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Abstract

Clusters, nanoparticles, nanowires, long molecules as nanotubes and polynucleotides, and functional supramolecular
nanostructures are currently considered as potential building blocks for nanotechnology and nanoelectronic devices and
circuits, and development and introduction of new methods to control effectively their structure, composition and nanoscale
organization are necessary. Here we describe a number of new nanofabrication methods which are based on the monolaye
techniques, biomimetic principles, interfacial reactions and interactions. The methods allowed to produce new stable
reproducible planar one-dimensional and two-dimensional arrays of ligand-stabilized nanoclusters and nanopatrticles on solid
substrates, ultrathin polymeric nanoscale-ordered mono- and multilayer quasi-crystalline and nanocomposite films, planar
polymeric complex films with integrated DNA and inorganic building blocks as semiconductor and iron oxide nanoparticle
quasi-linear arrays and nanowires. Transmission electron microscopy, STM and AFM techniques were used to characterize
the fabricated nanostructures. Effects related to discrete electron tunneling were observed in the monolayers of nanoclusters
and small gold nanoparticles at room temperature using STM.
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1. Introduction reasonably acceptable costs. One way of advance-
ment in electronic nanomanufacturing is based on the
Future progress in electronics will be determined transformative (top-down) approach concerned with
by developing of more productive and compact further decrease in sizes of conventional circuit
integrated circuits and nanometer-size devices with elements via developments in lithography and semi-
conductor miniaturized processing techniques. In the
*Corresponding author. Tel.:+7-95-939-3007; fax:+7-95- other synthetic (bottom-up) approach the fu_r]Ction_al
939-1195. elements are proposed to be formed starting with
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controlled assembly and self-organization processes.
Clusters, nanoparticles, nanowires, long molecules as
nanotubes and polynucleotides, and supramolecular
nanostructures are currently considered as functional
building blocks in the last approach, and the de-
velopment and introduction of new methods to
control effectively their structure, composition and
purposeful hanoscale organization are necesdary
3]. New interdisciplinary ideas and methods can be
effective and physical-chemical techniques based on
self-assembling and self-organization principles are
useful for fabrication of new nanomaterials and
nanostructures. It could prove that new perspective
technological solutions in nanoelectronics and
nanotechnology to be found on the way of building
up of hybrid constructions in which advantages of
both approaches are combined effectively.

Nanomaterials are expected to exhibit novel and
significantly improved physical, chemical and other
properties, as well as to offer opportunities for
manifestation of new phenomena and processes
which, owing to the nanoscale dimensions, are not
observed at the macroscopic level. Thus, nanostruc-
tures are expected to present electronic conductive
properties that differ considerably from those of bulk
conductors: quantum resistance, ballistic transport,
electron tunneling and Coulomb blockade effects
[4—6]. Scanning probe microscopy and spectroscopy
techniques proved to be a very effective tool for
investigation of morphology and conductivity of
nano-objects, in particularly, metallic clustdis-9].

The design and integration of functional nano-

structures into nanodevices and systems is the other

principal step towards the new electronics. Metallic
and semiconducting nanowires, long molecules as
carbon nanotubes, structural and conducting poly-
mers, in particularly, DNA, may play an important
role in future electronic devices. Among the different
long molecule candidates for molecular wires and
scaffolds, carbon nanotubes and DNA have been the
object of a substantial number of reseaft@,11]. A
wide range of natural biological structures including
proteins, lipid membranes and nucleic acids demon-
strate remarkable properties for self-assembly, self-
organization and self-replication. The application of
biomolecular assembly processes and principles to
formation of synthetic or hybrid functional nano-

structures and nanostructured materials can be useful

for the bottom-up nanomanufacturing approach, es-
pecially taking into account that such synthetic
procedures and building up of nanostructures being
carried out at ambient and ecologically friendly
conditions with high reproducibility of the structure
and properties of the resulting nanomaterials charac-
teristic for natural biological systems. Double-

stranded DNA is a natural (or easily synthesized in a

laboratory) organic polymer of about 2 nm diameter
with unique recognition capabilities, physicochemi-
cal stability and mechanical rigidity what makes
DNA a promising construction material for nanos-
cale frameworks and scaffald8ased on hy-
bridization of DNA oligomers, gold nanoparticles
were assembled to supramolecular aggiEgjates
Si@4], gold [15] and platinum[16] metallic
nanowires were fabricated via DNA templating.

