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Chapter 1

General introduction

Nanotechnology is a multidisciplinary field of seee and technology dealing with
the understanding of governing principles of mattdr the nanometer scale.
Nanofabrication targets the design and fabricatibfmulti)functional devices with
nanometer dimensions. In contrast to ‘top-down’ afabrication techniques, by
which small structures are shaped from bulk mdietmilding devices from
elemental components in the ‘bottom-up’ strategyuies deeper knowledge about
the foundations which govern the interactions betwéese building blocks at the
aimed length scale.

Self-assembly offers the simple and rapid creavbnfeatures at various length
scales. Supramolecular interactiohgovern the assembly process of molecules and
make the creation of functional nanostructure pdssiSelf-organization of molecules
on solid surfaces constitutes the basis of a tdogpareating monomolecular thick
self-assembled monolayers (SAMS). The development of soft-lithographic
technique$, which combine the large-area surface patterningploiities of ‘top-
down’ techniques with the effectiveness and sinigliof self-assembly, has opened
the way for easy and advanced nanotechnologicanses and for new experimental
setups to investigate the underlying principleshs nanosized building blocks of
interest.

Multivalency denotes the simultaneous interactibmaoltiple functionalities between
two non-covalently interacting species resulting sinong and selective binding.
Multivalent host-guest interactions are reversibkEnd they offer flexibility,
controllable binding strength and dynamics for tbentrolled positioning of
molecules, assemblies and particles on a subgtrRrefound understanding of

multivalency is important for an advanced controbiological systems, where often



General introduction

contacts between cells and viruses or bacteriangtiated by multivalent protein-
carbohydrate interactiofis.

This thesis deals with the investigation of varioaspects of molecular and
supramolecular structures on solid surfaces. Cbwier surface spreading, SAM
formation capability of molecules and a detaileeMviover the spreading mechanism
of multivalent guest molecules on a host-functicreal surface are the issues studied
here, while SAMs, supramolecular self-assembly endtivalency are the linking
themes.

Chapter 2 presents a general overview of the dpwedat of microcontact printing
(uCP)? a soft lithographic technique with high potentiathe field of nanopatterning
and nanofabrication. This technique is generalgdus this thesis to build nano- and
microstructures on surfaces in order to investigia¢eused molecular systems.

In uCP, the ink is transferred to the surface to forpaterned SAM by bringing an
inked stamp in conformal contact with a metal stefaThis monomolecular thin
pattern can be used to transfer the relief of taeng into the metal surface, but the
mobility of the inks causes a lateral spreadinthm printing step which changes the
dimensions of the transferred pattern. In Chaptdredvyweight dendritic molecules
with thioether end-groups are employed as low diffel inks, to faithfully transfer
sub-micrometer features onto gold via positiM@P. The high molecular weight of
dendrimers is combined with the affinity of sulf@dér gold, and the development
and properties of a class of poly(propylene imi{{®R1) dendrimer-based thioethers as
positive inks fouCP on gold is described. Surface spreading of tHesdritic inks is
studied and compared to other inks, and the etcpmgess of sub-micrometer
features on gold is tailored to the behavior osthimks.

More control over the transferred amount of inkimigirmicrocontact printing is
achieved by receptor-functionalized stamps, asribest in Chapter 4. This chapter
illustrates how supramolecular interactions caweséo achieve advanced control in
the uCP process. The possibilities to selectively reasgmk molecules and to tune
the amount of ink molecules transferredusyP are realized by usirfigcyclodextrin-
functionalized stamps to which target ink molecwas be anchored through specific
and directional supramolecular host-guest intepasti The influence of specific vs

nonspecific interactions and the effect of mulirady on the selectivity of inking and
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printing is discussed using the concept of molacpimtboards which are SAMs of
host molecules to which guest molecules bind adgegri their binding strength’®

In Chapters 5 and 6, the spreading of multivalenésyy molecules on the-
cyclodextrin-based molecular printboard is studredrder to investigate the kinetics
of multivalent interactions on surfaces. Fluoresgerest molecules are printed on the
molecular printboard and the evolution of the fesrent patterns in time is monitored
in situ. This is performed at variofiscyclodextrin 3-CD) concentrations in agueous
solution in order to induce competition for the glusites to interact with host sites at
the surface and in solution. The dynamics of momwd-,and trivalent host-guest
interactions on the molecular printboard is analyzémulated and discussed with the
help of various thermodynamic and kinetic paranget&hapter 5 focuses on the
implementation of the experiments and methodologgther with the presentation of
the main results, while in Chapter 6 the detailascubsion of the occurring
mechanisms and related issues, like the directignafl the surface spreading, are
presented.

Chapter 7 describes the monolayer formation abitynovel sulfur-modifieda-
cyclodextrin (-CD) derivatives. The absence of long alkyl chamshe molecular
structure render the SAMs of these compounds moitabde for electrochemical
applications than the previously described sulfadified cyclodextring! The SAMs
of a-CDs with different anchoring configurations haweeh characterized by means
of water contact angle goniometry, electrochemjisti¥-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFMhe host-guest affinity of
the compounds on surfaces is studied by electrochémeasurements. The use of
the o-CD derivatives in electrochemical detection andlemwlar electronics is
foreshadowed by electrochemical capacitance measmts in the presence of
aliphatic carboxylic acid salts with varying chdengths. The binding strength of
these guests to the surface-confinedD hosts have been determined.
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Chapter 2

Microcontact printing: limitations and achievements

Microcontact printing 4CP) offers a simple and low-cost surface patterning
methodology with high versatility and sub-micrometecuracy. This technology has
undergone a spectacular evolution since its ingentimproving its capability to form
sub-100 nm SAM patterns of various polar and apohaterials and biomolecules
over macroscopic areas. Several developmentgGst are discussed in this work
detailing various printing strategies. New printirsghemes with improved stamp
materials rendeuCP a reproducible surface patterning technique viiigh pattern
resolution. New stamp materials and PDMS surfaeatment methods allow the use
of polar molecules as inks. Flat elastomeric sueaand low-diffusive inks push the
feature sizes to the nanometer range. Chemical suptamolecular interactions

between the ink and the substrate increase thacaiplity of thexCP process.
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2.1 Introduction

Miniaturization of material features constituteseonf the main research and
development trends in material sciences in thef@astdecades. Products of micro-
and nanotechnology offer several advantages ovewertional macroscopic
functional structures: lower energy consumptionghbr efficiency and many
unexplored but possible benefits arriving from th@perties of the materials at
micro- and nanometer lengthscales. Two main lifemigro- and nanofabrication
strategies have evolved: bottom-up and top-dowrnoakst

Top-down fabrication methods shape structures foatk material making new types
of small structures based on miniaturization. Lgtagphy is the most successful class
of top-down techniques, which include photolithggrg and non-photolithographic
methods. Nowadays, for the fabrication of microelectron&vites photolithography
is used exclusively. Despite the fact that it is eqpensive technique with costly
instruments, it has proven to be the most viabléhowin the microelectronic market,
and no other fabrication method has been ablertpete.

Bottom-up methods build highly ordered micro- amghostructures from smaller
elementary components. The most efficient and agpiethod is the self-assembly
of molecules or (nano)particles. When self-assenpplied to a solid surface, the
vertical nanometer dimensions of structures ar@amtaneously achieved by creating
self-assembled monolayers (SAM%).Self-assembly has the potential of creating
highly ordered and multifunctional micro- and namastures, but until the invention
of soft lithography, in particular microcontact gmg WCP) the possibility of area
and volume pattern fabrication by bottom-up methadss very limited. The
combination of self-assembly of SAMs with the lasgea surface patterning
capabilities of top-down techniques, initiated byiWsides, has opened the way for
cheap and easily accessible nanofabricatfbBespite its many advantage€P did
not prove to be a competitive alternative for phtitography in the semiconductor
industry. However, the continuous efforts to imgr@CP bring forth a spectacular
increase in applicability and versatility in otleeas.

Here, we will review the emergence of differgg@P methods and strategies which
offer possibilities for new applications that mgk&P a powerful surface patterning

technique.
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2.2 Microcontact printing: the principle and the main limitations

The original aim of Whitesides and coworkers whiegytintroducediCP was a fast
and easy way to replicate patterns generated biplithography. In photolithography
(Figure 2.) the surface of a silicon wafer is coated with a thind uniform layer of
organic polymer sensitive to ultraviolet light -agboresist- which is then exposed to

light through a metal photomask.

Photolithography = Microcontact
printing
> PDMS
replica

molding
peel off

hv* drying *

IIREINARNAL
R R o R R e 1 PDMS

conformal
developing * contact
PDMS
Gy etening * foriglt\i/lon

-~ siteon sweon

cleanin we_t
g* etching
I I I -
Master pattern Inverse replica

Figure 2.1 Schematic comparison of photolithography u€P. The crucial step in both

techniques is the accurate transfer of the patlezteh-resist layer.

The light passes the mask only through the nondhzeté areas generating the area-

selective polymerization (or degradation) of th@tohesist according to the designed
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pattern on the mask. After the uncured polymer amaved, the cross-linked
photoresist is used as an etch resist in the subsécetching step, yielding a
patterned silicon surfaceMicrocontact printing exploits the spontaneousoggison

of organic thiols to form SAMs on gofd. Similar to the photoresist in
photolithography, SAMs of thiols with long alkyl @ims act as an etch resist for gold
when using alkaline cyanide as a wet etchithe novelty ofuCP was the use of an
elastomer, casted and cured from a master stru(ffigere 2.1), as a tool to generate
a patterned thiol SAM on the gold surfaf@.

Microcontact printing uses a hard silicon masteany solid patterned surface as a
template (Figure 2.1). A poly(dimethylsiloxane) (MB) elastomer is typically used
to transfer the pattern from the template to thbssate. In most of the.CP
experiments, a commercially available two-componsilixane polymer (Sylgard
184, Dow Corning) is used. In the stamp preparattep, the liquid vinyl-terminated
pre-polymer and the curing agent, which consistshart hydrosilane crosslinker
containing a platinum complex as a catalyst, areetchand the mixture is poured onto
the patterned templaté The PDMS is cured at elevated temperatures (ys6@fiC)
and a solid but elastomeric polymer is formed. Pi&MS product is a crosslinked
polymer containing the —Si(G}3-O- structural unit?

After peeling off the PDMS, the stamp is cut topgep size and, in the inking step,
saturated with a thiol. The highly hydrophobic PDkh&terial allows only the use of
apolar inks. Wet inking is achieved either by imsien of the stamp in the ink
solution or by placing a few droplets of the thsolution on the patterned side of the
stamp. Hydrophobic long-chain thiols reside notyam the stamp surface but diffuse
into the bulk of the stamp material creating an melservoir* After inking, the
solvent (ethanol) is evaporated in a stream obgén and the stamp surface is dried.
By bringing the inked stamp in conformal contacthmthe gold surface, the thiol is
transferred to the surfaéé> Due to the patterned structure of the stamp, timdy
areas with protrusions are able to contact the goldace and the thiol is area-
selectively transferred according to the pattertheftemplate. If the concentration of
the used inking solution is higher than a few miMg brder and quality of the SAMs
of long chain-thiols formed by printing are indigguishable from those formed in
solution®*®

In the wet-etching step the patterned gold sangplenmersed in an etching solution

and the unprotected gold is etched away, whileatleas covered by long-chain thiol
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SAMs remain mostly intact. By this selective etchiof the sample, the inverse
replica of the surface relief from the original f@ate is created in the gold substrate.
Disorder and pinholes in the thiol SAM can leadstime etching in the protected
areas too, but the etch rates of the protected lzavé gold areas are usually
sufficiently different. Methyl-terminated thiols thi long alkyl chains provide a good
protection from etching. Shorter alkanethiols anolap group-terminated thiols
provide a less effective protection.

Soon after the initial publications @CP with alkanethiols on gold, other metals were
successfully used as substrates to achieve paéplination, such as A§*® Cu® and
Pd?® The low costs and simplicity of the technique hanspired the interest in
creating smaller patterns with higher edge resmiuéind in broadening the versatility
of the technique. However, several limitations hbwvelered the reproducible creation
of sub-micrometer features.

The stamp deformation during the stamp removal ftbentemplate and during the
contacting of the substrate limits the resolutibihe patterning’2* The mechanical
properties of the elastomeric PDMS stamps providécgent mechanical stability for
the printing down to 500 nii. The height of the features divided by their latera
dimensions defines the aspect ratio of a paftetf¥hen the aspect ratio is high,
buckling and lateral collapse of the PDMS featuras occur, while at low aspect
ratios roof collapse is possible (Figure 2.2°A3> Any deformation of the stamp will
affect the printed pattern and decrease the repitoidty.

Wl Nt

2

101]

Figure 2.2 The pattern resolution and reproducibility of (f@P process is mainly limited by

A

stamp deformation (A; buckling, left, and roof eglke, right) and diffusion phenomena of
the ink (B) along the surface (1) and through timbiant (2).

The PDMS crosslinking process typically leaves sameured and low-molecular-

weight fragments, which may contaminate the sutestigpon contacting, thus
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decreasing the quality of the printed SAN® The transfer of these impurities is
enhanced when the ink molecules contain polar gr6up

Almost all organic solvents induce swelling of tRODMS stamp, changing the
dimensions and shape of the protrusirsthanol has a minimal swelling effect on
the polymer, but many other solvents can not bd fmewet inking of the stamp due
to their pronounced swellir therefore theuCP process is limited to apolar inks that
are soluble in ethanol.

Due to the hydrophobic surface properties of PDM&er soluble inks do not wet
the surface of the elastomer and do not permeatéulk restricting the usage of, for
example, inorganic complexes and biomolectie$he oxidation of the PDMS
surface (e.g. by oxygen plasma) allows the prindhguch polar inks owing to the
polar, thin silica-like surface layer formed uparidation? However, this silica-like
layer has mechanical properties different from PDMi& cracks can be formed on
the surface. These cracks allow the migration of-moolecular-weight PDMS
fragments leading to the recovery of the hydrophaliaracter of the surfade®a
process which occurs within a few hours after axwe and which limits the
applicability and reuse of an oxidized startip?>

The formation of an ordered SAM on the substrateyscally achieved by ink
diffusion from the PDMS bulk to the surfat&’’ Mobility of the inks causes a lateral
spreading from the edge of the contact regioneéaitncontacted areas (Figure 2.2 B,
path 1)¥*3° When sub-micrometer features are transferred w@®, this surface
spreading can significantly influence the pattesradunction of the printing time and
the ink concentration in the starfibMoreover as a function of the vapor pressure,
temperature and humidity, the inks can diffuse uglo the ambient vapor phase
reaching surface areas where no ink is desiredi(€ig.2 B, path 2>#

In Biebuyck’s and Whitesides’ approximatiémmonolayers spread across a surface
as a liquid precursor film consisting of unbound lecales. The binding and
organization of the molecules to the substratesattee surface energy of the substrate
and influences the interaction of the surface weitith the liquid precursor and the
ambient. The altered surface energy could favorettmansion of the liquid precursor
(reactive spreading) or inhibit the spreading (pbtbic spreading and autophobic
pinning)*? They suggested that the lateral spreading of aoked be suppressed by a
deliberate design of systems where the interfamalsion and the kinetics of
organization of the SAMs limit the spreading of grecursor liquid. Later, Biebuyck

10
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and coworkers stated that the role of autopholiaipg in lateral spreading during
uCP is probably irrelevant as the surface-to-voluat® of the ink source generated
by the stamp is increased and a large percentagieofapplied ink volume is
consumed by the formation of the precursor ffiithe total quantity of the available
ink has a more pronounced effect on the spreadititgeank. The concentration of the
ink solution used while inking, plays a crucialeah the spreading rate; at higher ink
concentration, the surface spreading is faStét.

With the emerge of dip-pen nanolithography, in whan atomic force microscopy
(AFM) tip coated with a molecular ink is used tartsfer molecules to a substréte,
new studies and models that deal with the diffussérthiols on gold have been
developed. Sheehan and Whitman assumed that drallapreading of a SAM from
an ink source obeys Fick's laWs.n this model the coverage of the surface is
decreasing with the distance from the ink sour¢e Boundary of a SAM detectable
by AFM is determined by a critical surface concaetion for which the standing
orientation of the adsorbed thiols is obtained. Thedel faithfully describes the
empirically found lateral spreading. However, thedel also implies the dispersion
of a dense monolayer pattern, which has not besereed experimentally. Ratner
and coworkers introduced a diffusion model wheneaging is possible only over
SAM-covered region$ Ink molecules coming from the source are immedjate
trapped and immobilized by available adsorptioessét the surface. When all nearby
surface sites are occupied, new ink molecules nggfieom the source across the
covered region, thus continuously moving the bound&the SAM-covered ar€a.

To overcome the limitations of the originaCP technique, several alternatives have
been developed either by changing in the printiragg@dure itself or by varying the
properties of the ink or the stamp. New ink materieave been introduced to control
spreading and to enrich the variety of the appleaubstrates and immobilized
molecules. Parallel to the appearance of these steategies and methods, the
objective has slowly shifted from 3D pattern reglion toward high resolution

surface patterning of chemical templates in suratated applications.

2.3 Alternative nCP strategies

2.3.1 High-speedqiCP

By decreasing the stamp-substrate contact timéketoange of ms, the uniformity
and the reproducibility of the printed monolayers Haeen improved by Wolf and

11
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coworkers!® This ms printing time is three orders of magnitstierter than the usual
contact time and it appeared to be sufficient &amsfer uniform and etch-protective
hexadecanethiol SAMs onto a gold surface. At thessy low contact times, the
surface spreading of the thiol and the diffusioa thie ambient vapor phase did not
occur. Positioning, printing and retraction of th@0 um-thick PDMS stamp with 1
um-wide features were realized with an automatedogiectric actuator mounted on
a motorized two-axis stage. A process window ofhfsgeeduCP was defined
(Figure 2.3), in which the recommended printingaibons are mapped by limits of
the contact dynamics, the distortion of the stame th swelling and the conditions

for complete SAM formation and surface spreadfg.

50 T T r
recommended area .
= . 0.5% swelling of stamp
2 A0F NI T R [ 1
£ C <3 8
= 8 S8 \&
2 30} =S YE v
g e 8 E \%
E ot \5 NI
g 20f = %, N prior studies ]
s R
: N it

< 10} S 4/!;\‘7’1"5@1 K |

0 ; , = 7%

0.1 1 10 100 1000 10000

print time [ms]

Figure 2.3 High-speeduCP process window as a function of ink concentratiad contact
time %

2.3.2 SubmergediCP

The stamp stabilty was greatly improved by perfiogn uCP in a liquid
medium®“#"*® Xia and Whitesides showed that by printing hydaigb long-chain
thiols under water, the vapor transport of the iskefficiently inhibited and by
varying the printing time, a controlled surfaceesaing of the thiols was achieved to
create sub-micrometer gold featuféghe main advantages of performipGP with
long-chain thiols in liquid media come from the anagpressibility of the fluid and the
immiscibility of the ink moleculesuCP under submerged conditions allowed the use
of 15:1 PDMS aspect ratio which was not possiblén wonventional printing in the
work of Errachid and coworkef5.They suggested that some stamp designs would
allow submerged transfer of features with 100:1eabspratio after a study of

submerged printing using stamps with different aspatios.

12
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2.3.3 MicrodisplacemeniuCP

The surface spreading of thiol ink molecules can duppressed by using a
preassembled monolayer that has a sufficiently AawS interaction so they can be
replaced by other molecules during the printingp s¥&/eiss and coworkers used 1-
decanethiol and 11-mercaptoundecanoic acid to ceplaadamantanethiol from the
gold surface duringCP with a PDMS stamp:*>° The extent of displacement during
the printing of micrometer-wide features was coligcb by tuning the ink
concentration and contact time. The original 1-aalatanethiolate SAM hinders the
lateral surface spreading of the ink molecules fribra stamp. This competitive
adsorption is also useful when patterned SAMs &ferdint molecules have to be
created on the surface.

2.3.4 Contact inking of stamps fonCP

Unlike wet inking, in which also solvent permeaties stamp, contact inking offers a
solvent-free inking of the stamplt is based on the direct contact between a fedtur
stamp and a flat PDMS substrate impregnated with itik (ink pad). The ink
molecules migrate only to the designated, protgidireas which will constitute the
contact areas with the substrate in the subsequertiing step. The absence of ink
molecules in the remainder of the stamp reducesatheunt of ink transferred
through the vapor phase that would otherwise comjz® the patterff The patterns
on the stamps are not exposed to mechanical damnage ink solution-induced
capillary forces or pressure from a nitrogen streemed for drying. Delamarche and
coworkers were using contact inked PDMS stamps rémster sub-micrometer
eicosanethiol patterns down to 100 nm-feature SizBsth the concentration of the
thiol solution used for the impregnation of thepakl and the contact time in the
printing step affected the surface spreading of tthiel and influenced the etch-
protective quality of the printed SAM. These couatting process factors needed to
be balanced when minimizing both the surface spmgadnd the occurrence of
defects in the transferred SAM.

2.3.5 PositiveuCP

The term ‘positive’ in positiveuCP*? ((+)UCP) refers to the relation between the
master and the obtained replica after etching. 8/l the originaluCP a given

master design leads to a ‘negative’ i.e. invergdia@, the (+MCP process generates

13
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an identical ‘positive’ replica of the original mag which is achieved by using two

different inks in the process (Figure 2°4).

PDMS
Master
PDMS
HCP /\ (+) uHCP
inking
PDMS PDMS
* drying *
PDMS PDMS
* contacting *
PDMS PDMS
* release *
backfilling *
with 2™ ink
wet *
v etching
I N S . [ ] | ]
Inverse Replica Replica

I etch-resistant ink

I non-etch-resistant ink
Figure 2.4 Schematic comparison pCP and (4)CP techniques.
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While the first ink used for printing in (#CP does not form an ordered etch-
protective SAM, a second ink is used to backfilk tavailable gold surface from
solution thus forming a patterned etch-resistantMSA°entaerythritol-tetrakis(3-
mercaptopropionate) was used by Delamarche and rkevgoas a positive ink,
because it forms a stable SAM on gold and coppaichwis not replaced by etch-
resistant alkanethiols, and does not provide simit etch resistancé. High-
resolution structures formed on Cu substrates atdiat that the diffusion
characteristics of PTMP are sufficiently low to atee patterns at 200 nm length
scales. (HICP allows the use of stamps with high fill facttwscreate inverse, low-
fill factor patterns, overcoming the main stampbasity problems when creating such
a features by common EP.

