM rendered

it possible to study polymers and bio-molecules, which typi-

cally possess poor electrical properties.11,12 The prime physical

property employed to map the surface by SFM is the interac-

tion force between a sharp solid tip and the sample surface.

The probes employed, typically made of Si or Si3N4, are

microfabricated, conically-shaped tips, having a radius of

curvature below 10 nm, mounted at the edge of a flexible

cantilever. The interaction between tip and surface, which can

be approximated to be of van der Waals type, induces a

bending of the cantilever, which is recorded using the beam-

bounced detection mode, and translated to give a real physical

quantity, e.g. the topography of the surface. The cartoon in

Fig. 1 highlights the operating principle of SFM.

Dynamic modes of SFM (i.e., using an oscillating probe)

have been first conceived to minimize the contact between the

tip apex and the surface, while keeping the ability of measuring

weak variations of the force. Thus, images can be recorded

with only a very brief intermittent contact over a cycle of

oscillation or even with no contact at all (the ‘contact’ being

defined as a situation where very short-range repulsive forces

dominate the tip–sample interaction). As a result, if not totally

removed, the shear forces are significantly reduced. The

development of dynamic modes can be seen as a breakthrough

in scanning force microscopy as their ability to probe minute

forces has opened avenues in imaging soft materials reprodu-

cibly and routinely, even reaching atomic resolution in ultra

high vacuum conditions. Two modes of operation can be

considered for measuring changes of the oscillating behavior

when the tip interacts with a surface: (i) the amplitude

modulation (AM) typically called ‘‘tapping’’ mode, in which

the tip–cantilever system is excited at a fixed drive frequency

and a given amplitude13 and (ii) the frequency modulation

(FM) technique; it is often called ‘‘non contact resonant’’

mode.14 For the FM mode, the basic idea is to use a negative

resonant frequency shift at constant oscillation amplitude as

the error signal to control the distance between the tip and the

surface. In doing so, the interaction between the tip and the

surface remains attractive so that the tip never ‘touches’ the

surface.
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Mons-Hainaut, Place du Parc, 20, B-7000 Mons, Belgium. E-mail:
philippe.leclere@umh.ac.be; Fax: þ32 (0) 65 37 38 61;
Tel: þ32 (0) 65 37 38 68
w The HTML version of this article has been enhanced with additional
colour images.

This journal is �c the Owner Societies 2006 Phys. Chem. Chem. Phys., 2006, 8, 3927–3938 | 3927

INVITED ARTICLE www.rsc.org/pccp | Physical Chemistry Chemical Physics



The SFM measurements can be performed at various inter-

faces including solid–gas, solid–vacuum and solid–liquid; thus

they enable studies not only of static properties, but also

dynamic processes in solution, such as (macro)molecular

motions or chemical reactions occurring at surfaces, etc. Since

the end of the 1980s, SFM techniques allowed the generation

of very fascinating images, providing a direct view into the

nanoworld. Chemists, physicists and engineers quickly rea-

lized the disruptive potential of these techniques and started to

bestow more and more information on nanoscale objects,

expanding their research beyond imaging,6 thereby exploring

the physico-chemical properties of matter in a quantitative

manner and finally employing the obtained information to

optimize the properties of functional (nano)materials. More-

over, the use of the SFM tip to manipulate objects, for

instance functionalized macromolecules, in combination with

the possibility of using external stimuli to trigger molecular

reactions, e.g. light, makes it possible to nano-construct new

polymeric architectures by photochemically covalently linking

two isolated macromolecular strands.15 SFM therefore offers

new approaches to explore many (dynamic) properties of

molecules and molecule-based architectures across a wide

range of length scales, and therefore appears to be an ideal

tool for polymer science.

In the present review we highlight a series of fascinating

results of SFM studies on polymers, with a particular empha-

sis on the mechanical response and properties of polymer and

polymer-based architectures, as well as on the formation of

supramolecular functional assemblies from p-conjugated poly-

mers, some of them showing the unique propensity to form

helical nanostructures.

Basic properties of macromolecules at surfaces

The SFM studies of polymers at surfaces rely on the adsorp-

tion on solid substrates. In a broader context, the processa-

bility of giant (macro)molecules into ultra-pure and highly

ordered structures at surfaces is of fundamental importance

for studying chemical, physical and biological phenomena, as

well as their exploitation as active units in the fabrication of

hybrid devices.16 Macromolecules are processed at surfaces

usually from solution, thus the choice of the substrate and

solvent is crucial as the properties of the polymer in solutions,

including their conformation, strongly depend on the interplay

between solvent–macromolecule and macromolecule–macro-

molecule interactions. Different solution processing methodol-

ogies can be employed, such as spin-coating, drop casting and

dipping (also under controlled atmosphere). While the former

is a quite rapid process as it takes place in a few seconds, the

latter is much slower and can last up to a few days. In all such

processes, the self-assembly at surfaces is typically a kineti-

cally-driven phenomena.17 Nevertheless, the progress towards

thermodynamic equilibrium can be fostered making use of

post treatments such as thermal annealing. It was indeed

recently shown18 by SFM that the self-organization at surfaces

of polysiloxane–phthalocyanine (PSPc) chains with a length of

a few tens of nanometers into ordered rod-like architectures

having a length up to 1 lm and a molecular cross-section can

be improved upon thermal annealing (Fig. 2). This elongation

of the rod-like architectures upon heating is probably due to

the tendency of the rod-like polymers to pack in a head-to-tail

motif, facilitated possibly by hydrogen bonding interactions

between the Si(OH) end-groups. These nanocylinders, posses-

sing a high apparent stiffness, may be good prototypes of

molecular nanowires for future molecular scale electronics.

