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Summary: The laterally resolved analysis of the chemical surface composition of

surface-treated block copolymers by atomic force microscopy (AFM) pull-off force

mapping in the force volume (FV) mode and the automated analysis of the FV data is

discussed. Poly(tert-butyl acrylate) (PtBA) microdomains residing in a polystyrene (PS)

matrix at the surface of cyclohexane-treated polystyrene-block-poly(tert-butyl acryl-

ate) (PtBA-b-PS) block copolymer thin films were domain-selectively deprotected,

activated and chemically modified, as also shown by fluorescence microscopy. AFM

pull-off force mapping in conjunction with an automated analysis of the data

provided real space evidence for the successful conversion of reactive esters located

in the PtBA domains and showed that AFM and related approaches, such as chemical

force microscopy (CFM), can indeed contribute to assess changes in heterogeneous

surface chemical composition of polymers down to sub-50 nm length scales.

Keywords: block copolymers; chemical force microscopy (CFM); local chemical analysis;

nanoheterogeneity; surface chemistry

Introduction

The laterally resolved analysis of the

chemical surface composition of polymers

and surface-treated polymers remains an

experimental challenge.[1] Spectroscopic

and spectrometric approaches have been

refined in recent years to address success-

fully the surface chemical analysis of

polymer films prior to and after reactions.

These improvements enable one to assess,

for instance, the kinetics of surface reac-

tions ex situ and also in situ via advanced

compositional analyses.[1,2] To combine

quantitative chemical analysis with high

lateral resolution for soft condensed mat-

ter, however, has so far remained a

challenge. This is particularly true for

polymer systems that are at the interface

of sensors, implants etc. and biological

media and species, where aqueous media

are a prerequisite and vacuum-incompat-

ibility is often observed.

In these polymer systems, as well as for a

broad range of other surfaces comprising

soft condensed matter, chemical hetero-

geneity is known, or expected to play an

important role.[1] Work by Spatz and co-

workers, for instance, showed how cluster-

ing of individual proteins or polypeptide

sequences affects cell adhesion.[4] Similarly,

meso and nanoscale chemical heterogene-

ities are important for surface treatments

for adhesion improvement, as well as for

biosensors and array platforms.[5] Finally,

recent advances in nanoscale chemistry (for

instance nanopatterning via soft litho-

graphic,[6,7] scanning probe lithographic[8–10]

and other approaches) clearly require and

would benefit from advanced chemically

sensitive surface characterization techniques

that operate on sub-50 nm length scales.
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Until recently, there were few, if any,

solutions available to tackle the mentioned

laterally resolved compositional analysis on

non-conducting, vacuum-incompatible sub-

strates. Among others, the scanning probe

microscopy method called ‘‘chemical force

microscopy’’ (CFM) has begun to contri-

bute to solving relevant problems in this

area. The extension of pioneering research

conducted by Lieber and co-workers led to

the development of chemically sensitive

imaging down to the sub-100 nanometer

scale by CFM, mostly demonstrated for

self-assembled monolayers (SAMs),[11–17]

but also for polymers.[18,19] In recent years

we have successfully applied CFM to study

polymer surface chemical composition, in

particular on surface-treated polymers.[20–24]

It is instructive to have a closer look at

how forces can be measured to eventually

assess surface composition. Friction force

microscopy (FFM) measurements using

atomic force microscopy (AFM), for

instance, have been frequently ‘‘applied’’

to perform sub-micrometer lateral compo-

sitional mapping.[25] However, it must be

noted that owing to problems of performing

quantitative and reproducible FFM mea-

surements on the one hand, and the

unsolved question how friction coefficients

(and not only relative differences in friction

contrast/forces) and surface coverages are

related on the other hand, only qualitative

information is in many instances obtained

at best.[26]

For chemical imaging by CFM it is

typically more straightforward to record a

mesh of laterally resolved force-displace-

ment (f-d) curves.[22,23,27] In these measure-

ments, a central aspect is the controlled

chemical modification of AFM probe tips

(Figure 1).[11] By controlling the surface

chemistry at the tip apex, as well as the

imaging medium, the intermolecular inter-

actions (between the functional groups

exposed on the tip and on the sample

surface) can be systematically varied and

controlled. These spatially different inter-

actions can be measured in normal (or

lateral) force detection schemes, providing

access to variations in, e.g., surface chem-

istry averaged over the tip – sample contact

area.

