Single Polyelectrolyte Molecules: Visualization,
Reconformation and Mineralization

Mittels Rasterkraftmikroskopie (AFM) wurden einzelne Molekiile
des sternférmigen Blockcopolymers Poly(styren-block-2-vinylpyri-
din)-(PS;-P2VP;) untersucht. Dabei wurden Konformationsiiber-
génge beobachtet, die durch verschiedene Ldsungsmittel verur-
sacht worden sind. Bei niedrigen Konzentrationen in selektiven
Lésungsmittel liegen die PS,-P2VP; in molekular aufgeléstem Zu-
stand vor und bilden unimolekulare Micellen. Die Zahl von P2VP-
Armen des Unimers sowie die Aggregationszahl der multimoleku-
laren Micellen und morphologische Details der Strukturen wurden
direkt analysiert. Um die einzelnen Molekiile mittels AFM auch auf
‘rauen’ Substraten (Siliciumswafer) visualisieren zu kénnen, wurde
ein einfaches Kontrastierungsverfahren entwickelt. Es basiert auf
Austausch der kleinen Cl-Gegenionen durch groe Hexacyano-
ferrat-Anionen oder negativ geladene Nanoclusters des Preul3isch-
blaus. Die urspriingliche Polymerkonformation wird durch diese
Verfahren nicht gedndert.

Introduction

The last decade has brought a revolution in the ability of chemists
to study and manipulate single molecules. Such a progress is
directly related with a development of the atomic force microscopy
(AFM) which allows both visualization of single molecules and
probing their properties [1]. In contrast to conventional physical and
chemical methods which provide an information refered to en-
semble of molecules, the AFM observation of individual members
yields direct information about the distributions of their properties.
Various important scientific and technological applications are con-
nected with the visualization of single molecules: study of poly-
mer’s adsorption and re-conformation [2, 3], measurement of their
molecular weight [4], performance of chemical reactions between
single molecules [5], development of modern molecular electro-
nics. The experiments were performed mainly with relatively thick
‘exotic’ polymeric molecules if the diameter of the chain was larger
then 1 nm: dendronized polymers [5], ‘molecular brushes’ and
some natural polymers [1]. However, most of synthetic polymers
and many natural polymers have much thinner chains [6]. Recent-
ly, we succeeded to visualize several ‘normal sized’ polyelectro-
lytes (PE) in different conformations. These polymers can be
imaged being deposited onto an atomically flat mica (root-mean
square roughness, RMS less than 0.05 nm) but they are ‘invisible’
upon investigation on a silicon wafer (Si) due to slightly higher
roughness of the surface (RMSsg;.yater = 0.2 Nnm) [2, 3].
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Fig. 1:

AFM topography images of P2VP
molecules (a); P2VP metallized

with Pd (b). Schematic represen-
tation of possible re-conformation of
P2VP molecules (c) occurred upon
the deposition of Pd: PE chains
before (green) and after
metallization (red).



Although several methods to improve the detection of polymer
chains via chemical modification of tips or applying special AFM
modes have been proposed [7], the development of techniques for
study of conformation of isolated chains with molecular resolution
on rough surfaces is still a challenging task.

Recently, we have described an approach to produce wire-shaped
Pd nanoparticles via metallization of flexible synthetic PE [8, 9].
Metallized molecules are nicely resolved onto the Si-wafer with the
tapping mode AFM and location of Pd clusters clearly reflects the
location of underlying PE chains (Fig. 1b). Nevertheless, interac-
tion of PE molecules with bivalent [PdCI4]2' anion caused the
strong contraction of polymer chains even if the chains were
strongly trapped by the surface. Observed worm-shaped structures
present a ‘new’ (distorted) conformations of PE, therefore this
method can not be used for visualization of a ‘true’ (initial) confor-
mation of PE molecules (Fig. 1c).

We developed the contrasting method for AFM to substantially im-
prove the resolution of single molecule experiment virtually with no
changes of the conformation of adsorbed polymer molecules. In
our approach we use the deposition of either hexacyanoferrate
[Fe(CN)6]4' anions or negatively charged clusters of cyanide-brid-
ged complexes as contrasting agents. This method allowed us to
increase the thickness of the resulting structures up to 10 nm, and,
consequently, to provide visualization of polymer chains on Si-
wafers and even usual glass slides with RMS = 1.5 nm [10].

