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Metal–self-assembled monolayer (SAM)–dendrimer–SAM–metal junctions were prepared by a

new type of metal transfer printing (mTP) that uses multiple b-cyclodextrin (bCD) host–guest

interactions between a metal-coated stamp decorated with a monolayer of host molecules and a

substrate which is functionalized with the same host molecules. Metal transfer from the stamp to

the substrate is mediated by multivalent guest molecules, immobilized at either the host-

functionalized stamp or the substrate, which act as a supramolecular ‘‘glue’’. A bCD SAM was

formed at thin Au films that were deposited onto PDMS stamps. Conformal contact of these

functionalized PDMS stamps with redox-active monolayers of different generations of ferrocenyl-

(Fc-) and biferrocenyl- (BFc-) terminated dendrimers, or redox-inactive monolayers of adamantyl-

(Ad-) terminated dendrimers adsorbed at bCD SAMs (‘‘molecular printboards’’) resulted in

transfer of the Au from the PDMS stamp to the substrate. bCD SAMs at different substrates

were used, e.g. Au and SiO2. Also transfer of metal to SiO2 surfaces was possible owing to

electrostatic interactions between the positively charged dendrimers and the SiO2 substrate.

Various types of metal patterns were transferred, such as dots, squares or lines with dimensions

varying from 5 mm to 50 mm. Lines of 10 mm width and as long as 10 mm could be faithfully

transferred.

Introduction

The electronic properties of organic molecules can be designed

and tuned by synthesis, and, therefore, they are attractive

candidates as active components in a variety of electronic

devices, such as organic light emitting diodes,1 solar cells,2 and

organic field effect transistors (OFETs).3 OFETs can be

applied in identification tags, smart cards, and display drivers.

The preparation of molecular devices by means of self-assem-

bly and supramolecular chemistry is a promising method to

obtain relatively complicated functional structures that are

difficult to prepare in large numbers by other techniques. Of

particular interest in molecular electronics are redox-switch-

able molecules or supramolecular complexes which trigger a

difference in conductive states. For instance, self-assembled

monolayers (SAMs) of catenanes,4 rotaxanes,5 p-conjugated
molecules,6 and transistion metal complexes7 have been in-

corporated into devices.

The preparation of organic electronic devices by conven-

tional photolithography requires expensive and elaborate

equipment, high temperatures, and/or wet etch chemistry.

These may cause degradation of the relatively fragile organic

molecules. For these reasons new fabrication techniques, e.g.

molding, printing, and embossing, have been developed which

are low cost tools with patterning capabilities over large areas

and which do not suffer from the limitations of conventional

techniques.8

In particular microcontact printing (mCP) is widely used for

large area micropatterning. mCP was developed by Whitesides

et al.9 mCP relies on a patterned elastomeric stamp (PDMS)

from which ink molecules are transferred to a substrate

resulting in a patterned SAM at the substrate.8 In close

analogy, metal transfer printing10 or nanotransfer printing11

involves the transfer of a thin metal film from the stamp to the

substrate. In organic electronics this method can be of use to

introduce top electrodes more reliably than by conventional

evaporation of metals on top of molecular monolayers. Metal

evaporation commonly results in low yields of working devices

due to shortcuts that result from damage to the SAMs and/or

diffusion of metal through the SAMs. The metal transfer from

the stamp to the substrate relies on the formation of covalent

bonds between the metal and the substrate during conformal

contact. Subsequent removal of the stamp, to which the metal

film binds only weakly, transfers the metal. Au films have been

successfully transferred from PDMS stamps to thiol-termi-

nated surfaces at silicon12 and GaAs surfaces.13 During
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conformal contact strong thiol–Au interactions between

the substrate and the Au film are formed. Other examples

rely on gold welding between the Au substrate and an Au

film at the PDMS stamp14 and a surface condensation

reaction.15 Also relatively complex 3D structures have been

realized by mTP.16 To the best of our knowledge, there are

only two examples of mTP where noncovalent surface

forces were used for directly printing a metal on a variety of

polymer films at elevated temperatures.17 However, the nature

of the adhesion forces between the stamp and substrate

remained elusive.