Fig. 2 (a) Chemical structure of a phthalocyaninato–polysiloxane (PSPc) derivative. Tapping mode SFM images of spin-coated films of PSPc on

highly-oriented pyrolytic graphite (HOPG) (b) before and (c) after thermal annealing. Z-scales: (b) 10 nm; (c) 2 nm. Reproduced from P. Samorı́,

H. Engelkamp, P. A. J. de Witte, A. E. Rowan, R. J. M. Nolte and J. P. Rabe, Adv. Mater., 2005, 17, 1265 with the permission of Wiley VCH.18

Fig. 1 Schematic representation of the SFM set-up. While the

scanner moves the sample along the X and Y directions, the image

data are sampled digitally at equally spaced intervals. Other set-ups

have the scanner located on the tip, thus while the sample is fixed the

tip is moved. The SFM presented here operates with a beam-bounce

detection.
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The growth of macromolecules into well-defined and or-

iented nano and microscopic motifs can be driven by the use of

pre-patterned surfaces. Jonas and co-workers have fabricated

surfaces made of aligned hydrophilic and hydrophobic tracks

by a lithographic method involving self-assembled monolayers

(SAMs). These textured surfaces have been used to orient the

adsorption of globular proteins onto 20 nm-wide aligned

domains.19 Local oxidation of silicon surfaces into silicon

oxide domains as induced by an SFM tip is another powerful

nanolithography method to make pre-patterned substrates:

Garcia, Biscarini and collaborators have successfully grown

conjugated macromolecules into crystalline architectures

aligned along the silicon oxide stripes on a silicon substrate,

in the purpose of making defined ‘wires’ for organic electronics

applications.20

Immobilization and diffusion

The visualization of a macromolecule by SFM requires its

immobilization at the surface, to an extent that it does not

move due to diffusional or other types of motions during

measurements, at least with a rate faster than that of the tip

scanning the surface. Moreover, the interaction between the

molecule and the surface has to be stronger than the interac-

tion forces between the molecule and the SFM tip during

scanning, to avoid measurements being performed in an

invasive regime. The use of non-contact or intermittent (e.g.,

tapping) mode,13 when compared to contact-mode SFM,

made it possible to notably decrease the magnitude of the

tip–sample interactions, granting an almost non-invasive

visualization of soft materials, such as polymer chains and

biointerfaces.21,22

The subtle balance between intermolecular and interfacial

interactions opens the door to real-time studies of the ‘‘diffu-

sion’’ of polymer chains on surfaces. Recently Kumaki and co-

workers showed that single high molecular weight poly(methyl

methacrylate) chains adsorbed on mica in a humid environ-

ment diffuse according to a ‘reptational’ motion, i.e., along the

chain axis (for comparison, as a caterpillar), see Fig. 3. Low-

ering the relative humidity (i.e., the thickness of the water layer

on mica), the diffusion coefficient of the chains decreases. It is

worth noting that the risk that the SFM tip could induce these

‘reptational’ movements is under debate, but arguments quite

convincingly rule out this possibility.23

In contrast, Sheiko and collaborators24 studied the spread-

ing of a melt droplet of brush-like molecules on HOPG and

observed a random-walk transport due to the plug flow of

polymer chains on the substrate, with minor contribution from

the diffusion of brush molecules (the spreading proceeds faster

than the thermal diffusion). They demonstrated that the

diffusion of brush molecules is not spontaneous but induced

by the sliding of the dense monolayer over the heterogeneous

substrate. It is important to point out that the latter two

studies were performed on very different molecular systems,

processing and substrates. It is remarkable how the variation

of just a parameter (the relative humidity), tuned by the

presence of solvent vapours, can significantly alter the con-

formation of single macromolecules; depending on that para-

meter, poly(isocyanodipeptide) chains adopt different

conformations, which can be unravelled by their drastic

thickness changes measured by SFM imaging.25

Molecular weight distribution estimation

One important property of a polymer compound is its mole-

cular weight distribution. This characteristic is usually esti-

mated with indirect methods including size exclusion

chromatography (SEC), light scattering, viscometric or osmo-

metric measurements or end-group analysis.26 The absolute

values obtained with these methods must often be taken with

Fig. 3 Movements of isotactic poly(methyl methacrylate) chains adsorbed on mica under high humidity. Left: SFM image of isotactic PMMA

chains on mica deposited by LB technique (time: 0 min; scale: 484 � 533 nm2; scan direction. Each chain is indicated by ‘a’ to ‘p’ (freely moving

chains: white; anchored chains: light blue). The trajectories of the center-of-mass of the chains are shown by blue lines from 0–82.5 min in 71%

relative humidity (RH) and by red lines from 82.5–136.5 min in 54% RH. Right: Time lapse of the chain shapes for chains g, j, h, and n. The chain

images are superimposed by changing the color from blue, orange, yellow, pink, and green with time. Reprinted with permission from J. Kumaki,

