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AFM studies on cationic polymer brushes in water (a good

solvent) show that brushes in an extended conformation can be

easily deformed or indented by an AFM tip. Experiments on

polymer brushes in a more collapsed conformation, using

methanol–water as a ‘poor solvent’ environment, show similar

properties. Conversely, this ‘soft’ behaviour is dramatically

different in the presence of electrolytes containing anions that

are strongly coordinated to cationic groups of the polymer

brush. Our initial studies in electrolyte solutions at different

concentrations show that these brushes become so rigid that

they cannot be indented or deformed by the AFM tip, even at

high loads.

Surface-tethered polymer chains, usually described as polymer

brushes, have generated considerable interest for their use in

controlling the interfacial properties of surfaces.1,2 Recent

advances in the ‘grafting from’ approach have paved the way for

preparing brush films with controllable thickness ranging from a

few nm to several 100s of nm, as well as the preparation of block

copolymer brushes of almost any composition. Of particular

interest in this study are surface-tethered polyelectrolyte chains:3,4

positively or negatively charged polymer chains that undergo a

physical transition when exposed to a variety of different

environmental stimuli, such as a change in pH, solvent or salt

conditions, depending on the chemical functionality of the

polymer.5 These properties could be exploited in the development

of ‘smart’ surfaces and nanoactuators.6,7 One key feature related to

the nanoscale properties of these charged systems that have

scarcely been explored concerns the stiffness of polymer brushes in

different environments. This study looks at the properties of the

cationically charged polyelectrolyte system of poly[2-(methacryl-

oyloxy)ethyl trimethylammonium chloride] (PMETAC) brushes

grown via surface-initiated aqueous Atom Transfer Radical

Polymerization (ATRP).8 The work presented here is based on

tapping-mode AFM characterisation of these brushes to probe the

responsive nature of the polyelectrolyte chains and the effect of

counterion exchange on the physical properties of the brushes.

The synthesis of surface-tethered PMETAC was carried out

using a combination of micro-contact printing (mCP)9 and ATRP

to create mm-patterned brushes from gold surfaces. Initially, a

patterned self-assembled monolayer (SAM) of a thiol-ATRP

initiator was deposited onto a gold surface using an elastomeric

PDMS stamp, and subsequently backfilled with an inert methyl-

terminated thiol SAM (undecanethiol). Under a N2 atmosphere,

these mm-patterned initiator surfaces were immersed in an ATRP

mixture comprising of [METAC] : [CuICl] : [CuIICl2] : [Bipy] 5

100 : 2 : 5 : 0.1 and 4 : 1 methanol : water and left to polymerize at

room temperature. After removal from the reaction mixture the

surfaces were washed with Milli-Q water and dried under N2.

Fig. 1 represents a TM-AFM image of a 4 6 2 mm patterned

PMETAC brush from gold that was left for 3 h in the

polymerization bath giving rise to approximately 20 nm high

brush features. In this case (Fig. 1a) the image is that of a

PMETAC brush in a ‘dry’ state directly after polymerization. It

should be noted that these polymers are very hygroscopic and

could hence be slightly swollen. By immersing the brushes in water,

the chloride counterions are allowed to dissociate. This dissocia-

tion, within a ‘‘good solvent’’, causes electrostatic repulsions to

occur between the cationic charges on neighbouring polymer

chains, and in addition to solvation effects, forces them to swell

into a more extended conformation.10 Care was taken not to

indent the AFM tip into the brush film and it should be noted that

the actual height can deviate slightly from the one measured by

AFM due to long range interactions between the tip11 and the

charged surface.12 It must be noted that no significant differences

were observed when the AFM experiments were repeated using

tips modified with octadecyltrichlorosilane monolayers. This fact

indicates that the measurements are not seriously affected by
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Fig. 1 TM-AFM images of the same 4 6 2 mm patterned PMETAC

brushes from Au substrates (a) in air, with average brush height features of

20 nm, and (b) in Milli-Q water, described as the swollen state with

features of up to 60 nm.
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electrostatic interactions between the tip and the sample.13 The

TM-AFM image in Fig. 1b clearly show the responsive effect of

PMETAC when exposed to a ‘good’ solvent, in this case Milli-Q

water. In the dry state, AFM analysis shows brush height features

of approximately 20 nm and in its swollen state features of up to

60 nm are observed, hence a three-fold increase in brush thickness.