Our group has developed the concept of ‘‘molecular print-

boards’’, which are SAMs of molecules containing recognition

sites to which guest molecules can bind by (multivalent)

supramolecular interactions. We have prepared well-ordered

and densely packed SAMs of b-cyclodextrin (bCD) on gold18

and on SiO2.
19 Onto these SAMs a variety of monovalent or

multivalent guest molecules was positioned either by adsorp-

tion from solution, or by using microcontact printing or dip-

pen nanolithography with submicron resolution.20 The for-

mation of multiple supramolecular interactions between the

guest molecules and the bCD host surface enhanced the

pattern stability dramatically.20

Dendrimers serve as a very versatile class of polyfunctional

guest molecules for the reason that the number of end groups

can be exactly controlled and are located at the periphery of

the molecule.21 Moreover, dendrimers have been used as

nanocontainers,22 as nanoreactors,23 for molecular recogni-

tion,24 as drug carriers,25 and in catalysis26 and nanofabrica-

tion,27 making this class of molecules particularly interesting

to immobilize at surfaces and to incorporate in devices.

Recently, we reported the immobilization of adamantyl-

(Ad-),28 ferrocenyl- (Fc-)29 and biferrocenyl- (BFc-)30 functio-

nalized poly(propylene imine) (PPI) dendrimer guest mole-

cules of generations 1 to 5 containing 4 to 64 end groups from

aqueous solutions at the molecular printboard by forming

multiple host–guest interactions. The higher generations of

dendrimers are valuable for nanofabrication, owing to the

formation of kinetically stable, multivalent assemblies at the

host surface.31 Furthermore, dendrimers decorated with re-

dox-active Fc moieties have been employed in molecular

recognition32 and electrochemically controlled host–guest

complexation.33 The dendrimers only interact via a few end

groups with the host surface29 and many non-interacting end

groups are available. We have shown that these end groups

can be used to bind bCD-coated gold nanoparticles in a layer-

by-layer fashion.34 Of particular interest in molecular electro-

nics are the dendrimers equipped with redox-active Fc and

BFc end groups. We have demonstrated that these redox-

active dendrimers bind multivalently to the molecular print-

board, but that the host–guest interaction is sensitive to the

redox state of the Fc (Fc or Fc1)29 and the BFc (BFc, BFc1 or

BFc21)30 moieties. Recently, we also showed that Ad-functio-

nalized dendrimers loaded with a Au nanoparticle adsorbed at

Fig. 1 Schematic illustration of supramolecular mTP: (a) coating the stamp with a layer of 30–40 nm Au; (b) formation of a bCD SAM at the

metal stamp by immersion in an ethanolic solution of the bCD adsorbate; (c–e) contacting the stamp with a substrate with a bCD SAM at Au or at

SiO2 at a p-type Si-wafer, at which dendrimers are adsorbed to induce host–guest chemistry (c), or adsorption of dendrimers at the stamp by

immersion in an aqueous solution of the dendrimers followed by contacting the stamp with a substrate with only a bCD SAM (d), or with a SiO2

surface in electrostatic mTP (e); (f) removal of the stamp resulting in transfer of the Au from the stamp to the substrate because the host–guest

interactions or the electrostatic interactions are stronger than the inherently weak Au–PDMS interactions. Red: Fc SAM, yellow: Au, and blue:

CD SAM.
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the molecular printboard display Coulomb staircase behavior

under ambient conditions.35

This paper describes the preparation of metal–SAM–

dendrimer–SAM–metal junctions consisting of Au–bCD
SAM–monolayer of dendrimers–bCD SAM–Au (or SiO2).

These multi-component junctions are prepared by mTP

mediated by multivalent dendrimers to facilitate the metal

transfer from bCD host-functionalized Au stamps to the host-

functionalized substrates. Different types of dendrimers were

used, namely dendrimers with redox-inactive Ad moieties, and

redox-active Fc and BFc end groups, and of generations

ranging from G1 (4 end groups) to G5 (64 end groups).