2.3.6 Edge transfer lithography

Edge transfer lithography uses a patterned elastonséamp inked with an ink
solution prepared from solvents that dewet theepagid surface of the startip* A
discontinuous dewetting confines the ink to theessed areas of the stamp only.
After evaporation of the solvent, the inks are cidlely transferred from the edges of
the recessed areas in the printing step, leadimgktadsorption on the substrate only
along the edges of the contacted areas. Silan@spaticles and thiols have been
successfully transferred with 100-nm-scale resmtutising stamps with micrometer-

sized feature¥*

2.4 Modifications of the stamp

2.4.1 New stamp materials and composite stamps

For an accurate and uniform transfer of the inkhtosubstrate by a stamp, in general
two conflicting stamp characteristics are neededh hmechanical stability of the
micro- and nanostructures and good capability tsmfoonformal contact down to the
nanometer scale despite potential substrate rogghfe high mechanical stability
requires a high Young's modulus while efficient famal contact is facilitated by
increased elasticity. The physical properties oM™ are determined by the chemical
formulation of the stamp, the number of monometsubetween junctions and the
functionalities of the junctions, and by the curaunditions*®

To improve the stamp stability, a composite statnypcture, a thin PDMS stamp built
on a rigid back support, has been used to patteeips on solid substratesSub-
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micrometer accuracy over 1 €ias been achieved using composite thin stamps. The
thickness of the PDMS on the rigid substrate cdagddeven in the sub-micrometer
range, but any non-planarity of the substrate cptdalude the use of such composite
stamps®®’

Schmid and Michel have developed a hard PDMS (h-Bpivhich is more suitable
for sub-micrometer pattern transférA stamp material composed of vinylmethyl
copolymers and hydrosilane components (materialad)l some additional glass
fillers (material B) were found to be the best ddates for high resolutiopnCP after

a systematic study of physical parameters of thmgs as a function of the chemical
formulation? Structures down to 80 nm were accurately replitavith this stamp
material. h-PDMS is relatively brittle and, dueth@ hardness of the stamp material,
manual pressure on the stamp is required to esttabbnformal contact with the
substrate. This pressure can induce non-uniforntortisns in the pattern. A
composite stamp design, used by Whitesides and r&ews) where a thick and
flexible PDMS supported a thin h-PDMS top layer ioyed the utility of h-PDMS?
During the thermal curing of h-PDMS, the pattern adter due to thermal shrinking.
To overcome these drawbacks, Choi and Rogers hewelaped a photo-curable h-
PDMS chemistry?

Other, entirely new stamp materials were also thioed to achieve better mechanical
properties. An additional advantage of these nevenads is the possible decrease of
the transfer of uncured polymer impurities. Bloapolymer thermoplastic
elastomers such as poly(styrene-b-butadiene-brstyr@nd poly(styrene-b-(ethylene-
co-butylene)-b-styrene) were used as stamp materiat printing thiols by
Bastiaansen and coworkers. Both have a high moduidstoughness in comparison
to conventional PDM& A UV-curable stamp material based on a functiaealli
prepolymer with acrylate groups for cross-linkinghda different monomeric
modulators was developed by Lee and coworkers aodessfully used for printing
sub-100-nm hexadecanethiol patterns on §blBy changing the modulator, the
mechanical properties of the poly(urethane acrykstemp could be tuned.

Greater ink compatibility was achieved by varyihg thydrophobicity of the stamp
material. Polyolefin plastomers as stamp materisit®owed identical printing
performance compared with conventional PDMS wheintipg micrometer-sized
protein features, and higher printing quality fabsnicrometer structures in the work

of Spencer and coworke¥sStamps made of poly(ether-ester) multiblock copmlys
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consisting of poly(tetramethylene glycol) and pblytylene terephthalate) segments
were used for repetitive printing without re-inkin§polar pentaerythritol-tetrakis(3-
mercaptopropionate) (PTMP). The thermoplastic etast-printed PTMP SAM
showed a higher etch-resistance than the PDMSeuatiBAM®®

Other hydrophilic stamp materials were developed ganting of proteins and
biomolecules. Hydrogel copolymers of 6-acryl@y®-methylgalactopyranoside and
ethylene glycol dimethacrylate on solid supportevesed as stamps fa€P%* Self-
supporting hydrogel stamps consisting of 2-hydrtixyke acrylate, poly(ethylene
glycol) diacrylate as the cross-linker, and watad kkomparable physical and printing
properties to those of PDM3.However, these hydrogel-based stamps have the
disadvantage that they require a high-humidity aphere during curing, inking and
printing to avoid deformation of the stamp duehe toss of water. Composite stamps
made from two UV-curable materials, Norland OpticAblhesives 63 and
poly(ethylene glycol) diacrylate, were used to parfuCP of polar biomolecule¥.
2.4.2 PDMS surface modification for theuCP of polar inks

As mentioned previously, native PDMS cannot be dsegrinting of polar inks due
to the hydrophobic character of both the bulk ane surface of PDMS. In the
previous section a variety of recently developed seamp materials was discussed,
however, PDMS is still the most widely used stangiamal foruCP owing to its ease
of preparation. A modification of the PDMS surfdgedrophobicity appeared to be a
reasonable and simple choice to print polar inkse Tydrophobic character of the
native PDMS surface is conveyed by chemically imaethyl groups. Exposure to
reactive oxygen species increases the hydrophilafitthe PDMS surface. Oxygen
plasma and UV ozone treatment are most widely ¢s€d"°°A thin silica-like layer
and a top region rich in SIGBH groups are formed when the PDMS surface is
oxidized** However, the silica-like layer easily cracks, whienay allow the
migration of low-molecular-weight PDMS fragmentsading to hydrophobic
recovery’>® The oxidized PDMS layer generated by all plasreatment methods
significantly reduces the amount of transferred -towlecular-weight PDMS
fragments during printinf

To increase the stability and tune the hydropiyliof surface-oxidized PDMS stamp,
silanes were chemically attached to the reactilieadike top layer followed by

grafting of amino-terminated polyethylene glycol te IBM group’* Poly(ethylene
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oxide) silanes were also attached to the oxidizadns surfacé? Both methods
provided hydrophilic PDMS surfaces that are stédieseveral days.

Polymer layers have been covalently bound ontoPB#S surface. They act as a
stable (physical) barrier against hydrophobic recgvMost of these methods have
found applications in PDMS-based microfluidic sysserather thapCP /> "8

He and coworkers have developed a method usinghaagd hydrogen mixed gas
microwave plasma pretreatment and acrylonitrile ftgrg to prepare stable
hydrophilic PDMS surfaces fonCP application$® In our group, we used PDMS
stamps with plasma-polymerized allylamine thin &lrfor printing of polar ink&’
Plasma polymerization led to a homogeneous hydlioggolymer layer on top of the
stamp that remained stable for prolonged periods.

2.4.3 CatalyticuCP

The PDMS stamp surface can be made catalyticaliveain order to catalyze a
chemical reaction at the substrate. In such aytatalCP scheme, no ink is needed
and therefore the lateral resolution reducing éftécsurface spreading is efficiently
sidestepped. In our group, oxidized PDMS stampswesed to create patterns via
covalent modification of preformed SAMs of his{rimethylsiloxyundecyl)disulfide
or bis(-tert-butyldimethylsiloxy-undecyl)disulfide on god Triallylsilyl ethers
were easily hydrolyzed to free alcohols in the eneg of an acid. The silicon oxide
of oxidized PDMS stamps was sufficiently acidiciiduce catalysis in the contacted
areas.

Toone and coworkers used piperidine-functionaligetyurethane acrylate stamps to
promote the catalytic cleavage of the 9-fluorenyho&ycarbonyl amino-protecting
group® Sub-micrometer patterns were created with thigessk method by selective
deprotection of (9H-fluoren-9-yl)methyl-11-mercaptalecylcarbamate SAMs on
gold. They extended catalytipCP to biochemical substrates, by immobilizing
exonuclease enzymes on biocompatible poly(acrylejnidtamps and created
patterned DNA both on glass and gold surféces.

2.4.4 Printing with flat stamps

Patterned SAM formation with flat, featureless spanin puCP offers an effective
solution to avoid the typical mechanical stamp defttion and ink transport issues in
the original f.CP process. When the stamp is flat, no bucklingside and roof

collapse can occur, and the undesired vapor tranéfthe ink can be eliminated as
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well. However, the main difficulty is the area-sglee inking or creation of chemical
barriers on the stamp’s surface.

Flat stamps were inked in an area-selective maoyesing a robotic spotting system
and then used to fabricate a multi-probe array mina-modified oligonucleotide
spots®* The main disadvantage of this system is the patsée limitation that is
given by the resolution of the spotting system.

Sub-100-nm resolution in protein patterning wasiead in the work of Delamarche
and coworkers by exploiting the differences in ailhe of proteins to PDMS and
silicon® A flat PDMS stamp with a homogeneous protein lawes placed on a
patterned silicon nanotemplate. With the removaltleé stamp, due to the less
hydrophobic character of silicon compared to PDMfpteins were removed
(“subtracted”) from the stamp leaving a patternemtgin layer on the non-contacted
areas. These protein patterns could be subsequérahsferred onto another
substraté®

The hydrophobicity of PDMS was exploited by the IBiloup by selectively
oxidizing flat PDMS surfaces through a mask andftigrgg poly(ethylene oxide)
silanes to stabilize the oxidized paftsAfter wet inking of the stamp with proteins,
which adhered to the oxidized parts, these werdygagited onto various substrates.
Work in our lab showed that a perfluorinated sildager could act as an ink barrier
during HCP using regular thiol ink&. After the local modification of the stamp
surface through a mask, the stamp was inked witlistind the unmodified areas of
the surface led to ink transfer (Figure 2.5).

PDMS

perfluorinated silane
ll/l//ll////l//l////ll///ll/l

Figure 2.5 Schematic representation of printing thiols witét fstamps: the 1H,1H,2H,2H
perfluorodecyltrichlorosilane-covered area actsaasink barrier, while the non-covered
PDMS transfers the thiol to the gold substfite.
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The 1H,1H,2H,2H-perfluorodecyltrichlorosilane-coedrparts efficiently acted as an
ink barrier, while the rest of the surface allovtbd diffusion of ink molecules from
the bulk of the PDMS to the gold substrate. Théhterrdevelopment of this technique
to the grafting of 3-aminopropyl-triethoxysilanetime non-fluorinated areas, allowed
the efficient printing of polar inks with these chieally patterned flat stamf3$.Sub-
micrometer sized features were printed using chaliyipatterned flat stamps, and
the pattern size depends on the mask used foetbetise oxidation.

2.5 Alternative inks and substrates

2.5.1 Inks with low diffusion

Using inks with increased molecular weight or witliltiple attachment points may
reduce the surface spreading rate of the ink mtdscbut possibly at the expense of
order and etch resistance of the formed monol&&iThe etch-resistant properties of
long-chain thiol SAMs on gold are determined byisteindrance of the hydrophobic
alkyl chains, which are densely packed and prdtextunderlying gold from reactive
aqueous species. When the number of the carbonsat@® increased, the surface
spreading rate of the ink was decreased in accoedém its increased molecular
weight® To further increase the molecular weight, new keaight ink molecules
were designed with multiple thioether moieties, the etch resistance of SAMs of
these molecules was not sufficiént.

The extension of theCP methodology to (+)CP, (see Figure 2.3) has resulted in the
possibility of pattern replication by printing a gty etch-resistant ink followed by
immersion of the sample in a second, etch resistdsbrbate solution, which fills the
available areas and acts as a resist in the suiseqtching step Mercaptoalkyl-
oligo(ethylene glycol)s were used as heavyweigks fior (+JUCP by Burdinski et al.,
but the relatively fast surface spreading inhibittd accurate replication of sub-
micrometer feature®.

2.5.2 ReactivauCP

In addition to patterning SAMs of sulfur compoundsn gold, other
adsorbate/substrate systems have been usedCfyr in which patterning is realized
through covalent bonding. Soon after the developmein conventional uCP,
alkylsilanes were successfully printed on silicotide %% Monolayers of silanes on

silicon oxide are less well-defined than SAMs ablk on gold because the process
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involves covalent bond formation, and thus erromemtion is limited:>** Lateral
spreading limited the pattern resolution in the kvof Nuzzo and coworkers, when
they printed octadecyltrichlorosilane onto silic8ii®

An alternative for the direct patterned SAM formatiof complex molecules is
offered by the formation of a reactive SAM on astdite, followed byiCP to locally
transfer reagents to the reactive SAM leading twhamical reactio® Using this
method, amines and poly(ethylene imines) were gdirinto reactive anhydride or
activated carboxylic acid-terminated SAMs on gaid ailver®®”*®This method was
also successfully used by Huck et al. for readhiiAgrotected amino acids to surface-
confined amino groups when a plasma-oxidized fRMS stamp inked with an N-
Boc-L-amino acid was put into contact with an amiS@M.”® Well-defined
functional micro- and nanostructured biointerfacgere fabricated by reactive
printing of trifluoroacetic acid onto reactive bkecopolymer filims by Schonherr et
al 1% The trifluoroacetic acid deprotects the tert-butygtylate side chains present
in the skin layer of the block-copolymer films, nvad the films chemically reactive
with any amino-terminating (bio)molecule. In an #m®y study of the same group,
amino end-functionalized poly(ethylene glycol) waisnted onto spin-coated thin
films of reactive poly(N-hydroxysuccinimidyl methatate) to serve as a blocking
layer and prevent nonspecific adsorption of othelegules-*2

Our group has demonstrated the reversible formatibmmines through reactive
printing of octadecylamine onto aldehyde-terminaB&Ms%® The obtained imine
pattern was stable in water but was completely xemoafter acid-catalyzed
hydrolysis. We also printed acetylenes onto az&tminated SAMs (Figure 2.6) by
“click” chemistry in the contact area between tHBMS stamp and the reactive

substrate without the need for using a cataf/st.
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Figure 2.6 Schematic representation of click chemistry byctiea pCP: 1-octadecyne is
printed onto an azido-terminated SAM forming a g@aéd triazole layer on the surfaé.

2.5.3 SupramoleculamCP

Supramolecular interactions play a pivotal rolebialogy and are being extensively
used for other, non-biological applications as wéhe reversible nature of the
supramolecular binding of complementary host/guesttners offers flexibility,
controllable binding strength and dynamics for tbentrolled positioning of
molecules, assemblies and particles on a subsfrate.

The combination ofifCP with supramolecular host-guest interactionsttegarious
improvements in nano-patterning of (bio)moleculsoteins were selectively picked
up from crude biological solutions and then printedsubstrates by the Delamarche

et alt®

Stamps functionalized with reactive groups bourel groteins from complex
mixtures and aided the transfer of these biomoéscahto the chosen substrate. Other
groups immobilized single-strand DNA on a stamp antchersed it in a solution
containing the complementary DNA previously endefisnalized with chemical
motifs able to interact with the targeted substrBtgring printing, the preformed ds-
DNA is dissociated and after the removal of thengtahe complementary copy of the

master pattern is creatét:***
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For some years, our group has been exploiting sugexular interactions focusing
mainly on multivalency on surfaces. Molecular dvmerds, which are self-assembled
monolayers functionalized with receptor groups, eveised as substrates to print
various organic monovalent and multivalent molesuie order to study the kinetic
and thermodynamic characteristics of these suriacéined complex system®
Suitable guest-functionalized dendrimers, fluoresige labeled molecules and
polymers were used as inks for supramolequip 1+ 1°

2.5.4 Other inks forpCP

Since the discovery oiCP, various ink materials have been successfulgd us
pattern surfaces. Advances in printing of biomoleswon various substrates and in
general microcontact processing for biology displeg/ creation of high-performance,
miniaturized bio-analytical systerhs.*'° PDMS contamination was used
intentionally to pattern surfaces, and its effecttbe assembly of biomolecules was
investigated?*%*

A few nanometer thin metal layers evaporated on gtsmp surface could be
transferred onto substrat#é?* The process, described by Rogers and coworkers, is
called nanotransfer printing (nTP) and uses ansiddeSAM on the substrate to stick

to the metal layer and to promote the release efldiier from the stamp when the
stamp is removed. The technique can generate crrpgpligerns without the risk of
surface diffusion and edge disorder.

Colloidal particles and nanoparticles have beentgdi on various substrat&'s 24

126 However, the stochastic printing of nanopartitigscally results in patterned, but
randomly ordered particle arrangements. The condbjmating and self-assembly of
nanoparticles into larger structures was realizggte-arrangement of the particles
on the stamp surface prior to printing. Andres &ahthanam created a uniform
nanoparticle layer on the water-air interface amehttransferred the self-assembled
particle layer onto a patterned PDMS stamp by limmghe stamp parallel to the
water surface and touching the nanoparticle fifmPatterned and ordered particle
arrays on the substrate were formed in the subséquenting step. Wolf and
coworkers moved the meniscus of a colloidal suspensver a patterned layer to
self-assemble particles with high precision insite feature$®® Subsequently, the
assembly was printed onto the substrate with sipgtéicle resolution. Lines, arrays
and bitmap particle arrangements were created piegethe catalytic and optical

properties of the individual nanoparticfég.
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2.6 Outlook

Since Whitesides and coworkers developed p@&P technique, a spectacular
evolution of the technique has followed. While tmain concept of the technique
remained the same, a pattern is transferred onsarface via conformal contact
between an elastomeric stamp and the substratendhaer of effectuation and the
material of the constituents showed a diverse d@waeént. The mechanical properties
of the elastomeric stamp material were improvedi®@yeloping new stamp materials
and composite stamp designs. Some stamp mateliaged the use of polar inks
increasing the applicability of the technique. Mekdo this, new printing concepts
were introduced to use inverse stamp pattern desmneven flat stamps, the
mechanical properties of which became irrelevamtrésolution. Despite a wider
variety of new stamp materials, PDMS remained theapest and easiest stamp
material, causing the popularity of surface traptiechniques to change the
hydrophobicity of the PDMS stamp. Non-diffusive sniwere developed making the
sub-100 nm pattern resolution attainable, whilealydit printing techniques
eliminated the limitations arriving from diffusion.

Parallel to the evolution ofiCP, the huge potential of the technique in creating
chemical, supramolecular, and biomolecular pattesns surfaces started to be
appreciated. Often the main development efforts ewerotivated by possible
applications in sensing, (bio)analysis, function@nofabrication, and in basic
research. Using the possibility of creating chelftyicdistinct patterned SAMs, the
elemental basics of chemical, supramolecular antb@ical interactions could be
studied and understood. Today, a wide variety dtasgies is available to create
surface patterns of both polar and apolar (bio)mdés and nanoparticles on a
microscopic scale, while the reproducible resotuti® approaching the sub-100 nm
range. Mechanical issues of the stamp were addréssarious ways and the loss in
pattern resolution due to ink spreading was andlyzel reversed. Despite its original
fundamental limits,uCP has proven to be a reliable and useful surfatteming

technique and has the potential for further unetquedevelopments.
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Chapter 3

Heavyweight dendritic inks for positive microcontad

printing

Poly(propylene imine) dendrimers with dialkyl stéfiend-groups were prepared and
developed as inks for positive microcontact prigt{(+)#CP) on gold. Long (¢&-S-
Cio-), medium (&S-C-) and short (GS-G-) dialkyl sulfide end-groups were
attached to second and third generation PPl dendrsmto create a family of
dendritic sulfides. The dendritic inks flatten up@asorption and form thin
monolayers on gold. (F)CP was performed on gold using commercially avadab
poly(dimethylsiloxane) as stamp material and n-detanethiol as etch resist. Using
a Fe(NQ)s/thiourea acidic etching solution the gold bene#ite dendrimers was
selectively etched away to give the positive copythe master pattern. The
multivalent sulfide attachment and the relativelighh molecular mass of these
dendrimers ensured minimal lateral ink spreadingdathus optimal feature
reproducibility. Contact times were varied to armdythe spreading rates of the
dendritic inks. The spreading rates of the dencliitks were found to be much lower
than that of pentaerythritol-tetrakis(3-mercaptmpionate). (+pCP with the new
inks was extended to submicrometer features. Qptic@oscopy, scanning electron
microscopy, and atomic force microscopy were usedharacterize the etched
samples. 100 nm wide lines were faithfully repbchtwith the third generation

dendrimers bearing medium £G-G-) end-groups.



Heavyweight dendritic inks for positive microcontact printing

3.1Introduction

The transfer of molecules to surfaces by meansiafoecontact printing{CP) allows
simple and efficient formation of micrometer-sizgatterns.* uCP consists of
bringing a “molecularly inked” soft elastomeric 1sa into conformal contact with a
substrate in order to form self-assembled monotay&AMs) on the surface
exclusively in the areas of contact between theastand the substrate. The SAM can
pack and organize well enough to act as a wet msist, as was first shown for n-
alkanethiol molecules on gold. The pattern etched into the gold substrate is the
negative replica of the original master (negativeracontact printing, (YCP).
Although downsizing the features replicatedusy® would be very attractive, several
difficulties have to be overcome to enter in thdmsicrometer range. The main
limiting factors of downsizing the printed pattearg (i) the low mechanical stability
of the elastomeric stamp which is prone to collaped deformatiofi,and (i) the
lateral spreading of the ink molecules during pmipt when conformal contact is
achieved between the stamp and the surfé®everal ways have been proposed to
increase the mechanical stability of the stamp,clwhiange from improving the
hardness of the PDMSor the application of alternative stamp matefiais
introducing new HCP techniques such as chemically patterned flampga
Catalytically active stamps have been developgaté¢went ink spreadingUsing inks
with increased molecular weight or with multipléaahment points could reduce the
spreading rate of the molecules but on the othed hhat would be realized at the
expense of order and etch resistance of the fomwtlayer'°

The extension of thaCP methodology to positiveCP ((+CP) has resulted in the
possibility of pattern replication by printing agrty etch resistant ifk**followed by
immersion of the sample in a second, etch resistdsdrbate solution, which fills the
available areas and acts as a resist in the sudasegtching step. It is an additional
advantage of (H)CP that one can use stamps with a high fillingorad replicate
master features with a low filling ratio. Originall pentaerythritol-tetrakis(3-
mercaptopropionate) (PTMP) was proposed as a yposik, because it forms a
stable SAM on gold and copper, which is not replalog etch resistant n-alkanethiols
(such as n-octadecanethiol (ODT)), and does notvigo significant etch

resistancél!®
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Dendrimers are highly branched, globular macromgdéesc that represent excellent
building block candidates for nanostructured matetf It was shown that amine-
and hydroxyl-terminated poly(amidoamine) dendriminsn stable, densely packed
SAMs on gold, which are porous toward electroactpecies® Dendrimers were
also used as inks fICP when amine-terminated dendrimer SAMs were pagtbon
silicon creating 140 nm wide dendrimer SAM line$hwiO nm interline spacing.