T. Kawauchi and E. Yashima, Macromolecules, 2006, 39, 1209. Copyright 2006 American Chemical Society. 23
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caution, in particular due to problems related to the calibra-

tion of the set-ups (e.g., related to the hydrodynamic volume

of the investigated macromolecules for SEC studies) or be-

cause they are based on assumptions and models which might

jeopardize the correct analysis. Moreover the tendency of

molecules to aggregate in solution or when applied to the

surface can render these measurements quite delicate. SFM

imaging of single macromolecules provides a direct and quan-

titative estimation of the polymer contour length, thus of the

molecular weight distribution of polymers.27,28 This estima-

tion requires that the molecules adopt a stretched conforma-

tion at surfaces. Given the length and the mass of a repeat

unit, from the estimated contour length of a polymer chain,

one can calculate its degree of polymerization and its mole-

cular weight, respectively. Statistical analysis of a relevant set

of macromolecules then provides the molecular weight dis-

tribution. In the case where the macromolecule does not adopt

a stretched conformation when adsorbed at surfaces, such a

conformation type can be triggered using a templating self-

assembled monolayer physisorbed at surfaces, e.g. a 2D crystal

of derivatized alkanes adsorbed on graphite.29,30

Local thermal analysis of (confined) thin films

Local thermal analysis allows one to measure the glass transi-

tion temperature (Tg) or the melting temperature as well as

thermal conductivity/diffusivity of thin polymer films. A ther-

mal probe mounted on a SFM is brought into contact with the

sample and a step-and-hold temperature profile is applied.31

The power at each temperature is measured, and a break in the

temperature derivative of the power can be assigned to the

transition. It is observed that the probe position changes as a

function of the temperature and time. The question arises then

as to whether the transition in the probe power is due to

calorimetric effects or to the rheological behaviour. It appears

that the contribution to the signal due to calorimetric effects

(changes in conductivity, heat capacity, specific heat) can be

separated from the contribution due to rheological effects

(changes in viscosity and other viscoelastic parameters) and

it is found that the Tg transition signal is entirely due to

rheological effects. Sills and Overney applied the technique of

low amplitude modulated SFM to study the temperature and

time dependent response of bilayers of poly(methyl methacry-

late) (PMMA) and poly(styrene) (PS) deposited on silicon

substrates.32 Glass transitions for both polymers are observed

for thin (on the order of 100 nm) outer layers. By varying the

layer thickness they were able to probe the sensitive volume of

the measurement by recording the strength of the sublayer

glass transition signal. With this technique, it is also possible

to determine the relative weight of elastic and viscous forces on

the SFM tip. Lateral Force Microscopy (LFM) can also be

used to determine Tg of polymeric thin films, as the friction

between the tip and polymer surface changes significantly

when the glass transition takes place.33,34

SFM adhesion measurements can be employed as a direct

probe to fully characterize the surface dynamics of model

samples. Force–distance curves are recorded on thin films at

different temperatures and the pull-off force at which detach-

ment between the SFM tip and the sample occurs is measured

as adhesion.35 Along the same line, Takahara and coworkers36

developed scanning viscoelastic microscopy (SVM)37 to study

the surface modulus of polymer thin films. By the detection of

an amplitude change in the response force signal as well as the

phase lag between the stimulus displacement and the response

force signals, surface viscoelastic properties can be extracted.

They found that for monodisperse poly(styrene) thin films, the

surface glass transition temperature is much lower than in the

corresponding bulk material. These results unequivocally

show that surface mobility in the thin film is much enhanced

in comparison with the bulk. This shift of the glass transition

temperature of polymers in confined geometries is attributed

to the inhomogeneous density profile of the liquid.

Microscopic mechanical properties

One of the most important properties of polymer systems, in

view of their application for the generation of functional

materials, is their mechanical properties. Attempts to deter-

mine the elastic modulus and yield strength of polymer thin

films by SFM have been reported.38 Despite the success of

SFM for microstructural characterization, important ques-

tions remain about the physical origin of the image contrast.

The height images are generally considered to display topo-

graphic information, but it must be kept in mind that the local

mechanical properties of the sample (i.e., the possibility that

the tip slightly penetrates the surface) may also contribute to

the contrast in the height image. The discrimination between

the mechanical and topographic responses in SFM images of

viscoelastic materials (such as polymers) has become a critical

issue. This latter issue has been recently addressed by char-

acterizing designed model polymer systems containing two (or

more) chemically-distinct components, such polymer blends or

block copolymers.39,40 Among the various block copolymer

architectures described in the literature, the most commonly

studied system consists in linear diblock or triblock copoly-

mers combining thermoplastic and elastomer sequences. These

materials, known as ‘‘thermoplastic elastomers’’, exhibit sy-

nergetic properties that fill the gap between pure rigid materi-

als and soft elastomers and are therefore valuable alternatives

to polymer blends. Because of the constraint imposed by the

covalent bonding between the blocks and the typical molecular

weight values of the blocks (between 5000 and 100 000), phase

separation in block copolymers occurs at a length scale that is

much smaller than for polymer blends. Along the same line,

the very well-defined periodicity of the phase-separated do-

mains makes these materials very interesting model systems

for SFM measurements, in particular for quantitative investi-

gations. The height image is obtained recording the vertical

displacements of the piezo actuator necessary to maintain the

oscillator amplitude at a pre-set value. The phase images

correspond to the recording of the phase lag existing between

the signal sent to the piezo (to force the tip to oscillate at a

given fixed frequency) and the signal measured by the photo-

diodes (corresponding to the oscillations of the cantilever).