The development of methods to fabricate ordered
arrangements of chemically produced quantum dots
is very important for future applications in nhanoelec-

tronics and nanotechnology. Earlier, we introduced a
bioinspired approach based on the formation of
mixed biomimetic Langmuir—Blodgett (LB) films
consisting of inert amphiphile molecular matrix and
guest organic ligand-stabilized metallic nanoclusters
to create reproducible stable planar nanostructured
films in which discrete electron transport effects
were observed at room temperature using Scanning
Tunneling Microscopy (STM)18]. The double

tunnel junction structure “graphite substrate—nano-
cluster—STM tip” was studied and corresponding

single electron tunneling (SET) transistor based on a
single nanocluster was demonstrated at room tem-

perature for the first[i®@0]. The use of organic
ligand-stabilized metal nanoclusters as building
blocks for nanodevices has a number of advantages.

Such chemically-synthesized metal—organic cluster

molecules are characterized by the uniform size,
structure and composition, and, as a result, by
absolutely reproducible properties of individual

nanoclusters what is of principal importance for

potential mass production of quantum electronic
devices. The stabilizing organic ligand shell prevents
coalescence of clusters, determines their hydropho-
bic/hydrophilic properties and allows to regulate
with Angstrom accuracy the inter-cluster distances in

the organized arrays of clusters. Functional groups in

the ligand shell can allow the purposeful immobiliza-



G.B. Khomutov et al. / Microelectronic

tion of clusters on substrate surfaces or in sup-
ramolecular systems.

Decomposition of an insoluble metal—-organic
precursor compound in a monolayer at the gas—
liquid interface with following initiation of inorganic
phase two-dimensional growth processes in the plain
of a monolayer on the liquid surface is a basic idea
of a novel approach to fabrication of inorganic
nanostructure$21]. The ultimately thin and aniso-
tropic dynamic monomolecular reaction system was
realized by that method with the specific character of
two-dimensional growth on the liquid surface with-
out interaction of nucleus and growing nanoparticles
with a solid substrate surface what allowed the
obtaining of inorganic nanostructures with novel and
unique morphologie§21,22].

In this work we present our results on the develop-
ment of synthetic nanomanufacturing methods based
on the interfacial nanofabrication strategies which
allowed us to form ordered stable reproducible
planar arrays of nanoclusters and nanoparticles on
solid substrates, ultrathin polymeric nanoscale-or-
dered quasi-crystalline and nanocomposite films, and
controlled-morphology planar polymeric complexes
with DNA molecules. The monolayer and multilayer
DNA/polycation complex LB films were used as
templates and nanoreactors for generation of inor-
ganic nanostructures. As a result, planar polymeric
complex films with integrated DNA and inorganic
building blocks as semiconductor and iron oxide
nanoparticle quasi-linear arrays and nanowires were
formed. The obtained nanostructures were character-
ized by scanning probe microscopy and transmission
electron microscopy (TEM) techniques. Effects re-
lated to discrete electron tunneling were observed in
the monolayer structures of ligand-stabilized nano-
clusters and small gold nanoparticles at room tem-
perature using STM.

