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Abstract: The transfer of functional
molecules onto self-assembled mono-
layers (SAMs) by means of soft and
scanning-probe  lithographic  tech-
niques—microcontact printing (uCP)
and dip-pen nanolithography (DPN),
respectively—and the stability of the
molecular patterns during competitive
rinsing conditions were examined. A
series of guests with different valencies
were transferred onto p-cyclodextrin-

Although physical contact was suffi-
cient to generate patterns on both
types of SAMs, only molecular patterns
of multivalent guests transferred onto
the $-CD SAMs were stable under the
rinsing conditions that caused the re-
moval of the same guests from the ref-
erence SAMs. The formation of kineti-
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cally stable molecular patterns by
supramolecular DPN with a lateral res-
olution of 60 nm exemplifies the use of
B-CD-terminated SAMs as molecular
printboards for the selective immobili-
zation of printboard-compatible guests
on the nanometer scale through the
use of specific, multivalent supramolec-
ular interactions. Electroless deposition
of copper on the printboard was shown
to occur selectively on the areas pat-

(B-CD-) terminated SAMs and onto
reference hydroxy-terminated SAMs.

Introduction

The ability to transfer functional molecules onto surfaces on
the nanometer scale is one of the enabling principles in the
field of nanotechnology. Generally, there are two strategies
for the transfer of molecules onto surfaces: 1) the use of
templates (for example, patterns of self-assembled monolay-
ers (SAMs) or polymers) to direct and control the selective
deposition of molecules from solution; 2) active deposition
onto surfaces by means of a patterning element (for exam-
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terned with dendrimer-stabilized gold
nanoparticles.

ple, a stamp or a probe). The advantage of the latter pat-
terning strategy is that the transfer of molecules onto surfa-
ces does not rely on expensive photolithographic procedures
and does not require processing conditions that are incom-
patible with several interesting types of functional molecules
(for example, biomolecules) or susceptible to cross-contami-
nation by nonspecific binding. Therefore, direct-patterning
strategies in the micro- and nanometer regime, such as soft
lithography™™? and scanning-probe lithography (SPL),"! are
extensively used for immobilizing functional molecules on
surfaces. Examples include microcontact printing (uCP)" of
proteins on glass¥ or of polymers on reactive SAMs on
gold®! and dip-pen nanolithography (DPN)®” of DNA on
gold and glass.®! However, in most cases, the immobilization
of molecules on the surface is accomplished either by cova-
lent binding to the surface, or to SAMs consisting of anchor-
ing molecules, or by nonspecific physisorption.

For some years our group has been exploiting supramolec-
ular interactions, which combine the advantages of chemi-
sorption and physisorption, to immobilize functional mole-
cules on surfaces. Supramolecular interactions are direction-
al and specific and allow fine-tuning of the adsorption/de-
sorption processes at receptor surfaces,”) which is not feasi-
ble for conventional routes of immobilizing molecules on
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surfaces. Cyclodextrins (CDs) and their derivatives are at-
tractive receptor molecules for application in receptor surfa-
ces, as these molecules have been known to accommodate
and form inclusion complexes with various organic guest
molecules in aqueous solutions through hydrophobic inter-
actions.'"!!! B-CD adsorbates containing multiple attach-
ment points form SAMs on gold with a high degree of
order, in which the recognition sites are pointing toward the
outer interface of the monolayer in a quasihexagonal lat-
tice.">'™ This high degree of order and dense packing of the
monolayer are prerequisites for the application of these
SAMs in sensor applications in general,'"! and specifically in
our B-CD SAMSs.! These conditions render the (hydropho-
bic) recognition sites of all -CD receptors on the surface
essentially identical for guest complexation and minimize
nonspecific adsorption.

The interaction strength of small, monovalent guest mole-
cules to these 3-CD SAMs has been studied by electrochem-
ical impedance spectroscopy (EIS)" and surface plasmon
resonance (SPR)!" spectroscopy. Such guest molecules bind
to B-CD SAMs with a binding strength that is identical to
the intrinsic interaction strength with native B-CD in so-
lution. Application of guest molecules that can form multi-
valent interactions offers a tool to fine-tune the overall inter-
action strength from reversible to permanent binding to the
surface. This central property is exploited in the use of [3-
CD SAMs as molecular printboards™™® onto which it is possi-
ble to position multivalent guests. For this purpose, a diva-
lent printboard-compatible guest molecule!'” has been spe-
cifically designed to study multivalent interactions at the
printboard.l®!! The contrasting binding behavior of this
molecule and, in general, multivalent molecules compared
to monovalent guest molecules is that the former molecules
are capable of forming additional interactions and, there-
fore, have higher overall binding strengths with the 3-CD
surface. The overall interaction strength of the divalent
guest molecule to the B-CD SAM was five orders of magni-
tude higher than the binding strength of any monovalent
guest molecule. Our group has also reported the use of mul-
tivalent guests such as dendrimers” and polymers”” that ex-
hibit even stronger interactions with 3-CD SAMs. The ad-
vantage of dendrimers is that the number of interactions
with the printboard can be easily tuned by adjusting the
dendrimer generation.*!]