Results and discussion

Supramolecular metal transfer printing

A uniform layer of Au of 30–40 nm was deposited by electron

beam evaporation at patterned PDMS stamps (Fig. 1). Im-

mediately after Au deposition the stamps were immersed into

an ethanolic solution of heptathioether b-cyclodextrin in order

to form a bCD SAM at the thin Au film. After 16 h at 60 1C

the stamps were rinsed with 3 cycles of ethanol and dried in a

stream of N2. The presence of the bCD SAM was confirmed

by FT-IR, XPS and contact angle measurements on flat

stamps and the results were comparable to those found for

bCD SAMs on solid Au substrates.18 Analytical data are

available as Electronic Supplementary Informationw. It is

essential that prior to metal deposition the stamps are ultra-

sonicated for at least 2 to 3 h in ethanol to remove unreacted

oligomers. These are highly mobile and readily diffuse to the

surface influencing the stamp surface properties.36 It has been

suggested that low molecular weight PDMS facilitates surface

diffusion of the Au atoms during evaporation resulting in

discontinuous metal films with large grain sizes.10 In our study

the stamps were kept in ethanolic solutions at elevated tem-

peratures at which low molecular weight PDMS is highly

mobile and also segmental motion of the polymer chains

may cause instability of the thin Au films.37 Rippling or

buckling of the metal film at stamps due to temperature

changes were not observed under these conditions.38 The

evaporation rate is crucial in order to obtain stable Au films

that are able to withstand all further manipulations, but do

not adhere too strongly with the PDMS stamp. Evaporation

rates on the order of 0.6–1.0 Å s�1 gave optimal thin metal

films for mTP. At low deposition rates the Au atoms may be

engulfed by the polymer leading to metal films that strongly

interact with PDMS,39 while at high deposition rates rapid

nucleation and metal film growth resulted in unstable Au

films.40 Moreover, high deposition rates may also cause sig-

nificant heating and deformation of the stamp. It has been

reported that Au films at stamps thinner than 20 nm have high

sheet resistances due to the presence of low molecular weight

silicone which promotes coalescence of Au.10 For this reason,

the stamps were coated typically with 30–40 nm Au to ensure

that the metal–SAM–metal junctions prepared by mTP consist

of conductive and continuous Au top electrodes.

At bCD SAMs on different substrates (Au or SiO2), redox-

active dendrimers were adsorbed from aqueous solutions

(Scheme 1): Fc PPI dendrimers of generations 1 to 5 with 4

to 64 end groups,29 generations 1 to 3 of the BFc dendrimers,30

G0-PAMAM-EG-(Fc)4,
29 and a redox-inactive G4-PPI-

(Ad)32.
28,41 The bCD SAM-functionalized stamps were placed

in conformal contact with the substrates containing a mono-

layer of the dendrimers (Fig. 1c). At this stage, the bCD
groups at the Au at the stamp may interact with free end

groups of the dendrimers at the substrate (Scheme 1). In order

to obtain good contact of the functionalized PDMS stamps

with the substrate, the stamp was kept in water vapor for a few

seconds before printing according to a procedure reported by

Scheme 1 Schematic illustration of the supramolecular chemistry involved in the preparation of the metal–SAM–metal junctions shown for
G3-PPI-(Fc)16 on gold: complexation of the dendrimers to bCD resulting in water-soluble assemblies (top); adsorption at the molecular printboard
(bottom left), and supramolecular mTP (bottom right).
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Hoeppener et al.42 The presence of water may favor the

formation of host–guest complexes during printing since the

host–guest chemistry is essentially a hydrophobic interac-

tion.43 Additionally, the adsorbed dendrimers can change to

an extended conformation upon exposure to water vapor since

under relatively dry conditions the dendrimers may collapse

and inhibit the formation of host–guest complexes.44 Thus,

due to the thin water film the dendrimers may adopt a fully

extended conformation facilitating the formation of a max-

imal number of host–guest complexes between the functiona-

lized stamp and substrate. Another possible explanation for

the improved contact between stamp and substrate after

wetting the stamp could be the action of capillary forces.