Subsequently, the same PMETAC brushes were scanned in a

‘poor’ solvent (a 1 : 1 mixture of methanol : water; Fig. 2) in which

the brushes are expected to be in a partial, not fully, collapsed

state. With the AFM tip scanning at the lightest load, at an

amplitude setpoint of 7 V (where the tip is just in contact with the

sample) features heights around 45 nm are observed as opposed to

60 nm in water. By changing the load (amplitude setpoint) of the

AFM tip during the scan, a dramatic difference in the height

features was seen. During the same scan, the tip load was increased

by halving the amplitude setpoint to 3.5 V, resulting in far thinner

features of approximately 3–5 nm. Although it could be possible to

‘squeeze’ all remaining solvent out of the brush layer, we assign

this large change in height features to indentation of the AFM tip

through the polymer brush during scanning, rather than compres-

sion of the polymer film. Based on this observation (i.e. facile

indentation under moderate loads of the AFM tip) we classify

these brushes as ‘soft’.14

By placing the charged polymer brushes in electrolyte solutions,

the cationic charges along the polymer chains become effectively

screened and electrically neutral, thereby reducing any electrostatic

repulsion between neighbouring chains, leading to a ‘collapsed’

state relative to that in pure water.15,16 Fig. 3 represents AFM data

of the same PMETAC brushes in a solution of 3 mM LiClO4. The

line scans show feature heights around 25 nm, indicating

significant collapse of the polymer brushes. As before the AFM

tip load was increased in order to observe any difference in

topographic features. However, no indentation or deformation of

the features was observed when decreasing the amplitude setpoint.

Instead, the topographic features remained unchanged at heights

of approximately 25 nm when halving the amplitude setpoint from

7 V to 3.5 V. Similar AFM experiments performed under 1 M

NaCl solutions showed that even in the fully collapsed state (brush

height around 20 nm) the Cl2-coordinated METAC brushes can

be indented: when the setpoint was reduced from 7 V to 2 V, a

10 nm tip indentation was observed (brush height compressed to

around 10 nm), while the ClO4
2-METAC brushes remain

completely unchanged, even when subjected to high loads at 2 V.

These results are dramatically different from the properties seen for

Cl2-PMETAC brushes and suggests a change in the physical

properties of the brushes from soft to hard matter. We believe

that the Cl2 anions are exchanged for ClO4
2 ions in a LiClO4

solution and these anions permeate into the brush structure

and bind electrostatically to the cationically charged quaternary

ammonium groups along the polymer chains, leading to a rigid

structure. This dramatic change in the physicochemical properties

of the polyelectrolyte brush can be explained by the interactions of

the two different anions with the polymer chain pendant groups.

The ClO4
2 ions are larger and more highly polarizable, in addition

to being much less hydrated, than Cl2 anions allowing them to

interact much more strongly with the quaternary ammonium

groups through ion pairing interactions, hence the change from

soft to hard behaviour.

Fig. 2 (top) 31 6 31 mm2 TM-AFM image of swollen 4 6 2 mm

patterned PMETAC brushes (shown in Fig. 1) in 1 : 1 methanol : water

with a switching amplitude setpoint of 7 V and 3.5 V. The corresponding

line profiles show that the increasing load has a dramatic effect on the

topographic heights of the brushes, from y45 nm at 7 V to y5 nm at

3.5 V.

Fig. 3 TM-AFM images of rigid PMETAC brushes (again the same

samples shown in Fig. 1 and 2) in 3 mM LiClO4. Top left image (a) is a

31 6 31 mm2 scan of 4 6 2 mm patterned PMETAC brushes on Au in

3 mM LiClO4 with an amplitude setpoint of 7 V and y25 nm high

features. Right image (b) also represents a 31 6 31 mm2 scan of the same

PMETAC brush but at a higher load, i.e. an amplitude setpoint of 3.5 V,

which seems to have no impact on the topographic features giving rise to

similar height brushes of y24 nm.
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This ‘switch’ between ‘soft’ and ‘hard’ matter is completely

reversible. Immersion the ClO4
2-METAC brushes in a 1 M NaCl

solution and subsequent washing with Milli-Q water, led to full

restoration of the soft behaviour shown in Fig. 2. This suggests

that the exchange of counterions within the brushes is easily

achieved through simply immersing the sample in the relevant

solution,17 such that an excess of Cl2 ions (from 1 M NaCl)

displaces the equilibrium ClO4
2/quaternary ammonium resulting

in the original chemical/ionic (Cl2-coordinated PMETAC)

composition. In addition, washing with Milli-Q water removes

any NaCl excess and thus PMETAC brushes convert to their

‘swollen’ state.

TM-AFM studies on PMETAC brushes in water (a ‘‘good’’

solvent) show that charged polymer brushes in an extended

conformation can be easily deformed or indented by an AFM tip.

Similar properties are observed when the same experiments are

performed on the polymer brushes in a slightly more collapsed

conformation, using methanol–water as a ‘poor solvent’ environ-

ment. Conversely, this ‘soft’ behaviour is dramatically different in

the presence of electrolytes containing anions that are strongly

coordinated to cationic groups of the polymer brush. Our initial

studies in electrolyte solutions at different concentrations show

that these brushes become so rigid that they cannot be indented or

deformed by the AFM tip, even at high loads. We are currently

further investigating the response of polyelectrolyte brushes to

different salts and the precise mechanical properties of ‘hard’

polyelectrolyte brush films.
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