The successful positioning of functional printboard-com-
patible guest molecules into molecular patterns on surfaces
by supramolecular pCP and supramolecular DPN was re-
ported previously.””? The reversibility of supramolecular
binding allows, in principle, the preparation of stable molec-
ular patterns (for example, by printing or writing) under one
set of conditions and erasure of these patterns under other
conditions.

Herein, we present the first systematic study that address-
es the stability of molecular patterns on the printboard to-
wards rinsing conditions in relation to the number of bind-
ing functionalities (that is, valency). Transfer by supramolec-
ular pCP of a series of different guest molecules, with 1-
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64 binding functionalities per molecule, onto the printboard
and onto a reference SAM, as well as the stability of the
patterns upon rinsing, was examined by friction-force
atomic force microscopy (AFM). Supramolecular DPN was
carried out to investigate the potential of this serial tech-
nique for writing local, high-stability molecular patterns
with lateral dimensions of less than 100 nm on the print-
board. Finally, electroless deposition of copper was exploit-
ed to extend the application of molecular printboards to the
fabrication of metal patterns.

Results and Discussion

SAMs of the B-CD heptathioether adsorbate 1b (Scheme 1)
were prepared on gold layers (20 nm) on silicon substrates,
as described previously by our group."®?! Scheme 1 also de-
picts the adamantyl- (Ad-) functionalized guest molecules
(2, 3, 4b) that have been used in the present study for selec-
tive transfer onto the B-CD printboard on gold by supra-
molecular uCP and/or supramolecular DPN™ (Figure 1).

Supramolecular microcontact printing—pattern stability:
Our goal was to establish the dependence of the kinetic sta-
bility of the supramolecular patterns on the (multi)valency
of the transferred (functional) molecules on the 3-CD print-
board during competitive rinsing with solutions that may
contain an excess of the monovalent host, in our case native
B-CD (1a).! Prior to studying the stability of the molecular
patterns of 2, 3, and 4b by AFM friction-force imaging, X-
ray photoelectron spectroscopy (XPS) analysis® was per-
formed to study the degree of guest deposition by adsorp-
tion from solution and by transfer from poly(dimethylsil-
oxane) (PDMS) stamps. For this purpose, divalent guest 3
was deposited on the entire surface of the $-CD printboard
by printing with featureless PDMS stamps and by adsorp-
tion from solution. Physisorption due to electrostatic inter-
actions was eliminated by rinsing the substrates with 50 mm
aqueous NaCl solution (200 mL) and water (50 mL). XPS
analysis of the bare f-CD printboard confirmed the pres-
ence of all elements (C, N, O, and S) in close-to-theoretical
amounts (Table 1).

The amounts of guest present on the printboards were es-
timated by comparing experimental atomic compositions
with the corresponding calculated values. The latter relate
to a number of guest monolayers, in which a guest monolay-
er is defined as the amount of guest that leads to full satura-
tion of available host sites by using the highest possible va-
lency. For 3, this corresponds to divalent binding.'"®! To cor-
rect for the small deviations in atomic composition of the
bare $-CD printboard between experimental and calculated
values, the (absolute) changes in atomic composition were
taken for comparison. Of the clear trends shown in Table 1,
the carbon and oxygen data appeared to offer the best esti-
mation.