Block copolymers composed of hydrophilic and hydrophobic seg-
ments form in aqueous media a micellar structure with a hydro-
phobic inner core and a hydrophilic outer shell. The micelles are
widely used for stabilization of colloidal dispersions and in drug de-
livery systems because the lipophilic core serves as a ‘microcon-
tainer’ for hydrophobic drugs. However, the micelles are unstable
below a critical concentration that limits their possible applications.
The star-shaped block copolymers in which hydrophobic and hy-
drophilic arms are connected together behave as unimolecular mi-
celles in aqueous solution at any concentration. Using well-defined
site-specific nano-environments within such unimers, in principle, it
is possible to create various complicated entities promising for drug
delivery, catalytic systems, electron and energy transfer units, or
nanoelectronic devices.

Star-shaped block copolymers have attracted much interest for the
last decades due to their unique complex architecture that intro-
duces novel properties different from those of their linear counter-
parts. Such a molecule undergoes diverse conformational transi-
tions in changing environment representing a very promising type
of a responsive material for the fabrication of smart polymer films,
micelles, and drug delivery systems.

Diverse Reconformation of PS;-P2VP; Star-Molecules

We performed the AFM study of star-shaped poly(styrene-block-2-
vinylpyridine) (PS;-P2VP;, Figure 2a) heteroarm star copolymer as
single molecule entities and showed the direct evidence of the mo-
lecular morphology and its response to controlled environment. At
concentrations below 0.01 mg-ml‘1 PS;-P2VP; exists in molecularly
dissolved state in both selective (acidic water, toluene) and com-
mon good (chloroform, tetrahydrofuran) solvents. In acid conditions
PS;-P2VP; forms either unimolecular or multimolecular micelles
depending on concentration and pH [11-13]. The core of the micel-
les is constituted of the collapsed PS arms surrounded by protona-
ted P2VP shell (Figure 2b). PS;-P2VP; undergoes inverse intramo-
lecular segregation upon addition of toluene.
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In this case, P2VP arms form the dense core of the micelles em-
bedded in the swollen PS shell (Fig. 2¢). The transition between
those two inverse types of micelles is strongly modified by inter-
action with the mica substrate. The micelles deposited onto mica
from acidic water are trapped via P2VP extended arms. Upon
treatment of the trapped micelles with toluene the PS core is
swollen and PS arms gradually adopt an extended conformation
whereas P2VP trapped arms retain their extended conformation
due to the strong interaction with the mica substrate. The obtained
‘squash’ structures exhibit a unique conformation that does not
exist in any solvent and could not be obtained upon a simple ad-
sorption procedure (Fig. 2 f-i) [13].

To improve AFM resolution of P2VP arms we employed a recently
developed approach to decorate polyelectrolyte chains with metal
clusters. This methods consists of the ion exchange reaction bet-
ween protonated (P2VPH")CI and Na,PdCl,, and the following re-
duction of Pd with dimethylamine borane [8, 9]. After metallization
PS;-P2VP; deposited on the Si-wafer from acidic aqueous solution
with fully extended P2VP arms appears in very good resolved star-
shaped conformations (Fig. 3).

The P2VP arms decorated with Pd clusters are clearly observed in
the AFM images. Thus the number of P2VP arms of the unimers
as well as the aggregation number of the multimolecular micelles,
and morphological details of the structures were directly analyzed

(Fig. 4).
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Fig. 2:

Star shaped PS7;-P2VP; block
copolymer (a). AFM images and
schematic representation of PS;-
P2VP; unimers adsorbed on mica:
from acidic aqueous solution (b-c);
from toluene (d-e); adsorbed from
acidic aqueous solution and then
placed in toluene for 30 minutes (f);
or for 5 hours (g). Schematic
representation of the re-confor-
mation (h-i)

Fig. 3:

2D (a) and 3D AFM images of PS;-
P2VP; unimers deposited from
acidic aqueous and then metallized
by Pd



Fig. 4:

Coexistence of uni- and multi-
molecular micelles at concentration
of PS-P2VP; 0.03 g-I'" (HCI,

pH = 1) before (a) and after metal-
lization with Pd (b). Metallization
improves AFM contrast and thus
aggregation number can be directly
estimated. For example, the struc-
ture marked by the yellow arrow
corresponds to tetramer with about
28 P2VP arms, by the green arrow
to trimer with about 21 P2VP arms,
and the red arrow shows the
unimer with 7 P2VP arms.

Table 1:

Average dimensions of the
PS7-P2VP; (on the basis of at least
100 structures taken from 5-10
AFM images for each conditions).