2. Experimental

Stearic acid (SA), arachidic acid (AA), CdCl ,
FeCl, and salmon thimus native DNA (sodium salt)
were obtained from Sigma and used as supplied.
Metal—organic nanocluster molecules 1,7-(CH ) -
1,2G, B, H, TI(OCOCF, ), P§ (COy [P(G H ) }
and water-insoluble precursor compound for interfa-
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cial generation of gold nanoparticles

Au[P(C H,) ]CI were synthesized in accordance

with known procedi28s Amphiphilic polycation

poly-4-vinilpyridine with  16% cetylpyridinium
groups (PVP-16) was synthesized via the known
conventional mgApbdPVP with polymerization
degree 1100 was prepared and then quaterenized
with cetyl bromide. Polymer composition was de-
termined by IR spectroscopy measurements. Positive
charges in PVP-16 molecules at neutral pH values
are due to the quaternary ammonium groups, what in
combination with hydrophobic groups of the mole-
cule makes that polymer amphiphilic and water-
insoluble. Milli-Q water purification system was
used to produce water with an average resistivity of
18 MQ cm for all experiments.
Surface pressure—monolayerrafgaigotherm
measurements and monolayer deposition onto the
solid substrates were carried out on a fully automatic
conventional Teflon trough &€ 2 described
elsevjB&feLangmuir monolayers were formed
by spreading a chloroform solution of amphiphilic
compounds on the surface of the aqueous phase.
Monolayers were transferred from the surface of
aqueous subphase to the solid substrates at a constant
surface pressure2Q) mN/m), temperature (2C)
and dipping speed (5 mm/min) using conventional
vertical or horizontal substrate dipping method to
form mono- and multilayer LB films. Mica substrates
were used for Atomic Force Microscopy (AFM)
investigations and were freshly cleaved immediately
before monolayer deposition. Samples for TEM
measurements were prepared by nanoparticulate
monolayer deposition from aqueous subphase surface
onto the Formwar film supported by the copper grid.
Highly oriented pyrolytic graphite (HOPG) was used
as a substrate for deposition of monolayer films for
investigations by STM.

To synthesize gold nanoparticles the mixed
spreading solution of Au[P(C H,) ]CI with AA in
chloroform was prepared (precursor/surfactant ratio
was 1:1). Spreading solution was then deposited onto

the surface of aqueous phase containing sodium

borohydride as a reducing agent (NaBH concen-
tration wd©5®> M) and the mixed precursor plus
surfactant Langmuir monolayer was formed after fast
solvent evaporation. Nanoparticles were formed in
the two-dimensional gas phase of a monolayer (at
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very low or no surface pressure), incubation time 30 copically by recording tunneling current—bias volt-
min. The compression of a monolayer with grown apeV( curves in a double barrier tunnel junction
nanoparticles to the monolayer condensed state and geometry@f @here the molecule or nanoparti-
following deposition onto the solid substrate stopped cle was coupled via two tunnel junctions to the two
the diffusion-mediated processes in the monolayer macroscopic electrodes (HOPG substrate and the tip
and fixed effectively the grown nanoparticles. of STM device).

Iron oxide nanoparticles (pilot analysis pointed to AFM measurements were performed with the use
maggemite and magnetite) were generated via incu- of Solver P47-SPM-MDT scanning probe micro-
bation of corresponding precursor film containing scope (NT MDT, Moscow, Russia) in a tapping
Fe’" cations (ferric arachidate LB film and DNA/ mode. Silicon cantilevers NSC11 (Estonia, Mik-
Fe’" /PVP-16 complex film) in the sodium boro- romasch) with tip-radii of about 10 nm were used.
hydride (10* M) or ascorbic acid (I§ M) solu- Images were measured in air at ambient temperature
tions followed by the film incubation in alkaline (2€) and were stable and reproducible.
aqueous media (pH 10) at ambient conditions for 1 TEM images of nanoparticles synthesized in Lang-
or 2 h. Ferric arachidate LB films were formed by muir monolayer were obtained with the use of Jeol
the vertical lifting deposition of arachidic acid JEM-100B microscope.