Adsorption from solution (AC% —1.7, AO% +0.9) re-
sulted in approximately one monolayer of guest molecules
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Scheme 1. Chemical structures of the receptors, f3-cyclodextrin (1a) and the $-CD adsorbate for attachment to gold (1b), and of the guests, 1-adamantyl-
3-methyl-urea (2), bis(adamantyl)-functionalized calix[4]arene (3), and the fifth-generation adamantyl-functionalized poly(propylene imine) dendrimer
(G5-PPI-(Ad)sy, 4b). The chemical structure of G2-PPI-(Ad)s (4a) is shown for convenience.

on the surface (expected: AC% —1.8, AO% +0.9), while
the N and S changes were also in close agreement. Con-
versely, the experimental values indicate that 1) up to 5
guest monolayers (expected: AC% —5.0, AO% +4.5) were
transferred during physical contact of the stamp with the
printboard (AC% —52%, AO% +2.7) and 2) 1-2 guest
monolayers (AC% —2.8, AO% +2.3) remained after rins-
ing the substrate with 50 mm aqueous NaCl (200 mL; ex-
pected: AC% —3.0, AO% +1.6). Submonolayer coverages
resulted after rinsing with competitive rinsing solutions (for
example, 1-10 mm native 3-CD at pH 2, data not shown).

The stability of the molecular patterns of a series of differ-
ent guest molecules was studied by comparing the patterns
on the 3-CD printboard directly after pCP with the patterns
after rinsing with water, 1 mm B-CD, or 10 mm (-CD solu-
tions (200 mL; Figures2 and 3). By contact-mode AFM
imaging of the 3-CD printboard after uCP, clear patterns of
different friction contrast were observed; these patterns con-
firmed that the transfer of the guest molecules from the
PDMS stamp onto the substrates had taken place (Fig-
ure 2a,d ).

Rinsing with water resulted in the complete removal of
the patterns of monovalent guest 2 from the $-CD print-
board, as shown by the disappearance of the friction con-
trast (Figure 2a,b). This rinsing procedure did not affect the
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patterns of divalent guest 3 (Figure 2d,e). Moreover, even
rinsing with substantial amounts of 10 mm $-CD solution did
not result in complete removal of the patterns of 3 (Fig-
ure 2 f), even though competition is known to enhance mul-
tivalent dissociation kinetics.?*! The high stability of the mo-
lecular patterns of 3 to rinsing with 10 mm B-CD solution
stems from the high overall interaction strength if a guest is
capable of forming more than one supramolecular interac-
tion with B-CDs on the printboard."®”! On a qualitative
basis, it is clear from the relative friction contrast changes
before and after rinsing with 10 mm B-CD solution, that mo-
lecular patterns of multivalent guest 4b (Figure 3a,c) are
even more stable towards competitive rinsing than the diva-
lent guest 3 (Figure 2d,f).

The fact that the transfer of 4b, as its per-f-CD com-
plex,””! by uCP onto the B-CD printboard is successful and
the fact that its patterns are very stable during competitive
rinsing emphasize its strongly multivalent nature, with asso-
ciation most probably occurring through seven Ad-CD inter-
actions, as has been recently shown for similar ferrocenyl-
functionalized dendrimers.”! AFM height measurements
(not shown) illustrate that during pnCP, multilayers of guest
4b (feature height about 3 nm) were transferred onto the f3-
CD printboard. Friction contrast variations within the areas
of transfer (Figure 3a,d) correlate with nonuniformities in
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Figure 1. Schematic representation of supramolecular uCP and supra-
molecular DPN of printboard-compatible guests on the $-CD printboard
on gold. Left: supramolecular uCP: a) PDMS stamps are fabricated from
a master by replica molding (REM) of, in our case, a silicon master struc-
ture with regular lines of 5 um width, 10 um spacing, and 1.2 um depth.
Treatment of the PDMS stamps by mild oxidation in a UV/ozone plasma
reactor for 60 min is followed by immersion in an aqueous solution of
the guest for about 15-30 min in order to ink the stamp; b) contact-print-
ing experiments on the -CD printboard are carried out by hand for 1—
2 min. For our pattern stability study, the substrates are rinsed with sub-
stantial amounts of aqueous solutions. Right: supramolecular DPN:
a) clean silicon nitride AFM tips are wet-inked by immersing the tips for
15 min in an aqueous solution of the guest; b) writing experiments on the
B-CD printboard are carried out in an ambient atmosphere (7=25°C,
relative humidity =40-50 %) by scanning the tip in contact mode along a
line on the substrate for a certain period of time.

Table 1. Elemental analysis by XPS of the bare $-CD printboard versus
printboards onto which divalent guest 3 was deposited by adsorption
from solution or by pCP, and calculated XPS values relating to the
number of monolayers of 3 present on the printboard.