In this chapter the high molecular weight of demdnis is combined with the affinity
of dialkyl sulfides for gold and a family of poly@pylene imine) (PPI) dendrimer-
based dialkyl sulfides as positive inks fo€P on gold is described. Although the
concept of “heavyweight” inks is not entirely néW it is innovative to use them as
positive inks. Dendrimers with tertiary amine anilklyl sulfide functionalities
adsorb to gold with both the sulfur atoms and timna core'’ Their high molecular
mass and multiple sulfide attachment points to dblel surface should reduce the
lateral spreading during printing and limit the bange with molecules that form an
etch resistant SAM. In addition, the open structifrthe dendrimers should allow the
access of electroactive species to the surfacaughrahe SAM and significantly

decrease the etch resistance.

3.2 Results and discussion

3.2.1 Synthesis and monolayer characterization

Dialkyl sulfides with different chain length (L =org (GoH2:-S-GioHzo), M =
medium (GH7-S-CyHg-) and S = short (CHS-CH-)) were attached to second (G2)
and third (G3) generation PPI dendrimers accortbreg method already published by
our group:’ First the n-alkylthiol was reacted with thebromocarboxylic acid to
form the thioether carboxylic acid. The acid wasvated with pentafluorophenol and
dicyclohexylcarbodiimide (DCC) and reacted with thenino-terminated PPI by
overnight stirring in CHGI Six dendritic dialkyl sulfides were synthesizexishown
in Scheme 3.1. The three second generation dendr@2) with 8 end-groups and
the three third generation dendrimers (G3) with dd-groups have different
polarities according to the carbon chain lengtlihia dialkyl sulfide end-groupH
NMR, *C NMR, MALDI-TOF MS and elemental analysis datae(@xperimental

section) are consistent with the expected moleaitactures.
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y L,
°=<:H °=<n‘\,\N’§NH °=<:H
L ;f k i ""zrr?: ° wa“zr“
~ SR
¢4 ¢ ? A
4y M
HN\fo }_“\_/_N R o=<R
G2-S,G3-S  R: CH;-S-CH.- H:>=o
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Scheme 3.1The structure of the second (a) and third germarath) poly(propylene imine)

dendrimers with dialkyl sulfide end-groups.

Table 3.1Properties of the prepared SAMSs.

0216 016, XPS-Sp Ci
Compound immersion printing immersion immersion
(H,0, degdf (H,0, deg§ (% S bound) (FImP)°
G2-S 57/14 82/33 41 0.281
G3-S 52/19 81/30 42 0.325
G2-M 64/24 76/30 25 0.196
G3-M 63/31 79/29 27 0.174
G2-L 58/20 77/32 45 0.270
G3-L 60/19 77132 51 0.241

2 Advancing ¢,) and receding®) contact angles of the monolayer with wat®ercentage of

bound sulfurs of the dendrimérCapacitance of the monolayer determined by cyclic

voltammetry at a scan rate of 0.1 V/s and -0.25 V.
SAMs of the dendritic dialkyl sulfides were prepdutey two different methods: (i) by

immersion of the gold sample for 12 h in a1 dendrimer solution in ethanol and

(ii) by printing with an inked (¢ 10° M) featureless PDMS stamp for 1 min. In both
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cases the samples were rinsed with clean solvést 8AM formation, to remove the
excess of adsorbate. The variation in dialkyl delfchain length did not significantly
affect the contact angle of the dendrimer SAMs. dbener monolayers formed via
printing showed higher contact angles than thosadd in solution (Table 3.1). The
higher contact angle of the printed monolayer ssggthe transfer of low-molecular-
weight PDMS fragments, in particular for the palendrimers G2-S and G3-S. The
hysteresis betwee, and g of about 30-40° in all cases denotes a disordered
monolayer.

The percentages of bound (to gold) and unboundirshfive been determined based
on the %, region of the X-ray photoelectron spectrum of deadritic dialky| sulfide
SAMs (Table 3.1). The attachment to the gold s@fiacachieved, for example, with
~4 sulfur atoms in the case of G3-M, and ~6 atanthe case of G3-S. Assuming that
more attachment points within one molecule caudatger conformation, the XPS
results are consistent with the ratio of the effectiim thickness deduced from the
electrochemical capacitance measurements. Higlparcgéance value<,) generally

represent lower monolayer thicknes¥es.

0.2 G3S
G3L
G3M
<< 0.1-
e
4
c
L 001 oDT
| —
-
@)
-0.1-
'02 T T T T T T T T
-0.8 0.6 0.4 0.2 0.0
Potential, V

Figure 3.2 Heterogeneous electron transfer through third igdioe dialkyl sulfide dendrimer
and ODT SAMs on gold electrodes. (Cyclic voltammyeétr 1 mM Fe(CN*/Fe(CN)* and
0.1 M K;SQy,. The scan rate was 0.1 V/s).
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The dendritic dialkyl sulfide SAMs on gold had muokwver blocking ability against
electroactive species than ODT, as shown by heteemus electron transfer
measurements. Figure 3.2 shows the cyclic voltamenetirrent-potential responses
for ODT and dendrimer SAMs on gold in 1 mM Fe(§NFe(CN)" and 0.1 M
K,SOQy.. The well ordered ODT SAM blocked the surface cidfitly. The
voltammograms of the dendrimer SAMs are distincifferent: the currents were
much higher showing electrochemical reactions bebtwine ferro-/ferricyanide and
gold. There were no significant differences betwdenintensities of electron transfer
through different dendrimer SAMs. All dendrimer SAMillowed electrochemical

reaction between the electrode and electroactigeisp in the electrolyte solution.

a b

:k'
50nm §

0.0 nm

-1.04
0 100 200 300  400.M 500
Figure 3.3 AFM height (a), friction (b) and cross section {mages of a gold surface

patterned byuCP (contact time 60 s) using G3-M (c = 5 x1Bl in ethanol) and
subsequently immersed in ODT (c =M in ethanol) for 5 s.

“Molecular ruler” experiments performed through ARMaging confirmed that the
dendritic dialkyl sulfides absorbed in a flattensmhformation on the gold surface.
The AFM height and friction images of a patternettiggurface with G3-M and ODT
are presented in Figure 3.3. The G3-M SAM was farmethe dots, where the inked
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PDMS stamp and the gold surface were contactechgu€P, and the ODT was
assembled from solution on the uncovered areawsutng the dots. The two
monolayers can be clearly differentiated in thetion image (Figure 3.3b). The
height image shows that the G3M SAM is apprecidbigner than the ODT SAM
formed during 5 s dipping. The thickness of an edeODT SAM is about 2 niY,
but an ODT SAM assembled in only 5 s may be sigaiftly thinner, which implies a
nanometer or even sub-nanometer dendrimer SAMnbkgkat most.

The advancing contact angle of the G3-M SAM prind&dgold and dipped in ODT
solution in ethanol for 5 s increased significanttpm 79° to 103°, approaching the
water contact angle of an ODT SAM: 118°This increase suggests that the voids
present in the dendrimer monolayer are filled byTOmolecules and increase the
hydrophobicity of the surface. However, the etcsistance of the dendrimer layer
remained much lower than that of the ODT SAM.

3.2.2 Positive microcontact printing

The high molecular weight of dendrimers, the lowhetesistance of their SAMs on
gold, and the fact that they are not replaced by @lring the dipping in the solution
make them excellent inks for (¢CP. The SEM and AFM images of a patterned and
etched 20 nm thick gold film on a silicon wafer gmeesented in Figure 3.4. The
dendritic ink was printed on a gold surface for ib mith a PDMS stamp to form the
dot-patterned dendrimer SAM. After that, the sampdes immersed in ODT solution
for 5 to 15 s. ODT formed an etch-protective SAMtbe rest of the surface. The
dendrimer SAM was not etch-resistant and the goldemneath was etched away to
give the positive copy of the original master.

All dendrimers exhibited proper positive ink bel@yiresulting in islands where the
gold was completely etched away (black dots in feigi4 and 3.5). The surrounding
matrix was backfilled with ODT for 5 to 15 s. Thagking and quality of the ODT
SAM was high enough to act as an etch barrier. Aldi@ solution of 10 mM
Fe(NQ)s, 15 mM thiourea and 1.2 % HCI at 45 °C was foumdbé optimal for the
selective etching of this patterned monolai/&he common alkaline etching solutions
(1 M KOH, 0.1 M Na$0s, 0.01 M KsFe(CN) and 0.001 M KFe(CN)) did not
provide enough selectivity during the etching. Bageriority of acidic over alkaline
etching baths and the high selectivity of acidithetg system in the case of PPI based
dendrimer SAMs is likely a consequence of the praton of the amine groups
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inside the dendrimer: the protonation ‘swells’ ttiendrimers and makes the gold

surface more accessible for electroactive species.

50 um

=
% [d]
g
= A
|
=
13-

I | I

0 10.0 20.0 pUm

Figure 3.4 Images of etched gold patterns produced by@P) using G3-L (6x18 M in
ethanol) as ink and ODT (TOM in ethanol) as backfilling, followed by wet etah. The
duration of printing was 1 min and the dipping timeODT was 15 s. The sample was etched
in a Fe(lll)/thiourea etching bétlior 2.5 min at 45°C. (a) Optical microscopy; (la®ning
electron microscopy (SEM); (c) AFM height; (d) ARbss section image.

The (+UCP experiments with the second and third generat@rdrimers with short
dialkyl sulfide end-groups (G2-S and G3-S) wereriedrout using oxidized PDMS
stamps. These inks were very polar and therefaistad the extraction of polar, low
molecular weight PDMS impurities from the bulk bietstamp$’ These impurities
obscured the positive pattern formation becausthaif etch-resistance on the gold
surface. It is known that all plasma treatment méshsignificantly reduce the amount
of silicone related material transferred duringnfinig as compared to untreated
PDMS stamp$! Indeed, after oxidizing the PDMS stamp surface;S5&nd G3-S
were successfully used as positive inks to re@i&atm-wide features (Figure 3.5¢).
Dendrimers G2-L and G3-L showed a low solubilityethanol, while dendrimers G2-

S and G3-S were too polar to use conventional PBM8ps, therefore dendrimer
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G3-M was chosen to test the lateral spreading dupitinting and SAM formation.
This dendrimer has optimal solubility, medium palgrand high molecular weight.

Figure 3.5 Scanning electron microscopy of etched gold padt@roduced by (HiCP using
as ink (a) G2-M (1.6x16M in ethanol), (b) G2-L (1®8M in ethanol) and (c) G2-S (3.3x10

M in ethanol). The duration of printing in all caseas 1 min, samples were dipped in ODT
for 15 s and etched in a Fe(lll)/thiourea etchiaghbfor 2.5 min at 45°C. G2-S was printed
with an oxidized PDMS stamp.

To test the spreading tendency during conformalarof the stamp with the surface
of the dendritic inks, micrometer-sized line patteof G3-M were printed on gold
with increasing printing time. Subsequently the gk® were immersed in ODT

39



Heavyweight dendritic inks for positive microcontact printing

solution and etched under identical conditions. Stk used to characterize the
etched surfaces and determine the width of the @iected gold stripes. The
results of the printing with G3-M were compared ttee results of the same
experiments carried out with PTMP as positive iRlg@re 3.6). Any lateral spreading
on the surface during the printing step led toremaase of the ink covered area and,
by necessity, to a decrease of the available balckagea that would be covered by
the ODT SAM. In case of line patterns, informataivout the lateral spreading could
be obtained by measuring the line width. In Figgu@the width of the ODT protected
stripe area is plotted versus the printing tim&8tM and PTMP. The concentration
in weight of the inks was the same in both case®:gd. While the G3-M/ODT
system did not show a significant line width deseeavith time, the PTMP covered

the entire surface within 5 min printing by latespteading.

4.0

3.5+

301 w—f i .
251 % i\z - '

2.0+

1.5+
1.0+
| —®—G3-M
*

0.54 —*— PTMP

Line width, pm

OO T T T T T T T T T T T
0 50 100 150 200 250
Time, s

Figure 3.6 Plot of the width of the ODT-protected stripe asedter (+uCP with G3-M and
PTMP vs the printing time. After printing the saspwere immersed in ODT solution for 10
s, etched in a Fe(lll)/thiourea etching bath fd¥ &in at 48C and characterized by means of

SEM imaging.

The spreading of G3-M on the surface was furtheestigated by (f)CP with
PDMS stamps made by the combination of capillamgdalithography and replica
molding? Stamps with 300 nm wide trenches were preparethibyconvenient and

inexpensive method. Even for a dendrimer printingetof up to 5 min there was no
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significant decrease in the width of the ODT-prtg¢elcareas, which implies a sub-20
nm min’ lateral spreading rate of the G3-M during confdromntact (Figure 3.7).

Figure 3.7 SEM images of etched submicrometer gold linestgdirwith second generation
stamps prepared by capillary force lithographyhe stamp was inked with 510 G3-M,
printed for 1 min (a); 3 min (b) and 5 min (c); sebuently dipped in a oM ODT solution
for 5 s and etched for 2.5 min in a Fe(lll)/thicairetching bath at 45 °C.

To achieve even higher resolution of the replicgiatlerns, a silicon master with 100
nm wide gratings (Jum period) was used to prepare PDMS stamps fouGP)

Because (#)CP provides inverse feature replication, a PMMA rimipof the original
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silicon master was used as a master to prepare PibdhSps. This feature inversion
was necessary to provide the 100 nm-wide gold feasifter the (H)CP process.
Figure 3.8 shows the result of (®K}P experiments performed with G3-M as the ink
and ODT as the etch resist. It is evident from Fg8.8 that ({ICP with this
heavyweight dendritic ink results in faithful regation of features in the order of 100

nm.

il:
!
|
|

Figure 3.8 SEM image of 100-nm wide gold lines made byu@#® (4x10C M G3-M in
ethanol, printing for 2 min, dipping in oVl ODT in ethanol 6 s, etching in Fe(lll)/thiourea
at 45 °C for 2.5 min).

3.3 Conclusions

PPI dendrimer dialkyl sulfides were successfullyplegadl as inks for positive
microcontact printing and demonstrated their loweaging tendency on the surface
during conformal contact between the stamp andytte surface. Well-defined sub-
micrometer gold wires on silicon were fabricated gmsitive microcontact printing
using stamps made from commercially available PDAn8 using acidic Fe(N{R
and thiourea based etching solutions. The new wikse useful when sub-100 nm

features should be replicated and fabricated bynsyemicrocontact printing.

3.4 Experimental
Synthesis. All starting materials are commercially availableadawere used as
received. The pentafluorophenylesters of methydibadic acid and propylthiovaleric

acid were prepared in analogy to described proesd(iThe synthesis of G2-L and
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G3-L have been described elsewh€ré2-S, G3-S, G2-M and G3-M were prepared
in a similar way.

Modification of third generation poly(propylene imine) dendrimer with medium
dialkyl sulfide chain (G3-M). The third generation amine terminated poly(propglen
imine) dendrimer (206 mg, 0,15 mmol) was dissolediry CHCE (4 ml) and a
solution of the pentafluorophenylester of propytialeric acid (1.05 g, 3 mmol) in 6
ml CHCk was added to it. The solution was stirred at reemperature for two days
under N atmosphere. After the reaction the brownish metwas washed twice with
K,CO; (0.05 M) and demineralized water (pH = 7). The amig phase was
concentrated and was added dropwise to stirredapgpether. The suspension was
centrifuged and the solution above the oily andous precipitate was removed by
decantation. Finally the collected product wasdliie high vacuum. Yield: 561 mg
(89 %) yellowish viscous liquid.

G3-M: 'H NMR (CDCk, ppm):d = 1.0 (48H, t, €ls), 2.5 (64H, t, S-B,), 2.3 (32H,

t, CH-CH,-CO), 3.3 (32H, m, CO-NH-B,), 2.6 (84H, m, N-Ch), 1.8-1.5 (156H, m,
-(CH,)r-), CO-NH not visible*C NMR (CDCE, ppm):& = 173.5 (NH-@), 51.9 (N-
CH,-CH,-CHy-CH2-N), 51.4 (N-GH,-CHy-CH2-N), 51.0 (N-GH,-CH,-CH,-NH), 37.3
(NH-CH,), 35.9 (CO-Ciy), 34.2 ((H,-S-CHy), 31.7 (CH), 29.2 (N-CH-CH,-CH,-
N), 25.0 (CO-CH-CH,), 22.9 (CH-CH,) and 13.5 (El3). Co1eH132N30016S16 (FW =
4219.0). Elemental analysis. Found: C = 60.53, H1:05, N = 10.07. Calcd: C =
61.49, H = 10.32, N = 9.95. MALDI-TOF M®&)/z= 4220 [M+H].

G2-M: Yield: 940 mg (91 %) yellowish viscous liquitH NMR (CDCk, ppm):d =
1.0 (24H, t, ®l3), 2.5 (32H, t, S-B,), 2.3 (16H, t, CkHCH-CO), 3.3 (16H, m, NH-
CH,), 2.8 (36H, m, N-Ch), 1.8-1.6 (76H, m, -(CH-), CO-NH not visible*C NMR
(CDCl, ppm):d = 173.4 (NH-©), 53.6 (N-G,-CH,-CH,-CH,-N), 51.9 (N-CH.-
CHx-CH,-N), 51.6 (N-CGH,-CHx-CH,-NH), 37.8 (NH-CH,), 36.3 (CO-GH,), 34.5
(CH2-S-CHy), 32.0 (S-CH-CH,), 29.6 (N-CH-CH,-CH,-NH), 27.0 (N-CH-CH»-
CHx-N), 25.3 (CH), 23.2 (QH,), and 13.7 (El3). CioaH20dN1405Ss (FW = 2039.4).
Elemental analysis. Found: C = 59.99, H = 10.0% B.17. Calcd: C = 61.25, H =
10.29, N = 9.61. MALDI-TOF MSm/z= 2040 [M+H].

G2-S: Yield: 720 mg (78 %) yellowish viscous liquitH NMR (D,O, ppm):5 = 2.0
(24H, s, G3), 3.1 (16H, s, S-B,-CO), 3.5 (16H, m, NH-8,), 2.5-2.3 (36H, m, N-
CH,), 1.6-1.4 (28H, m, -(Ch):-), CO-NH not visible.**C NMR (D,O, ppm):d =
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172.5 (NH-@®), 53.0 (N-GH,-CH,-CH,-CH,-N), 51.3 (N-CH,-CH,-CH,-N), 50.6 (N-
CH,-CH,-CH,-NH), 38.0 (NH-GHy), 37.1 (CO-G1y), 25.3 (N-CH-CH,-CH,-NH),
23.6 (N-CH-CHxCH,-N), 21.7 (QH,), and 15.3 (EBls). CesH129N140sS (FW =
1478.3). Elemental analysis. Found: C = 51.87, 18.62, N = 13.39. Calcd: C =
51.99, H = 8.72, N = 13.26. MALDI-TOF M$&1/z= 1479 [M+H].

G3-S: Yield: 298 mg (78 %) yellowish viscous liquitH NMR (D;O, ppm):5 = 2.0
(48H, s, ®¢3), 3.1 (32H, s, S-B8,-CO), 3.4 (32H, m, NH-H,), 2.8-2.6 (84H, m, N-
CH,), 1.7-1.5 (60H, m, -(Ch):-), CO-NH not visible.**C NMR (D,O, ppm):d =
172.5 (NH-@®), 53.3 (N-GH,-CH,-CH,-CH,-N), 51.3 (N-CH,-CH,-CH,-N), 50.6 (N-
CH,-CH,-CH,-NH), 38.1 (NH-GHy), 37.2 (CO-G1,), 25.3 (N-CH-CH,-CH,-NH),
23.5 (N-CH-CH2-CH2-N), 21.8 (®H,), and 15.4 (El3). CizgH27N30016S6 (FW =
3096.9). Elemental analysis. Found: C = 51.18, H.7#, N = 12.10. Calcd: C =
52.74, H = 8.85, N = 13.57. MALDI-TOF M$&1/z= 3098 [M+H].

Microcontact printing. Stamps were prepared from commercially availabégesd-
184 poly(dimethyl siloxane) (Dow Corning). The egiagent and the prepolymer
were manually mixed in 1:10 volume ratio and cuoedrnight at 60C against the
master. The cured stamp was pealed off from theéenas the curing temperature.
Silicon masters with micrometer sized features weleicated by photolithography.
The silicon master with submicrometer lines wasawigd from our NaPa partner
AMO GmbH.

Gold substrates were obtained from Ssens BV (Henddle Netherlands) as a layer
of 20 nm gold on titanium (2 nm) on silicon. Befarse, the substrates were treated
with oxygen plasma, immersed in ethanol for 1 hoimsed with water (Millipore)
and ethanol and dried with nitrogen.

All glassware was cleaned with Hellmafitix(Helma GmbH& CoKG) (sonicated in

a 2 % aqueous solution)

Before printing, the stamps were rinsed with putaeol and dried in a filtered steam
of nitrogen. The stamps were inked with a few dropsolution of the dendrimer in
ethanol € 10° M ). After drying the surface of the stamps wittragen, conformal
contact was achieved manually. In case of microngred features the stamps were

weakly pressed against the gold surface at thalisteige of the printing to induce the
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formation of conformal contact. No external presswas applied during the printing
of submicrometer features.

The etching solution consisted of 10 mM Fe@g¢O15 mM thiourea and 1,2 % HCI.
Before everyuCP experiment the freshly prepared etching solutvas kept at 45 °C

in a warm bath for 10 minutes before the samplas wiched.