This image gives information on the dissipated energy during

the tip–sample interaction, and thus on the sample’s local

mechanical properties. When recording approach–retract

curves, the sample is moved up and down (on the Z direction)

3930 | Phys. Chem. Chem. Phys., 2006, 8, 3927–3938 This journal is �c the Owner Societies 2006



at a fixed X, Y location on the surface. The amplitude and

phase are recorded as a function of the vertical displacement of

the piezo actuator holding the sample. For thermoplastic

elastomers, due to the dominant repulsive regime, the recorded

difference is only related to the difference in the slopes of the

curves, thus in turn to changes of the local mechanical proper-

ties. This difference corresponds to the change in the indenta-

tion depth. When applied to various polymer systems such as

polymer blends and nanocomposites, this technique has been

successfully used for distinguishing pure topographic or pure

mechanical contrast, as well as intermediate situations with a

mixing of the two contributions to the SFM images.41

Since SFM can probe local surface mechanical properties

with high spatial resolution, down to a few nanometers, and

with fine control over the applied force, down to several

piconewtons,42 it represents the ideal set-up to investigate

the mechanical properties of many polymeric systems, in

particular for systems expected to exhibit nanoscale hetero-

geneous modulus distribution. In this way properties such as

excluded volume effects, strength, elongation, elastic modulus,

toughness and elasticity can be studied.38,43–45 Historically, the

elasticity has been probed by SFM exploiting the indentation

method,46,47 in which the SFM tip is pushed into the surface of

the sample, and force–distance curves are recorded, providing

quantitative insight into elastic properties. However a large

indentation with a sharp tip in the sample may break its

stress–strain linearity, or even make it fracture. Alternatively

the sample elasticity can be studied by SFM phase imaging48,49

and the force modulation technique.50 Nevertheless those

approaches also have significant limitations. SFM phase ima-

ging can only provide qualitative information about the

sample viscoelasticity. The force modulation technique cannot

be used on soft samples since during scanning there is a

significant lateral force applied to the sample which might

alter the sample surface. In the presence of significant adhe-

sion, the force modulation method is no longer quantitative

because the elasticity value is derived using the value of

applied force, which is difficult to estimate. Marti and co-

workers proposed the Pulsed Force Mode (PFM) that extends

the use of SFM from the simple imaging of topography to

measuring elastic, electrostatic and adhesive sample proper-

ties. Due to the intermittent nature of the tip–sample contact,

a broad variety of sample surfaces, both delicate and robust,

can be studied. Besides the possibility of imaging high material

contrasts such as local stiffness and adhesion, the main

advantages of the PFM are that there is virtually no lateral

force damage and there is precise control of the normal force,

so imaging of soft samples is easily possible.51,52

Nanoscopic mechanical response

The potential of SFM-based approaches is best expressed

when exploring single nanoscale objects, such as isolated

polymer chains. The contour of a polymer chain is typically

described by making use of a model developed by polymer

physicists. One of the most important models is the worm-like

chain (WLC) model introduced by Kratky and Porod.53 It

describes a polymer chain with two major parameters: the

contour length and the persistence length. Making use of the

WLC model, it is possible to quantify properties such as the

volume occupied by a random coil formed in solution, which

can be measured experimentally by, e.g., light scattering.

The size and mechanical stiffness of isolated polymer chains

can also be unveiled by adsorbing the polymer on a flat

substrate and imaging it by means of electron microscopy

(EM) or SFM. While the former type of studies can be

executed only under extremely controlled environmental con-

ditions (i.e., a vacuum), the latter kind of investigations can be

done at various interfaces. Therefore they made it possible to

also study dynamic processes or behaviors of polymers in their

native solutions. By vectorizing the chain contours obtained

by microscopy imaging, and making use of a model such as the

WLC, it is possible to estimate the contour and persistence

lengths of a chain, the latter being the length over which the

memory of a chain segment orientation is maintained. Thus it

is a way to quantify the stiffness of a polymer chain. This

approach was first introduced and exploited on DNA mole-

cules adsorbed at surfaces from data obtained with EM by

Frontali et al.,54 and later by Rivetti et al. on SFM results.55

More recently this type of investigation has also been per-

formed on synthetic macromolecules.11,56–60

The major requirement for singling out properties of iso-

lated polymer chains from EM or SFM images of single

strands adsorbed at surfaces is chain equilibration at sur-

faces.55 In fact it is most important to note that the chains

may be physisorbed on the surface in either a kinetically-

trapped 3D conformation or a conformation that is in the 2D

thermodynamic equilibrium conformation. In the former case,

the observed structures resemble the projection on the surface

of the conformations present in solution and reflect the history

of the approach of the molecules to the surface. In the latter

case, the molecules are allowed to search among their acces-

sible states in two dimensions before they are captured in a

particular 2D conformation. Recently it has been shown that

simple adsorption of brush-like macromolecules can induce

not only conformational deformations but also spontaneous

rupture of covalent bonds in the macromolecular backbone,

due to the fact that the attractive interaction between the side

chains and the substrate is maximized by the spreading of the

side chains, which in turn induces tension along the polymer

backbone.61

Only for chains which are equilibrated at surfaces in quasi

2D, it is possible from SFM or EM images to evaluate

quantitatively the persistence length according to the WLC

model, and consequently the 3D mechanical and structural

properties of the polymer. Therefore, for estimating persis-

tence properties of single polymers when adsorbed at surface it

is crucial to be able to differentiate between trapped 3D

conformations and macromolecules equilibrated in quasi 2D.

This identification can be done using different approaches, as

discussed in ref. 55 and 60

The statistical analysis of the curvature of isolated poly-

meric chains of poly(isocyanodipeptides) (PICs) equilibrated

in quasi 2D on the basal plane of mica surfaces revealed that

the chains possess a persistence length Lp of 76 nm (Fig. 4).

This indicates that these single polymer molecules are very

rigid, i.e., even more rigid than double-stranded DNA. This

rigidity was attributed to the helical structure of the polymer
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backbone and, in particular, to the hydrogen-bond networks

that are present between the alanine moieties in the side

chains.60 This result is extremely important since these mole-

cular systems are very versatile objects from a synthetic view

point, to the extent that chromophores such as perylenes can

be grafted in the peripheral positions, leading to very stiff

macromolecules which are expected to act as synthetic anten-

nas; the optical properties of these building blocks were

elucidated by making use of confocal optical microscopy.62

Moreover this slightly hydrophilic macromolecule, in view of

its shape persistence, is a nice playground for exploring in situ

the dynamic swelling of a polymer chain by following its

height evolution in different environments, i.e., at various

relative humidity and in the presence of CHCl3 vapor.
25

Despite its great potential, this approach of single polymer

experiments is still not well established. This might be due to

the difficulties of single molecule experiments, and also to the

lack of theoretical knowledge about the conformations of

adsorbed chains, which have not been studied systematically

so far. In particular, it is not known which conditions lead to

chains equilibrated at surfaces. There is an urgent need for

methodologies and models to achieve quantitative character-

ization of the conformation of isolated polymer chains from

SFM images.