XPS [percentage composition]
C(1s) N(1s) O(1s) S(2p)

experimental guest deposition
no guest (bare
p-CD)
adsorption 77.8+£0.6 40+£03 17.1+0.6 12+0.3
uCpP 745+£0.7 3.7£02 207+1.0 1.1+0.2
uCP + rinsing  76.7+0.5 3.6+04 185+09 1.3+0.1

79.5+£09 2.6+05 162+04 1.7+0.1

calculated no. of monolay-

ers of 3l

0 (bare p-CD)  81.0 2.7 13.5 2.7
1 79.2 41 14.4 22
2 78.0 5.0 15.1 1.9
3 771 5.7 15.6 1.6
4 76.4 6.3 16.0 14
5 75.8 6.7 16.2 1.3

[a] One monolayer of guest 3 is defined as consisting of a 2:1 CD:3 stoi-
chiometry with the $-CD printboard in order to reflect the interaction of
both adamantyl functionalities with the 3-CD printboard.
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layer thickness. Rinsing with 10 mm (3-CD solution only re-
sulted in the removal of physisorbed 4b, leaving approxi-
mately one monolayer of 4b on the 3-CD printboard (fea-
ture height after rinsing, about 1 nm). Apparently, the inter-
action strength of guest 4b with the $-CD printboard is suf-
ficient to apply our receptor surfaces as molecular print-
boards for the printing of stable molecular patterns of
multivalent guests by supramolecular pCP.

EIS measurements were carried out in order to obtain
more information on the degree of deposition of guest 4b
on the printboard. For this purpose, multivalent guest 4b
was deposited on the entire surface of B-CD printboards by
printing with featureless PDMS stamps and by adsorption
from solution. The effect of rinsing with 10 mm CD solution
(200 mL) at pH 2 and water (50 mL) at pH 2 was also taken
into account (Table 2).

The initial charge-transfer resistance (Rcr) of the p-CD
printboard (42 kQ) towards the negatively charged [Fe(C-
N)]*/[Fe(CN)o]>~ reporter redox couple is similar to Rey
values reported previously by our group™ and reflects a
high degree of order of this monolayer to block the redox
current to the gold efficiently. The presence of guest 4b on
the printboard is known to significantly decrease this Ry
value, since electrostatic attraction of the anionic reporter
redox couple with the positively charged dendritic core facil-
itates the oxidation/reduction at the electrode surface.””’ This
was found to be the case for deposition of 4b onto the print-
board by adsorption from solution or by pCP and subse-
quent rinsing (7-8 kQ2), the process resulting in monolayer
coverages of guest molecules on the printboard. Conversely,
a twofold increase in the Rqr value upon deposition by uCP
(without rinsing) suggests, in agreement with the AFM anal-
ysis, the transfer of multilayers of guest 4b onto the $-CD
printboard during uCP. In this case, the increase of the layer
thickness of guest molecules on top of the printboard im-
pedes the redox current to the electrode surface and, there-
fore, results in a higher R value.

To rule out any interference from nonspecific interactions
on the B-CD printboard, printing experiments under the
same conditions were carried out on SAMs of 11-mercap-
toundecanol (OH SAMs). OH SAMs were chosen as refer-
ence layers, since these SAMs have a similar polarity to that
observed for SAMs of 3-CD, but are incapable of forming
inclusion complexes with the guest molecules. Figure 3 a—f il-
lustrates the concept of the molecular printboard by the dif-
ference in stability of the patterns of multivalent guest 4b
on the B-CD printboard and OH SAMs upon subsequent
rinsing with different concentrations of $-CD solutions.

Again, patterns with a clear friction contrast are apparent
in contact-mode AFM images of the OH SAM after uCP.
This indicates that the transfer of guest molecules from the
stamp onto the B-CD printboard does not rely on specific
interactions, but that physical contact is sufficient to gener-
ate patterns of molecules (Figure 3a,d). The requirement of
specific supramolecular interactions for the stability of the
molecular patterns on the printboard is, however, evident
from the complete removal of the patterns of multivalent
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50 um?; friction forces [a.u.] increase from dark to bright contrast).

guest 4b from the OH SAMs upon rinsing with 1 mm and
10mm B-CD solutions (Figure 3e,f), a result confirming
physisorption in this case. Patterns of 4b on the 3-CD print-
boards were stable, even after rinsing with substantial
amounts of 10 mm $-CD solution (Figure 3c¢).
Poly(propylene imine) (PPI) dendrimers such as 4b have
already been employed by our group as nanocontainers for

3992
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Figure 2. Contact-mode AFM friction images acquired in air of patterns of monovalent guest 2 (top) and diva-

lent guest 3 (bottom) showing patterns present: a,d) after pCP of the guests (brighter areas) on the (3-CD
printboard, b,e) after rinsing with water, and c,{f) after rinsing with 10 mm B-CD at pH2 (image sizes 50 x

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dye molecules on the B-CD
printboard™ and as water-solu-
ble nanoreactors for the forma-
tion of gold nanoparticles in so-
lution.” In the present study,
the latter dendrimer-stabilized
gold nanoparticles were exploit-
ed to facilitate the fabrication
of metal patterns on the print-
board by incorporating an addi-
tive technique, namely electro-
less deposition (ELD), into our
supramolecular patterning strat-
egies.