It is clear that this methodology provides

indirect information about the chemical

composition via the measured interaction

forces. For apolar systems, in which only

van der Waals interactions operate, work

by Feldmann and co-workers established a

quantitative approach based on the theo-

retical framework of the Lifshitz theory.[29]

For polar groups interacting in such

experiments, contact mechanics provide a

theoretical framework to rationalize the

data.[30,31] In so far the quality of the

data is not (yet) comparable to various
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Figure 1.

Schematic of gold-coated AFM tip modified with a SAM of v-functionalized organothiols used in CFM studies of

surface-treated polymers. Reproduced with permission from reference [28].
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spectroscopic and spectrometric appro-

aches, however, combined with quantita-

tive spectroscopies laterally resolved

information can be acquired down to the

sub-50 nm level.

As we demonstrate in this paper, a

commercially available AFM (operated in

the force volume (FV) mode)[1] can be used

in conjunction with a custom-made analysis

software to unravel fine details of surface

chemical reactions carried out in PtBA

microdomains exposed in polystyrene-

block-poly(tert-butyl acrylate) PS690-b-

PtBA1210 block copolymer thin films. The

extension of this work to include modified

tips and controlled liquid media will

broaden the scope of the methodology

and will enable us to determine surface

chemistry locally in a quantitative manner.

Experimental

Materials

The PS690-b-PtBA1210 diblock copolymer

(polydispersity: 1.03) was purchased from

Polymer Source Company (Dorval,

Canada) and used as received. Fluorescein-

amine, 1-ethyl-3-(dimethylamino)-propyl-

carbodiimide (EDC), N-hydroxysuccin-

imide (NHS) and cyclohexane were pur-

chased from Aldrich and were used as

received.

Preparation of Thin Films

Thin polymer films were prepared by spin-

coating polymer solutions in toluene (typi-

cal concentration between 10 and 20 mg/

ml) onto clean silicon wafers, as reported

previously.[35]

Solvent Treatment of Thin Films

Cyclohexane was used to enrich the surface

in PS as reported previously.[35]

Chemical Modification

A drop of trifluoacetic acid (50 mL) was

applied to the solvent-treated films. Subse-

quently, the films were activated by immer-

sion into an aqueous solution of EDC (1M)

and NHS (0.2 M) for 30 min. The films were

immersed inside fluoresceinamine solution

(100 mM, PB buffer, pH¼ 7.4). Then the

samples were taken out, rinsed with PB

buffer and Milli-Q water, and dried in a

steam of nitrogen. Finally, the samples were

dried inside a vacuum oven for 1 day.

Atomic Force Microscopy (AFM)

The AFM measurements were carried out

with a NanoScope IIIa multimode AFM

(Digital Instruments/Veeco, Santa Barbara,

CA). Tapping mode AFM data were

acquired using a 100 mm scanner and

microfabricated tapping mode silicon tips/

cantilevers (k� 30 N/m, Nanosensors,

Wetzlar, Germany) in ambient atmosphere

(ca. 30% relative humidity, 24 8C tempera-

ture) as described previously.[35] For lat-

erally resolved pull-off force measurements

V-shaped Si3N4 cantilevers (k� 0.06 N/m,

Model NP, Veeco Nano Probe, Santa

Barbara, CA) were used; the AFM was

operated in the FV mode using a 10 mm

scanner, as reported previously.[24]

Fluorescence Microscopy

The fluorescence microscopy data was

obtained using a Zeiss LSM 510 confocal

fluorescence microscope with a BP 500-550

IR filter for fluoresceinamine, as described

elsewhere.[37]

Results and Discussion

In the work described below, nanometer

scale chemical information was acquired by

capturing force-volume images[32] using

AFM tips with known surface chemistry

in ambient atmosphere. The data sets

acquired consisted of 64� 64 force displa-

cement curves (Figure 2a and b) and

complementary topological information.

Using a custom-made software written in

Labview (National Instruments), these

individual f-d curves are analyzed off-line,

as reported previously.[24]

From these f-d curves the desired

information on the underlying surface

mechanical (elastic) and adhesive proper-

ties of the nanometer scale tip-sample
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contact can be obtained from the approach

(indentation) and retracing parts of the

curves, respectively.[24] From the displace-

ment (distance) a height image is calcu-

lated, while the approaching and retracing

curve yield an estimate of the modulus and

the pull-off force (and adhesion hysteresis),

respectively. These data will then be

analyzed statistically (1 file contains

64� 64¼ 4096 data points for each quantity

estimated) or the corresponding properties

can be localized in a 2D analysis. Finally, if

parameters, such as time or temperature,

are being varied, more demanding correla-

tion analyses are possible. In principle, one

could also perform the analysis on-line,

similar to an earlier report on inverted

chemical force microscopy (iCFM), which

is a useful methodology to assess surface

reactions in SAMs on the nanometer scale

in real time.[33]

The pull-off force data obtained contain

useful information on the tip-sample inter-

actions, which can be rationalized on the

basis of continuum contact mechanics

theories, such as the Johnson-Kendall-

Roberts (JKR) or the Derjaguin-Muller-

Toporov (DMT) theory.[30,31] The lower

limitation of the lateral resolution is given

by the size of the probe tip, the mechanical

properties of the substrate, and thermal/

instrumental drift of the set-up.

