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Atomic force microscopy (AFM) is used for the visualization
of single polymer molecules and the probing of their propetties.
New knowledge was obtained from the AFM study of polymer
adsorption and reconformation in a controlled environniessti-
mation of molecular weightand monitoring of chemical reactions
between single polymer moleculéShe experiments were per-
formed mainly with relatively “thick” polymeric molecules if the
diameter of the chain was larger then 1 nm: dendronized polyters,
“molecular brushes”, and some naturally occurring polyrétew-
ever, most of the synthetic polymers and many natural polymers
have much thinner chairtsAlthough several methods to improve
the detection of polymer chains via chemical modification of tips
or applying special AFM modes have been propdéedhe de-
velopment of techniques for the study of the conformation of iso-
lated chains with molecular resolution on rough surfaces is still a
challenging task. Recently, we succeeded in visualizing polycations
(PC) in different conformations adsorbed onto the atomically flat
mica? Although these PC are invisible on a Si-wafer due to the
high roughness of the substrdtéhey can be resolved after the
decoration of the deposited chains with Pd clustévietallization
of PC causes the strong contraction of chains32imes decrease D=124.3nm
of the contour length) even if the chains were strongly trapped by
the substrate. The local collapse of the chain was induced by
interaction with the bivalent ion Pdgt.

Here, we report for the first time on the contrasting method for B0 100 120 140 160 B0 100 2D a0 160
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AFM to substantially improve the resolution of a single molecule  fjgyre 1. Scheme of the contrasting of adsorbed polycations (a), AFM
experiment with no changes of the conformation of adsorbed poly- topography images (b,c), and a cross-section (d) of PMB, and AFM images
mer molecules. In our approach, we use the deposition of eitherafCPFS-PZVP (&59) mOleACILIﬂ?S before (b.e.f) g_nd a]ftef (Cl;g)t contrasting with

H : -ran nm). m I n Si-wi I | n mica.
hexa.c yaanerrate (HCF) anions or neg.atlvely Charggd clusters O.instog(far?s%? moIec?Jlar diarﬁe%ifd?sterit?ution foigg’\/P;uad(gc))rtfeg ontoCa
cyanide-bridged complexes as contrasting agents (Figure 1a). Thisihe mica, with no contrasting, are shown in (h), and those onto the Si-
method allowed us to increase the thickness of the resulting struc-wafer after contrasting with HCF are shown in (j).
tures up to 3 nm and, consequently, to provide visualization of poly-
mer chains on Si-wafers. After AFM-measurements, the contrasting

agents were then removed also without distortion of the molecule )
conformation where?” The polymer molecules were deposited on the freshly

We used in this study three different PC molecules: poly(meth- cleaved mica or Si-wafers from a very diluted (0.0005 mg/mL)

lovl thvl dimethvib | . hloride) (PM acid solution (pH 2.53). The drop of the examining solution was
a:crglosyoog/em gl ;;rcr)]li(z}-/vir?;?)//: ;ri]rr]r:;n(lgrznvcpl)ol\z;we):( 38?%/ set on the substrate for 60 s, and afterward it was removed with a

mol, and the star-shaped heteroarm block copolymer with seven ce,\:trll:ugaljfo'rAcFeM'l'_hetmoleCltJI%s_ V\_/terlel e>;am|ne(tj mSa d:y ;tatg with
polystyreneMy, = 20 kg/mol and seven P2V, = 56.5 kg/mol a Mulimode instrument (Digital Instruments, Santa Barbara)

arms (P$-P2VR,).2¢ Both PMB and P2VP molecules deposited onto in thet“ltijghlt" ta[;]pilgrg_rr}:ode. Deltails of trt]ﬁ AFI;A .exg()jeriments were
the Si-wafer are not resolved in the tapping mode (Figure®1b). reported elsewnere. fhe samples were then stained upon exposure

Although P$-P2VP, molecules adsorbed onto mica from acid water for 3 min to an HCF acid solution_bath. The sample was rinsed in
(pH 2) solution display a clear corshell morphology (Figure 183, water and dried for the AFM experiment. Figure 1c,g presents AFM

only the core of unimers with the height of 5 nm can be resolved images of PMB and RE&P2VF, molecules contrasted with HCF.

on the Si-wafer (Figure 1f). We were successful in visualizing all In all cases, we observed an 68,7 nm increase of heights of
resulting structure® that roughly corresponded to the size of the

of these polymers on the Si-wafer substrate with the following
staining procedure. The samples were prepared as described else-

Ilnstitut fir Polymerforschung Dresden. HCF-anion (Figure 1a). We found a strong effect of pH on the
§8'rﬁ\’/'ésr2i’:yuor}"§,e;frg contrasting process. No attachment of HCF-anions was observed
Il Fraunhofer-Institut fu Angewandte Polymerforschung. at pH higher than 4, that is, above the isoelectric point of the Si-
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Figure 3. AFM topography (a,b)Z-range 10 nm), phase (c) images, and
cross-section (e) of PMB contrasted with PB nanoparticles. The dash line
in (b) indicates the locus of the cross-section (e). Histogram (d) presents
the size distribution of the PB clusters.
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Figure 2. AFM topography images of the PMB molecule on the Si-wafer
(RMS = 0.6 &+ 0.4 nm) before (a) and after (b) contrasting with HGF (
range 5 nm). Snapshot (c) demonstrates the transition &f-3esegment
induced by the contrasting procedure (see explanations in the text).