Conditions Shell Core
D [nm] |H[nm] D [nm] H [nm]

CHCI** 46+ 8|1 +02| 18+ 4| 26+0.2
THF** 36+10(2.4+05
pH = 2** 126 +35(0.3+0.1| 17+ 7 | 29+0.3
Pd-unimers 122+30|1 +02| 9+ 2| 7.2+2
pH = 2, NazPO, 99+15[01+0.2| 15+ 5| 56+05
pH = 3.5 (81 % uni- 10+ 2| 49+05
mers, 19 %micelles) | 119%30 10301} o5 4 145 13
pH = 4.2 (micelles)** | 137 +35|0.3+0.1| 22+ 5 [17 +1
pH=1,03¢gI1"'PS,-| _
P2VP, (micelles) 34+ 511593
pH=1,01g1"PS;-| _
P2VP, (micelles) 30+ 5 125+3
pH=1,0.03 gI"
PS,-P2VP, (micell) 195+40(04+01] 25+ 5 [12.1+3
Pd-multi-micelles 151 +50|1 +0.2| 40+10 [254+5
Toluene 30min 80+10|05+02| 3610 | 24+0.3
pH =2, then toluene | 129+40[04+01| 41+10 | 2.3+0.5
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The AFM images for the first time visualize the second generation
of the P2VP arms, which have grown up from the active sites loca-
ted on the DVB core of the PS star polymer precursor. Although,
the first generation of the PS arms was characterized (number of
arms) by light scattering from the molecular weights of the star co-
polymer and the arms (sampling out before adding DVB), the cha-
racterization of the P2VP arms was performed only due to the
visualization. The average number of P2VP arms was counted di-
rectly from the AFM images to be 7 + 1.26, that was in excellent
agreement with the number of PS arms found by light scattering.
Table 1 summarize dimensions of structures formed from PS;-
P2VP; at different conditions [13].

Chemical Contrasting in Single Molecule AFM Experiment

Both poly(methacryloyloxyethyl dimethylbenzyl ammonium chlori-
de) (PMB) and P2VP molecules deposited onto Si-wafer are not
resolved in the tapping mode (Fig. 5b). Although PS7-P2VP; mole-
cules adsorbed onto mica from acid water (pH = 2) solution display
a clear core-shell morphology (Fig. 5e), only the core of unimers
with the height of 5 nm can be resolved on the Si-wafer (Fig. 5f).
We assumed that selective deposition of appropriate materials
along polyelectrolyte (PE) molecules (such as bulky hexacyano-
ferrate counterions or Prussian Blue (PB) nanoclusters) could be a
very promising method to increase the thickness of the PE chains
and thus make them well-recognizable even on rough surfaces
(Fig. 5a). Fig. 5c presents AFM images of PMB adsorbed onto the
Si-wafer and then stained with HCF acid solution (pH 2, HCI). We
observe an increase of heights of resulting structures approximate-
ly on 6-7 A which roughly corresponds to the dimension of HCF-
anion.
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Fig. 5:

Scheme of the contrasting of
adsorbed polycations (a), AFM
topography images (b, c)

and a cross-section (d) of PMB,
and AFM images of PS7-P2VP (e-g)
molecules before (b, e, ),

and after (c, g) contrasting with
HCF (Z-range 5 nm).

Histograms of molecular diameter
distribution for PS,-P2VP;
adsorbed onto the mica, no
contrasting (h), and onto the Si-
wafer after contrasting with HCF (j).



Fig. 6:

AFM topography images of the
PMB molecule deposited on the
lithography-patterned Si-wafer
before (a, b, €), and after (c, d, f)
contrasting with HCF (Z-range 5
nm); g and h are cross-sections of
images b and d, respectively,
cross-sections are taken at the
same place of the Si-wafer before
and after the contrasting reflect 1
nm increase of the height of PMB
molecules. Green letters A-D mark
several PMB molecules
distinguished onto the surface.

The statistical analysis of the molecular diameter from AFM images
of the PS;-P2VP; unimers before the contrasting on mica and after
the contrasting on the Si-wafer provides evidence that the contras-
ting procedure introduces no changes in the conformation (Fig. 5h,
j). Similarly, we detected no changes of the dimensions of PMB
molecules upon staining with K;Fe(CN)s.