Typical contact times were in the order of 2–3 h after which

virtually all the excess water was evaporated and removal of

the stamp left the Au behind. Transfer was efficient over large

areas. This gave metal–SAM–metal junctions over larger areas

(0.5–1 cm2) consisting of a variety of molecules differing in

sizes (ranging from roughly 2.5 nm up to 6 nm) and redox-

activity, e.g. redox-active Fc dendrimers,29 electrochemically

communicating BFc dendrimers,30 and redox-inactive Ad

dendrimers. Moreover, a variety of structures could be trans-

ferred, e.g. lines, dots, and squares, of various sizes. Squares

and hexagonal patterns of dots ranging from 4 mm to 50 mm in

diameter could be transferred, as well as lines of 10 mm width

and 10 000 mm long. No significant differences in the effec-

tiveness of mTP were observed using the different types of

dendrimers or generations at bCD SAMs at Au or SiO2

substrates.

Optical micrographs and AFM images of the stamps and

the substrates (Fig. 2) clearly show the selective transfer of the

metal structures. Optical micrographs of the stamps before

and after transfer showed that metal transfer took place

exclusively where the stamp made conformal contact with

the substrate and not in between the dots (Fig. 2e). AFM

showed that the height of the featmures was 40 nm which is in

agreement with the metal thickness deposited at the stamp.

AFM images revealed that the r.m.s. roughness at the trans-

ferred metal structures was in the order of 1.3 nm. In between

the structures a somewhat lower r.m.s. roughness of 0.8 nm

was found. This indicated that the transferred structures

interacted with the underlying surface and completely pre-

vented buckling of the metal film. The somewhat higher sur-

face roughness at the structures could be due to the fact that in

between the structures a soft surface was measured (i.e. the

bCD SAM with adsorbed dendrimers). XPS data revealed

Fig. 2 Optical micrographs of gold patterns printed by supramolecular mTP of: (a) a hexagonal pattern of dots of 50 mm in diameter and a

periodicity of 60 mm and (b) dots of 5 mm and a periodicity of 8 mm; (c) AFM image and (d) height profile of a hexagonal pattern of dots of 5 mm
and a periodicity of 8 mm; optical micrographs of the stamp before (f) and after mTP (e) to create the pattern shown in (a).

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 652–661 | 655
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only trace amounts of Si at the features indicating that the

Au–PDMS interaction is low and that no PDMS was trans-

ferred of the stamp during mTP and/or that unreacted PDMS

oligomers were efficiently removed during ultrasonication of

the stamps.

As stated above, a thin water film was required in order to

induce good conformal contact between the stamp and the

surface. Therefore, mTP was carried out in the absence of

dendrimers in order to study the influence of the thin water

film on the printing process. Some structures were transferred

despite the fact that no specific host–guest complexes were

formed indicating that capillary forces are sufficient for some

transfer, but the efficiency of the transfer was dramatically

decreased. Subsequent brief ultrasonication (60 s) of the

stamps in water resulted in an effective removal of the trans-

ferred structures while in the case of the dendrimers the

structures remained intact, apart from the edges being slightly

damaged. These observations strongly suggest that multiple

specific host–guest interactions are essential for effective trans-

fer and stable structures. However, the dendrimer sandwich

structures did not withstand the ‘‘scotch tape test’’. Rogers

et al. reported that structures prepared by covalent surface

forces withstand the scotch tape test.12–13,15 This difference

may reflect the weaker nature of supramolecular binding

compared to covalent binding.