Monolayer characterization. Contact angles were measured on a Krisss G10
contact angle setup equipped with a CCD cameraaAcing and receding contact
angles were determined automatically during groaid reduction of a clean water
droplet by the droplet shape analysis routine.

XPS measurements were performed on a Quantera iSBgadXaray Multiprobe
instrument from Physical Electronics, equipped vatimonochromatic Al i X-ray
source producing approximatly 25 W of X-ray powspectra were referenced to the
main C 1s peak set at 284.0 eV. A surface are@0d im x 300 um was scanned
with an X-ray beam about 30m wide.

Electrochemical measurements were performed irnreetblectrode setup using the
SAM covered gold plate as working electrode, aimlemh disc as counter electrode
and a Hg/HgS® (MSE) as reference electrode.{figsos = 0.62 Vvs normal
hydrogen electrode (NHE)). An AUTOLAB PGSTAT10 gopeed with a frequency
response analysis (FRA) module for electrochemiecgledance spectroscopy was
used for the measurements. 0.1 MSKy, 1 mM KsFe(CN) / K4sFe(CN) in water
was used for cyclic voltammetry.

AFM analyses were carried out with a NanoScopg\fBeco/Digital Instruments,
Santa Barbara, CA, USA) Multimode Atomic Force Msrope equipped with a J-
scanner, in contact mode by usingNgi cantilevers (Nanoprobes, Veeco/Digital
Instruments) with a nominal spring constant of atih82 N n". To ensure maximum
sensitivity for lateral forces in the friction-fardmages, the sample was scanned at
90° with respect to the long axis of the cantilev®M imaging was performed at

ambient conditions.

3.5 References

1 Kumar, A.; Whitesides, G. Mippl. Phys. Lett1993 63, 2002.

45



Heavyweight dendritic inks for positive microcontact printing

10
11

12

13

14

15

16

46

Geissler, M.; Wolf, H.; Stutz, R.; Delamarche; &rummt, U. —W.; Michel, B.;
Bietsch, A.Langmuir2003 19, 6301.

a) Xia, Y.; Zhao, X.-M.; Whitesides, G. NMicroelectronic Engineerind.996 32,
255; b) Kumar, A.; Biebuyck, H. A.; Whitesides, K. Langmuir1994 10, 1498; c)
Larsen, N. B.; Biebuyck, H.; Delamarche, E.; MichBl J. Am. Chem. S0d.997,
119, 3017.

a) Bietsch, A.; Michel, BJ. Appl. Phys200Q 88, 4310; b) Michel, B. Bernard, A.;
Bietsch, A.; Delamarche, E.; Geissler, M.; Juncker, Kind, H.; Renault, J.-P.;
Rothuizen, H.; Schmid, H.; Schmidt-Winkel, P.; StWR.; Wolf, H.IBM J. Res. Dev.
2001, 45, 697; c) Sharp, K. G.; Blackman, G. S.; Gladssn, N. J.; Jagota, A.; Hui,
C.-Y. Langmuir2004 20, 6430.

a) Libioulle, L.; Bietsch, A.; Schmid, H.; MicheB.; Delamarche, B.angmuir1999
15, 300; b) Delamarche, E.; Hoole, A. C. F.; MigHgl; Wilkes, S.; Despont, M.;
Welland, M. E.; Biebuyck, HJ. Phys. Chem. B997, 101, 9263; c) Rogers, J. A.;
Nuzzo, R. GMaterials Today2005 8, 50; d) Quist, A. P.; Pavlovic, E.; Oscarson, S
Anal. Bioanal. Chen005 381, 591.

a) Choi, K. M. Rogers, J. Al. Am. Chem. So@003 125, 4060; b) Schmid, H.;
Michel, B. Macromoleculef00Q 33, 3042.

a) Csucs, G.; Kunzler, T.; Feldman, K.; Robin,3pencer, N. DLangmuir2003 19,
6104; b) Trimbach, D. C.; Feldman, K.; SpencerDIN.Broer, D. J.; Bastiaansen, C.
W. M. Langmuir2003 19, 10957.

Sharpe, R. B. A.; Burdinski, D.; Huskens, J.; @&diet, H. J. W.; Reinhoudt, D. N.;
Poelsema, BJ. Am. Chem. So02005,127, 10344.

Li, X.-M.; Péter, M.; Huskens, J.; Reinhoudt,N\D.Nano. Lett2003 10, 1449.
Liebau, M.; Huskens, J.; Reinhoudt, D.Adlv. Funct. Mater2001, 11, 147.
Delamarche, E.; Geissler, M.; Wolf, H.; Mich&l, J. Am. Chem. So2002 124
3834.

Saalmink, M.; van der Marel, C.; Stapert, H. Burdinski, D.Langmuir 2006 22,
1016.

a) Trimbach, D. C.; Al-Hussein, M.; de Jeu, W.; Becré, M.; Broer, D. J.;
Bastiaansen, C. W. M.angmuir2004 20, 4738; b) Lee, M. -S.; Hong, S. —-C.: Kim,
D. Jpn. J. Appl. Phys2004 43, 8347.

Kriesel, J. W.; Tilley, T. DChem. Mater1999 11, 1190.

Tokuhisa, H.; Zhao, M.; Baker, L. A.; Phan,N; Dermody, D. L.; Garcia, M. E.;
Peez, R. F.; Crooks, R. M.; Mayer, T. M.Am. Chem. So&998 120, 4492.

Li, H.; Kang, D. J.; Blamire, M. G.; Huck, W. $.Nano Lett.2002,4, 347.



Chapter 3

17

18

19

20

21
22

Liebau, M.; Janssen, H. M.; Inoue, K.; Shinkai, Huskens, J.; Sijbesma, R. P.;
Meijer, E. W.; Reinhoudt, D. N.angmuir2002 18, 674.

Porter, M. D.; Bright, T. B.; Allara, D. L.; Gdsey, C. E. DJ. Am. Chem. So&987,
109, 3559.

Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall; Whitesides, G. M.; Nuzzo, R. G.
J. Am. Chem. So&989 111, 321.

Graham, D. J.; Price, D. D.; Ratner, B.L_ngmuir2002 18, 1518.

Langowski, B. A.; Uhrich, K. H.angmuir2005,21, 6366.

Bruinink, C. M.: Péter, M.; de Boer, M.; Kuipells; Huskens, J.; Reinhoudt, D. N.
Adv. Mater.2004 16, 1086.

a7






Chapter 4

Supramolecular microcontact printing with

receptor-functionalized PDMS stamps

Poly(dimethylsiloxane) (PDMS) stamps have beentiomaized withg-cyclodextrin
(B-CD) receptors to achieve control over inking arehsfer of specific molecules by
supramolecular microcontact printing 46P). Through molecular recognition the
surface-confine@-CD host cavities picked up and transferred monewahdamantyl
ink molecules (lissamine-Ad) from solutions contajrother, nonbinding molecules
with a selectivity of at least 4000. The adsorpwbimks from a mixture of mono- and
divalent guests was dominated by the divalent mtdecowing to their higher
binding strength. A host-functionalized silicondde surface covered with host-
guest-bound ink monolayer was used as a supraniateaikpad to ink as-CD-
functionalized stamp, which offered an increasextrob over the amount of applied

ink molecules.



Supramolecular microcontact printing with receptor-functionalized stamps

4.1 Introduction

Microcontact printing {CP) allows the creation of patterned self-assembled
monolayers (SAMs) on solid surfaces with arbitrpagtern design.lt is an easy and
versatile patterning technique which uses an inkledtomeric stamp to transfer a
pattern onto a surface by conformal contact betwikerstamp and the substrate. Ink
molecules migrate to the stamp-substrate interfdiweng contact and form the
patterned SAM. Originally, u.CP was used to create etch-resistant SAM pattarns o
various substrates in order to replicate the stdegign in a metal by etching. The
original uCP technique lacks the possibility to selectivedptare and transfer an ink
from a mixture and to efficiently avoid over-inkin@reation of surface-confined
chemical templates requires a more accurate cormver the amount of the
transferred molecules.

Supramolecular interactions are reversible andased on highly specific molecular
recognition® The combination ofiCP with supramolecular interactions has led to an
improved control over the selective and coveraggrolied transfer of stable
patterns. Delamarche and coworkers have used tkeifisp binding between
biomolecules from complex biological samples andeptor sites on a stamp to
perform affinity uCP*° They selectively extracted proteins from mixturasgd then
transferred the patterned protein assemblies olates gsubstrates. Similarly, single-
strand DNA was immobilized on a stamp and subsdtuireracted with chemically
functionalized complementary DNA to achieve specifiking®*® The chemical
motifs on the complementary DNA strands reacteth whe substrate in the printing
step. HeatinG'™® or mechanical foréd facilitated DNA dehybridization, which
resulted in a complementary copy of the masterepatbn the substrate after stamp
removal.

For some years, our group has been exploiting sugecular interactions in printing
molecules onto surfaces. Molecular printboardsctvisire SAMs functionalized with
B-cyclodextrin 3-CD) cavities as receptor groups, have been usedCir+directed
assembly of various guest moleculésStable and densely packgdCD-based
molecular printboards have been prepared on bdth’g8and silicort® surfaces.

When multiple host or guest sites are presentrimolecule or assembly, multivalency
governs and strengthens the involved supramoledntaractions on surfacés®
Molecules containing one or multiple guest moietiese been successfully printed

onto B-CD printboards>***"?° The inking of the stamps was achieved through
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traditional wet-inking, without specific interactis between the stamp and guest
moiety-containing ink molecules. Stable patterndlwdrescent divalent molecules
have been created @ACD printboards which could be removed only by irigswith

a competing aqueosCD solution™®

In this chapter, the possibilities to selectivedgagnize ink molecules and to tune the
amount of ink molecules transferred IWCP are reportedp-CD-functionalized
stamps were used to which target ink moleculesbeaanchored through specific and
directional supramolecular (host-guest) interactiohe influence of specific vs
nonspecific interactions and of the valency ofitlieon the selectivity of the pick-up
and transfer of ink molecules were studied by usnkgmixtures. A supramolecular
inkpad strategy was developed to improve the cowiver the inking of the3-CD-

functionalized stamps.

4.2 Results and discussion

4.2.1 Preparation off§-CD-functionalized stamps

Elastomeric poly(dimethylsiloxane) (PDMS) covalgntunctionalized withp-CD
was used as the stamp material for supramolecutooontact printing (8CP). The
B-CD monolayer on the stamp was prepared in thegessFirst the stamp surface was
functionalized with an amino-terminated layer byagvha polymerization of
allylamine (PPAAY!' Subsequently, the stamp was reacted with p-pheayle
diisothiocyanate and amino-functionalizB«CD to give a-CD monolayer (Scheme

4.1), analogous to the preparatioreED printboards on silicoft,

NCS
p-phenylene NH per-6-amino-6-deoxy- NH
[NHZ diisothiocyanate S=< B-cyclodextrin S='<
—_— —_—
plasma 2 ethanol NH water NH
polymerization 40 °C, 1h 40 °C, 1h
PDMS PDMS PDMS PDMS

Scheme 4.The preparation gi-CD monolayers on PDMS stamp surfaces.
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The surface reactions were monitored with a varadtyechniques including water
contact angle goniometry, ellipsometry and X-raptpelectron spectroscopy (XPS)
(see Table 4.1). A clear change in the polarityhef surface was observed after the
isothiocyanate derivatization of the amino layeheTincrease of the water contact
angle from 53 to 73 is consistent with earlier observatidng® Ellipsometry
(performed on isothiocyanate monolayers on siliclrgwed no significant thickness
increase. Moreover the presence of sulfur deteloyePS as well as an increase of
the C/N ratio are both indicative of the formatiohan isothiocyanate layer. Due to
the interference of the;SXPS signal with the &j signal, the atomic concentration of

sulfur (Table 4.1) was calculated based on thsignal.

Table 4.1 Advancing water contact angle8)( ellipsometric thicknesses on silicon and

selected XPS data of layers on PDMS stamps shoBohame 4.1.

terminal Oa ell. thickness C/N Atomic conc.
functionality ©) (nm) (XPS) (S5 XPS)
NH. 53+1 4.8 4.4 £0.7 0
SCN 73+1 4.8 9.2+1.8 0.79
B-CD 62+1 5.6 151+24 0.51

Reaction of the isothiocyanate-terminated layeh vaéimino-functionalize-CD to
give the surface-confined host layer on PDMS wasapanied by an increase in the
ellipsometric thickness of ~0.8 nm, which is in dagreement with the dimension of
the B-CD molecule$? Due to the presence of a several nm thick poligatijne layer
rich in amino groups, XPS showed an increase ofdieratio after the introduction
of the-CD SAM to the isothiocyanate layer, while the amooncentration of sulfur
did not change significantly. As experienced Wit&D functionalization on silicofr

a decrease of the advancing contact angle waswvauser

4.2.2 Supramolecular printing of fluorescent ink mdecules with B-CD-
functionalized stamps

Lissamine-labeled water-soluble molecules equippikd one (lissamine-Ad) or two
(lissamine-Ad) adamantyl (Ad) moieties linked via flexible tgthylene glycol)

spacers, native fluorescein and a fluorescein dyarithg two adamantyl moieties
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(fluorescein-Ad) were used as ink molecules to create supramalegaltterns on a

B-CD printboard by BCP using3-CD-functionalized PDMS stamps (Scheme 4.2).
i K

N N -0 0
s0,- g ;coo-
0:$10 JS:”
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RIS REEERS
OS Z0 OS zO
i 3 s z
(0] (0]
g b i
lissamine-Ad, fluorescein-Ad,
2 «
N, N__
SO,-
0:5:0

fluorescein

@o’\P\/\d\P\/‘o

lissamine-Ad
Scheme 4.2Mono- and divalent adamantyl-functionalized fluaest guest molecules and a

fluorescent dye without any guest moieties usedSdeP with -CD-functionalized PDMS
stamps.

SuCP of multivalent molecules implies an equilibridbased distribution of ink
molecules between th&CD receptor sites at the stamp and at the subsimathe
contact area (Scheme 4.3). The chance to bin@{G R site at the stamp or substrate
depends on thg-CD coverage on both surfaces and on the effeativiarity™® (EM)

of the bound guests. A highprCD coverage and a higher EM induce an increased
affinity for multivalent (here: divalent) guest reglles. After the equilibration, a

uniform guest coverage is expected on both surfaces
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PDMS
Stamp
removal ’VJW
+

Scheme 4.3BuCP of divalent guest molecules froni&D-functionalized PDMS stamp onto
ap-CD SAM-covered substrate.

After wet-inking and rinsing the stamp with cleaater, $CP of lissamine-Aglonto

the B-CD-based printboard on glass yielded a distinad &domogeneous pattern
(Figure 4.1a). The same procedure using a nativiel®Btamp treated with oxygen
plasma gave only a low fluorescence intensity (Faglt1b). In this case the lack of
specific interactions between the ink and the stapyarently caused the removal of

the ink molecules from the stamp upon rinsing.

Fluorescence intensity
8 8 8 8

o

20 40 60 8 100
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o

8 8 & 8
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Figure 4.1 Fluorescence microscopy images and intensity g®fdf 3-CD-functionalized
glass substrates aftepGP of lissamine-Aglusing ap-CD-functionalized PDMS stamp (a)

and a native, oxygen treated PDMS stamp (b). Wenghwas achieved in both cases with a
10 uM aqueous ink solution.

Stamps inked with a 1:1 mixture of lissamine,Adnd fluorescein-Ad gave
fluorescent patterns with 50 % decreased fluoreseentensity for the lissamine
rhodamine B-functionalized divalent dye (Figurea}.2As to be expected, the affinity
of the two dyes for the substrate is the same iadégntly of theg-CD coverage on
the stamp and the substrate.
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Figure 4.2 Fluorescence microscopy images taken at differemsson wavelengths and
intensity profiles off-CD-functionalized glass substrates afteiC® of a 1:1 mixture of
lissamine-Ad (a) and fluorescein-Ad(b). Images were recorded by measuring the red
emission light of lissamine-Adand green emission light of fluorescein,Awet-inking was

achieved with a 1M aqueous ink solution.

The effect of the specificity of the supramolecutast-guest interactions oruGP
was investigated by experiments involving ink mietsiof fluorescein and lissamine-
Ad,. The printing results presented in Figure 4.3 riyemdicate the high specificity
of the host-guest interactions. Even at a 1000-#dess of fluorescein,uSP
experiments yielded clearly visible red fluoreseempatterns owing to the specific
inking and subsequent transfer of divalent liss&aful, (Figure 4.3a). Only traces of
green patterns corresponding to the non-specifisipirption of fluorescein were
observed (Figure 4.3b). The apparent intensityersifice (4-fold higher intensity for
lissamine-Ad), achieved at a 1000-fold excess of the nonspetik, suggests a

selectivity of at least 4000.
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Figure 4.3 Fluorescence microscopy images taken at differenissgon wavelengths and
intensity profiles off-CD-functionalized glass substrates afteiC® of a mixture of red

lissamine-Ad (0.9 uM) (a) and green fluorescein (0.9 mM) (b).

SUCP of a 1:1 mixture of lissamine-Ad and fluorese&d» was carried out to
investigate the effect of the valency of the inktba supramolecular transfer. After
wet-inking, the stamps were in this case not rinsedrder not to influence the
thermodynamic equilibrium achieved during inking toe stamp. The experiment
resulted in the fluorescent patterns presentedignr& 4.4. Since the monovalent
lissamine-Ad occupies only orfeCD site while fluorescence-Adccupies two, the
relative intensities of Figure 4.4a and Figure 4sdggest that directly after printing
~75 % of the occupie@-CD cavities of the substrate are filled by theatbwnt
fluorescein-Ad molecules, and only about 25 % by the monovalegainine-Ad.
When the coverage ¢-CD SAMs on the stamp and the substrate are the,stm®
transfer from thg-CD-functionalized stamp to tifeCD printboard is independent of
the valency of the molecules and is equally possibl both the monovalent and
divalent dyes. This means that the printing reselftect the ink ratio achieved on the

stamp during inking.
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Figure 4.4Fluorescence microscopy images taken at red amch gmission wavelengths and
intensity profiles off-CD-functionalized glass substrates afteiC® of a 1:1 mixture of
lissamine-Ad (a before, b after rinsing) and fllsmein-Ad (¢ before and d after rinsing).

Wet-inking was achieved in both cases with ailiDaqueous 1:1 mixture of the dyes.

The decrease of the valency of 1-Ad-Lissamine ieduelower binding affinity to the
B-CD stamp in the wet-inking step. In such a mixtafemono- and divalent guest
molecules the thermodynamic equilibrium favors #usorption of the guests with
higher valency. The binding constant of a singlaraantyl unit to a surface-confined
B-CD is around 4.6 x Ta\I™*, orders of magnitudes lower than the binding sfiteiof

a molecule bearing two adamantyl moieties {~10Y).2*° with such an affinity
difference, a better selection and a higher peagenof the divalent guest could have
been expected. The lower selectivity observed baremost likely be attributed to
physisorption or to a non-equilibrium distributioks observed above for a mixture of
fluorescein and lissamine-Adinsing of the stamp after inking will probabipprove

this selectivity considerably.
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Rinsing of the patterned substrate afte€B with water mostly caused desorption of
the monovalent lissamine-Ad from the surface (Fegdidb) while the pattern of the
divalent fluorescein-Ag remained mostly intact (Figure 4.4d). This is digdhe
result of the stronger multivalent interaction o€ tdivalent ink.

4.2.3 Supramolecular inkpad strategy to in3-CD-functionalized stamps

To achieve control over the amount of ink applied inking of the B-CD-
functionalized stamp, contact inking of the stamwas carried out. Contact inking of
a stamp fouCP is based on the direct contact between a feh&teanp and a flat
PDMS substrate impregnated with the ink (inkp&djhe technique does not involve
any solvent in the actual inking of the stamp, #&mel stamp is inked only in the
contacted area$-CD-based printboards were used as inkpads tofénadssalent
fluorescent guest molecules onto ff«€D-functionalized stamps (see Scheme 4.4).
The B-CD SAM on the hard glass substrate delivers arotetl amount of ink onto
the stamp, e.g. a fraction of a monolayer, and,tposentially, provides a better
control over the amount of ink than fully impregagtflat PDMS. The inking of the
solid inkpad was achieved by immersion in an inkuton, and the excess and
physisorbed ink molecules are easily washed awag sybsequent rinsing step with

water or a competitivB-CD solution'®**

PDMS \ / PDMS
PDMS
A :I\%A% I\ ﬁﬁ
inkpad
AARAAAAAR A AR ARA
inkpad / \ inkpad

Scheme 4.4Contact inking with a controlled amount of ink isheeved by contacting thg
CD-modified PDMS stamp with a flgCD printboard on glass (inkpad) with a preadsorbed

ink monolayer.

SUCP with such an inked stamp resulted in a clearyble fluorescent pattern
(Figure 4.5). In the contact inking step, the&D-functionalized stamps efficiently

picked up guest molecules from the inkpad accortingpe equilibrium between the
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two receptor surfaces. Upon transfer to a fa@D substrate, a second equilibrium
distributed the amount of the involved lissamine-Ablecules causing a somewhat
lower fluorescence intensity than the one obserwdt the wet-inking method
(Figure 4.1a). The decreased uniformity of the dfamed pattern is probably a
consequence of the insufficient rinsing of the e#pafter impregnation or an
inhomogeneoup-CD coverage on the inkpad, stamp, or substrateeftleeless, these
results show the feasibility of the inkpad methadd therefore the possibility to
control the amount of ink picked up by a stamp unyinig the ink concentration with
which the inkpad is inked while relying on the gtimively known concentration-

coverage relationship.

Fluorescence intensity
85 885 8 83

=
o

o

20 40 60 8 100
Length, um

Figure 4.5 Fluorescence microscopy image and intensity praffl@ p-CD substrate after

SuCP with ap-CD-functionalized stamp inked by the supramolecirkpad strategy.