We performed a special experiment to precisely monitor the effect
of the staining on molecular details of the PC conformations de-
posited onto the lithography-patterned Si-wafer with a relatively
high roughness (0.5 nm) Si-wafer by scanning always one place
and visualizing the same molecules before and after the contras-
ting. Ultra-fast spin-coating wase applied to deposit PMB molecu-
les in stretched conformation. As a representative example, Figure
5 shows images of several PMB molecules taken before and after
the staining with K;Fe(CN)s. Although ‘as deposited’ PMB molecu-
les are poorly resolved on AFM images (Fig. 6a, b, €), they are
clearly observed after the contrasting with K;Fe(CN)s (Fig. 6c, d, f).
Long molecules (A and D) and short chains (for example, B) adopt
stretched conformation and their contour length can be easily mea-
sured: La = 3339 nm; Lg = 275 nm; Lp = 2727 nm. Although contour
length of several molecules (marked ‘C’ in Figure 6), cannot be
measured due to the strongly coiled conformation, the detailed
analysis of the AFM data clearly indicates that increase of the
chain thickness from a few Angstrom to 1.5 nm (Fig. 6g, h) upon
treatment with K;Fe(CN)s occurs virtually without any changes in
their location, contour length and fine details of the conformation
within the resolution limit.
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S 2
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We have also found that minor part of molecules appears to be

partially distorted during the procedure. The transformation of the
molecule D is shown in Figure 7.
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The 2.2 um long PMB molecule D deposited on the Si-wafer in the
extended conformation is visualized before (Fig. 7a) and after (Fig.
7b) staining. After the contrasting with KsFe(CN)s it is thicker and
nicely visible. Although the segments 1-2 and 3-4 of the molecule
with the length of 1100 nm and 410 nm, respectively, remained un-
changed, the central part 2-3 with the initial length of 758 nm has
been moved up for about 250 nm, as it is shown by the green ar-
row on the snapshot (Fig. 7c). The transformation is accompanied
with about 7 % collapse of the 2-3 fragment. Thus, we see the im-
portant role of the attractive interaction between the surface and
PC molecule. If a PMB chain (or its fragment) bearing [Fe(CN)6]4'
anions looses the contact with the surface it collapses due to the
counterion condensation effect [10].

We have found that deposited HCF can be removed without chan-
ges of the molecular dimensions of PC simply upon rinsing the
sample with either acid (HCI, 5 %) or basic (NH3, 3 %) water solu-
tion for several minutes.

Deposition of Prussian Blue Nanoclusters

It is well known that mixing of stoichoimetric amounts of K;Fe(CN)s
and FeCl; leads to microscopic particles of PB (Fe4Fe(CN)gls)
which precipitate from solution. Several methods to fabricate well-
defined surfactant- or polymer-protected PB nanoclusters have
been recently reported. We developed a simple method to produce
surfactant-free water-soluble negatively charged PB nanoclusters
stabilized by excess of HCF-anions. Specifically, we found out that
mixing of diluted solution of FeCl; and with excess of K;Fe(CN)g
solution in acid conditions (pH = 2) leads to clear deep-blue dis-
persions stable during several months.

Absorption [a.u.]

400 500 600 700 800
Alnm]
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Fig. 7:

AFM topography images of the
PMB molecule on Si-wafer before
(a), and after (b) contrasting with
HCF (Z-range 5nm). Snapshot (c)
demonstrates the transition of the
2-3 segment induced by the
contrasting procedure (see
explanations in the text).

Fig. 8:

UV-vis spectra of Prussian Blue
dispersion (prepared at molar ratio
[KsFe(CN)e]:[FeCls] = 4:1, PB-2), A
= wavelength.



The characteristic blue color and broad signal in the UV-vis spectra
with Ay at 695 nm are consistent with an intermetal charge-trans-
fer band from Fe®* to Fe®* and reflect the formation of PB (Fig. 8).
In all cases PB clusters display narrow distributed size (PDI = 1.1-
1.2) which depends on [K4Fe(CN)g]:[FeCls] mixing ratio (Fig. 9). We
have found that stabilization of the size of PB clusters occurs within
10 min.: mixing of K4Fe(CN)e and FeCl; solutions at molar ratio of
8:1 leads to PB particles at the diameter of about 2.7 nm (PB-1,
Fig. 9 a-d) whereas mixing at molar ratio of 4:1 leads to the PB-2
clusters with the diameter near 4.8 nm (Fig. 9 e-h).
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Fig. 9:

AFM phase (i) and topography (all
other, Z-range 10 nm) images of
the PMB molecules deposited onto
the Si-wafer by the spin-stretching
and then contrasted with PB
nanopatrticles (prepared at molar

ratio [KsFe(CN)e:[FeCly] = 8:1, Frequancy[a.u.] I} Frequancy[a.u.] m)
PB-1 for images (a-e) and 4:1, PB- PB-2

2 for images (i-k)). The dash line in H=4.8nm
(c, e, k) indicates the locus of the PDI =1.25

cross-sections (f, h, g, respective-
ly). Histogram (I, m) present the
size distribution of the PB clusters.
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Using these dispersions in the contrasting procedure results in the
decoration of PC with the PB clusters. The product appears as a
structure of beads-on-string morphology (Fig. 9). The attachment
of PB clusters significantly improves both the topography and pha-
se AFM images (Fig. 9i). Rather high binding density of PB clusters
(the distance between adjacent clusters is about 15 nm for PB-1,
Fig. 9h and 30 nm for PB2, Fig. 99g) is sufficient for the visualization
of the molecular details of PC conformations on surfaces with the
RMS larger than 0.5 nm.

Nevertheless, as seen from zoom-image (Fig. 9b) some of stretch-
ed PMB chains contain 10-30 nm gaps. It is important, these gaps
remain unchanged even after repeating of the staining procedure.
Such a result reflects a fragmentation process occurred upon the
binding of PB clusters.

To demonstrate the ultimate ability of the method we contracted
PMB chains deposited onto the microscope glass slides with RMS
about 0.8 nm. Despite the size of the surface features and dia-
meter of PB-3 clusters are comparable (3-7 nm) after the contras-
ting PMB chains can be easily recognized (Fig. 10).
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Conclusions and Outlook

Single synthetic polyelectrolytes molecules of various architecture
and composition have been visualized in different conformation af-
ter deposition onto the mica surface. We have found that PS;-
P2VP; block copolymers undergo diverse conformational transi-
tions responding to external stimuli. At concentrations below
0.01g-", PS;-P2VP; exists in molecularly dissolved state in both
selective (acid water, toluene) and common good (chloroform,
tetrahydrofuran) solvents. In acid conditions PS;-P2VP; forms
either unimolecular or multimolecular micelles depending on pH
and ionic strength. PS;-P2VP; undergoes the inverse intramole-
cular segregation upon addition of toluene. In this case, the inverse
unimolecular micelles are constituted of the P2VP dense core and
the PS swollen shell.

Metallization of the PS;-P2VP; improves AFM resolution due to the
selective deposition of Pd clusters along the P2VP chains. Thus,
the number of P2VP arms of the unimers as well as the
aggregation number of the multimolecular micelles can be directly
estimated.
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Fig. 10:

AFM topography images (Z-range
16 nm) and cross-sections (c, d) of
the PMB molecules deposited onto
the microscope glass slide before
(a, ¢) and after (b, d) the
contrasting with PB-3 clusters
(prepared at molar ratio
([KsFe(CN)g]:[FeCls] = 4:1).



Fig. 11:

AFM images depict our aftempt to
produce conductive nanowire from
PE molecule: bare lithography-
made nanoelectrodes (a); the same
place of the electrode after the
stretching of PE molecule followed
by metallization with Pd (b).

We have developed a simple contrasting procedure to improve the
AFM visualization of positively charged polymer chains deposited
on the substrates of relatively high roughness via counterion ex-
change between CI” anions and bulky [Fe(CNg]* anions or negati-
vely charged nanoclusters of Prussian Blue. We believe that our
innovation is important for the development of single molecule ex-
periments with polymer chains. The reaction of HCF-anion could
be used for recognition of polycation molecules, when polycations,
polyanions and neutral molecules coexist on the surface. Recently,
the study was strongly restricted to atomically smooth surfaces.
The contrasting procedure extends the range of substrates (Si- wa-
fers, chemically modified or patterned Si-wafers, polished glasses,
polymer films, etc) appropriate for the experiments. That is very
useful for the study of numerous processes involving the inter-
action of synthetic and biomacromolecules with various surfaces.

Such a progress could be a basis for further development of nano-
scale electronics. In the frame of the International Eurocores
SONS Project started in October 2003 we will use the developed
approaches for fabrication of various simple elements and nanode-
vices: conductive wires, molecule based field-effect transistors,

and photo-resistors.

a)

b)
150 nm

We will place PE molecule between lithography-made nanoelectro-
des, for example, as shown in Fig. 11, and then we will deposit de-
sired active materials selectively along the molecule.
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