It is also worth noting that such investigations, relying on a

statistical analysis, average over a heterogeneous population

pool of data. Making use of SFM it is also possible to address

the mechanical response of individual polymer chains. This

can be done by attaching a single chain either to the substrate

or to the SFM tip, and lifting the tip away from the substrate,

thereby stretching the polymer. While in the relaxed state the

polymer tends to adopt a coiled conformation due to the

maximization of the entropy of its segments, upon extension

the macromolecule generates an opposing force because of the

entropy decrease. Small extensions need a small force; how-

ever, the resistance to the extension increases as the polymer

approaches its stretched conformation. The WLC describes

the mechanical behaviour of the polymer under this type of

stress well.63,64

Such single molecule experiments offer insight into the

distribution of the experimental observables. This makes it

possible to single out sub-states which are commonly averaged

out in macroscopic investigations. For example it has been

shown, first on the muscle protein titin,65 and later on other

multi-domain proteins, that the different modules constituting

the protein can be unfolded one by one. The so-obtained force

curve is characterized by a saw-tooth pattern with a number of

peaks corresponding to the domains that have been un-

folded.66,67 The possibility of tuning the constant pulling rate

and the temperature of the system allows attainment of a

thermodynamic quasi-equilibrium condition and to discern

between the enthalpy and entropy contribution, respec-

tively.68,69 Alternatively, making use of the Jarzynski equality

relating the irreversible work to the equilibrium free energy

difference DG, one can obtain equilibrium thermodynamic

parameters from processes carried out arbitrarily far from

the equilibrium.70

This approach has been recently employed also on synthetic

polymers to gain, through force distance curves, quantitative

information on the elasticity of single macromolecules in

solution, on conformational transitions along the chains,

about the mechanical stability of chemical bonds and on

secondary structures, as well as on the desorption of individual

polymer molecules from solid substrates.71,72 In an early work

on a synthetic polyelectrolyte, i.e., poly(methacrylic acid),

Ortiz and Hadziioannou demonstrated that the nature of the

deformation induced by the tip pulling the polymer strand is

solely entropic, also enabling the estimation of the statistical

segment and persistence lengths.42 Such methodology also

enables the unveiling of the admolecule–substrate interactions

and the singling out of different types of scenarios, including

loops, trains or tails of a polymer molecule adsorbed on a

surface.73

Along the same line, the properties of poly(acrylic acid)

(PAA) chains preadsorbed onto a silicon nitride tip surface

can be studied and tuned by systematically changing an

experimental parameter, such as the pH.74 To better control

the formation of the tip-molecule bond, Gaub and co-workers

Fig. 4 (a) Structure of poly(isocyano-L-alanine-D-alanine methyl ester) (PIC) showing the hydrogen-bonded array within the side chains of the

polymer. (b) TM-SFM image of a PIC sample. Film prepared from a chloroform solution containing 0.01 g L�1 of PIC–Ni. White arrows indicate

intersections of separate chains and black ones mark segments consisting of intercoiled chains. Z range = 2 nm. (c) Schematic representation of the

determination of yi along a chain section of length L (in gray) which goes from i to i þ 1. Reprinted with permission from P. Samorı́, C. Ecker, I.

Gössl, P. A. J. de Witte, J. J. L. M. Cornelissen, G. A. Metselaar, M. B. J. Otten, A. E. Rowan, R. J. M. Nolte and J. P. Rabe, Macromolecules,

2002, 35, 5290. Copyright 2002 American Chemical Society.60
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have introduced the stable covalent attachment of polyelec-

trolyte molecules to the SFM tip, which provides the advan-

tage of performing long-term measurements with the same set

of molecules and therefore allows the in situ observation of the

impact of environmental changes on the adsorption behaviour

of individual molecules. Approaching and retracting the tip

from the surface, different types of interactions, e.g. electro-

static or hydrophobic interactions, that determine the adsorp-

tion process could be identified and characterized.75 The

elasticity and adhesion forces of poly(acrylamide) derivatives76

as well as of amphiphilic and hydrophobic dendronized poly-

mers77 were found to depend on the solvent, in experiments

performed at the solid–liquid interface. Similar measurements

were also recently performed on copolymers78,79 and supra-

molecular polymers.80,81 Although other tools with a greater

force resolution have been developed in the last decade,

including magnetic beads and optical tweezers, the practical

advantage of force spectroscopy is its greater versatility and its

ability to get a 3D picture of the nano-object under investi-

gation.82

Conjugated (co)polymers and supramolecular

polymers

The optical and electrical properties of materials based on

p-conjugated (macro)molecules depend on the structural order

within the organic active layer, which needs to be tuned

depending on the intended application. For instance, strong

interchain interactions are desired within the active layer of

field-effect transistors (i.e., at a distance between conjugated

units belonging to adjacent chains between 0.3 and 0.4 nm)

with the stacking direction of the chains parallel to the

substrate plane to give efficient charge transport (high charge

carrier mobility).83 For light-emitting diodes however, strong

interchain interactions are undesired, because they usually

strongly shift the luminescence spectrum (compared to the

solution spectrum) and reduce the quantum yield. Therefore,

strategies have been developed to ‘isolate’ the conjugated

backbones from each other by the use of, e.g., bulky side

groups,84,85 cyclodextrin rings86 and nanochannels87 to encap-

sulate macromolecules. For photovoltaic diodes, the ideal

active layer consists of a co-continuous network made of

electron-donating and electron-accepting materials phase-seg-

regated in the 10 nm range domain (i.e., the typical exciton

diffusion length in conjugated polymers).88 In all cases, ‘‘en-

gineering’’ the supramolecular organization of macromole-

cules in the solid state plays a key role in controlling the

device properties. SPMs are central tools in that study since

they allow the elucidation of the molecular packing of the

conjugated species onto defined surfaces (electrodes, align-

ment layer, etc.) down to the 1–3 nm scale.