Langmuir monolayer from the surface of FgCl
solution (2x10™* M, pH 2.5) onto the solid sub-
strate surface. DNA/Fé /PVP-16 complex film 3. Results and discussion
was formed via the incubation of DNA/PVP-16

complex LB film in the FeC] solution (10 * M, Fig. la shows the STM top view topographic
pH 2.5) for 1 h. image of 1,7-(CH,) -1,2C B H TI(OCOCF,)

CdS nanoparticles and nanowires were synthesized nanocluster molecule monolayer deposited onto the
via incubation of corresponding precursor film con- surface of HOPG substrate. One can see the compact
taining Cd" cations (DNA/C8" /PVP-16 complex ordered two-dimensional arrangement of nanoclus-
film) in the H,S atmosphere for 2 h. DNA/CGd / ters in the monolayer with lattice parameders:

PVP-16 complex film was formed via the incubation 28400,b=20.0-4.0 A, a = 7CF. Image (b) inFig.
of DNA/PVP-16 complex LB film in the CdCl 1 represents the group of individually localized

solution (2x10™* M, pH 6.0) for 1 h. Pt (CO) [P(¢ H )] clusters in a mixed monolayer

STM topographic images were obtained using composed by nanocluster and SA molecules with
modified Nanoscop STM device (Digital Instru- stoichiometric ratio 1:80. Highly-ordered multilayer
ments) at ambient conditions. The images were structures of such clusters can also be formed by LB
stable and reproducible. Single nanocluster mole- technifg®. The two-dimensional monolayer
cules and gold nanoparticles were studied spectros- system of metal-organic precursor molecules and

nm
0,6

0,4
0,2

0,0

Fig. 1. STM top view topographic images of monolayers of ligand-stabilized nanoclusters deposited by horizontal substrate lifting method
onto the surface of HOPG substrate (black-to-white vertical color scale is 0—1 nm). Image (a): two-dimensional closely-packed array of
1,7-(CH,),-1,2C B, H, TI(OCOCE, ) clusters. Image (b): group of individually localized Pt (CO) [P(C,H )] clusters in a mixed
monolayer composed by nanocluster and stearic acid molecules with stoichiometric ratio 1:80. Temper&ure 21
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0O 10 20 nm

Fig. 2. Image (a): STM top view topographic image of two-dimensionally grown Au nanoparticles deposited by horizontal substrate lifting
method onto the surface of HOPG substrate (black-to-white vertical color scale is 1 nm). Two areas with clearly seen nanoparticles are
marked by the white frames. Au nanoparticles were synthesized in a mixed arachidic acid Langmuir monolayer (initiaJ AU[P(C H ) ]JCI/AA
ratio was 1:5) on the aqueous sodium borohydride solutior1®° M NaBH,) surface atr=0. Image (b): transmission electron
micrograph showing those nanoparticles deposited onto the copper grid with Formwar coating.

surfactants on the liquid surface is a principal point indicated to the polycrystalline gold present in the
in a novel approach to generation of inorganic sanjgly. The main diameter of the synthesized
nanostructures[21]. In that method noble metal Au nanoparticles was as small as about 1.8 nm what
nanoparticles can be generated by reduction of allowed the observation of the SET effects with
interfacially organized monolayer of insoluble pre- those nanoparticles at room temperature using STM.
cursors by the reductant from the aqueous phase Fig. 3ashows a characteristic-V curve obtained
[22]. Gold nanoparticles synthesized using that meth- in the double tunnel junction configuration STM
od in the mixed monolayer with AA on the surface tip-gold nanoparticle-conducting HOPG substrate.
of sodium borohydride solution are presented-ig. That I-V curve is rather symmetric and has a low
2. STM topographic image with two areas marked by conductivity gap around zero bias voltage along with
the white frames where arrays of nanoparticles are the step-like periodical features with main period 290
easily observable is shown Fig. 2a. Fig. 2lshows mV. Such a shape of theV curve corresponds to the
the corresponding TEM micrograph of obtained pure Coulomb SET process in the double tunnel
nanoparticles. The selected area electron diffraction junction syi&ker@oulomb staircase charging can
analysis of nanoparticles synthesized by that method be observed when Coulomb charging Energy (

< 04 < 2,0
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Fig. 3. Picture (a): STM tunnel current—bias voltageM) dependence in the double tunnel junction configuration STM tip-gold
nanoparticle-conducting HOPG substrate. Picture (b): curve 1: STM tunnel current—bias vbidyelépendence in the double tunnel
junction configuration STM tip—Rt (CQ) [P(C H,),] cluster molecule—conducting HOPG substrate measured at the point above the

cluster molecule. Curve 2: typicaV curve recorded at the flat graphite substrate surface areas without cluster molecules. Temperature
21°C.