4.3 Conclusions

The preparation op-CD-functionalized PDMS stamps and their successfd in
SUCP of specific guest molecules orfieCD printboards were demonstrated in this
chapter. The receptor-covered stamps showed ayhsggiéctive recognition ability
when guest-functionalized molecules were captured fink mixtures. Uniform,
equilibrium-controlled host-guest ink transfer wachieved upon conformal contact
between twop-CD-covered surfaces. A higher valency of the imkored the
adsorption from ink mixtures to thg-CD-functionalized PDMS stamp. A
supramolecular inkpad method was introduced, wheselid3-CD printboard, onto
which an ink monolayer was preadsorbed specificalyved as an inkpad. Control
over the amount of transferred ink molecules caaxssted by tuning the coverage of
the ink monolayer on the inkpad.

Selective attachment of compounds to functionalfas®s avoiding nonspecific

interactions is crucial for the development of Jhimalytical surfaces. &P with
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receptor-functionalized stamps is a versatile tepler which allows reversible

patterning of controlled amounts of specific guastecules.

4.4 Experimental

Materials. Lissamine-Ad,* fluorescein-Ad,*® tetraethylene glycol mono-adamantyl
ethef® and per-6-amin@-cyclodextrirf> were prepared according to previously
published procedures.

Lissamine-Ad. A solution of tetraethylene glycol mono-adamamtier (328 mg, 1
mmol) and 2 ml triethylamine in 40 ml acetonitni@s cooled down to 0-%C. Then
lissamine sulfonyl chloride (866 mg, 1.5 mmol) wadded and the mixture was
stirred for 3 h. The solvent was evaporated atcedyressure and the residue was
partitioned between diethyl ether (50 ml) and wd&8& ml). The organic layer was
washed with water (2 x 20 ml) and brine (20 ml)eTdolvent was removed under
reduced pressure and a monovalent guest labelédlissamine rhodamine dye was
obtained as a purple oil (201 mg, 0.231 mmol; 28iétd). The compound was used
without further purification*H-NMR (ds-DMSO, ppm):8 = 8.46 (s, 1H; ArH), 8.14
(d, 2H; ArH), 7.04 (d, 2H; ArH), 6.91 (d, 2H; ArHE.71 (s, 2H; ArH), 4.64 (t, 2H;
SOy, 3.56-3.36 (m, 14H; OH,CH,O, NCH,CHz), 2.12 (m, 3H;
CH,CHCH_[Ad]), 1.70 (m, 6H; CH®EI,C[Ad]), 1.65-1.55 (m, 6H; CHB,CH[Ad]),
1.27 ppm (t, 12H; NCKCHs); **C NMR (de-DMSO, ppm):& = 158.88, 150.04,
135.55, 132.04, 114.97, 110.30, 104.57, 95.37,688972.06, 70.04, 60.86, 59.47,
53.58, 41.70, 34.31, 30.55 ppm. MALDI-TOF M@{z= 869.1, calcd. for [M+H}
868.5.

General procedures.Contact angles were measured on a Kriss G10 coateyd
setup equipped with a CCD camera. Advancing anddiag contact angles were
determined automatically during growth and redurctd a clean water droplet by the
droplet shape analysis routine.

XPS measurements were performed on a Quantera iSgaXaray Multiprobe
instrument from Physical Electronics, equipped vatimonochromatic Al K X-ray
source producing approximately 25 W of X-ray powé?S data were collected from

a surface area of 10Q0m x 300um with pass energy of 224 eV and step energy of
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0.8 eV for survey scans and 0.25 eV for elememseath equal numbers of sweeps
for all elements. Spectra were referenced to the @ds peak set at 284.0 eV.

'H NMR and™*C NMR spectra were recorded using a Varian Inova 300tspaeter
operating at 300 MHz.

Ellipsometry measurements of the PPAA films werdgrened on silicon wafers by a
Plasmon ellipsometei.(= 632.8 nm) assuming a refractive index of 1.5dolymer
films and 1.457 for the underlying native oxide eTiickness of the SiJayer was
measured separately on an unmodified silicon wafet subtracted from the total
layer thickness determined for the polymer thinmfildeposited by plasma
polymerization. Raster scans were taken at diftepeints of the substrate and their
values were averaged.

Fluorescence microscopy was performed using an @igminverted research
microscope 1X71 equipped with a mercury burner U-RFas light source and a
digital camera Olympus DP70 (12.5 million-pixel temb digital color camera) for
image acquisition. Green excitation light (51@ <550 nm) and red emission liglit (
< 590 nm) was filtered using a U-MWG Olympus fillewbe. Blue excitation light
(450 < A <480 nm) and green emission ligit € 515 nm) was filtered using a U-
MWB Olympus filter cube.

PDMS stamp preparation. Silicon masters with micrometer-sized featuresewer
fabricated by photolithography. PDMS stamps werepared from commercially

available Sylgard-184 poly(dimethyl siloxane) (D@mrning). The curing agent and
the prepolymer were manually mixed in 1:10 volumtorand cured overnight at 60
°C against the master. The cured stamp was peeldobof the master at the curing

temperature.

Monolayer preparation on glass and PDMS surface$3-CD-functionalized glass
substratesptCD printboards) were fabricated as described preshy ™

Surface coating of PDMS stamps through plasma petigation of allylamin& was
achieved using a CCR plasma coating system (Rraitbbch, Germany) by Ssens
BV (Hengelo, The Netherlands). After cleaning o dreposition chamber with an air
plasma (30 min, 300 W), the samples were positiomedhe base plate, all at the
same distance from the center of the reactor. Afegosition of allylamine (1 min,

300 W), the chamber was brought to atmosphericspreswvith argon and the samples
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were transferred to their storage container, sealesh aluminum foil pouch under a
nitrogen atmosphere at reduced (30 %) pressurstaned at -20 °C.

Transformation of the amino-terminated layer tosathiocyanate-bearing layer was
accomplished by exposure to a 0.1 M solution ofghdnylene diisothiocyanate in
ethanol at 40C for 1 h, followed by rinsing with copious amoumtsethanol and
drying in a stream of nitrogen. The surface-cordifieCD layer was obtained by
immersion of the isothiocyanate-covered PDMS samipl® mM aqueous solution of
per-6-aminoB-cyclodextrin at 40°C for 1 h. After reaction the samples were
sonicated in Millipore water for 5 min and rinsedhwadditional water to remove
physisorbed material and dried in a stream of géro The prepare@-CD-
functionalized PDMS stamps were stored at °20in order to obtain long-term
stability.

SuCP with B-CD-functionalized PDMS stamps.Wet inking of the stamps was
achieved in all cases by immersion of the stanmg 19uM ink solution. After inking,
the stamps were rinsed with Millipore water andedrin a stream of nitrogen.
Exception was the printing of the mono- and divalek mixture, when the stamp
was directly dried after inking without any additéd rinsing.

Contact inking using an inkpad was achieved asva! The inkpad, a freghCD-
functionalized glass substrate, was immersed i aM aqueous ink solution for 5
min. Thereafter, the inkpad was rinsed with copian®unts of water and dried in a
stream of nitrogen. A fresp-CD-functionalized PDMS stamp was placed on the
inkpad and conformal contact was achieved for 1. rirvessel with boiling water
was kept nearby the experiment to keep the humatitsn elevated level in order to
facilitate the formation of the host-guest intei@cs.

After inking of the stamp by either method, confatroontact between the stamp and
the substrate was achieved manually by placingfuiégreéhe stamp on the substrate
and aiding the formation of the uniform contact $light manual pressure on the

stamp. In all cases the contact time was 1 min.

62



Chapter 4

4.5 References

1
2

10
11
12

13

14

15

16
17

18

19

A. Kumar, G. M. Whitesideshppl. Phys. Lett1993 63, 2002.

E. Delamarche, H. Schmid, A. Bietsch, N. B. Larsd. Rothuizen, B. Michel, H.
Biebuyck,J. Phys. Chem. B998 102 3324.

D. N. Reinhoudt, M. Crego-Calanfgience2002 295 2403.

A. Bernard, D. Fitzli, P. Sonderegger, E. Delarhat B. Michel, H. R. Bosshard, H.
Biebuyck,Nat. Biotechnol2001 19, 866.

J. P. Renault, A. Bernard, D. Juncker, B. Mich&l,R. Bosshard, E. Delamarche,
Angew. Chem., Int. Ed. Engl002 41, 2320.

H. H. Lin, J. Kim, L. Sun, R. M. Crooks, Am. Chem. So2006 128, 3268.

H. H. Lin, L. Sun, R. M. Crooks, Am. Chem. So2005 127, 11210.

A. A. Yu, T. Savas, S. Cabrini, E. diFabrizio, HSmith, F. Stellacci). Am. Chem.
Soc.2005 127, 16774.

A. A.Yu, T. A Savas, G. S. Taylor, A. Guiseppie, H. I. Smith, F. StellaccNano
Lett. 2005 5, 1061.

A. A. Yu, F. Stellacci). Mater. Chem2006 16, 2868.

M. J. W. Ludden, D. N. Reinhoudt, J. Huske®isem. Soc. Re2006 35, 1122.

M. W. J. Beulen, J. Biigler, M. R. de Jong, Bmbaerink, J. Huskens, H. Schonherr,
G. J. Vancso, B. A. Boukamp, H. Wieder, A. Offergmaiy W. Knoll, F. C. J. M. van
Veggel, D. N. ReinhoudChem. Eur. J200Q 6, 1176.

J. Huskens, A. Mulder, T. Auletta, C. A. Nijhuld. J. W. Ludden, D. N. Reinhoudt,
J. Am. Chem. So2004 126, 6784.

T. Auletta, B. Dordi, A. Mulder, A. Sartori, 8nclin, C. M. Bruinink, M. Péter, C.
A. Nijhuis, H. Beijleveld, H. Schoénherr, G. J. Vaog A. Casnati, R. Ungaro, B. J.
Ravoo, J. Huskens, D. N. Reinhoudhgew. Chem., Int. Ed. En@004 43, 369.

S. Onclin, A. Mulder, J. Huskens, B. J. RavooND ReinhoudtL.angmuir2004 20,
5460.

J. HuskengCurr. Opin. Chem. Biol2006 10, 537.

O. Crespo-Biel, M. Péter, C. M. Bruinink, B.Ravoo, D. N. Reinhoudt, J. Huskens,
Chem. Eur. J2005 11, 2426.

C. M. Bruinink, C. A. Nijhuis, M. Péter, B. DardD. Crespo-Biel, T. Auletta, A.
Mulder, H. Schénherr, G. J. Vancso, J. HuskensNDReinhoudt,Chem. Eur. J.
2005 11, 3988.

A. Mulder, S. Onclin, M. Péter, J. P. HoogenboéinBeijleveld, J. ter Maat, M. F.
Garcia-Parajo, B. J. Ravoo, J. Huskens, N. F. vaistHD. N. ReinhoudtSmall
2005 1, 242.

63



Supramolecular microcontact printing with receptor-functionalized stamps

20
21

22

23
24

25

64

S. Onclin, J. Huskens, B. J. Ravoo, D. N. Reidiy@mall2005 1, 852.

V. B. Sadhu, A. Perl, M. Péter, D. |. Rozkiewi€ Engbers, B. J. Ravoo, D. N.
Reinhoudt, J. Huskensangmuir2007, 23, 6850.

P. Maury, M. Péter, O. Crespo-Biel, X. Y. LinQ, N. Reinhoudt, J. Huskens,
Nanotechnology007, 18, 044007.

M. R. de Jong, J. Huskens, D. N. ReinhoGéiiem. Eur. J2001, 7, 4164.

L. Libioulle, A. Bietsch, H. Schmid, B. Michdf. Delamarchel.angmuir 1999 15,
300.

P. R. Ashton, R. Koniger, J. F. Stoddart, D.eklkv. D. Harding,J. Org. Chem.
1996 61, 903.



Chapter 5

Spreading of multivalent inks on a molecular printboard

Mono-, di- and trivalent fluorescent guest molesulere microcontact printed on the
S-CD-based molecular printboard and the kinetic dtgbof the patterned SAMs was
studied. In the presence of native host sites e dtrrounding aqueous solution
competition-induced surface spreading of the flsoemt molecules was observed.
Line patterns of the monovalent guest showed aasiimg rate of 0.9 nm/s in the
presence of water and a continuous increase whematives-CD concentration was
increased in the solution. Experiments with thealdmt guest indicated a lower
spreading rate in water (0.02 nm/s) according tohtgher affinity to the surface and
a rate maximum at 0.8 mlgCD in the solution. Patterned SAMs of the trivalen

guest showed low spreading rates on the order Sfrifi/s.



Spreading of multivalent inks on a molecular printboard

5.1 Introduction

Multivalent noncovalent interactions at interfagday an important role in many
biological phenomen4® Multivalency controls the adhesion of a virus, teaicm,
antibody or a macrophage to the surface of a callspecific protein-carbohydrate
interactions, and binding of transcription facttmsnultiple sites on DNA.The main
advantage of a multivalent interaction for a biadad) system arises from its
enhancement effect on the overall binding strersgtld specificity. In addition,
multivalency on surfaces is a powerful tool for emilar nanostructure fabricatifi.
The strength of the binding of multivalent moleculean be accurately tuned by
varying the supramolecular chemistry of the hosisgusystem and by varying the
number of noncovalent interactions. The reversibleture of the host-guest
interactions offers the possibility of self-cornect and tunability by changing the
conditions. A surface serving as a multivalent pgaefor multivalent ligands permits
the supramolecular positioning of reversible ssBeanbled patterns. Reversible
positioning can be superior to commonly used coxtailmmobilization techniques
and it broadens the versatility of any nanofabiacascheme on surfaces. Profound
understanding of the governing principles behindfase-confined multivalent
interactions is crucial for a successful design apglication of such systems in both
biological and technological areas.

Several systems were used to obtain quantitatiernmtbdynamic data from
multivalent interactions on interface@showever a detailed kinetic analysis is lacking.
Whitesides and coworkers, in the only quantitakiveetic study to date, characterized
the binding of a trivalent derivative of vancomydiHost) to a trivalent peptide
(Ligands) in solution. The dissociation rate of the Hedsgand; aggregate increased
in the presence of a monovalent peptide (Ligandlickvcompeted effectively with
Ligands for host sites of the trivalent derivative of vamycin®® Two possible
dissociation mechanisms were discussed. The fiesthamism involved the complete
dissociation of the HoslLigand; aggregate followed by association of free hHlosth
three equivalents of Ligand. The rate of this psscevould be independent of the
concentration of Ligand, which was in contrast witle experimental observations.
The enhanced dissociation rate of the klbgland; aggregate in the presence of
Ligand was explained by a sequence of successssmdation steps of one binding
site in the HostLigand; aggregate and association of the empty bindirgyveith a
Ligand®®
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This chapter describes a kinetic study of pattermexho-, di- and trivalent guest
molecules on the surface of faCD-based molecular printboard. The concept of
molecular printboards, which are self-assembled atayers functionalized with
receptor groups, is suited for studying the dynamid host-guest binding of
multivalent guests on liquid-solid interfaces, hesm the immobilized host SAM
allows the variation of environmental conditionacls as competition by a host in
solution or change of the polarity of the solutfdfi.In this work fluorescent guest
molecules were printed on the molecular printboardi the evolution of the
fluorescent pattern in time was monitored in sithis was performed at variogs
cyclodextrin 3-CD) concentrations in aqueous solution in ordentince competition
for the guest sites to interact with host sitestta surface and in solution.
Methodology and experimental details are the famfuthis chapter together with the
presentation of the main results, while a theoa¢ttiscussion follows in the next

chapter.

5.2 Results and discussion

5.2.1 Design of the system

In order to study the dynamics of multivalent supodecular interactions on surfaces
mono-, di- and trivalent fluorescent guest moleswieere microcontact printed @n
CD-based molecular printboards. All guest molecutemtained long, flexible
tetraethylene glycol spacers to connect the guesttims with the fluorescent label
(see Chart 5.1). These spacers enhanced the gglalbithe molecules in water and
ensured enough flexibility and spacing betweenginest moieties to allow multiple

host-guest interactions without steric problems.
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Chart 5.1 Guest molecules used in this study.

Lissamine Rhodamine B fluorescent dyes functioedlwith one (lissamine-Ad), two
(lissamine-Ad) and three (lissamine-Adadamantyl moieties were used to study the
effect of valency on the kinetics of the surfaceftted host-guest bindingCP was
used to pattern SAMs of these molecules on the cutde printboard, where they
formed stable supramolecular patterns (Figure Sk)nting was achieved with
oxygen plasma-treated PDMS stamps soaked in aroaglution of a fluorescent
dye and dried prior to printing. After printing,ettpatterned substrates were rinsed
with water to remove any physisorbed material. &kelution of the supramolecular
patterns in time was monitored at various nafiv€D concentrations in solution.
These mobile hosts induced competition for the gekss to interact with host sites
at the surface and in solution (Figure 5.1b). Lioé% um with 30um period were
used in all experiments to facilitate the transfation of the fluorescence images,
taken at frequent intervals, to quantitative dathe fluorescence intensity cross-
section quantitatively represents the surface aurgion of the fluorescent guest
molecules. Using the known periodicity of the pattand the average cross-section
taken perpendicular to the direction of the lirtas, profile of one average line pattern
was generated, a single peak which characterizesntire image (Figure 5.1d). The
maximum peak intensityl {ay), the minimum peak intensity{,) and the peak width
at half maximum ) were used to describe the changes of the supeaoial

patterns in time.
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Figure 5.1 (a) Schematic representation d@P of fluorescent guest molecules ontp-@D
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SAM-covered substrate. (b) NatigeCD molecules in the solution induce competitiontfee

guest sites to interact with hosts at the surfackia solution. (c) Fluorescence microscopy
image of ap-CD substrate aftepnCP of lissamine-Agd (d) The average surface profile
perpendicular to the pattern is transformed insirgle peak representing the profile of an

average pattern period from the surface.

5.2.2 Coverage gradient-driven surface spreading

It was shown previously that patterns of SAMs ofadent inks on the molecular
printboard are stabf@.In dry conditions no spreading of lissamine-Adséimine-Agd
or lissamine-Ad was observed. However, in the presence of an agusgution with
or without native3-CD, changes to the fluorescent patterns couldiserved.

The lissamine-Ad pattern on the printboard showdd@easingmax and increasingv
when water or nativg-CD solution was placed on the patterned subs{fitgire
5.2). The spreading of the monovalent lissamineaad studied in a 0-0.2 mBtCD
concentration range. Due to the relatively low Inigdstrength and the consequently
high desorption rate of lissamine-Ad at and frone tmolecular printboard, the
fluorescent lissamine-Ad desorbed completely astamtaneously after addingral
mM B-cyclodextrin solution, making any data acquisitimnpossible under these

conditions.
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Figure 5.2 Spreading of lissamine-Ad on the molecular priatido (a)The plot and the linear
fit of Inax @s a function of time; (b) The plot and the lindarof the peak width at half
maximumw as a function of time at differeftCD concentrations:l) water, A) 0.1 mM
B-CD and ©) 0.2 mMB-CD.

In all cases the plot af as a function of time showed a linear increasgufi 5.2b).
Therefore the spreading rate of the guest moleautethe molecular printboara)(
was defined as the slope of the width increasame {=Aw/At), wheret represents

time.
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Figure 5.3 Spreading rate of lissamine-Ad on the moleculantpoard as a function of tige
CD concentration in the surrounding solution. Etvars show the error of the linear fit\of

as a function of time (Figure 5.2b).
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The spreading rate of lissamine-Ad showed a coatisuincrease when tHeCD
concentration was increased (Figure 5.3). A sprepdite of 0.9 nm/s was measured
in water, going up to about 8 nm/s at 0.2 fH@D.

Due to the monovalent nature of lissamine-Ad, sfirgais possible in this system
only by complete desorption followed by re-adsanptiThe desorbed monovalent
guest diffuses in the solution, either as the freest (& or as the host-guest complex
formed with a natives-CD from the solution (&) (Scheme 5.1), and rebinds to the
surface at a different location. The direction loé tiffusion is governed by the guest
concentration gradient experimentally created betwéhe patterned and empty
printboard areas. While'®an rebind when it meets any available host astinface,
G'H, is forced to diffuse in the solution until it dissates to give Gagain. The higher
diffusion time of GH, which is governed by the average lissaminefA@D binding
time causes longer travelled distances, therefatte an increasing concentration of
native p-CD and a concomitantly increasetHEconcentration the spreading rate also

increases.

D
b o
}'gww«v@
-

I
GH
4 m
I I 1
G'H G G'H.
Scheme 5.1Proposed spreading mechanism of lissamine-Ad enntblecular printboard

(G'Hs = guest bound to 8CD at the surface; '® = guest bound to §CD from the
solution; G = unbound guest).

The increased valency of lissamine-Amtesents the simplest case of multivalency, a
divalent system where both adamantyl moieties lndeépendently to any available

host. The evolution in time of the fluorescent gats of lissamine-Adon ap-CD-
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based molecular printboard at differ¢ga€CD concentrations in solution is presented

in Figure 5.4 together with the corresponding agerme profiles.
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Figure 5.4 Spreading of lissamine-Adon the molecular printboard: fluorescence
micrographs and the average line profiles whergtlest-printed substrates were immersed in
0.6 mM (a and d), 2 mM (b and e) and 4 mM (c arfd@D solutions.

At all B-CD concentrations a decreaselgfx and an increase af were observed
(Figure 5.5). The maximum peak intensity decreasaster when thep-CD
concentration was increased. The decreadafvas caused both by spreading on
the surface and by complete desorption of lissatAithe from the p-CD SAM
followed by diffusion into the bulk of the surround solution. Similarly to the
observed trend in the monovalent system, a lineaease in time olv was observed
in all cases as a result of the spreading of ligsatAd, on the surface of the
molecular printboard. However, the slope of thisedir increase, defined as the
spreading rates, did not increase continuously with3-CD concentration in the
solution, as is shown in Figure 5.6. In pure waler spreading rate of lissamine-Ad
was close to zero (0.02 nm/s). When {«D concentration was increased, a
maximum in the spreading rate (~1.3 nm/s) was ofeserat 0.8 mMpB-CD
concentration. This complex and unexpected trendu(& 5.6) suggests the

occurrence of multiple spreading mechanisms.