Homopolymers and block copolymers

p–p interchain interactions can be employed as the major

driving force to self-assemble conjugated macromolecules into

specific structures, for instance 1D ‘fibrillar’ structures. This

was first demonstrated by tapping mode SFM studies on thin

deposits of hexyl-substituted poly(para-phenylene ethynylene)

(PPE):27 the observed 1D structures have a molecular cross-

section (i.e., a few to few tens of nm) and a length of several

micrometers, reflecting a ribbon-like shape, see Fig. 5. This

nanoribbon morphology is the signature of p–p stacked

chains, where the molecular axes are parallel to each other,

perpendicular to the stacking direction. In some cases, the

ribbons have a thickness of a few molecules packed perpendi-

cularly to the substrate with interdigitated alkyl side groups.

This type of ordering into fibrillar structures, which is primar-

ily governed by intermolecular interactions,89 has been ob-

served in many systems, for instance poly(3-alkylthiophene),90

and poly(9,90-dioctylfluorene).91 Interestingly, this 1D aggre-

gation can also be obtained with conjugated discotic molecules

(2D systems), such as phthalocyanines,92 and conjugated

dendrimers (3D systems) made of phenylene units.93

In addition to p–p interactions, different weak interactions,

including metal complexation and H-bonds can be used to

form functional architectures as 1D supramolecules with a

molecular cross-section, which can be directly investigated

with SFM.94,95

Metal–ligand interactions were used to boost the growth

into ribbons from a conjugated polymer by grafting crown

ethers to poly(para-phenylene vinylene) chains. The p–p
stacking is assisted by the interactions between the crown

ethers in the presence of K1, and the length of the nanor-

ibbons increases with the standing time of the PPV/K1

solution.96

Recently, ‘‘rod-coil’’ copolymers, which are block copoly-

mers combining a conjugated segment and a non-conjugated

segment, have received particular attention,97 because of the

peculiar morphologies arising from the phase separation

between the blocks in the solid state, as for instance mush-

room-shape aggregates,98 and microporous hollow micelles.99

Similarly to what has been observed for conjugated homo-

polymers, it has also been found that these ‘‘rod-coil’’ macro-

molecules self-assemble into nanoribbons.100,101 Nanoribbons

form with block copolymers based on conjugated PPE, poly

(para-phenylene) (PPP), or poly(fluorene) (PF) segments cova-

lently linked to flexible chains, such as poly(ethylene oxide)

(PEO) chains (Fig. 5).102,103 In these copolymers, the nano-

scopic morphology can be tuned by varying the block relative

volume ratio: with PF–PEO copolymers for instance, the

fibrillar morphology survives up to an relative volume ratio

of 0.3 in PEO, beyond which nm-thick platelets or mm-sized

untextured polymer aggregates form, due to the assembly of

PEO chains, which prevents p–p interactions from taking

place.104

These nanoribbons made of conjugated blocks surrounded

by non-conjugated segments can be seen as ‘‘insulated supra-

molecular wires’’.105 For example, the nanoribbons can be

deposited between source and drain electrodes in a field-effect

transistor device and their charge transport properties can be

measured, providing a good model for the study of 1D

interchain charge transport. The electrical transport properties

in these nanowires could also be explored using Conducting

Probe Atomic Force Microscopy (CP-AFM), a powerful

technique to study nm-size organic structures, which are

usually too resistive to be studied by STM.106 This technique

also allows one to execute current–tip voltage measurements at

specific locations on the structures, thereby providing direct
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electrical measurements of defects, such as grain boundaries or

kinks in the wires, that could act as bottle-necks for the charge

transport. Moreover, the local electronic properties of nano-

scale architectures could be unraveled by Kelvin Probe Force

Microscopy by offering quantitative insight into the work

function of nanostructures, e.g., providing pathways towards

the optimization of the charge injection at the interface

between a metallic electrode and a macromolecular nanos-

tructure.107

Supramolecular polymers and helicity

Helical structures, arising from the supramolecular assembly

of chiral or non-chiral molecules, are very appealing to

scientists, not only because of their esthetics but also because

such structural motifs are abundantly found in nature in many

biopolymers. Helices also exhibit some unique properties like

their shape and optical anisotropy and mechanical strength,

which makes them attractive objects for novel nanoarchitec-

tures and hierarchically organized materials.109 Nevertheless,

and despite the progress in supramolecular science, the mole-

cular design of dynamic self-assembling helices with pre-

defined periodicity and dimensions remains a huge challenge

that has to be addressed in order to fully benefit from the

unique properties of helices. Controlling the curvature is

essential for the construction of well-defined objects,110,111

and in the case of helices there is a direct relationship between

helical curvature, periodicity (p, helical pitch), and the radius

(r). With the advent of SFM it is now possible to investigate

more closely, at the atomic level, the architecture of the chiral

nano-objects and to gain insight into their mechanical proper-

ties. Helices are also unique in the way they assemble: due to

the build up of curvature, they form finite bundles and not

infinite bundles as seen for non-chiral fibers and linear rods.