As shown below, surface chemical reac-

tions confined to the area of PtBA micro-

domains of PS-b-PtBA block copolymers

exposed in these thin films can be mapped

with sub-50 nm resolution. Following the

hydrolysis of the tert-butyl ester groups at

and near the surface of PS690-b-PtBA1210

films under acidic conditions (using aqu-

eous HCl, CF3–COOH, or gaseous HCl),

these groups were converted to reactive

NHS ester groups by reaction with 1-ethyl-

3-(dimethylamino)-propylcarbodiimide

(EDC) and N-hydroxysuccinimide

(NHS).[34] Nucleophiles, such as primary

amino groups, react efficiently with these

active esters (also in aqueous media) and

yield robust derivatized layers owing to

covalent coupling. The corresponding sur-

face derivatization reactions have been

previously analyzed on neat films in detail

using, among other techniques, contact

angle, FT-IR spectroscopy, X-ray photo-

electron spectroscopy (XPS) measure-

ments (not shown here).[34]

In spin-coated films of PS690-b-PtBA1210

on oxidized silicon, tapping mode AFM

phase images revealed the microphase

separation.[35] The minority phase was

recognized as cylindrical features. In such

films, angle dependent XPS, among other

techniques, proved that there is a skin layer

of acid sensitive PtBA present (owing to the

lower surface tension of PtBA compared to

PS).[35]

Using a cyclohexane treatment analo-

gously to work by Stadler and co-work-

ers,[36] both blocks were exposed at the

surface of the films in a poorly ordered, yet

microphase separated structure (Figure 3).

The analysis of the surface composition by

XPS (surface coverage x(PtBA)� 0.60)

showed a clear correspondence of the

Macromol. Symp. 2005, 230, 149–157152

Figure 2.

a) Schematic f-d curve showing the data evaluated by the software routine; b) Illustration of the mesh of f-d

curves acquired in the FV mode.
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surface area covered by the phase with

bright phase contrast in the AFM image

(x� 0.55). Similarly, the hydrolysis kinetics

were in favorable agreement with the

interpretation that in the cyclohexane-

treated films both blocks are exposed at

the surface and that PtBA is located inside

the islands seen in Figure 3.

After the reaction of NHS ester-acti-

vated, previously solvent treated films with

fluoresceinamine, the fluorescence emis-

sion intensity was lower by a factor of �0.5

compared to neat PS690-b-PtBA1210 films

that were treated similarly (Figure 4). Neat

PS films showed no fluorescence emission

(no data shown). This significantly decre-

ased fluorescence emission intensity sug-

gests that the reaction took place inside the

PtBA domains.

In Figure 5 we show the height and FV

images of a spin coated, a hydrolyzed and a

hydrolyzed PS690-b-PtBA1210 film after

EDC/NHS reactivation and coupling of

fluoresceinamine.

The experiments were performed using

a silicon nitride tip in ambient conditions.

The image contrast is related to differences

in capillary forces that vary systematically

with surface composition. It can be clearly

seen that the protruding features (which are

identified as PtBA islands by comparison

with TM-AFM height, not shown, and

phase images, see Figure 3) changed in

their adhesive properties from initially low

pull-off force (PtBA) to high pull-off force

(poly(acrylic acid)), and finally to low pull-

off force (fluoresceinamine) vs. PS. The

same trend was observed in the pull-off

force images and distributions (see below).

Macromol. Symp. 2005, 230, 149–157 153

Figure 3.

Tapping mode AFM phase image of cyclohexane-

treated film of PS690-b-PtBA1210 on oxidized silicon.

The areas with bright phase contrast are PtBA micro-

domains with an average diameter of 60 nm.

Figure 4.

Fluorescence microscopy images (146mm� 146mm; insets: intensity histograms) of a) neat PS690-b-PtBA1210 film

and b) cyclohexane-treated PS690-b-PtBA1210 film, both after hydrolysis, reactivation by EDC/NHS, and coupling

with fluoresceinamine under identical conditions.
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A more detailed insight into the surface

derivatization in this heterogeneous system

was obtained by a quantitative analysis of

the FV images using thementioned custom-

made software. As shown in Figures 6 and

7, the pull-off force maps were locally not

homogeneous.