378

e’/2C) substantially exceeds thermal enerdyT,
wherek; is Boltzmann’s constant anl temperature
(kg T=25 mV at room temperaturdp]. If the junc-
tion capacityC is constant the consecutive charging
steps should occur at a regular spacikg =e/2C,
where C is the capacitance of the junction with
higher resistance. Taking the staircase period of
AV.~290 mV from Fig. 39 we can calculate the
capacitanceC = e/2AV.=2.7x10 *° F. In a classi-
cal approach, the capacitance of a conductor—in-
sulator—spherical conducting particle junction is
given by [27]:

C=4megr(1+r/2L)

whereg, is the vacuum permittivity constang,is the
dielectric constant of the insulator,is the particle
radius, L is the junction thickness. The isolated
conducting sphere of the diameter=2 nm has
capacitanceC=¢x1.1xX10 *° F. The experimental
capacitance of 2210 *° F can be reasonably well
explained if we assume the effective dielectric
constante~1.5-2 (related to ligand, surfactant and

adsorbate layers) and take into account the capaci-
tance increase due to the geometric factors of the real

junction configuration. Similar Coulomb charging
effects were observed at room temperature with
nano-sized gold9,28—30] and Co[31] nanoparti-
cles. Single-electron charging effects were also ob-
served at room temperature in a planar multilayer
system—metal electrode—insulator—gold nanoparti-
cle—insulator—metal electrode formed by the layer-
by-layer stepwise assembly techniqu@2]. A
characteristicl-V curve measured in the double
tunnel  junction  configuration STM  tip—
Pt;(CO) [P(G H, %], cluster—conducting HOPG
substrate is presented kig. 3b (curve 1) and has a
number of similar and different features in com-
parison with thel-V curve in Fig. 3a. First, the
suppressed conductivity area at low bias voltage
amplitudes {£360 mV) is clearly seen irFig. 3b,
curve 1. Second, that curve is asymmetrical and
exhibits steps-like features with variable widths and
heights. The shape details of theV curves recorded
above the nanocluster can depend on the STM

settings, but the aforementioned characteristic fea-

tures were present in dl-V curves independently of
the current recording from negative to positive bias

G.B. Khomutov et al. / Microelectronic Engineering 69 (2003) 373-383

voltages or vice versf?]. For comparison, curve 2
inFig. 3b shows a typicall-V curve without such
features recorded at the flat HOPG substrate surface
areas in the absence of nanoclusters. Rich structures
in the nanoclustel-V characteristics indicate to the
complex character of electron tunneling through the
nanocluster molecule with probable manifestation of
sequential discrete electron tunneling effects re-
sulting from a number of factors as high tunnel
resistivity of the system and interplay between
Coulomb charging effects, resonant tunneling
through discrete states of electrons in the nanoclus-
ter, electronic—vibrational coupling in the molecular
system. Also, micromechanical vibration -effects
were assumed to play a role in the electron transport
in such nanocluster supramolecular syst488.
The higher value of suppressed conductance gap
voltage360 mV) on curve 1 ofFig. 3b obtained
for the Rt (CQ) [P(€ H,),] cluster can be due to
the smaller metallic core diameter of the cluster and,
as a result, smaller effective junction capacity. Also,
the cluster HOMO-LUMO gap can have an effect
upon the electron transport in that tunnel system.

Similar complex electron tunneling effects were

observed in STM spectroscopic studies of isolated
fullerene molecy@$] and cytochromec mole-

c[B8&$ giving evidence for the similar sequential

discrete electron tunneling mechanisms in such
immobilized metalloprotein and nanocluster struc-
tures which can be of interest for development of
bioelectronic and hybrid functional nanoelectronic
systems with biological redox components integrated
into synthetic structures or vice versa.