In the fabrication of structures with dendrimers in the

metal–SAM–metal junctions, but not in between the struc-

tures, the dendrimers were adsorbed on the functionalized

stamps instead of on the solid substrate (Fig. 1d). Supramo-

lecular mTP was performed at bCD SAMs at Au or SiO2. The

metal transfer was equally effective. A dendrimer with all end

groups interacting with the host surface, e.g. G0-PAMAM-

EG-(Fc)4,
29 also showed effective mTP. The fact that mTP is

still possible indicates that the end groups of this dendrimer

interact with the host surface at the stamp. It is well known

that bCD-Fc inclusion complexes are dynamic and thus the

formation of host–guest complexes of G0-PAMAM-EG-(Fc)4
with the two host surfaces simultaneously is still possible. The

number of interactions is also dependent on the effective

concentration of host molecules at the surface.45 Thus, the

bCD SAM at the stamp is sufficiently densely packed to obtain

metal–SAM–metal structures even when using dendrimers

with a small number of end groups.

Electrostatic metal transfer printing

In addition to mTP at a bCD-SAM, mTP at a bare SiO2

surface was performed with Fc PPI dendrimers of generations

4 and 5, and with G4-PPI-(Ad)32, adsorbed at the functiona-

lized Au-coated PDMS stamp (Fig. 1e). The stamps were

placed in conformal contact with a freshly cleaned SiO2

substrate and water vapor was used to induce good conformal

contact between the stamp and the surface. Upon subsequent

removal of the stamp, mTP proved to be highly effective as is

illustrated by the optical micrograph and AFM image of the

structures shown in Fig. 3. The lines are 32 nm in height

corresponding to the metal thickness deposited at the stamp

(Fig. 3d). In this case, transfer was accomplished via electro-

static interactions since the SiO2 surface is negatively charged

and the PPI dendrimers are positively charged. A control

experiment without dendrimers gave virtually no transfer

indicating that indeed the electrostatic interactions of the

dendrimers with the surface are essential to facilitate mTP.

A relatively simple way to determine whether the transferred

Au features have shortcuts with the underlying Au of the

substrate is to perform electrodeposition of Cu (Fig. 4).46

Under the proper conditions, electrodeposition can only take

place if the Au dots have shortcuts or if the monolayer in

between the dots has defects. In electrodeposition of Cu, the

Fig. 3 (a) Optical micrographs after electrostatic mTP of hexagonal patterns of dots (20 mm with a periodicity of 50 mm) and (b) lines of width

10 mm (with a periodicity of 15 mm); (c) AFM image of the same line structures; (d) height profile of the line structures.
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Au layer of the substrate is used as an electrode while the

counter electrode is kept in solution together with the Cu21

ions and the reference electrode. The Cu21 ions are only

reduced at locations where the electrode is not well protected

or where the sandwiches have shortcuts. The aqueous solution

contained 10 mM of CuSO4 at pH ¼ 2 and a static potential

was applied at �0.7 V for a period of 30 s. At this potential,

Cu was deposited at an unprotected Au electrode, but not on

bCD SAMs and, therefore, these conditions are suitable to

determine whether the structures have shortcuts (Fig. 4, right).

Prior to deposition, the sandwich structures (in this case a

hexagonal pattern of circular features of 4 mm in diameter

transferred using G4-PPI-(Fc)32 adsorbed at the substrate)

were analyzed by AFM and features of 40 nm high were

measured. After applying a potential of �0.7 V for 30 s AFM

images and optical micrographs (Fig. 4, left) clearly showed

that no Cu was deposited indicating that none of the devices

has shortcuts with the underlying Au. As an internal reference,

Cu deposition could be clearly observed by optical microgra-

phy at an intentionally made scratch.