the contrasting procedure results in the decoration of PC with the
PB clusters. The product appears (Figure 3b) as a structure of the
beads-on-string morphology. The attachment of PB clusters sig-
wafer (pH 3.8). We may speculate that at the large pH the negatively nificantly improves both the topography (Figure 3a,b) and the phase
charged Si-wafer suppresses the interaction of the polycations withAFM images (Figure 3c). The high binding density of PB clusters
HCF-anions. The statistical analysis of the molecular diameter from (the distance between adjacent clusters is about 15 nm) is sufficient
AFM images of the PSP2VP, unimers before the contrasting on  for the visualization of the molecular details of PC conformations
mica and after the contrasting on the Si-wafer provides evidence on surfaces with an RMS larger than 0.5 nm.
that the contrasting procedure introduces no changes in the con- In summary, we developed the simple contrasting procedure to
formation (Figure 1h,j). Similarly, we detected no changes of the improve the AFM visualization of positively charged polymer
dimensions of PMB molecules upon staining with HCF. We found chains deposited on the substrates of relatively high roughness via
that deposited HCF can be removed without changes of the mol- counterion exchange between Ginions and bulky HCF anions
ecular dimensions of PC simply upon rinsing the sample with either or negatively charged nanoclusters of Prussian blue. We believe
acidic (HCI, 5%) or basic (N 3%) water solution for several  that our innovation is important for the development of single
minutes. molecule experiments with polymer chains. The reaction of HCF-
We observed precisely the effect of the staining on the molecular anion could be used for recognition of polycation molecules, when
details of the PC conformations for the molecules deposited onto polycations, polyanions, and neutral molecules coexist on the
the Si-wafer by scanning always the same place (a place we foundsurface. Recently, the study was strongly restricted to atomically
using a label on the surface of the Si-wafer prepared with smooth surfaces. The contrasting procedure extends the range of
lithography) and visualizing the one molecule before and after the substrates (Si-wafers, chemically modified or patterned Si-wafers,
contrasting. The detailed analysis of the AFM data proved that the polished glasses, polymer films, etc.) appropriate for the experi-
location and fine conformational details of most of the PMB ments. That is very useful for the study of numerous processes
molecules remain unchanged upon treatment with HCF. We also involving the interaction of synthetic and biomacromolecules with
found that a minor part of the molecules appears to be partially various surfaces.
distorted during the procedure. A “negative” example is shown in ~ Acknowledgment. We thank DFG for financial support.
Figure 2. The 2.2«um long PMB molecule deposited on the Si-
wafer in the extended conformation is visualized before (Figure References
2a) and after (Figure 2b) staining. After the contrasting with HCF, (1) (a) Hansma, H. G.; Vesenka, J.; Siegerist, C.; Kelderman, G.; Morrett,
it is thicker and nicely visible. Although the segmerits2 and Tégg'gggeﬂgg_%mgggggv e e e
3—4 of the molecule with lengths of 1100 and 410 nm, respectively, Sci 1997, 27, 175. (c) Sheiko, S. S.; Mier, M. Chem. Re. 2001, 101,
remained unchanged, the central g3 with the initial length ?eo)glgjé?azli,Tsle.l;(rtlil,('s\{ > ; Reneker, D. frolymer1999 gg&;ggiggg:
of 758 nm has been moved up for about 250 nm, as it is shown by (f) Zhu, M.; Akari, S.; Mchwald, H.Nano Lett.2001, 1, 569.
the green arrow on the snapshot (Figure 2c). The transformation is @ (a_) K'_”V r'r? gﬁé?ndysélza ngz"/“lnz'f 133 435369&3 \"\\A/mﬁéepgnellélri/ itamm
accompanied with about a 7% collapse of 2he3 fragment. Thus,
we see the important role of the attractive interaction between the
surface and PC molecule. If a PMB chain (or its fragment) bearing

Gorodyska, G.; Stamm, MJ. Am. Chem. Soc2002 124 3218. (c)
Gorodyska, G.; Kiriy, A.; Minko, S.; Tsitsilianis, C.; Stamm, Mano

HCF-anions loses contact with the surface, it collapses due to the

counterion condensation effect.

(3) Sheiko, S. S.; da Silva, M.; Shirvaniants, D.; LaRue, |.; Prokhorova, S.;
Moeller, M.; Beers, K.; Matjaszewski, K. Am. Chem. So2003 125,
6725.

(4) Barner, J.; Mallwitz, F.; Shu, L.; Schkr, A. D.; Rabe, J. PAngew. Chem.

Lett. 2003 3, 365.
With the contrasting procedure, the size (thickness) of the chain

can be even more increased by the attachment of larger counterions
or even negatively charged clusters. For that we used the clusters

of Prussian blue (PB) (Figure 3). We found out that addition of
FeCk to 6 molar excesses of HCF results in the dispersion of the
PB nanoclusters of narrow size (2.7 nm averaged diameter)
distribution (Figure 3d). Obviously, the stability of the PB clusters
is due to the high negative charge provided by the excess of HCF-
anions located on the clusters’ surfaces. Using this dispersion in

2003 115, 1976.

(5) Kumaki, J.; Hashimoto. TJ. Am. Chem. So2003 125 4907.

(6) Root-mean square roughness (RMS) of the mica is usually less than 0.05
nm; it is usually less than 0.2 nm for the Si-wafer.

(7) Kiriy, A.; Minko, S.; Gorodyska, G.; Stamm, M.; Jaeger, Wano Lett.
2002 2, 881. Minko, S.; Kiriy, A.; Gorodyska, A.; Stamm, M. Am.
Chem. Soc2002 124, 10192.

(8) Mica-adsorbed PMB molecules have a height of 9.6.1 nm.

(9) In the reference experiment, we found no adsorption £7e{CN}); onto
bare substrates (without preadsorbed PC molecules) either at neutral pH
or in acid conditions, as confirmed by AFM and elipsometry.
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