Electroless deposition—fabrica-
tion of metal patterns on the
printboard: ELDP is a routine
and cost-effective fabrication
technique for the selective dep-
osition of metal on surfaces. It
is an autocatalytic redox proc-
ess that comprises the reduction
and deposition of metallic ions
(as the source of metal) from
solution to a substrate in the
presence of a reducing agent.
To initiate ELD of metal onto
surfaces, the only requirement
is a surface containing a cata-

a) b) c)
lyst. For this purpose, gold
nanoparticles stabilized by fifth-
generation (G5) PPI dendrim-

Figure 3. Contact-mode AFM friction images acquired in air of micrometer-size line patterns of multivalent
guest 4b (brighter areas) on the -CD (top) and 11-mercaptoundecanol (bottom) SAMs showing patterns

present: a,d) after pCP of the guest, b,e) after rinsing with 1 mm -CD at pH2, and c,f) after rinsing with
10 mm B-CD at pH 2 (image sizes 50 x 50 pm?; friction forces [a.u.] increase from dark to bright contrast).

ers were prepared, as reported
previously by our group,” and
subsequently transferred as cat-
alysts for ELD onto the molec-
ular printboard by supramolec-
ular pCP. Figure 4a,b shows
AFM height images before and
after immersion of this print-
board in a copper ELD bath
for 5 min. The heights, observed
at these stages and averaged
over relatively large feature
areas, were 2 and 64 nm, re-
spectively (see the cross-section
AFM analysis in Figure 4).

The fact that the patterns of
dendrimer-stabilized nanoparti-
cles were stable during competitive rinsing with 10 mm f3-
CD at pH 2 (Figure 4a) supports the idea that the gold par-
ticles reside inside the dendrimers.””) Stability of these pat-
terns is afforded through multivalent interactions of several
Ad functionalities at the outer interface of the dendrimers
with the printboard. As argued before, the dense, insulating
shell of supramolecular Ad-f-CD complexes protects the

www.chemeurj.org Chem. Eur. J. 2005, 11, 3988 —3996
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Table 2. EIS results of the bare $-CD printboard versus printboards onto
which multivalent guest 4b was deposited by adsorption from solution or
by uCP.

Guest deposition R [kQ]
no guest 42
adsorption 8.4

uCP 75

uCP + rinsing 7.3

[a] Charge-transfer resistance towards [Fe(CN)g]*/[Fe(CN),]*".

100 1

: L™
T o R

100 - - '
0 10 - 20 30

Figure 4. Contact-mode AFM height images acquired in air of patterns
(image sizes 30x30 pm?) of a) gold nanoparticles stabilized by G5-PPI
dendrimers, deposited on the $-CD printboard by supramolecular uCP
and subsequently rinsed with 10mm B-CD solution at pH2, and
b) copper structures obtained after subsequent electroless deposition
(ELD) on the dendrimer-patterned printboard for 5 min.

nanoparticles inside the dendrimer from coagulation.” The
ELD experiment shown here illustrates that these nanopar-
ticles are still accessible to act as catalytic centers for the
electroless deposition of copper. Figure 4b also illustrates
the high selectivity for copper deposition in the target areas
containing the dendrimer-stabilized gold nanoparticles. The
direct placement of these catalytic centers and the protec-
tive nature of the 3-CD SAM for the underlying gold sub-
strate accounts for this observation.

The combination of ELD and pCP has been reported pre-
viously to offer a routine and cost-effective fabrication tech-
nique for metal patterns.’*? However, the distinct differ-
ence between our work and these previous reports is the use
of multivalent supramolecular interactions between the cata-
lyst and the surface that can subsequently serve as a strong
connection between the metal patterns and the substrate.