The appropriate design, rational assembling and
integration of nanoscale functional building blocks
into one-, two- and three-dimensional architectures
are the principal steps on the way to fundamental
scientific understanding of their individual and col-

lective optical, electronic, magnetic and other prop-
erties which is necessary for real advancements of
nanomaterials to technologically important applica-
tions. To fabricate ordered planar quasi-one-dimen-
sional arrays of chemically produced quantum dots
(clusters and nanoparticles) we have proposed an
approach schematically descritigd 4nin this
approach the polymeric smectic liquid crystal-like
planar monolayer structure of amphiphilic polycation
molecules is formed on the surface of a liquid phase
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b) [nanoparticles or clusters|

Synthesis or

ShEsE e incorporation

aqueous phase

Fig. 4. Schematic diagram of the polymeric smectic liquid crystal planar monomolecular structure formed at the gas—liquid interface using
amphiphilic polyelectrolyte molecules (a), and corresponding nanoscale-ordered composite planar polymeric structure with incorporated
functional nanoscopic components—nanoclusters or nanoparticles (b).

and serves as an organizing stable monomolecular
media.  Then, polymeric  nanoscale-ordered
nanocomposite film can be formed via the incorpora-
tion of previously prepared inorganic or organic

elements (as guest molecules; ligand-stabilized nano-
clusters; metallic, oxidic or semiconducting
nanoparticles, nanocrystals, nanorods and nanowires,
etc.) can be incorporated in such films to form

functional components in the polymeric monolayer
or via the interfacial synthesis directly in the mono-
layer. Further deposition of such a monolayer onto
the solid substrates allows fabrication of organized
ultrathin mono- and multilayer quasi-crystalline
composite polymeric films and coatings. Such quasi-
crystalline polymeric films with thickness down to a
monolayer can be of use for nanotechnological
applications because different functional nano-size

0,05
0,00

ultimately thin highly-ordered planar composite

polymeric nanostructures which are hardly available

with other techniques. That approach is potentially
compatible with a wide range of planar technologies

which are or will be used for fabrication of

nanodevices.

Fig. 5 demonstrates the AFM tapping mode top

view topographic image of PVP-16 two-layer LB
film on the mica substrate. One can see the ordered
nm

1,2

0,8

0,4

0,0

d)

012 3 4nm

Fig. 5. Image (a): AFM tapping mode top view topographic image of PVP-16 two-layer LB film on the mica substrate. Images (b) and (c):
STM top view topographic images of composite PVP-16 monolayer with incorporajed Pt (CO) [P(C,H ) ] cluster molecules. Monolayer
was deposited by horizontal substrate lifting method onto the surface of HOPG substrate. Image (d): characteristic cross-section profile of

image (c) marked by the arrows.
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fine structure of the film with grains 040 nm due

to the surface micelle formation. The tendency for
linear parallel chain-like organization of surface
micelles in PVP-16 LB films can be a result of
smectic liquid crystal-like ordering of linear PVP-16

molecules on the aqueous phase surface. In the

thermodynamically equilibrium state of the mono-
layer the positively charged PVP-16 molecules have
to be organized as planar quasi-parallel string-like
structures (two-dimensional smectic liquid crystal)
due to the electrostatic repulsive intramolecular
interaction between the charged links and inter-
molecular repulsion of charged extended linear poly-
cation molecules. Images (b) and (c)kig. 5 show
STM top view topographic images of composite
PVP-16 monolayer with incorporated
Pt;(CO), [P(G H; ) 1, cluster molecules deposited on
the HOPG substrate. The quasi-one-dimensional
chain structures of clusters are visible on those
images. The characteristic cross-section profile of

0 200 400 nm

0 50

image (c) is presented in picture 5d and demonstrates

the topographic features in the film with characteris-
tic sizé.2 nm which is close to the size of the
cluster moledale