Meijer and co-workers have thoroughly developed a series

of 1D ‘supramolecular polymers’, i.e., small molecules inter-

acting through non-covalent forces and forming long chains,

based on conjugated moieties carrying chiral groups, which

assemble in solution into helical structures owing to the inter-

play between terminal H-bond motifs between two moieties,

and p-stacking along the axis of the column.112,113 Recently,

they transferred such helical columnar stacks made of H-

bonded oligo(phenylenevinylene) (OPV) bearing chiral alkoxy

side-groups from solution onto defined substrates, in the frame

of applications in supramolecular electronics. By SFM, they

showed that isolated cylinders are observed only if specific

concentrations and specific solid supports are chosen; in the

best conditions, isolated cylinders have an average shape

persistence of about 125 nm, a parameter which could be

compared to the persistence length of single polymer chains.114

Their results are in line with observations of supramolecular

structures formed directly on surfaces (i.e., not pre-formed in

solution but starting from a solution in which the molecules

are isolated): oligothiophenes end-substituted with chiral oli-

go(ethylene oxide) groups form left-handed chiral 1D supra-

molecular architectures, extending over several mm, only on

substrates of intermediate polarity (e.g., silicon oxide, glass),

while deposits on either non-polar (graphite) or strongly polar

(mica) substrates reveal non-chiral well-ordered aggre-

gates.115,116 Very interestingly, a very recent SFM study

revealed that both left-handed and right-handed helical cylin-

ders can be obtained from the stacking of only one enantiomer

OPV (‘‘S’’ compound, or in mixed stacks with non-chiral

OPV) when the stacks are deposited on mica.117

Despite recent progress, at this stage there is very little

understanding about how chiral molecules self-assemble onto

non-chiral surfaces, which is a key point for the chirality to be

expressed at the supramolecular level in the solid state.

Helicity can also be induced at the single chain level by

placing chiral groups and/or by steric constraints along the

chains.118 This is the case for instance with poly(phenylacety-

lene)s, which adopt a helical conformation provided that

chiral pendants groups are present. With non-chiral substitu-

ents, a one-handed helicity can also be obtained using small,

Fig. 5 Tapping mode SFM images of ultrathin films of (a) poly(para-phenylene ethynylene) (PPE) forming supramolecular nanoribbons

adsorbed on mica108 and of (b) poly(ethylene oxide)-poly(fluorene)-poly(ethylene oxide) triblock copolymer (EO)45-(F)20-(EO)45 on mica. Inset:

Model of packing of the model system, i.e., (F)8-(EO)8, into fibrillar structures. (Left) Reprinted from Thin Solid Films, 336, P. Samorı́, V. Francke,

K. Müllen and J. P. Rabe, Growth of solution cast macromolecular p-conjugated nanoribbons on mica, pp. 13–15, copyright 1998, with

permission from Elsevier.108 (Right) Reprinted from M. Surin, D. Marsitzky, A. C. Grimsdale, K. Müllen, R. Lazzaroni and Ph. Leclère, Adv.

Funct. Mater., 2004, 14, 708, with permission from Wiley VCH.104

3934 | Phys. Chem. Chem. Phys., 2006, 8, 3927–3938 This journal is �c the Owner Societies 2006



optically-active molecules capable of complexing the polymer

chains, as suggested by SFM studies by Yashima and colla-

borators.119 They also showed that rigid-rod helical poly(phe-

nylacetylene)s bearing L- or D-alanine residues exposing a long

alkyl chain self-assemble into ordered hierarchical 2D crystals

under exposure of solvent vapors on HOPG. First, flat mono-

layers immediately and epitaxially form on the basal plane of

graphite, on which rod-like helical polyacetylenes further self-

assemble into 2D helix-bundles with controlled helicity upon

exposure of organic solvents. High-resolution SFM revealed

their helical conformations in the 2D crystals and enabled the

determination of the molecular packing, helical pitch and

handedness. These values agree well with those determined

by X-ray diffraction of the oriented liquid crystalline polymer

films.120 The control and fabrication of the 2D molecular

ordering of chiral (macro)molecules on substrates is among

the great challenges in materials science, due to attractive

applications in chemical sensing, electro-optical devices,

enantioselective adsorbents and catalysis.95

All together, these results pave the way towards new

approaches not only for the construction of new chiral materi-

als, such as chiral selectors and catalysts, but also for the

rational design of novel switchable chiral surfaces based on

inversion of helicity of macromolecules.118,121–126

If helical architectures based on single components are

already a great challenge, the formation of helical motifs from

more than one component is even more difficult. Rabe and

Schlüter recently showed that mastering electrostatic interac-

tions between macromolecules is a route to designing helical

supramolecular architectures by mixing synthetic and biologi-

cal polymers.127 This was demonstrated on positively-charged

dendronized polymers (with protonated amine groups at the

periphery and different dendron generations) which were

found to be able to complex with DNA, forming cylindrically

shaped nano-objects. SFM provided evidence for the beha-

viour of DNA to wrap around the dendronized polymers, see

Fig. 6. For the different dendron generations, it was proposed

that the interplay between the electrostatic energy and elastic

energy defines both the overall charge of the complex and the

different pitch sizes for the wrapped DNA. The dendronized

polymers together with DNA are a useful model system to test

theories on the interaction of oppositely-charged polyelectro-

lytes. Moreover, this novel complex might be used for nonviral

gene delivery systems and help to optimize the transfection

efficiency based on the structure of the vector system.127

Many questions arise, such as: (i) How is molecular chirality

expressed at the supramolecular level? (ii) How strong is a

helical nanospring? Can its behavior be described with the

Hooke’s law? (iii) How are the mechanical properties trans-

ferred from a single molecule nanospring to a finite bundle of

helices? These open issues are just a few of the questions that

might be tackled in future SFM studies of helical nanostruc-

tures.