Supramolecular DPN—writing local molecular patterns at
the sub-100-nm scale: DPN is a promising lithographic tech-
nique that allows the extension of our supramolecular pat-
terning strategy on the printboard to the sub-100-nm scale
(Figure 1).*7 Previously, we have shown that patterns of 3
on the -CD printboard transferred by DPN are similar to

Chem. Eur. J. 2005, 11, 3988 —-3996 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

those prepared by supramolecular pCP, with regard to the
issues of ink transfer and pattern stability upon rinsing.?
To investigate the potential of supramolecular DPN, the lat-
eral resolution was investigated by writing patterns with dif-
ferent width-to-length ratios (Figure 5a).””!

Figure 5. Contact-mode AFM friction images acquired in air of patterns
present on the B-CD printboard: a) An array of lines, 7 um long with
mean widths (+standard deviation) of 290+20, 480+30, and 880+
50 nm, of divalent guest 3 after scanning the tip at a velocity of
~21 pms™" across the B-CD printboard for 10 min for each line (image
size 15x15 um?; friction forces [a.u.] increase from dark to bright con-
trast). b) An array of lines, 3 um long with average widths of approxi-
mately 60420 nm, of multivalent guest 4b after scanning the tip at a ve-
locity of a4 ums™" across the 3-CD printboard for 10 min for each line
(image size 6x6um?; friction forces [a.u.] increase from dark to bright
contrast). Readout of the patterns was done with the same tip by increas-
ing the scan size and the scan velocity (approximately 15 times the writ-
ing speed).

Figure 5a shows a friction AFM image of a pattern of 3
consisting of three rectangles, 7 pm long with targeted
widths of 220, 440, and 880 nm (top to bottom), respectively,
written by DPN on the $-CD printboard over 10 min for
each rectangle. Inversion of the relative friction contrast in
the image in comparison to that observed in Figure 2 is
probably related to the different character of the contacting
surfaces (that is, ink-covered tip versus bare tip). This has
been observed before for similar B-CD systems,”? as well as
for polyamidoamine (PAMAM) dendrimers on other
SAMs.PY

Overinking during the writing stage and the effect of in-
strumental drifts are parameters that could cause the pattern
broadening in this particular experiment to be more signifi-
cant at high-resolution writing (approximately 30 % for the
220-nm line, 10% for the 440-nm line). The sub-100-nm
writing capability of supramolecular DPN is shown in Fig-
ure 5b with an array of lines of guest 4b on the printboard
with a line width of 60 nm. In addition to writing regular
line patterns, this specific pattern was written in three stages
by adjusting the scan angle of the tip by 45° each time with
respect to the previous line. In this particular experiment,
gold-coated tips functionalized with a poly(ethylene glycol)
SAM were used to allow a better transfer of 4b to the print-
board. Scanning with a bare, uninked silicon nitride AFM
tip over the B-CD printboard under the same experimental
conditions did not form any visible pattern, thus proving
that pattern formation arises from the transfer of guest mol-
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ecules and not from mechanical forces applied by the tip to
the printboard.

Conclusion

The results herein demonstrate the successful application of
micro- and nanopatterning strategies, supramolecular pCP
and supramolecular DPN, respectively, that employ the con-
cept of the molecular printboard.

Supramolecular pCP with guests of different valency was
carried out on the B-CD printboard for testing the stability
of the patterns during rinsing with substantial amounts of
water and competitive aqueous solutions. It was found that
all kinetic stabilities can be observed: rapid removal by
water in case of a monovalent guest, slower partial removal
by competitive rinsing in case of a divalent guest, and com-
plete stability for truly multivalent guests. Interference of
nonspecific interactions in the formation of molecular pat-
terns on the printboard was ruled out by the complete re-
moval of the molecular pattern during mild rinsing condi-
tions on reference OH SAMs. Clearly, the novelty of our
patterning strategy over existing fabrication strategies for
molecular patterns on substrates lies in the tunable pattern
stability of printboard-compatible guests on the molecular
printboard through the use of specific, multivalent supra-
molecular interactions.

Supramolecular DPN was exploited on the B-CD print-
board to extend our supramolecular patterning strategy into
the sub-100-nm range, as shown by the nanoscale patterns
with 60 nm line width.

Electroless deposition of metal patterns on the printboard
demonstrated that molecular printboards constitute a useful
tool for the fabrication and application of supramolecular
architectures on surfaces.