Fig. 6 represents the characteristic AFM topog-

raphic images of the deposited DNA/PVP-16 com-
plex films on atomically-flat mica subskigte6a
represents the characteristic AFM topographic image
of the deposited DNA/PVP-16 complex in which
bound DNA molecules form complex planar net-like
or lattice structures. The specific feature of the
DNA/PVP-16 complex formation in that experiment
was the DNA interaction with uncompressed mono-

layer of amphiphilic polycation at low ionic strength

(1 mM NaCl). In such a monolayer PVP-16 mole-

cules are at the maximal distance from each other
due to the electrostatic repulsive interactions and
entropic factor and form rarefied two-dimensional
gaseous phase of the monolayer with rather low
surface concentration of PVP-16 molecules. The

nm

Fig. 6. Image (a): AFM tapping mode top view topographic image of DNA/PVP-16 complex two-layer LB film on the mica substrate.
Complex formation conditions: PVP-16 monolayer surface pressure valueluring the DNA binding, incubation time 25 min. The
composition of the aqueous subphase was<1.@ * M DNA (for monomer), 1 mM NaCl, pH 6. Image (b): AFM tapping mode top view

image of DNA/PVP-16 complex two-layer LB film on the mica substrate. Complex formation conditions: PVP-16 monolayer surface
pressure value 20 mN/m during the DNA binding, incubation time 25 min. The same composition of the aqueous subphase as on image (a).
Image (c): AFM tapping mode top view image of individual DNA molecule observed in DNA/PVP-16 complex two-layer LB film on the
mica substrate. Image (d): STM top view topographic image of individual DNA molecule observed in DNA/PVP-16 complex monolayer

LB film on the HOPG substrate.
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anionic DNA molecules in extended coil conforma- tions with cationic compounds (polyamines, pep-
tion interact with individual linear extended am- tides, cationic surfactants and metal cations) or via
phiphilic polycation PVP-16 molecules at the aque- changing the water activity in the microenvironment
ous phase/air interface, and the effective surface of DNA molecule by alcdB8I89]. Similar
concentration of PVP-16 molecules interacting with toroidal and linear morphologies were typically
DNA molecules (which are at the constant con- observed for bulk phase DNA condensates with
centration in the bulk aqueous phase) can be changed cationic poljAgrs

and adjusted controllably via variation of the PVP-16 The obtained planar DNA-based self-organized
Langmuir monolayer area. The anionic groups in the polymeric complex nanostructures can prove to be a
double-stranded native DNA molecule (two phos- promising construction material for nanoscale
phate groups every 3.5 A36]) are charged to a frameworks and scaffolds in the fabrication of
degree of about 0.5 negative charge per phosphate nanodevices. Here we demonstrate the use of thes
group at low ionic strengtf37] which is substantial- DNA/polycation complex LB films as organized

ly higher than the linear charge density of one templates and nanoreactors for generation of inor-
positive charge per25 A in the extended PVP-16 ganic nanostructurgg. 7 shows the characteristic
molecule. As a result, multimolecular aggregation of TEM micrographs with iron oxide nanoparticles
the stretched DNA and linear PVP-16 molecules can formed in the ferric arachidate LB film (image 7a),
occur at the air—aqueous phase interface with forma- iron oxide (images 7b and 7c) and CdS (image d)
tion of net-like or lattice structures organized as nanoparticles and nanowires grown in the planar
interconnected DNA/PVP-16 complexes with ex- supramolecular nanoreactors—DNA/metal cation/
tended conformations. Single stretched DNA mole- PVP-16 complex films. Randomly distributed iron
cules bound with PVP-16 monolayer were also oxide nanoparticles with main diameter about 5 nm
observed Fig. 6¢ and ¢. In the case of compressed were grown in the ferric arachidate LB Filgn 739.