72



Chapter 5
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Figure 5.5 Spreading of lissamine-Adn the molecular printboard: (@he plot and the
linear fit of I,axas a function of time; (b) The plot and the linéaof the peak width at half

maximumw as function of time at differeCD concentrations:l) water, A) 0.6 mM -
CD, (x) 0.8 mMB-CD, (©) 2 mMB-CD, (%) 4 mMB-CD and ¥) 7 mM B-CD.
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Figure 5.6 Spreading rate of lissamine-Adn the molecular printboard as a function of the
B-CD concentration in the surrounding solution. Etrars show the error of the linear fitvef

as a function of time (Figure 5.5b).

Three plausible mechanisms can control the sprgadfinthe divalent guest (Scheme
5.2). In water, when no competitifeCD is present in the solution, a ‘walking’
mechanism (Scheme 5.2a) governs the spreadingeViliel complete desorption is
negligible, the high effective concentratibulifference at the boundary of the printed

SAM of lissamine-Ad and the guest-free molecular printboard in the-cmmtacted
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areas provides a significant driving force for thound adamantyl moieties to bind

to new, free, surface-confingdCD cavities.
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Scheme 5.2Proposed spreading mechanisms of lissamineekdthe molecular printboard

(not all elementary steps shown), based on ‘walki@y, ‘hopping’ (b), and complete

dissociation, diffusion and re-adsorption (c).

In the presence di-CD molecules in the solution the walking eventsdiee less
frequent due to the binding of the free guest niesdb the competitivB-CD cavities
from the solution. The high spreading rate of Isse-Ad: coupled with a low
desorption rate observed at relatively IBvCD concentrations suggests a ‘hopping’
mechanism (Scheme 5.2b), where after a dissociaifoonne adamantyl moiety
binding occurs immediately with an empty host frahe solution. After the
dissociation from the surface of the second adayhgnmup, due to the low number
of the availablep-CD hosts from the solution no binding event happehhe
monovalently bound complex diffuses in the solutzord binds to the first available
host from the surface. It stays close to the serfaecause its lifetime is very short
owing to the unbound nature of the second adamagiylip (see Chapter 6).
Spreading in lowp-CD concentrations up to 1.5 mM is governed by hog’
mechanism. When the aque@4€D concentration is increased, the desorptionohte
lissamine-Ad and the formation of the divalent complex'(8)),, Chapter 6) in the
solution is enhanced. This species (molecular 8889,D ~ 10*° m?/s) diffuses into
the bulk with an average rate of gfh/s. The complete desorption and re-adsorption
mechanism (Scheme 5.2c) becomes rate determiniogn (1.5 mM up to the
measure@-CD concentrations), where the spreading rate salgnincreases (Figure

5.6). The guest molecules are continuously desgriiom the patterned areas
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creating a high local solution concentration of tiealent complex close to the
printboard surface. The increased guest concemtratbove the guest-free molecular
printboard in the non-contacted areas facilitabesrebinding of lissamine-Ado the
molecular printboard.

Similar experiments were carried out using theatemt lissamine-Aglas the ink. A
trivalent guest binds with a significantly highereoall binding strength to thg@CD
printboard than the divalent one. According to timsreased affinity to the host
surface,lmax Of the patterned lissamine-ABAM remained constant even at higher
concentrations of nativg-CD in the solution (Figure 5.7). A measurable @age in

time of wwas only observed at a nati¢CD concentrations between 1 and 2 mM.
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Figure 5.7 Spreading of lissamine-Adn the molecular printboard: (@he plot and the
linear fit of | as a function of time; (b) The plot of the peak thidt half maximumv as a
function of time at differer§-CD concentrations:l) water, @) 1.25 mMp-CD, (€) 9 mM
B-CD and.(A) 12 mMB-CD.

The spreading rate in water showed the lowest medstalues of all studied systems.
The spreading rate in water was only on the orlé03 nm/s. A moderate maximum
of the spreading rate was observed between 1 anthM2 aqueousp-CD
concentrations (Figure 5.8). Unlike the divaleneégjuin the case of lissamine-Aado
rate increase was observed at high&D concentrations, indicating the absence of

desorption.
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Figure 5.8 Spreading rate of the fluorescent dye lissaminggkdthe molecular printboard as
a function of the3-CD concentration in the surrounding solution. Etvars show the error of

the linear fit ofw as a function of time.

Similar to the divalent system, spreading of lisserAd; is potentially controlled by
three main spreading mechanisms. In pure watedkifwgi occurs involving guest
molecules bound to the surface with one or two addyh moieties. At low-CD
concentrations the ‘hopping’ of the guests boundwo 3-CDs from the solution is
mainly responsible for spreading. At highfrCD concentration lissamine-Ad
molecules bound to three equivalent hosts fromsthation are present and possibly
contribute to the surface spreading. Although atkading mechanisms can occur in
the trivalent system, only ‘hopping’ is observedueDto the high affinity of the
trivalent guest to the printboard surface, no $igant change imr was observed at
higher B-CD concentrations, where the spreading rate shasirdar values to the
one measured in pure water. The low solubility afive 3-CD in water prevented

further spreading rate measurements at higher obratens.

5.3 Conclusions

In this chapter the kinetic stability of pattern8AMs of mono-, di- and trivalent
fluorescent guests on theCD-based molecular printboard is described. Aamef
spreading of the fluorescent SAMs in the preserigetive 3-CD in the surrounding

solution was observed. Increasing the host conggorr in solution induced a
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continuous increase of the spreading rate of pateEAMSs of the monovalent guest.
The divalent system exhibited a local spreading naaximum followed by a renewed
increase in the studig®tCD concentration range. The high binding strerajthhe
trivalent guest to the surface reduces the surfgreading and only a moderate
spreading rate maximum was observed, in this callewed by a region with
negligible spreading. Qualitatively, these resuitglicate that the following
mechanisms occur: (i) Monovalent guests spreadoith lpure water an@-CD
solutions by complete desorption followed by reeamgson; (ii) divalent molecules
spread by ‘walking’ in pure water, by a ‘hoppingeathanism in the 0-1.5 mgtCD
concentration range and by complete desorptionraratsorption at highe-CD
concentrations; (iii) trivalent molecules followrspding mechanisms similar to the

divalent system generally with significantly lowspreading rates.

5.4 Experimental

Synthesis of the fluorescent dyell moisture-sensitive reactions were carried out
under an argon atmosphere. All solvents and reagesite obtained from commercial
sources and used without further purification. 8ot¢ were dried according to
standard procedures and stored over molecularsidve synthesis of lissamine-Ad
is presented in Chapter 4. Lissamine;Aglas synthesized according to literature
procedures’ Lissamine-Ad was synthesized by Henk Dam (Scheme 5.3).
Compound4'® was synthesized according to literature proceddkesIMR chemical
shift values (300 MHz) are reported asusing the residual solvent signal as an
internal standard (CDgI3 7.257).2*C NMR chemical shift values (100 MHz) are

reported a® using the residual solvent signal as an intertaaidard (CDGJ 6 77.0).

1,2,3-trig2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethox}-ethoxy]benzene
(6). A suspension of pyrogalldB.00 g, 8.64 mmol)4 (0.363 g, 2.88 mmol) and
K2COs (1.20 g, 8.64 mmol) was refluxed in 30 ml acetéore24h. After the volatiles
were removed under vacuum and the crude productewimacted from the residue
with 40 ml of E+O, the E3O layer was washed with,B (3 x 30 ml) and dried with
MgSQ,. Evaporation of the volatiles gaveas a slightly colored oil (2.5 g, 82%)
which was pure enough to be used in the subsegaaations’H NMR (ppm):& =
6.91 (1 H, tJ 8.4, PhH), 6.58 (2 H, d, 8.4, PhH), 4.23 (2 H, | 4.2, PhO®,CH.-),
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4.19-4.10 (4 H, m, PhQ€CH,-), 2.13 (9 H, s, CECHCH[Ad]), 1.74 (18 H, s,
CHCH.C[Ad]), 1.65-1.55 (18 H, t, CHB,CH[Ad]). *C NMR ( ppm):5 = 152.8,
138.5, 123.5, 107.9, 72.3, 71.2-68.7, 59.2, 41644,330.4. ESP-MS m/z = 1079.5
[M+Na]*, calcd. 1079.7. MALDI-TOF-M$n/z= 1079.2 [M+Nal, calcd. 1079.7.

1
@Br o] o OH
+
3 4
HO\/\O/\/O\/\O/\/OH @O\/\O/\/O\/\O/\/Br
K,COg,
Acetone, reflux, ’\/O\/\O/\/O\/\O

2
@ ~N~ O ~A O
. o o)
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HO CH,Cl,,
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HO 6 2
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AN SO

CH,OH,
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Scheme 5.3 he schematic representation of the synthetissmine-Ad.

DIPEA,

3,4,5-trig2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy
ethoxy]phenylnitrate (7). A solution of6 (0.400 g, 0.38 mmol) in 3 ml GBI, was
added at once to a well stirred suspension of OgdeDSIQ and HNQ (0.08 ml, 1.89
mmol) in 1 ml CHCl,. The resulting suspension was stirred for 5 miroapvhich it
was quenched with 3 ml saturatedO;. The solids were filtered off and the filtrate

was diluted with 10 ml CkCl,. The organic layer was washed withQH(3 x 10 ml)
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and dried with MgS@ Evaporation of the volatiles gaveé as an oilwhich was
subjected to column chromatography (eluentClkiMeOH, 9/1) yielding7 (0.284 g,
68%) as acolorlessoil. *H NMR (ppm):d = 7.54 (2 H, s, PhH), 4.27 (2 H,X5.1,
PhOM,CH,-), 4.22 (4 H, tJ 4.8, PhOEI,CH,), 3.88 (4 H, tJ 4.2, PhOCHCH,),
3.79 (2 H, tJ 2.4, PhOCHCHy), 3.72-3.58(36 H, m, -OG4,CH,0O-), 2,13 (9 H, s,
CH,CHCH,[Ad]), 1.73 (18 H, s, CHE.C[Ad]), 1.66-1.55 (18 H, m,
CHCH,CH[Ad]). *C NMR (ppm):d = 152.4, 144.3, 143.2, 103.4, 72.9-69.3, 59.6-
59.2, 41.6, 36.6, 30.6. ESP-MS m/z = 1102.5"[Mplcd. 1102.4. MALDI-TOF MS
m/z= 1124.6 [M+Na], calcd. 1125.4.

3,4,5-trig2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy
ethoxy]phenylamine (8).A suspension o¥ (0.220 g, 0.20 mmol) and a catalytical
amount of Pd/C (10%) was stirred under 1 bggHatmosphere in 3 ml methanol for
4 h. The suspension was filtered over celite ardviflatiles were evaporated giving
the product as a colorless oil (0.19 g, 89%). Thoalpct was pure enough to be used
in the subsequent reactidil NMR (ppm):d = 6.32 (2 H, s, PhH), 4.12-4.02 (6 H, m,
PhOQH,CH,-), 3.84-3.73 (6 H, PhOCIEH,), 3.69-3.56(36 H, m, -OCi,CH,0-),
2,12 (9 H, s, CHCHCH,[Ad]), 1.72 (18 H, s, CHE,C[Ad]), 1.64-1.54 (18 H, m,
CHCH.CHIAd]). **C NMR (ppm):3 = 153.2, 136.2, 108.0, 99.6, 72.8-69.1, 59.4,
41.6, 36.6, 30.6. MALDI-TOF M®&/z= 1072.7 [M+H]J, calcd. 1072.7.

Lissamine-Ads (3,4,5-trig2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy
ethoxy]phenyllissamide) (9).A solution of 8 (0.120 g, 0.11 mmol), lissamine
sulfonyl chloride (0.065 g, 0.11 mmol) and an escefsDIPEA was stirred for 8 h at
rt in 3 ml CHCl,. Hereafter the volatiles were evaporated and thdecproductvas
subjected to column chromatography (eluent grad@&siCl,/MeOH, 10/3, 9/1 and
7/1 subsequently) yielding one isomer of lissamiak<0.011 g, 6%) as purpleoil.
MALDI-TOF MS m/z = 1614.3 [M+H], calcd. 1614.1.

The starting lissamine sulfonyl chloride considtseveral isomers which complicates
the purification of the crude product @f Column chromatography yielded a fraction
of 11 mg of a pure isomer 8fwhich was used in the spreading experiments. [Qurin

the coupling betweeB and lissamine, the reactants did not completedgtrgince a
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fraction of lissamine (30 mg) and a fraction comitag the starting amin8 were

collected after the column. No optimization of tfesiction was attempted.

Substrate preparation. SAMs of 3-cyclodextrin on glass were prepared in four steps,
by a method developed by our group previod$lgfter the formation in solution of
the SAM of 1-cyano-11-trichlorosilylundecane, thgawgo-terminated SAM was
reduced to amine, followed by the transformationistathiocyanate-bearing layers

which were finally reacted with per-6-amifiecyclodextrin.

Microcontact printing. Patterning on the molecular printboard with theofescent
dyes was achieved by microcontact printing. Stanwsre prepared from
commercially available Sylgard-184 poly(dimethylogane) (Dow Corning). The
curing agent and the prepolymer were manually mixed 1:10 volume ratio and
cured overnight at 68C against the master. The cured stamp was pedidéaof the
master at the curing temperature. Silicon masteth & um wide line features
separated by 2bm spacing were fabricated by photolithography. Thgh spacing /
feature ratio was necessary to ensure a large arfoeryspreading space for the guest
molecules during the measurements, and for easytdatsformation.

The stamps were mildly oxidized in an oxygen plageeactor before use. Before
printing, the stamps were inked by soaking themo iah aqueous solution of the
fluorescent dye~ 10 uM). After drying the surface of the stamps withrogen,
conformal contact was achieved manually. The stawgre weakly pressed against
the printboard surface at the initial stage of pneting to induce the formation of
conformal contact. The printing time in all casesswL. min. The samples with the
patterned SAMs of the guest were rinsed right ater printing with a continuous
flow of pure water (lissamine-Ad: 10 s; lissamind>Aand lissamine-Ag 30 s) to
remove the physisorbed molecules and dried ineastrof nitrogen.

Spreading experiments280uL aqueous solutions with 0-12 mpACD were applied

on top of the patterned surface confined by a rukibg with a diameter of 11.6 mm.
The printboard surface / rubber ring / liquid systeas immediately covered with a
clean glass slide to close the volume and to amail evaporation. A thin layer of

vacuum grease on the rubber ring was used totstggkher the solid components.

80



Chapter 5

Fluorescence microscopy images were frequentlyntake avoid the effect of
photobleaching, new areas were selected after slamth The focusing time before
taking the micrographs was in all cases 20 s. &e cd a faster focusing, the analyzed
spot was further irradiated, until the 20 s timeqgewas reached.

Fluorescent images were taken using an Olympustedeesearch microscope IX71
equipped with a mercury burner U-RFL-T as a lightrse and a digital camera
Olympus DP70 (12.5 million-pixel cooled digital oar camera) for image
acquisition. Green excitation light (510 . < 550 nm) and red emission light €
590 nm) was filtered using a U-MWG Olympus filterbe.
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Chapter 6

The kinetics of multivalent spreading at interfaces

The spreading dynamics of mono-, di- and trivabprests on a molecular printboard
is discussed in this chapter. Spreading experimerits the divalent guest on a fully
and uniformly covered printboard, in the presende native host sites in the
surrounding aqueous solution, show that the spregdif the guests is directional
and is driven by the effective concentration gratibetween neighboring areas.
Increase of the spreading rate is observed wherctherage gradient-driven surface
spreading of di- and trivalent guests is studiethwveaker binding guest moieties.
Multivalent binding and spreading are considereccassecutive events of sequential
binding and unbinding steps, which are expressaenms of intrinsic rate constants
and effective concentration. Numerical calculatiogisclose the effect of thg
cyclodextrin concentration in the solution on tipeeading rate and mechanisms. The
calculated equilibrium concentrations can explaime trate increase but not the
decrease for multivalent spreading rates. Additioizators, such as the lifetime of
unsaturated species and the relative chances afesstul and unsuccessful rebinding
events, are incorporated to explain the experimigntabserved spreading rate
maximum. Molecular dynamics calculations suppoe tWalking’ and ‘hopping’

mechanisms of the multivalent guests on the maeptihtboard.



The kinetics of multivalent spreading at interfaces

6.1Introduction

The kinetics of multivalent interactions at intexés is poorly understood despite its
fundamental importance in the biology of cell meam®s and in the design and
application of multivalent ligands in nanofabricetiat self-assembled monolayers
(SAMs) 2 In contrast, the thermodynamics of such multivalsystems has been
extensively studied and is well understddd.

Two parameters, effective molaritig1) and effective concentratiol4), have been
used to describe the thermodynamics of multivaileteractions at a molecular level.
In an interaction between a multivalent host andnaltivalent guest the first
intermolecular binding event is followed by intrdewular stepsEM represents in
such a system the ratio of association rates dilistaconstants for intra- and
intermolecular processes, afld; represents the real physical concentration of the
uncomplexed host site experienced by the uncomglexest sité> The two terms
have been shown conceptually close or equal inrabsgstems$,and thereforeCes,
which is based on the probability with which twaeiracting sites meet depending on
the linker length, conformational possibilities awitier possible factors, will be used
in this study to quantify inter- and intramoleculainding events in multivalent
interactions on surfaces.

Host-guest studies performed with small monovalgmests have shown that the
molecular recognition properties @fcyclodextrin 3-CD) cavities at §3-CD SAM
were unaltered by the surface immobilizatiénAn analysis of the thermodynamics
of binding of the divalent complex between a bistadntyl calix[4]arene guest with
flexible tetra(ethylene glycol) linkers and a biglodextrin host has shown that this
system can be described with multivalency effeciy,ovithout cooperativity. The
concept ofCg has been used to build a model for describinghleemodynamics of
multivalent host-guest interactions at interfatesthe model assumes that all
individual host-guest interactions in solution, a®ll as on the surface, are
independent and multivalent interactions can bemalized as sequential binding
events described with the help G+ The model was successfully used to describe
the thermodynamics of binding of multivalent guast§-CD SAMs in the presence
of a monovalent competitor in solution.

Compared to Chapter 5, additional spreading experisn are presented in this
Chapter, to further investigate the nature of thétiwalent spreading at a molecular

level, by eliminating the concentration gradientfedence on the surface and by
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changing the intrinsic binding constant of the gumasieties. The dynamics of mono-,
di- and trivalent host-guest interactions on thdemalar printboard in the presence of
competitive B-CD in the surrounding solution is analyzed, sinedaand discussed
with the help ofCs and kinetic parameters of the intrinsic bindingtbé guest
moieties td3-CD.

6.2 Results

In the previous chapter it was shown that monc-add trivalent fluorescent guest
molecules, printed on&CD SAM, spread onto the empty molecular printbcaehs

in the presence of water with and without nafivéD. A change in the spreading rate
of all studied guests was induced by increasinghthg concentration in solution (see
Figure 6.1).
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Figure 6.1 Spreading rate of the fluorescent dyes lissamidg* ), lissamine-Ad (l) and
lissamine-Ad (@) on the molecular printboard as a function of (@D concentration in the

surrounding solution.

It was concluded that monovalent guests sprea@d-@D solutions by complete
desorption followed by re-adsorption. The spreadatg profile of the divalent guest
with a local maximum at 0.8 mM-CD suggested the occurrence of multiple
spreading mechanisms, where the divalent molespesad by ‘walking’ in pure
water, by complete desorption and re-adsorptiomigtt f-CD concentrations and

possibly by a ‘hopping’ mechanism at intermedift€D concentrations. The high
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binding strength of the trivalent guest to the acef reduced the surface spreading and
only a moderate spreading rate maximum was obsgrhesvever spreading
mechanisms similar to the divalent system were etisg to control the surface
dynamics.

In the experiments described in Chapter 5, pringstablishes a steep gradient of
guest molecules, which increases in length andedesess in steepness upon spreading.
This is accompanied by a similarly changing grad@hempty surfacg-CD sites,
and thus ofCq:. To investigate a potentially directional drividigrce of the Cgk
gradient on the spreading, here, the spreadingefdivalent guests on a fully and
uniformly covered printboard was investigated.

Fluorescence recovery after photo-bleaching (FR&®eriments were performed by
deposition of a uniform SAM of lissamine-Adn a fresh3-CD printboard followed

by local irradiation of the surface, in order tauce photo-bleaching on the selected
areas. However, FRAP experiments followed by spneptests in water with and

without B-CD were not successful due to the poor edge résolof the bleached

areas.
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Chart 6.1 Guest molecules used in this study.
This problem was overcome by patterning the surfadé fluorescent lines by

microcontact printing of lissamine-Adand backfilling the rest of the surface in

solution with the non-fluorescent linker-A(see Chart 6.1). The backfilling step may
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result in some exchange of fluorescent by non-flsoent guests, but the coverage
will be homogeneous and only relative intensitieswsed.

High (> 90 %) and low £ 50 %) coverages of the surface after backfillingrev
achieved through rinsing the samples with water an@0:80 (v:v) mixture of
ethanol:water, respectively. Rinsing with water wascessary to remove any
physisorbed molecules, while rinsing with ethanmitaining water leads to efficient
decrease of the surface coverage. Spreading exge@smwere carried out with
fluorescent lines of mm with a 20um period, in water and in 0.8 mptCD (Figure
6.2). The choice for the later concentration isegiby the observed spreading rate

maximum at thig-CD concentration (Figure 6.1).
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Figure 6.2 Spreading of lissamine-Adn the fully covered molecular printboard with tig
coverage: fluorescence micrographs (a, b and c}tndverage normalized line profiles (d)

when the guest-printed substrates were immers@@imM -CD solutions.

In Figure 6.3, the maximum peak intensity,s() of the patterns is plotted as a
function of time. Thd . from the first measuremertt£ 1 min) at high coverage was

set to 100 %. Lower fluorescence intensities réflewver surface concentrations of
the divalent guest.
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Figure 6.3 The plot and the linear fit df,.xas a function of time in water (a) at hi¢i)(and

low surface coveragek); in 0.8 mMB-CD (b) at high @) and low surface coverac®i.

In all cases$max did not change significantly during the measuretsierdicating a low
desorption of the fluorescent guests. The lindanffthe change of the peak width in

time (Figure 6.4) gives the spreading rate of tivaldnt molecules (see Chapter 5).
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Figure 6.4 The plot and the linear fit af as a function of time at high surface coveragen(a)
water (@) and in 0.8 mMB-CD (@), and at low surface coverage (b) in wa*)@nd in 0.8
mM B-CD (©).