Experimental Section

Chemicals and substrates: The synthesis of the -CD heptathioether ad-
sorbate and the preparation of SAMs on gold substrates were reported
previously by our group.'"**! The syntheses of the fifth-generation ada-
mantane-terminated poly(propylene imine) dendrimer (G5-PPI-(Ad),)
and its per-B-CD complex were carried out according to literature proce-
dures.”® Gold layers (20 nm) on titanium-primed (2-3 nm) silicon wafers
were purchased from Ssens BV (Hengelo, The Netherlands). 11-Mercap-
toundecanol and native (3-cyclodextrin were purchased from Aldrich and
Acros, respectively, and used without further purification. Solvents used
for monolayer preparation were of p.a. grade.
1-Adamantyl-3-methyl-urea  (2): 1-Adamantyl isocyanate (0.5g,
2.8 mmol) was added to a solution of methylamine (0.105 g, 3.4 mmol) in
chloroform (20 mL). This mixture was stirred overnight at room tempera-
ture under argon. The solvent was removed under vacuum. Subsequently,
diethyl ether was added to the residue to isolate the product as a white
solid (0.260 g, 1.25 mmol; 45%): '"HNMR (300 MHz, CDCL;): 6=4.13
(brs, 1H), 4.09 (brs, 1H), 2.71 (d, J=5.1 Hz, 2H), 2.09-2.03 (m, 3H;
CH,CHCH,[Ad]), 1.98-1.94 (m, 6H; CHCH,C[Ad]), 1.68-1.64 ppm (m,
6H; CHCH,CH[Ad]); "CNMR (100 MHz, CDCl,): 6=158.24, 50.75,
42.58, 36.48, 29.60, 26.89 ppm; FAB-MS: m/z caled for [M+H]*: 209.2;
found: 209.2.
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Substrate and monolayer preparation: Prior to use, all glassware was
cleaned by immersion in piraia (3:1 ratio of conc. H,SO, and 33 wt %
H,0,) for 30 min and rinsing with substantial amounts of water. Gold
substrates of 1x1cm” were cleaned by oxygen plasma treatment for
5 min and the resulting oxide layer was reduced by leaving the substrates
for 10 min in absolute EtOH."! Subsequently, the clean gold substrates
were immersed in an adsorbate solution (0.1-1.0 mm) with minimal delay
for approximately 16 h. After incubation, the substrates were rinsed with
substantial amounts of dichloromethane, ethanol, and water.

Supramolecular microcontact printing: Stamps were fabricated by casting
a 10:1 (v/v) mixture of PDMS and curing agent (Sylgard 184, Dow Corn-
ing) against a photolithographically patterned silicon master, cured for
1 h at 60°C, and released at this curing temperature to avoid buildup of
tension due to thermal shrinkage.*! PDMS stamps, used for pCP, were
left in the oven at 60°C for at least 18 h to ensure complete curing.

Oxidation of PDMS stamps was carried out in a commercial UV/ozone
plasma reactor (Ultra-Violet Products Inc., model PR-100) for 60 min at
a distance of about 2 cm from the plasma source. This type of reactor
contains a low-pressure mercury UV light operating with UV emissions
at 185 nm (1.5 mWem2) and 254 nm (15 mWcem ) to generate molecular
oxygen. UVO treatment®” of the PDMS stamp was chosen over other
techniques®***! because it is one of the milder treatments that results in
similarly drastic changes of the surface chemical properties of the PDMS
to those observed with, for example, oxygen plasma treatment and it pro-
vides surfaces that were found to be more resistant towards mechanical
stress (that is, crack formation*') during pCP. The PDMS stamps were
kept hydrophilic by immersing the stamps in an aqueous ink solution im-
mediately after UVO treatment and in between the prints.*”) Hydropho-
bic recovery of PDMS after the UVO treatment®! restricts the use of
this type of surface modification for pCP™*! and was, therefore, moni-
tored by contact-angle measurements over time. UVO-exposed PDMS is
moderately hydrophilic (6,,,=68°) after 1 h of UVO treatment and re-
tains part of its hydrophilic character for at least several hours (A6,
~10° after 4 h) if it is kept under water. Thereafter, this hydrophobic re-
covery was found to level off, as observed by the contact-angle increase
of about 4° within the next 20 h. For reproducibility, all printing experi-
ments were carried out within the first 4 h after UVO treatment, without
reactivation of the stamps.

Subsequently, the stamps were inked by immersion into the adsorbate so-
lution (0.1-1.0 mM in hydrophobic constituents) for 15-30 min. After
withdrawal from the solution and drying under a continuous stream of ni-
trogen for 1 min, the stamps were applied by hand for 1-2 min on the
substrate (the p-CD printboard or reference 11-mercapto-1-undecanol
SAM). Reinking was done after each printing step. Finally, the substrates
were systematically rinsed with aqueous solutions (200 mL) of native [3-
CD (1 or 10 mm at pH 2), NaCl (50 mm), or Milli-Q water. Additional
rinsing with Milli-Q water was done in the first two cases in order to
remove any excess of $-CD or salt on the printboard.