PVP-16 monolayer the linear DNA molecules from Ordered quasi-linear arrays of small iron oxide
the bulk aqueous phase interact with organized nanoparticles (main dia@&temm) were obtained
positively charged surface of the compressed com- in DNA/PVP-16 complex #im. (/b giving

pact cationic PVP-16 monolayer with maximal effec- evidence for important spatial organizing role of
tive surface concentration of PVP-16 molecules and DNA and polycation molecules in those nanocompo-
there is no such anisotropy in the arrangement of site structures. The difference in size of iron oxide
surface positive charges as in the first case of nanoparticldsigin 7a and bcan be a result of
uncompressed amphiphilic polycation monolayer. smaller quantity of initidl Fe cations in the pre-
The structure of resulting PVP-16/DNA planar cursor DNAYFe /PVP-16 complex LB film in
complex in that case is presentedkig. 6b and is comparison with ferric arachidate LB film, and also
different substantially from that shown iRig. 6a. can reflect the differences in the interactions of
Coexisting planar quasi-circular compact toroidal growing nanoparticles with stabilizing and im-
and linear structures are clearly seerfig. 6b. The mobilizing organic ligand groups in those films.
outer diameters for toroidal condensates varied be- Also, iron oxide and CdS nanowires (diameter about
tween 30 and 300 nm. Also, the fine structure of 5 nm) were obtained (images 7c and 7d, corre-
ordered arrays of surface micelles in PVP-16 mono- spondingly). Aggregation and intergrowth of
layer (similar to that irFig. 53 is clearly seen irFig. linearly-organized nanoparticles in such polymeric

6b giving evidence for the undisturbed compact complex nanoreactor can be a mechanism of nano-
ordered structure of the compressed PVP-16 mono- wire formation.

layer in that interfacial DNA/PVP-16 complex.

Formation of the circular structures obtained when

DNA interacted with compressed PVP-16 monolayer 4. Conclusions

can be understood as DNA compactization with

formation of toroidal structures typically observed A number of new synthetic and assembling
when DNA was condensed via electrostatic interac- nanofabrication methods based on the surface and
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Fig. 7. Transmission electron micrographs showing iron oxide and CdS nanoparticles and nanostructures grown in planar supramolecular
nanoreactors. Image (a): iron oxide nanoparticles generated in ferric arachidate LB film (incubation 1 h). Image (b): iron oxide nanoparticles
synthesized in DNA/F& /PVP-16 complex LB film (incubation time 1 h). Image (c): iron oxide nanoparticles and nanowire synthesized in

DNA/Fe*" /PVP-16 complex LB film (incubation time 2 h). Image (d): CdS nanowire synthesized in DNA/Cd

film.

interface interactions have been developed. Stable
planar supramolecular nanostructures with ligand-
stabilized metallic nanoclusters and small gold

nanoparticles were fabricated by the liquid—gas
interface monolayer approach. Discrete electron tun-
neling effects were observed in such structures at
room temperature using STM which open perspec-
tives for applications of those structures in research
and development of nanoelectronic elements and
devices based on the controlled SET effects. Poly-
meric smectic liquid quasi-crystal planar mono-

molecular structures were formed at the gas-liquid
interface using amphiphilic polyelectrolyte, and cor-

responding nanoscale-ordered composite planar poly-
meric films with incorporated ligand-stabilized metal

clusters were fabricated successfully for the first
time. Effects of two-dimensional nanoscale sup-

ramolecular organization and patterning were ob-
served in the interface monolayer amphiphilic poly-

cation/DNA complexes dependent on the cationic

/PVP-16 complex LB

ductor (CdS) and iron oxide nanoparticle quasi-
linear arrays and nanowires were formed successful-
ly. The data obtained give evidence for the effective-
ness of interfacial monolayer techniques to study
mechanisms of structural transformations in the
processes of DNA complexation with amphiphilic
polycations and demonstrate its perspectives for
creation of planar DNA-based self-organized poly-
meric complex nanostructures with nanoscale struc-
tural ordering which can be a promising construction
material for nanoscale frameworks and scaffolds.
The methods developed can be perspective for
design and fabrication of new controlled-morphology
ultimately thin highly-ordered planar composite
polymeric nanostructured materials, composite films
and coatings with thickness down to a monolayer for
applications in nanoelectronics and nanotechnology.

amphiphile monolayer state during the DNA binding. Acknowledgements
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