The obtained spreading rates are listed in Tahle B pure water, the surface
coverage, and the associatag, did not affect measurably the spreading ratéoln
cases the rates were close to the value measurpdnded, non-backfilled samples,

as presented in Chapter 5.
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Table 6.1 Measured surface spreading rates of lissamineekdfully covered printboards

(high and low coverage) and on patterned printbmard

rates in water rates in 0.8 mM3-CD
(nm/s) (nm/s)
fully covered, high coverage 0.05+0.04 0.19G20.
fully covered, low coverage 0.07 £0.04 0.3+0.1
patterned printboard (Chapter 5) 0.02+£0.01 1031+

At a 0.8 mMB-CD concentration, a slightly higher spreading ra#es observed at low
surface coverage, which suggests a coverage- @gedependent spreading
mechanism under these conditions. However, on boiflormly covered printboards,
the spreading rates were significantly lower thhe tate observed on a patterned,
non-backfilled surface. This is a clear indicattbat spreading of the divalent guest
on the printboard is directional and is driven bye tCe; difference between
neighboring areas.

The effect of the binding strength on the multivélelynamics on surfaces was
studied by performing spreading experiments in tihlte intrinsic stability constant
of the guest moiety t¢-CD was varied. The intrinsic binding constait) (of a
simple, monovalent host-guest interaction is deirggthby the associatiorkyj) and

dissociation K4 ;) rate constants:

K = ai (6.1)

Two different strategies were used to chakgeone by changing the solvent while
studying the spreading of Ad-functionalized gueats] another in which the guest
moiety was the weaker binding ferrocenyl (Fc).

First, the spreading of patterned SAMs of lissarfide and lissamine-Ag was
studied in a methanol-water mixture. Addition ofsolvents, such as alcohols,
typically decreases the equilibrium constants afsgs with cyclodextrin® Since the

association is usually assumed to be diffusion+odiiet, lowering ofK; is expected
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to be accompanied by an increasekgf However, fluorescence and laser flash
photolysis experiments have shown that the eqiulibrconstant of xantonef+CD
complexes in the presence of alcohols decreasedthig with the observed
dissociation rate constark {;).** This led to the proposal that, in this case, atoh
molecules, in addition to filling the empty spadgeside the3-CD cavity, also provide
a shielding of the cavity by preferential solvatifrthe rim®?

Binding studies with tetra(ethylene glycol)-funct@ized adamantyl (linker-Ad; see
Chart 6.1) in aqueous solution using isothermaatidatn calorimetry (ITC) showed
that the binding constant of an individual adambant§CD interaction is 5.7 x 10
M (Figure 6.5; Table 6.2). This value closely reskembthe intrinsic binding
constant from the literature"® Calorimetric titration of linker-Ad witt-CD in 10 %

methanol gave a binding constant of 3.2 % 0" (Table 6.2).
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Figure 6.5 Data of heat evolution upon injection of an agueaswolution of p-CD and
resulting binding curves (markers) and best fitgefl to a 1:1 model from calorimetric
titrations of linker-Ad (1 mM) with-CD (10 mM) in water (a) and in a methanol:water
(10:90 v/v) mixture (b) at Z&.
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Table 6.2Thermodynamic parameters of the complexationrideli-Ad top-CD in water and
in a methanol:water (10:90 v/v) mixture, as deteediby ITC at 298 K.

methanol:water K 4G’ AH® T4S
ratio (MY (kcal/mol) (kcal/mol) (kcal/mol)
0:100 5.7 x 16 -6.5 -5.7 0.8
10:90 3.2x1b -6.1 7.1 -1.0

The surface spreading of the divalent lissaming-&ad the trivalent lissamine-Ad
on the B-CD-based molecular printboard was studied in 10n&thanol in water,
without backfilling. The spreading rate of the dera lissamine-Ad on thep-CD-
based molecular printboard in the methanol:wat@r9@) mixture (0.2 nm/s) showed
an increase of one order of magnitude compareketodlue obtained in the presence
of pure water (0.02 nm/s). Similarly, the spreadiate of the trivalent guest in the
same methanol:water mixture showed a spreading@fd&i€®3 nm/s, which is also one
order of magnitude higher than the spreading ragasared in the presence of pure
water. In conclusion, these experiments confirmlitptavely the expected behavior
that a decrease &f leads to an increase kfi and thus of the spreading rate.

In a second strategy, divalent molecules equippé&tl ¥errocene moieties were
patterned on the printboard and the spreadingeisgorce of water with and withoixt
CD was studied. Ferrocene forms inclusion complew#sp-CD with an equilibrium
binding constant of 1.1 x o1 1.2

Pattern evolution of lissamine-F@Chart 6.1) printed on the printboard, followed by
immersion water and in 0.1 mM and 0.2 nfMCD solutions, was investigated in
time. Imax Was decreasing in all cases, whilevas also slightly decreasing with time
(Figure 6.6). Surprisingly, no surface spreadingildobe observed. Apparently,

complete desorption dominates spreading for thesesy.
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Figure 6.6 Spreading of lissamine-gFon the molecular printboard: (@he plot and the linear
fit of Imax@s a function of time; (b) The plot and the lingaiof the peak widthw at half
maximum in function of time in differef-CD concentrations ) water, &) 0.1 mMp-CD
and ©) 0.2 mMB-CD.

6.3 Discussion

6.3.1 Thermodynamic equilibrium considerations

Binding of mono- or multivalent guests to tiffeCD printboard is a reversible
interaction governed by an intrinsic binding const@gee Equation 6.1). Competition
for guest binding with monovalent hosts in solutiofers additional equilibria.

All equilibria of lissamine-Ad witl3-CD SAMs in the presence of competiti#«CD

in solution are shown in Scheme 6.1. The monovaenilibria contain two solution

guest species (Gand GH)) and one surface complex 't and they describe the
interaction of lissamine-Ad witR-CD in solution (from top to bottom) and wiflx

CD at the surface (from left to right).
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I
G'H,
Scheme 6.Equilibria of the binding of lissamine-Ad {&o ap-CD at a surface (fiand to
B-CD in solution (H).

The binding constants can be expressed in termstrrfisic binding constants for
binding to a surface hosKj) and to a solution host{;). It has been shown
previously that the binding strength of a guesa f3CD from solution is equal to the
binding strength to $-CD of the surfacé, therefore a common intrinsic binding
constant K;) will be used here for all the involved equilib(i&cheme 6.1) as shown

in Equation 6.2:

| |
Ki=K =K, = [CIS H] _ [(? H, (6.2)
[G'TOH.] [G']OH,]
where[H{ represents the unbound, surface-confined hostectration andH|] the
concentration of unbourffCD cavities in the solution. The equilibrium ccansts are
expressed in terms of volume concentrations (in M)ng the fixed volume of the

experimental cell to calculate the concentratidithe surface species.
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The extension of the monovalent binding scheme tlivalent system requires the
introduction of the paramet€.s. Scheme 6.2 depicts all equilibria for the segaént
divalent binding of lissamine-Adto B-CD SAMs and top-CD in solution. The
equilibria contain surface species as a consequanngeraction of the divalent guest
(G"Y with surface-confined hosts (from left to righand solution species upon
interaction withp-CD in solution (from top to bottom). The sequelbimding events
in the solution and at the surface are considegedlend independeft?

T ox 7 ouek T

L, — .,
¢ °E G G gg" °1°

¢ % ‘hopping’ 5% ‘walking’ e
GH GHH GH(HS)2

2K. K;
:?z Ki ~t.=!v
A — N

G'H, G'HH,

J'g(,

uSc OIu
ui lo

& @
G'(H),

Scheme 6.Zquilibria for the sequential binding of the dieal lissamine-Ag(G") to thep-
CD printboard and t8-CD in solution.
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The first, intermolecular binding event of lissagAd, to a host is given by Equation
6.3:

_ [G"H] _ [G"H]
TI6"IOH.]  [G"1OH,]

(6.3)

The second, intramolecular, interaction at thetpdard surface is the product k&f
andCeg. The concentration of accessible, unbound hoss it the probing volume of
the unbound guest moiet{.s, is dependent on the coverage of free host dités.
equal to the limiting value reached at infinitelpwl surface coverageCésmay
multiplied by the fraction of unbound surface hsigts (Equation 6.4)*°

elun (6.4)

eff = eff,max
[H s]tot

Previous studies with a divalent bis-adamantylx¢&larene guest with flexible
tetra(ethylene glycol) linkers have found 0.2 Maasapproximate value f@es max

The equilibria of the trivalent lissamine-Ado the printboard contain surface and
solution species (Scheme 6.3) and the transitiomfthe fully surface-bound form
(top row, right end) to the form where the trivalgmest &' binds only to solution
hosts (most left column) is abundantly represebiteslarious surface-bound forms of

the trivalent guest.
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Scheme 6.Fquilibria for the sequential binding of the trigat lissamine-Ag(G") to thep-
CD printboard and t8-CD in solution.

Schemes 6.1-6.3 represent all species that camelser, as well as the elementary
association and dissociation steps. ‘Walking’ idirsk®l as the dissociation of a
surface-bound site of a multivalently bound gugscges and its re-association to
another free host site on the surface. It can thexenly occur for multivalent guests,
according to the steps indicated in Schemes 6.26ahdHopping’ is defined as the

dissociation of the surface-bound site of a moreidy bound guest species and the
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re-association of any available site of the moledol another free host site on the
surface. The dissociated guest molecule with adtleae unsaturated site diffuses
close to the printboard surface and travels a nmsth length determined by its
lifetime. Binding of all free sites of the dissa&d guest molecule tB-CDs from
solution initiates the complete desorption followby re-adsorption mechanism,
where the fully saturated guest molecule diffuses the bulk and after the stochastic
re-approaching to the printboard surface and diggon of ap-CD moiety from the
solution, the association to a free host site ernstirface can occur.

The initial aim was to calculate the concentratiohall species as a function of the
CD concentration in solution to verify whether tdsnin the concentrations of the
species could be related to the observed trendheofspreading rates. Since the
observed spreading phenomena take places overotireecof minutes and hours,
while the elementary dissociation opaD-guest interaction is in the orderys-ms,

it is assumed that very close to the surface,palties are locally in thermodynamic
equilibrium.

Assuming equilibrium close to the surface in a eystsimilar to the experimental
setup, where 8-CD printboard homogeneously covered with a guéddl $s placed

in a solution with or without nativg-CD, the equilibrium concentrations of all
species present in the system can be calculateslinisg that the fregd-CD
concentration in solution close to the surfacegsat to the freg8-CD concentration
in the bulk (for which[H|] = [H ]« See 6.3.1), the combination of the equilibrium
constant definitions with the mass balances for thial surface-confined host
concentrationfHd«« and the total guest concentration (for mono-,adid trivalent
systemdG']1or, [G"] 1ot and[G"]iat, respectively) gives numerically solvable sets of
equations. Printboard surfaces before immersiowater (with or withoutp-CD),
with 90 % of surface-confine@-CDs bound to guest moieties (the printed guest
SAMs were rinsed with water and therefore 10 % tdsthe guest moieties from the
surface is assumed) were used to simulate the iengr@al conditions, and calculate
the equilibrium concentrations of all species foe& mono-, di- and trivalent systems.
Spreading of the monovalent guest is realized tseguence of events including
desorption of &1s from the printboard to form 'Gvhich after a certain stay in the
solution readsorbs to the surface. Formation '¢f, @icreases the time of stay in the
solution, and thus the diffusion length, becausy after the dissociation of '8, re-

adsorption of Gto the surface can take place. Figure 6.7 showscticulated
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concentrations of all species in the monovalentesyg Scheme 6.1) as a function of
the p-CD concentration in solution. In pure water, offippping’ of the guest (s

— G — G'Hy) can contribute to spreading (which is here inmmiigtishable from the
regular desorption and re-adsorption). Becausectreentration of both species
contributing to hopping (Bls and G) are decreasing upon increase of fRED
concentration in the solution, the increased spngadate can be assigned to
desorption and formation of By, which is increasing in concentration (Figure 6.7)
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Figure 6.7 Equilibrium concentrations of lissamine-Ad'{Gpecies at the surface (a) and in

solution (b) as a function of tfleCD concentration in the surrounding solution.

Spreading of the divalent guest occurs accordindifferent spreading mechanisms
as a function ofH ], as already qualitatively indicated in Chaptehbpure water,
only walking and hopping can occur. ‘Walking' (Some 6.2) starts with the
dissociation of one guest site of'(s), while ‘hopping’ involves a similar
dissociation step of s Because the intrinsic attempt frequency of thesatiiation

of G'(Hy); is twice as likely and the concentration df(Bs). is more than two orders
of magnitude larger, ‘walking’ is most likely thenlg spreading mechanism under
these conditions. Upon increase[Hdf] o, the concentrations of both species involved
in walking (G'(Hs)> and G'Hg) decrease monotonously (Figure 6.8a), indicatireg t

the observed increase in spreading rate is caysaddiher mechanism.
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Figure 6.8 The variation of equilibria-concentration of lissiae-Ad, surface (a) and solution
(b), and lissamine-Adsurface (c) and solution (d) species on the médequrintboard as a
function of theB-CD concentration in the surrounding solution.

Desorption, involving &(H)),, is experimentally only observed [&t ]« > 1.5 mM.
Therefore, both the increase and the decreaseeddipg rate, observed at QK] (ot

< 0.8 mM and 0.8 qH|Jwt < 1.5 mM, respectively, must be explained by the
‘hopping’ mechanism. Figure 6.8a and b show cledhlg rapid increase of the
concentrations of the species bound to onarit that could contribute to ‘hopping’
(G"HgH, and G'H)), which can explain the observed spreading rateease up to 0.8
mM of H,.. However, their concentrations level off at hightef o, indicating that the
overall attempt frequencies are not able to explaenrate decrease ] > 0.8
mM. The decrease can potentially arise from theemse ofH{ which increases the
chance of rebinding of 8, to the surface, thus effectively reducing itstiifee and,
concomitantly, the average distance this speciemvels before rebinding.
Qualitatively, however, it seems unlikely that tless than 2-fold increase {iflg
over [H{]ot = 0 — 1.5 mM can explain fully the > 5-fold deean spreading rate
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observed betweeji ] = 0.5 — 1.5 mM. Most likely, the explanation needso to
involve the relative frequencies of rebinding tee $ame surface site (leading to
absence of spreading, amsuccessfutvent’) and tanothersurface site fuccessful
event’) (see below).

Figure 6.8c and d presents the calculated condemisaof all species involving the
trivalent guest () (Scheme 6.3) as a function of tfeCD concentration in the
solution. Many species (GHs, G"H, and @') have insignificantly low equilibrium
concentrations and their contribution to spreadiag be ignored. Thus, similarly to
the divalent system, ‘walking’ of the molecules sas the spreading in water
involving several surface-bound guest speciesydisated in Scheme 6.3. According
to the high affinity of the trivalent guest to thentboard, no desorption of'GHs)s
was observed experimentally within the studied leostcentration range and thus no
complete desorption followed by re-adsorption dbotes to the spreading. In
presence of low amounts @CD in the solution, the concentrations of species
involved in ‘walking’ decrease monotonously (Fig8ec), with the exception of
G"(Hy.H, and G'HH,. Dissociation and association of one guest sit6'¢Hs).H,
can contribute to the spreading of the trivalenietole. The rapid increase of the
concentrations of ¥Hy(H)), and G'(H)). can also contribute to the increase of the
spreading rate by a ‘hopping’ mechanism. Their lgqium concentrations are about
one order of magnitude lower thad't&H, and GH; in the divalent system. The
contribution to spreading of other species possiiilyolved in a ‘hopping
mechanism is minimal due to their significantly Ewequilibrium concentrations.
Thus, both ‘walking’ of & (Hs).H, and ‘hopping’ of & HgH/). may induce a
spreading rate increase at O[Mw: < 1.5 mM. The maximum in spreading rate
occurs at highegH ] ot than in the case of the divalent system, indicgtire need of a
higher amount of-CD in the spreading mechanism. This suggests'tiog@iping’ of
G"Hg(H)) is the main contributor to the spreading, becaisséormation requires a
higher concentration of Htompared to the equivalent'i&H, in the divalent case.
The decrease of the spreading ratdHatw: > 1.5 mM is possibly caused by the
reduced lifetime of the involved unsaturated speeaied the increased frequency of
‘unsuccessful events’ (see below).

In the presence of 10 % methanol in the surrounsaigtion, the binding strength of
an adamantyl moiety tp-CD changes with a factor of about 2 — 3, as shbwhTC

measurements with linker-Ad. The spreading ratéssdmine-Ad on the printboard
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is proportional to the concentration of & and kq; of an individual Ad -B-CD
interaction. A decrease &f causes an increase lgfi with the same factor (Equation
6.1 assumingks; is constant) and a similar increase [&"'HJ (Equation 6.3).
Therefore, the spreading rate may increase with stineare of this factor. The
observed spreading rate increase of one order ghitnge can thus be explained
with the weakening of the AB-CD interaction of only a factor 3, which is within
experimental error of the observed value.

6.3.2 A molecular picture of the ‘hopping’ mechanim

Spreading of multivalent molecules on the molecplamtboard via the ‘walking’ or
‘hopping’ mechanisms is realized by a dissociattep followed by an association
step. The spreading rate is determined by the émcy of those dissociation and
association cycles which end up in binding to défe surface-confined host cavities
(Scheme 6.4). No spreading occurs when the gusteddinds to thg-CD cavity

from which it originates.

l/@ _ﬁaiiﬁq
N / Unsuccessful event

l
=TT

\‘ seeﬁ

Successful event
Scheme 6.4Schematic representation of rebinding to the saméace site (unsuccessful

%
CUOEE — G

event) and to another surface site (successfultewsn ‘hopping’ of the divalent guest.
Dashed circles in the-CD cavities represent potentially bound guest tiese

Spreading by ‘walking’ or ‘hopping’ of a divalentugst (Scheme 6.2), and
analogously any multivalent guest, is a directigrakess, in which the probability of
the re-adsorption to the same or anotf&D is dependent on the coverage of the
printboard. The direction in which the moleculesven@s driven by the concentration

differences of the free surface-confined host sites
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It was shown in the previous section that an inseaf[G"H] and [G"HH]
indicates an increasing spreading rate by ‘hoppofghe molecules. However, the
spreading rate maximum and the following rate deswecould not be explained by
the equilibrium concentrations of the involved spsc which did not decrease
significantly. In this spreading mechanism, thetiihe of GH, has a significant
effect on the fraction of the successful dissosratind association cycles for which
binding to new hosts occurs. The longer the lifetiof the unsaturated'd,, the
higher is the chance to travel to a new surfacdioet host and thus the higher is the
fraction of successful cycles. The increas|ig] and[HJ have a direct lifetime-
reducing effect, because the probability to bindatmew available host becomes

larger. The lifetime of the unsaturated'®, is:

In2
=— 6.5
== (6.5)
Wherek is:
k: ka,i [IJH s]same+ka,i [IJH s]other+ka,i |:I]HI] (66)

Here, [H|] is the concentration of unbourfdCD cavities in the solution, while
[Hs] same@Nd[H ] other are concentrations of free surface hosts expexebyg the guest
locally, and thus resemble more closely.C

Assuming an average association rate constahk = 1¢ — 10 M's?, the calculated
lifetime is expected to be in the range of ns, Whatdows a few nm mean path length.
It has been confirmed by AFM that tHCD cavity lattice periodicity on the
printboard is around 2 nM.The travelled mean displacement during the lifetiof
G'H, decreases when decreases, therefore the fraction of successfrlesyalso
decreases. Upon further increaséhi i, although the concentrations of i&H, and
G'H, remain high, as well as the overall ‘hopping’ fieqcy, an increased fraction of
the involved guest moieties rebind to the host in, suppressing the observed
spreading rate. When tfCD concentration exceeds 2 mM, the lifetime dHG
becomes less important because most of the spimi®s by the dissociation of
G'(H)). (Scheme 6.2), and full desorption starts to taler the spreading.

102



Chapter 6

6.3.3 Diffusion of the guests from the surface intthe bulk

When aB-CD printboard covered with a SAM of guest molesule immersed in an
aqueous solution, desorption from the surface @ke tplace. The rate of this
desorption is mainly determined by the bindingraff§i of the guest molecules and the
surface coverage, and thus g on the surface, which determines the fractiorhef t
free solution species. As a function of valencywerage an@-CD concentration in
solution, a certain concentration of guest spe@esstablished near the interface
assuming equilibration is rapid. These concentnatican be calculated as described
above (see 6.3.1). The guest species in solutmmed near the interface upon
desorption, will diffuse into the bulk accordingfek’s laws of diffusion. Similarly,
when B-CD in solution is present, the desorption near ihmerface leads to
complexation of guest with Hand therefore, potentially, to depletion of ¢ar the
interface.

To evaluate: (i) whether equilibration near thesifdce is fast relative to diffusion
into the bulk, (ii) what the expected timescales &or desorption as a function of
valency, and (ii) whether depletion of, ik expected near the interface, model
calculations based on Fick’'s laws were perform@te maximum desorption rates
for all the guests can be calculated assuming that guest-covered printboard
functions as an infinite source of the free guesh¢entrations summed for all G{K
where n = 0 — fuy.

As an example, Figure 6.9 depicts the evolutiorthef concentration profile of the
solution species Gdesorbed from a lissamine-AGAM-covered printboard in pure
water. Upon increase @], the time dependence of these curves does nogehan
only the absolute values. The calculations show diffusion for > 1um takes > 1
ms, while equilibration occurs on the order of tifetime of an individual-CD-Ad
interaction, which is < 0.1 ms. This confirms tleauilibration is rapid compared to

diffusion.
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Figure 6.9 Diffusion profiles of G after its desorption from a divalent guest SAM-e®d

printboard in water.