Supramolecular DPN: Si;N, tips were cleaned in chloroform overnight
and inked by immersion into the adsorbate solution (0.5-1.0 mm in hy-
drophobic constituents) with minimal delay for 15 min. After withdrawal
and drying, the tip was scanned in contact mode across the surface of the
B-CD printboard for a certain period of time (7=25°C, relative humidi-
ty=40-50%). The written patterns were recorded with the same tip by
increasing the scan size and the scan velocity (approximately 15 times the
writing speed).

Electroless deposition (ELD) of copper: To trigger the ELD of Cu on
the printboard, gold nanoparticles stabilized by the G5-PPI dendrimers
were prepared according to a literature procedure® and transferred
onto the printboard by conducting supramolecular uCP. After rinsing
with an aqueous solution (200 mL) of native $-CD (10 mm at pH 2) and
with Milli-Q water (200 mL), the substrate was immersed in the copper
electroless-deposition bath containing 40 mm CuSO,, 140 mm Na,SO,,
120 mM ethylenediaminetetraacetate sodium salt (Na,EDTA), 300 mm
NaHCOO, and 30 mm HCHO at pH 13. After a certain immersion time,
the substrate was taken out of the ELD bath, rinsed with Milli-Q water,
and dried under a continuous stream of nitrogen for 1 min.
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Characterization: AFM analyses were carried out with a NanoScope III
multimode atomic force microscope (Veeco/Digital Instruments, Santa
Barbara, CA, USA) equipped with a J-scanner, in contact mode by using
Si;N, cantilevers (Nanoprobes, Veeco/Digital Instruments) with a nomi-
nal spring constant of 0.1 Nm'. To ensure maximum sensitivity for later-
al forces in the friction-force images, the sample was scanned at 90° with
respect to the long axis of the cantilever. AFM imaging was done in an
ambient atmosphere (7'=25°C, relative humidity =40-50%).

XPS analyses were carried out with a Physical Electronics Quantum2000
apparatus equipped with an Al Ko monochromatic excitation source
(source energy =1486.7 eV, take-off angle set to 30°), a spherical sector
analyzer, and a multichannel plate detector (16 detector elements). For
the survey scan (pass energy of 117 eV), the X-ray beam was set to high
power mode (100 W per 100 um) to scan a total area of 1000x 500 um;
for element scans (pass energy of 29.35eV), the X-ray beam was set to
25 W per 100 pm to scan a total area of 1000 x 500 um (298 K and 1-3 x
1078 Torr). The sensitivity factors used for C, N, O, and S in the calcula-
tion of the atomic concentration were 0.314, 0.499, 0.733, and 0.717, re-
spectively. The hydrocarbon C(1s) signal at 284.8 eV was used as the ref-
erence to correct for surface charging.

Electrochemical impedance spectroscopy measurements were carried out
with an AUTOLAB PGSTAT10 apparatus (ECOCHEMIE, Utrecht, The
Netherlands) in a custom-built three-electrode setup consisting of a plati-
num counterelectrode, a mercurous sulfate reference electrode (MSE;
Vst =0.61 Viiormat hydrogen electrode)> and a gold working electrode (held by a
screw cap to the bottom of the cell and exposing a geometric area of
0.44 cm? to the electrolyte solution). Scans were carried out by using a
frequency range from 10kHz to 0.1 Hz in 1 mm K;Fe(CN)y/K,Fe(CN),
containing 0.1m K,SO, at —0.2 Ve with a 5 mV amplitude. The charge-
transfer resistance (Rcr) of the monolayer was determined from the Ny-
quist plot by fitting the experimental data to an equivalent Randles cir-
cuit containing a charge-transfer resistance of the monolayer in parallel
with the capacitance of the monolayer and in series with the resistance of
the solution.*”!

NMR spectroscopy was carried out at 25°C by using a Varian Unity
Inova 300 spectrometer or a Varian Unity 400 WB spectrometer.
"H NMR (300 MHz) and *C NMR (100 MHz) chemical shifts are given
relative to residual CHCl; (0 =7.27 and 77.0 ppm, respectively).

FAB mass spectrometry was carried out with a Finnigan MAT90 spec-
trometer with m-nitrobenzyl alcohol (NBA) as the matrix.
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