Conclusions and outlook

Scanning force microscopies (SFMs) are indisputably a funda-

mental tool for the study of physico-chemical properties of

polymer-based architectures. Their capability of providing

direct insight beyond imaging, along with the versatility of

the techniques allowing the study of molecular based materials

under a variety of environmental conditions, pave the way

towards the optimization of functional materials and finally

open up a vast range of applications that foster materials

science into the nanoscale world.

The exploration of very small objects, such as single poly-

mer chains, will require in the years to come the improvement

of the spatial resolution, which can be foreseen to be facilitated

by the development of new application modes and/or en-

hanced properties of the present set-ups, including the tips.

More and more applications of nanomanipulation by means

of SFM can be foreseen, as a way to cast light onto the

mechanics of single nano-objects as well as for the construc-

tion of complex architectures, perhaps not thermodynamically

favored.

To control the processability of macromolecules into given

nano-objects at surfaces requires a careful consideration of the

molecule–molecule interactions. For this, the excluded volume

of a polymer, i.e., the volume from which a macromolecule in

a solution effectively excludes all other segments both belong-

ing to the same or other macromolecules, represents a truly

important parameter since it is known that the polymer chains

adopt a different conformation in bad and good solvents, i.e.,

when coiled and swollen, respectively. Flory’s theta solvent

marks the boundary between the good and bad solvents, as in

a theta solvent the macromolecules adopt their unperturbed

dimensions. In other words the shape of molecules in a pure

melt should be the same as under theta conditions. In the theta

solvent, the medium provides an exact compensation for the

Fig. 6 High-resolution SFM images of (a) fourth-generation den-

dronized polymer (PG4) deposited onto freshly cleaved mica. (b–d)

DNA–PG4 complexes of charge ratio 1 : 0.7 precipitated onto poly-

L-ornithine-coated mica. The scale bars represent 250 nm. Reprinted

with permission from I. Gössl, L. J. Shu, A. D. Schlüter and J. P.

Rabe, J. Am. Chem. Soc., 2002, 124, 6860. Copyright 2002 American

Chemical Society.127
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excluded volume effect. In essence, the theta solvent can be

considered the reference solvent type for the chosen macro-

molecules to be processed from solution at surfaces. Using

such solvent processing conditions is thus expected to provide

control over the organization of macromolecules at surfaces.

In certain cases, in particular for large molecules with a

strong tendency to aggregate, poor solubility might be a

limiting factor, not only for the processing from solution,

but also for the purification of the compounds after synthesis.

Nevertheless, the possibility of handling larger and larger

molecules provides access to increasingly complex func-

tions.1,128–130 Unfortunately, larger molecules commonly im-

ply lower processability due to either their low solubility in

liquid media or the occurrence of thermal cracking during

vacuum sublimation. The search for novel strategies to process

and characterise giant building blocks is therefore a crucial

goal in materials science. Very recently, a new general route to

process extraordinarily large molecules at surfaces, potentially

including polymers, into ultra-pure crystalline architectures

has been introduced. Such a method relies on the soft-landing

of ions131 generated by solvent-free matrix assisted laser

desorption/ionization (MALDI). Giant molecules have been

transferred to the gas phase, purified and adsorbed at surfaces

into crystalline architectures. The unique flexibility of this

approach allows the growth of ultra-pure crystalline films of

various systems, such as organic, inorganic and biological

molecules. Therefore it can be of interest for technological

applications in the fields of electronics, (bio)catalysis and

nanomedicine.132

The rapidly expanding and highly dynamic character of the

use of SFM approaches on polymers means that it was

impossible to cover all the detailed aspects in this review. This

represents a demonstration of the potential of this methodol-

ogy for both innovation and breakthroughs. Indeed, although

SFM is nowadays an established tool for mapping polymeric

surfaces, its use beyond imaging is still in its infancy.133 As the

relationship between molecular building blocks and architec-

ture and ultimately function is more fully understood, self-

organization of polymers into supramolecular functional ma-

terials will inevitably become less of an art, and more of an

exact science. The precise control over the functionality in

supramolecular polymeric architectures opens avenues for the

fabrication of prototype nanoscale and macroscopic devices

with tailor-made functions, with potential future applications

in the fields of nanoelectronics, optoelectronics and data-

storage.
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Angew. Chem., Int. Ed., 2003, 42, 1932.
16 A. P. Alivisatos, P. F. Barbara, A. W. Castleman, J. Chang, D. A.

Dixon, M. L. Klein, G. L. McLendon, J. S. Miller, M. A. Ratner,
P. J. Rossky, S. I. Stupp andM. E. Thompson, Adv. Mater., 1998,
10, 1297.

17 P. Samorı́, M. Keil, R. Friedlein, J. Birgerson, M. Watson, M.
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oni and Ph. Leclère, Adv. Funct. Mater., 2004, 14, 708.

105 A. P. H. J. Schenning and E. W. Meijer, Chem. Commun., 2005,
3245.

106 T. W. Kelley, E. L. Granstrom and C. D. Frisbie, Adv. Mater.,
1999, 11, 261.

107 V. Palermo, M. Palma and P. Samorı́, Adv. Mater., 2006, 18, 145.
108 P. Samorı́, V. Francke, K. Müllen and J. P. Rabe, Thin Solid
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