Electrostatic and supramolecular mTP combined

To demonstrate the potential of supramolecular mTP in the

fabrication of more sophisticated structures, mTP was per-

formed at patterned Au substrates. An Au substrate at a Si

wafer was patterned by printing octadecanethiol (ODT) fol-

lowed by immersion in a wet etch solution to remove unpro-

tected Au areas.47 Next, all organic material was removed by

oxygen plasma, which in addition oxidizes the Si surface in

between the Au lines. Lines of Au of 10 � 10 000 mm were

obtained on which a bCD SAM was deposited. For mTP, Au-

coated stamps with a bCD SAM were used with the same line

pattern onto which dendrimers, e.g. Fc PPI dendrimers of

generations 1 to 5, generations 1 to 3 of the BFc dendrimers,

or G4-PPI-(Ad)32, were adsorbed. Cross-printing (that is

B901 rotation of the stamp with respect to the substrate

pattern) gave a grid-like structure since at the crossings mTP

is efficient owing to the formation of multiple specific

host–guest interactions while in between the crossing mTP is

efficient owing to electrostatic interactions of the dendrimers

with the SiO2 surface. An AFM image and an optical micro-

graph shown in Fig. 5 clearly illustrate that mTP is highly

selective using two types of interactions between the stamp and

substrate simultaneously to facilitate transfer of the metal film

from the PDMS stamp to the substrate. Also here, no differ-

ences in mTP were observed using the different types of

dendrimers.

Supramolecular junctions

The (I,V)-characteristics of the metal–SAM–dendri-

mer–SAM–metal junctions can be conveniently measured

using cross-bar structures composed of continuous lines

(Fig. 5) and/or the structures shown in Fig. 6. The latter

structures were obtained by mTP of bars of 25 mm � 10 mm
with gaps of 15 mm. The rectangles have an overlaid structure

and the top electrodes were introduced by 901 rotation of the

Fig. 4 Schematic illustration of electrodeposition of Cu: the Au at the substrate is used as a working electrode while the reference and counter

electrodes are kept in the solution of 10 mM CuSO4 at pH ¼ 2; right: optical micrograph after electrodeposition: virtually no Cu was deposited at

the transferred Au features or at the bCD SAM-protected Au in between, a scratch served as an internal reference at which Cu was deposited.

Fig. 5 Optical micrograph (a) and an AFM image (b) of supramolecular mTP on patterned Au substrates on a Si wafer. The Au-coated wafer was

patterned with lines of 10 mm wide by microcontact printing a SAM of ODT at the Au-coated wafer followed by a wet etch to remove unprotected

gold areas.47 The ODT SAM was removed in oxygen plasma and a bCD SAM was formed at the pre-patterned Au surface by immersion in

ethanolic solution of the bCD adsorbate. Dendrimers were adsorbed on a PDMS stamp with the same line pattern functionalized with a bCD SAM

on a thin Au film. The structures were completed by a B901 cross-print step; the metal was transferred via supramolecular interactions at the

junctions and via electrostatic interactions in between the junctions.
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stamp with respect to the substrate with the same

pattern resulting in the structures shown in Fig. 6.

Rotation of less than 901 resulted in complex structures, for

instance, rotation of 851 (Fig. 6B), 801 (Fig. 6C) and

751 (Fig. 6D) show the change to almost continuous lines of

alternating structures.

The (I,V)-characteristics of the junctions were measured

using microneedles in a manually operated probe station

under ambient conditions. As a proof-of-concept, Fig. 7 shows

(I,V) measurements for junctions consisting of monolayers of

G4-PPI-(Fc)32 (Fig. 7A) and G5-PPI-(Ad)64 (Fig. 7B). The

junctions containing the redox-active Fc dendrimers showed

negative differential resistance, i.e. a decrease in current while

the voltage increases (Fig. 7A). In the case of G5-PPI-(Ad)64
(Fig. 7B), no peaks were observed. The NDR peak varied

from 2 V and 3 V for the Fc dendrimers and the peak-to-valley

ratio of the NDR wave varied from 2 to 5. Currents varied

over 2 orders of magnitude, most probably due to defects in

the SAM structure and/or filament formations. It is note-

worthy that the junction area is 100 mm2.