While we observed a multimodal pull-

off force distribution (and a qualitatively

very similar distribution of the adhesion

hysteresis, data not shown) with pull-off

forces around 40 nN for the hydrolyzed

films, the derivatization with fluoresceine-

amine inside the PtBAmicrodomains led to

Macromol. Symp. 2005, 230, 149–157154

Figure 5.

a) AFM height and b) FV images (500 nm� 500 nm) of the cyclohexane-treated PS690-b-PtBA1210 polymer films;

c) AFM height and d) FV images of the cyclohexane-treated PS-b-PtBA polymer films after hydrolysis; e) AFM

height and f) FV images of the cyclohexane-treated PS-b-PtBA polymer films after hydrolysis, reactivation by

NHS/EDC and grafting of fluoresceinamine. By convention, the bright areas in the FV images correspond to low

pull-off forces (several protruding circular areas have been marked with circles to guide the eyes).
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a broadening of the distribution. In this

case the maximum of the distribution was

shifted at �7 nN and a long tail was

observed towards higher pull-off force

values. Also for the fluoresceinamine-deri-

vatized films, the distribution of the adhe-

sion hysteresis looked qualitatively very

similar to the pull-off force distribution.

These pull-off force distributions reflect

on the one hand the surface chemistry, i.e.

the different relative coverages of the

functionalized polymer film surface (PtBA

phase vs. PS phase and fluoresceinamine-

derivatized areas vs. PS phase, respec-

tively), on the other hand they show the

lateral heterogeneity of the different sur-

face chemistries. The differences between

PtBA and PS are small, although the

highest pull-off force values were observed

for the PS matrix (e.g. point x in Figure 6),

consistent with the higher surface energy of

PS compared to PtBA leading to a higher

work of adhesion.[11,21,30,31] The covalently

attached fluoresceinamine rendered the

PtBA microdomains hydrophobic, thus

the low pull-off forces are associated with

the fluoresceinamine-rich microdomains

(e.g. point w in Figure 7).

All data have been acquired in air using

an unmodified, yet chemically distinct,

silicon nitride tip. In order to map and

evaluate the lateral chemical composition

Macromol. Symp. 2005, 230, 149–157 155

Figure 6.

a) Pull-off force map (500 nm� 500 nm, forces increase from dark to bright contrast) and two representative f-d

curves (the position of these curves labeled x and y is located at the crossing of the corresponding dotted lines)

of cyclohexane-treated PS690-b-PtBA1210 polymer films calculated from the FV data, such as shown in Figure 5.

b) Pull-off force distribution (again the data points x and y refer to the ones schematically indicated in (a)).
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of these films quantitatively, CFM ex-

periments under carefully controlled

conditions (incl. drift control) with an

increased number of data points averaged

in time (for each position) and in plane are

required.

Additional work in differentmedia using

SAM-modified tips is currently underway

to help to quantify the coverages locally for

PS690-b-PtBA1210 films derivatized also

with poly(ethylene glycol), DNA and

proteins. This work will contribute to

obtain a better understanding of confined

reactivity at surfaces of organic and poly-

meric thin films and the development of

local chemical heterogeneities in surface

modification reactions.

Conclusion

Atomic force microscopy pull-off force

mapping in the force volume mode showed

that poly(tert-butyl acrylate) microdomains

at the surface of cyclohexane-treated

polystyrene-block-poly(tert-butyl acrylate)

block copolymer thin films were domain-

selectively deprotected, activated and che-

mically modified. The results obtained

clearly show that CFM mapping of sur-

face-treated polymers is feasible also on

sub-50 nm length scales and that the

custom-made software allows one to con-

veniently and rapidly evaluate AFM adhe-

sion and CFM force mapping experiments.

In contrast to the FV data,[32]quantitative

Macromol. Symp. 2005, 230, 149–157156

Figure 7.

a) Pull-off force map (500 nm� 500 nm, forces increase from dark to bright contrast) and two representative f-d

curves (the position of these curves labeled z and w is located at the crossing of the corresponding dotted lines)

of cyclohexane-treated PS-b-PtBA polymer films after hydrolysis, reactivation by NHS/EDC and grafting of

fluoresceinamine calculated from the FV data, such as shown in Figure 5. b) Pull-off force distribution (again the

data points z and w refer to the ones schematically indicated in (a)).
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pull-off force maps are directly obtained,

along with force distributions with more

than 4000 data points per FV image. With

further improved experimental routines

and in particular sharper CFM tips, resolu-

tions on the order of 10 nm appear

ultimately feasible.
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