NDR has been observed in different experimental settings

and molecular electronic devices, but a general explanation

for NDR is still under debate.48 Redox-active monolayers

of Fc alkylthiols on Au showed NDR which was related

to a resonant tunneling mechanism involving different redox

states of the Fc moiety.49,50 NDR could be attenuated

by complexation of bCD to the Fc moieties.51 There is

evidence that NDR could originate from reaction under

ambient conditions of the oxidized Fc with oxygen.52 In the

present case, the NDR may be related to the fact that Fc-bCD
bond diminishes upon oxidation.33 This could result in a

decrease in currents, hence a NDR. The quantitative analysis

and interpretation of the electronic behavior of these supra-

molecular junctions is the subject of current investigations in

our laboratory.

Conclusions

A new type of transfer printing has been introduced based on

supramolecular interactions that facilitate metal transfer from

a stamp to a substrate. Thin Au films at elastomeric stamps as

well as the substrate were functionalized with a bCD SAM.

Supramolecular transfer printing was realized by adsorption

of multivalent guest molecules that act as supramolecular

Fig. 6 Optical micrographs of the two-terminal devices prepared by mTP using bars of length 25 mm and 10 mm width. The cross-printing was

carried out at 901 (A), 851 (B), 801 (C) and 751 (D).

Fig. 7 (I,V)-characteristics of G4-PPI-(Fc)32 and of G5-PPI-(Ad)64. The red lines represent smoothed data points.
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‘‘glue’’ at either the stamp or at the substrate. More sophisti-

cated crossbar structures could be prepared on patterned Au

substrates on SiO2 using supramolecular and electrostatic

interactions simultaneously.

A variety of metal–SAM–metal structures were constructed

by chemical modification of the molecules, e.g. Fc-, BFc-, and

Ad-functionalized dendrimers, and relatively simple

changes in the process steps, i.e. dendrimers adsorbed at the

stamp or at the substrate. The quantitative analysis and

interpretation of the electronic behavior of these supramole-

cular junctions is the subject of current investigations in our

laboratory. The integrated top-down and bottom-up approach

to nanofabrication demonstrated here will potentially lead to

modular assembly protocols of nanoscale devices by

self-organisation.

Experimental section

Materials and methods

The per-6-amino b-cyclodextrin,53 ferrocenyl54 and biferroce-

nyl PPI dendrimers,30 ferrocenyl PPI dendrimers with

tetraethylene glycol tethers29 and the adamantyl PPI

dendrimers55 were prepared as described previously. All glass-

ware used to prepare monolayers was immersed in piranha

solution (conc. H2SO4 and 33% H2O2 in a 3 : 1 ratio).

(Warning: piranha should be handled with caution; it can

detonate unexpectedly.) Next, the glassware was rinsed with

large amounts of Milli-Q water. All adsorbate solutions were

prepared prior to use. All solvents used in monolayer prepara-

tion were of p.a. grade.

Substrate preparation. At gold

Gold substrates of 20 nm metal thickness with a 2 nm titanium

adhesion layer were obtained from SSENS bv (Hengelo, The

Netherlands). Gold substrates were cleaned by brief immer-

sion in piranha and the resulting oxide layer was removed by

leaving the substrates for 10 min in absolute EtOH. The

preparation of a bCD SAM on Au has been reported and

the same procedure was used here.18 Briefly, The substrates

were subsequently immersed in the adsorbate solution (0.1–1

mM) for ca. 16 h at 60 1C. Next, the samples were removed

from the solutions and rinsed thoroughly with chloroform,

ethanol, and Milli-Q water.

At silicon

SiO2 was thermally grown to a depth of 50 nm on four-inch

polished, 100-cut, p-doped silicon wafers, and these were cut

into 2 � 2 cm2 samples and used for monolayer preparation.

The synthesis of a bCD SAM on SiO2 has been reported and

the same procedure was used here.19 Briefly, microscope glass

slide were oxidized by immersion in boiling piranha (conc.

H2SO4 and 33% H2O2 in a 3 : 1 ratio) for 15 min, rinsed with

copious amounts of Millipore water and dried in a stream of

N2. Subsequently, a monolayer was formed by reaction with

1-cyano-11-trichlorosilylundecane. Reduction gave the amine-

terminated monolayer which was converted to isothiocyanate-

terminated monolayer by reaction with 1,4-phenylene

diisothiocyanate. Finally, reaction with per-6-amino b-cyclo-
dextrin gave the host surface.

Dendrimer adsorption

Adsorption of the dendrimers was carried out by immersing a

preformed bCD SAM on Au or silicon in an aqueous solution

of the corresponding dendrimer–bCD assemblies solutions

(0.1 or 1.0 mM in ferrocene functionality in the presence of

11 mM bCD at pH ¼ 2) for at least 3 h. Subsequently the

samples were thoroughly rinsed with Milli-Q water (at pH ¼ 2

to ensure full protonation of the amines) and dried in a stream

of N2.

Supramolecular metal transfer printing

Stamps were fabricated by casting a prepolymer of PDMS

(DOW Sylgard 184) against a photolithographically patterned

silicon master, cured for 20 h at 60 1C, and released at 60 1C.

Subsequently the stamps were ultrasonicated in ethanol for

2–3 h and dried in a stream of N2. The stamps were coated

with Au by thermal deposition using a Balzers BAK-600 at

deposition rates in the range of 0.6–1 Å s�1 at 2 � 10�6 bar.

Directly after deposition the stamps were immersed in a

suspension of bCD adsorbate in ethanol (1 mg in 20 ml).

The procedure for the formation of the bCD SAM at a Au-

coated PDMS stamp is slightly different from that reported for

the bCD SAM preparation at Au solid substrates.18 For solid

substrates the bCD adsorbate is dissolved in an EtOH–CHCl3
mixture due to the low solubility of the bCD adsorbate in

EtOH. PDMS swells in chloroform, but only slightly in EtOH,

and therefore ethanolic solutions of the adsorbate were used,

since at 60 1C clear solutions could be obtained (1 mg per

20 ml). After immersion of the stamps in the bCD solutions at

60 1C for 16 h the stamps were removed from the warm

solution and immersed in pure ethanol three times for

10 min and dried in a stream of N2. The quality of the bCD
SAM of the modified monolayer preparation was examined at

solid substrates using contact angle measurements,

cyclic voltammetry, heterogeneous electron transfer and

electrochemical impedance spectroscopy, and the results were

comparable to those found for the procedure for solid Au

substrates.18

Water vapor was condensed at the bCD-functionalized, Au-

coated stamps to enhance conformal contact between the

stamp and the substrate by holding the stamp at a few cm

distance for 5–8 s from water at 60 1C in a beaker.42 The stamp

was kept in conformal contact with the substrate for 3 h after

which the stamp was removed and the metal film was left

behind.

Electroless deposition of Cu

Electrochemical measurements were performed with an

AUTOLAB PGSTAT10, in a custom built three-electrode

setup equipped with a platinum counter electrode, a mercury

sulfate reference electrode (VMSE ¼ þ0.61 VNHE) and a screw

cap holding the gold working electrode (area exposed to the

solution ¼ 0.44 cm2). Electrodeposition was performed on the

structures obtained by mTP in aqueous solution containing
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10 mM Cu2SO4 and 10 mM H2SO4 at a static potential of

�0.70 VMSE.

Atomic force microscopy

AFM analyses were carried out with a Nanoscope III multi-

mode AFM (Digital Instruments, Santa Barbara, CA, USA)

with a J-scanner in contact mode using V-shaped Si3N4

cantilevers (Nanoprobes, Digital Instruments) with a spring

constant of 0.1 N m�1. Images were acquired in ambient

atmosphere (relative humidity ¼ 30–40% and T ¼ 25 1C).

Optical microscopy

Optical micrographs were taken with an Olympus BH-2

microscope, equipped with CCD camera.

Electrical characterization

Electrical characterization of the devices was performed by

current–voltage measurements using a Karl Süss PM8Manual

Probe station connected to a parameter analyzer (Agilent

4156B). Feather microneedles with a tip diameter of 5 mm
were used to contact the structures under a N2 atmosphere.
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