The integration of the concentration profiles ofjife 6.9 gives the amounts of
desorbed guests per surface aiMdaafter timet. Figure 6.10 shows the calculated

maximum amounts (in mol/fnof desorbed guestM] after a time period of 1 h.
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Figure 6.10 Calculated amounts of desorbed mono-, di- andlgiwt guests after 1 h as a
function of thep-CD concentration in the surrounding solution. Boairce at the surface is

assumed to keep the concentration of solution spa®ar the surface constant.
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The guest concentration on the surface at 90 %rageeis in the range of 70
mol/n?. In pure water, the trends are as expected: th®wadent guest is desorbing
very quickly (order of seconds), while the divalgon the order of 0h) and
trivalent (~ 16 h) are stably anchored (see Figure 6.11). Howaygsn only small
concentrations of | the concentration of free guest species in smiutiapidly
increases (Figure 6.7 and 6.8). This (Figure 6sl@gests that the divalent and even
the trivalent guest, at relatively lofi#] would completely desorb from the surface
within the given timeframe. However, in real expgntal conditions the
concentrations of solution species near the interire rapidly decreasing when the
guest coverage on the surface is decreasing dudesorption. This effect is
exemplified in Figure 6.12, where the concentratidrihe divalent solution species
[G"], plotted as a function of coverage, decreases thithe orders of magnitude
upon the decrease of the coverage from 90 to 10H. significant decrease of
available solution species close to the surfacklaer the desorption rate and the
concomitant diffusion into the bulk, and thus quyckenhance the projected

timescales.
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Figure 6.11 Variation of M as a function of timg and valency. The calculations were

performed for a surface 90 % covered by guest mtdsdn pure water and the source at the

surface was assumed to keep the concentrationuif@wospecies near the surface constant.
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Figure 6.12 Calculated concentration of solution guest spe¢@¥ in pure water as a

function of the surface coverage.

For evaluating the effect of depletion of, Himilar calculations were used. From the
fact that the[H|w: is always the same or (much) higher than the fyaest
concentration formed near the surface, rapid rgpleaf 3-CD from the solution is
always expected, thus confirming the assumptioneraabve (6.3.1) thgH|] near
the surface is equal {bl|]«o: Of the bulk.

6.3.4 Computational modeling of multivalent surfacespreading

To complement the kinetic experiments, fully atdmisnolecular dynamics (MD)
simulations, including an explicit representatidritiee molecular printboard surface,
were used to explore the conformational spaceablaito strongly bound multivalent
dendrimers functionalized with ferrocene moiete. These simulations allowed to
describe the effective concentration of unboundsguieties at the printboard and
to estimate the likelihood of an additional bindimgeraction. Several nanosecond
MD simulations were performed with ferrocenyl-fuocalized 4} generation
poly(amidoamine) (GO-PAMAM-(FG) and f' generation poly(propylene imine)
(G1-PPI-(Fc)) dendrimers (Scheme 6.5) bound to tpeCD-based molecular
printboard. Although both dendrimers have four gnulips, MD calculations were
effectuated using a situation where these ferrdefeimgtionalized dendrimers bind to
the printboard with only one or two guest moietiesaccordance with experimental

observations?
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G1-PPI-(Fc),
Scheme 6.55chematic representation of a dendrimer with fguivalent end-groups using
two guest moieties from opposite-branch end-grqipeck and hollow) to bind to surface-
confined hosts (left); the structures of GO-PAMARNE), (upper right) and G1-PPI-(Fc)
(lower right).

The results showed that the monovalently bound GBERM-(Fc)4 has a higher
population of unbound guests at positions facifitathe formation of a divalently
bound complex by an additional binding interactionbound guest sites of both GO-
PAMAM-(Fc), and G1-PPI-(Fg)on the branch opposite the bound anchor were
closest to empty printboard binding sites. Mononal&0-PAMAM-(Fc), adopted a
surface-close orientation after approximately 3ohglynamics and core:printboard
interactions dominated for ~70% of the remainings7 with distances of 1.5 — 2.0 A
between a dendrimer core proton and secondary kyidoaygens at the entrance to
the 3-CD cavity, “localizing” the dendrimer at the pttiatard. The more compact G1-
PPI-(Fc) maintained a cor:CD interaction for ~80% of its 10 ns trajectorydeso
unbound G1-PPI-(Fglanchors remained exclusively at one side of tirehward.

The monovalent GO-PAMAM-(Fg)placed in a partial unbinding position showed the
movement of the released anchor to the peripherythef dendrimer binding
hemisphere (in about 0.5 ns) and then re-approatthéte printboard (a further 2.0
ns). This supports the ‘walking’ mechanism for nwallent dendrimer surface-
spreading at low solution3-CD concentrations, involving switching between
monovalent and multivalent states and minimizingnpkete unbinding to bulk

solution.
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As a support of the ‘hopping’ mechanism, coarséng molecular dynamics
simulations with monovalently bound G1-PPI-(F@n the molecular printboard
showed that the dendrimer can dissociate fromdhiacse and diffuse short distances

above the printboard before rebindirig.

6.4 Conclusions

The intrinsic binding kinetics of a single guest ietp to a p-CD cavity, the
equilibrium concentrations and the lifetime of taive species influence the surface
spreading rate of a multivalent guest molecule be B-CD-based molecular
printboard. The directional spreading is @g+driven process. The thermodynamic
overview of the monovalent equilibria was succestextended to di- and trivalent
systems with the use of the theoretical paramégy allowing the numerical
calculation of the equilibrium concentrations. Téesquilibrium concentrations can
explain the ratencreasebut not thedecreasefor multivalent spreading rates. The
lifetime decrease of the unsaturated guest in th&isn causes a decreasing mean
displacement and a lower fraction of successfukalimtion-association cycles
explaining the spreading rate decrease by a ‘hgppnechanism at intermediafe
CD concentrations.

The molecular understanding of the kinetics of malent interactions on surfaces
offers an increased insight into recognition prgesson biological cell membranes

and new strategies for the design of pharmacewgats based on multivalency.

6.5 Experimental

Synthesis. All starting materials are commercially availabdead were used as
received. Linker-Ad, linker-Aglwere synthesized according literature procedtires.
Lissamine-F¢ was synthesized by Henk Dam. The synthesis of-[H{&2-
aminoethoxy)ethoxy]ethylJamino]carbonyl]-ferroceras been described befdre,
we used, however, a modified procedure which cthss only two steps starting
from the commercially available (Fluka) 11-Azid®@®-trioxaundecan-1-amine and
ferrocenylcarbonyl chloride, giving [[[2-[2-(2-andthoxy)ethoxy]ethyl]-
amino]carbonyl]-ferrocene in 75% yield. 5-[(tert4loxycarbonyl)amino]isophthalic
acid was then synthesized starting from the comiai@rcavailable (Aldrich) 5-

aminoisophthalic acid according to a literaturecedure in 74% yield The obtained
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diacid was subsequently converted to its diacylitido In the'H NMR spectrum
from the diacylchloride the two peaks coming frdra phenyl protons were shifted to
lower field with respect to the phenyl protons frtme diacid. The diacylchloride was
then coupled with Fc-PE@H; giving the divalent ferrocenyl linker. The cougjiof
Fc-PEGNH, with lissamine rhodamine B sulfonyl chloride wasfprmed according

to the procedure described in Chapter 5.

[[[2-[2-(2-Azidoethoxy)ethoxy]ethyllamino]carbonyl]-ferrocene. A suspension of
11-azido-3,6,9-trioxaundecan-1-amin@..56 g, 7.14 mmol),ferrocenylcarbonyl
chloride (1.78 g, 7.14 mmol) andKO; (4.9 g, 35.7 mmol) was stirred at rt in 40 ml
CH.Cl, for 15 h. The K,CO; was filtered over celite. Evaporation of the vibdast
afforded a red brown oil which was subjected touowl chromatography (eluent
CH.Cl,/MeOH, 14/1) yielding the product (2.30 g, 75%)aadark red oil'H NMR
(ppm): 8 = 6.23 (1 H, bs, NH), 4.68 (2 H, s, Fc), 4.33 (2sHFc), 4.2Q5 H, s, Fc),
3.70-3.58 (16 H, m, NHB,CH,OCH,CH,0-), 3.38 (2 H, tJ 5.1, CHCH.N3). *C
NMR (ppm): 6 = 170.5, 167.9, 72.92, 72.68, 71.02-69.95, 685885, 39.45.
MALDI-TOF-MS m/z= 430.3 [M[, calcd. 430.3.

[[[2-[2-(2-Aminoethoxy)ethoxy]ethyl]amino]carbonyl]-ferrocene. 11-Azido-3,6,9-
trioxaundecan-1-ferrocenylamide (1.81 g, 4.20 mma@ps hydrogenated under 1 bar
of Hy(g) atmosphere by stirring for 5 h atint 50 ml methanol with a catalytical
amount of 10% Pd/C. The catalyst was removed bwatiibn over celite. Evaporation
of the volatiles yielded the pure product as aodl.64 g, 97%).The results of the
analytical analysis'd NMR and mass spectrometry) corresponded with ddie

described in literatur®,

N-[3,5-bis[[[2-[2-(2-Aminocarbonylferroceneethoxy)ehoxy]ethyl]-1-ylamine]-
carbonyl]phenyl]-,1,1-dimethylethylester. 5-[[(1,1-Dimethylethoxy)carbonyl]-
amino]-1,3-benzenedicarboxylarid(1.22 g, 4.35 mmol) was suspended in a mixture
of toluene (70 ml) and DMF (0.5 ml), to this wasdad pyridine (4.2 ml) and
oxalylchloride (1.49 ml, 17.4 mmol). After stirritge mixture for 7 h at rt the formed
precipitate was removed by filtration, the residuas washed with toluene. The

volatiles of the filtrate were evaporated undemcsdl pressure at rt to give 1.30 g of
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N-[3,5-bis(chlorocarbonyl)phenyl-,1,1-dimethylethster which was directly used
without further purification due to its hygroscopgicoperties.The diacid chloride
(0.086 mg, 0.27 mmol) was dissolved in 0.5 ml pyead to this was added a solution
of [[[2-[2-(2-Aminoethoxy)ethoxy]ethyllamino]carbglj-ferrocene (0.219 g, 0.541
mmol) in 0.5 ml pyridine and 1 ml DMF. The resudiirolution was stirred for 32 h at
rt. After the volatiles were removed under redupeessure at rt, the residue was
taken up in 20 ml CkCl, and washed (3 x 10 ml,8). The organic layer was dried
with MgSQ,. Evaporation of the solvent gave 0.126 g of a oddwhich was
subjected to column chromatography (eluentCilMMeOH, 9/1) yielding the product
(0.025 g, 9%) as a red otH NMR (ppm):3 = 8.04 (2 H, s, PhH), 7.93 (1 H, s, PhH),
7.21 (2 H, s, NH), 6.49 (2 H, s, NH), 4.69 (4 H) 1.8, Fc), 4.29 (4 H, s, Fc), 4.17
(10 H, s, Fc), 3.74-3.58 (28 H, m, NHgCH,OCH,CH,0), 3.52 (4 H, tJ 5.4,
(CHzNHC(O)Ph), 1.51 (9 H, s, NHC(O)C&)s. **C NMR (ppm):5 = 170.6, 166.7,
152.9, 139.4, 135.6, 120.2, 120.0, 70.52-70.1078968.24, 40.02, 39.30, 28.36.
MALDI-TOF MS m/z= 1055.6 [M[, calcd. 1055.7.

[3,5-bis[[[2-[2-(2-aminocarbonylferroceneethoxy)etbxy]ethyl]-1-
ylamine]carbonyl]lphenylamine  (Fc-PEGNH2).  N-[3,5-bis[[[2-[2-(2-Amino-
carbonylferrocene-ethoxy)ethoxy]ethyl]-1-ylaminejrbonyllphenyl]-,1,1-
dimethylethyleste(0.050 g, 0.047 mmol) was dissolved in £ (1 ml). Slowly a
mixture of TFA (0.11 ml) and Ci€l; (0.5 ml) was added at rt. The resulting mixture
was stirred at rt for 220 min. The mixture was @t with CHCl, ( 10 ml) and
washed (2 x 5 ml 0.1 M NaOH)The organic layer was dried with MgiO
Evaporation of the volatiles at reduced pressuve @a051 g of crude product which
was subjected to column chromatography (eluentC¥MeOH, 10/1) yielding the
product (0.025 g, 55%) as a red Ot NMR (ppm):8 = 7.54 (1 H, s, PhH), 7.23 (2
H, s, PhH), 6.94 (2 H, s, NH), 6.40 (2 H, s, NH;Q!(4 H, tJ 1.8, Fc), 4.31 (4 H, t,
J 2.1, Fc), 4.1910 H, s, Fc), 3.66-3.59 (28 H, m, NHEgCH,OCH,CH,0), 3.51 (4
H, t,J 5.4, ((H,NHC(O)Ph).*C NMR (ppm):& = 170.5, 167.2, 147.3, 135.9, 116.2,
114.9, 70.36-69.67, 68.84, 68.24, 68.13, 39.82&8MALDI-TOF MSm/z= 954.3
[M]*, calcd. 953.6.
[3,5-bis[[[2-[2-(2-aminocarbonylferroceneethoxy)etbxy]ethyl]-1-
ylamine]carbonyl]phenyllissamide (Lissamine-Fg). Fc-PEGNH; (0.072 g, 0.076
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mmol), lissamine rhodamine B sulfonyl chlorid.088 g, 0.151 mmol) and
diisopropylethylamine (DIPEA) (0.16 ml, 1.51 mmaijas dissolved in C¥Cl, (3
mL) and stirred at rt for 76 Hevaporation of the volatiles at reduced pressane g
0.305 g crude product which was subjected to colwhromatography (eluent
CH,Cl,/MeOH, 10/1) yielding 0.100 g of a purple oil casigig of a mixture of 70%
lissamine-Fg and30% Fc-PEGNH; (58% vyield of lissamine-F{ as judged from the
integration of the PhH peak at 7.89 ppm of the pobaénd that of the PhH of the
starting amine at 7.54 ppm. MALDI-TOF M®/z = 1494.6 [M] and 954.3 [M]
(amine), calcd.+ 1494.6 and 953.6.

Calorimetry. Calorimetric measurements were carried out usiMjcaocal VP-ITC

instrument with a cell volume of 1.4115 mL. Solasofor titration were prepared in
Milipore water and in 10 % methanol containing amuge mixtures. Titrations were
performed by adding pL aliquots of a 10 mM3-CD solution to a 1 mM solution of

tetraethylene glycol-functionalized adamantyl.

Spreading experiments.Substrate preparation, microcontact printing ametading
experiments have been described in the previoupteh&hapter 5), and the same
procedure was used here. Backfiling with linker.Aeas achieved by immersion of
the samples in a 0.1 mM linker-Adqueous solution for 10 s. Low coverage of the

mixed divalent SAM was achieved by rinsing with®Qethanol in water for 30 s.

Theoretical calculations. Numerical calculations of the equilibtfaconcentrations
and the diffusion profiles were performed using llatsoftware. Values of 4.6 x 10
M for the intrinsic binding constant, 0.2 M for thximum effective concentration,
2 nm for thep-CD cavity lattice periodicity on the printboarddah0*® né/s for the
diffusion constant of the solution species wereduseperform the calculations.

MD simulations were performed by Damien Thompsoiatdall National Institute,
Cork, Ireland. The four-legged dendrimer molec@¥sPAMAM-(Fc), and G1-PPI-
(Fcl, were each built with protonated core aminesnukite the low-pH conditions.
B-CD molecules were then added to make dendrimetigward complexes. A 70 A
cubic box of water was overlaid, and waters ovgilagp the complex removed.

Periodic boundary conditions were assumed; i.e etitee 70 A box was replicated
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periodically in all directions, completely solvaginthe complex. Standard
CHARMM22 force field parameters were used fCD and the dendrimers. A
slightly modified TIP3P model was used for the watonds involving hydrogen
were constrained to their experimental lengths whién SHAKE algorithm, allowing
the use of a 2 fs timestep for dynamics. A CHARMMgram version c31b2 was
used for all calculations.

Ten nanoseconds (10 ns) of molecular dynamics per®rmed (for each system) at
constant, room temperature and pressure with a-Nos&er algorithm, following

100 picoseconds of thermalisation.
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Chapter 7

Self-assembled monolayers af-cyclodextrin derivatives

on gold and their host-guest behavior

Three sulfur-modified-CD derivatives formed ordered monolayers on goidases
as confirmed by water contact angle goniometry, ctedehemistry, X-ray
photoelectron spectroscopy and atomic force miapganeasurements. SAMs of the
adsorbates showed high polarity, uniform monolaggangement and low charge-
transfer resistance. Electrochemical capacitance asneements were used to
determine the binding affinity of aliphatic carbbéigyacid salts with four, six and
eight carbon atoms. The non-methylated cyclodexiost-guest pairs showed 1-2

orders of magnitude higher binding constants oriag&s than in solution.



Self-assembled monolayers of a-cyclodextrin derivatives on gold...

7.1Introduction

The molecular recognition ability of self-assemblewnolayers (SAMs) of host
molecules on surfaces offers a selective attachraedt accurate, but reversible,
positioning of molecule$.These characteristics are the main prerequistieghie
development of sensing applications and moleculect®nics®* A high degree of
order and packing in the host SAM is needed in otdeender the surface-confined
cavities identical for complexation and to minimizenspecific adsorption.
Cyclodextrins (CDs) are naturally occurring wateluble cyclic oligosaccharides
consisting of glucose units connected \wial,4-glycosidic linkage3® All the
naturally occurring CDsofCD consists of 63-CD of 7 andy-CD of 8 glucose units)
have a truncated cone shape with a hollow, tapeaeity.

Sulfur-modified CD derivatives have been used masly for the preparation of
SAMs on gold, and most of the work has been perarmvith B-CD and some with
a-CD derivatives. ! Perthiolated CD derivatives, in which all the paim hydroxyl
groups have been replaced by thiol groups, form SAMth a relatively poor
coverage, due to the multiple and strong thiol-galgraction which prevents self-
correction during SAM formation. Our group has atuced and extensively studied
SAMs of CD heptathioether derivatives on gbid® These molecules form well
ordered and densely packed SAMs exposing the sacpisities of the CD rings to
the solution. The cross-section of the supportitiylachains was estimated to be
larger than the cross-section of the CD ring, tesylin the complete filling of the
space underneath the CD headgroup, and thus ifggocain the monolayer of other
molecules was prevented. However, the dense algrlcan act as an insulator and
impede applications where electron transfer tofeord the gold surface is involved.
In this chapter, the SAM formation ability of suHmodified a-CD derivatives
without alkyl chains is investigated. The SAMs diree a-CDs with different
anchoring configurations have been characterizednbgns of water contact angle
goniometry, electrochemistry, X-ray photoelectrgedroscopy (XPS) and atomic
force microscopy (AFM). The host-guest complexatainthe host adsorbates has

been studied by electrochemical capacitance measuits.
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7.2 Results and discussion

7.2.1 Preparation and characterization of the CD SKMs

6",6°-Di-sulfanil-a-CD (1), a-CD-intramolecular disulfide2) and permethylated-
CD dithioether 8) were used as host adsorbates in this study (sag T.1).

o HO.
o OH ~o—
H O o
SH OH
HO %

OH

4

a —
\/ OH OH \/
. o HO \
- ﬂ . S/
OH%@LO o g\g/ k \M/
oH OH O\

/
3
Chart 7.1 Host adsorbates used in this study.
Monolayers ofl, 2 and3 were prepared by immersion of clean gold substrat®.1
mM adsorbate solutions, in ethanol, overnight abmotemperature. Table 7.1

summarizes the main characterization results.

Table 7.1Properties of the prepared SAMs.

SAM 010, Cni Rer XPS-S, AFM thickness
(H:0, degf  (F/m)P (Q)° (% S bound) (nm)®
1 26 /<10 0.21 400 77 0.7
2 23 /<10 0.15 110 81 0.7
3 69 /42 0.07 20 44 0.5

2 Advancing ¢.) and recedingé) contact angles of the monolayer with wateCapacitance
of the monolayer determined by cyclic voltammettyaascan rate of 0.1 V/s at -0.25 V.
Charge-transfer resistance of the monolayer deteuniby impedance spectroscopy.
Percentage of sulfur bound to gofdMonolayer thickness determined by AFM “molecular

ruler” experiments.
Contact angle goniometry provides information abitwt polarity of the SAM. The

low 6, of the SAMs of dithioll and disulfide2 indicates a polar surface, which is in

accordance with the hydroxyl groups of the rim o ICD exposed to the solution.
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Bis-thioether3 contains methoxy groups exposed to the solutiowl, thus shows
higherd, andé; values.

Cyclic voltammetry in an inert electrolyte was ugeddetermine the capacitance of
the monolayer*® If no electrochemical reactions occur in the aplpotential
range, it may be assumed that nonfaradaic procegsesn the changes at the
electrode-solution interface. The electrode adsaobs, resulting in an electrical
double layer, which provides a capacitance to tifase. This capacitance of the

electrical double layeiQy) can be calculated from the measured current sitten

Cy=—- (7.1)

wherei is the current intensityA is the area of the electrode ant the scan rate of
the voltammetry measurement. In the presence ofoaofayer on the electrode
surface, the additional capacitance of the monolé&®g) is significantly lower than
Cq. This system can be represented as a circuit ioongatwo capacitors in series;
therefore the total capacitance of the surfacegigketo Cy, (since 1Ci: = 1/Cy +
1/Cr)).

In Figure 7.1, the cyclic voltammograms of the gddSAMSs taken in 0.1 M SOy
electrolyte solutions are presented. The halvehef ¢urrent intensity difference
between the forward and the reverse scans in tlitanwmograms was used to
calculate the capacitance of the monolayers (Equatil).

The capacitance of a monolayer is related to tiecefe thickness, the dielectric
constant and the order of the SAMThe higheICy, of the dithiol1 samples suggests
less order or more water molecules present onithldSAM-covered gold surface.
Both 1 and2 showed capacitances similar to the value repdigeldaifer (0.11 F/rf)
for a monolayer of per-7-deoxy-(7-thif)eyclodextrin’ The decrease@y of 3 is
probably caused by the presence of additional mgtigroups which lowers the

dielectric constant d3.
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Figure 7.1 Cyclic voltammograms of the dithidl (dashed), the disulfid2 (black) and bis-
thioether3 (grey) SAM-covered gold electrodes. Supportingtetdyte was 0.1 M KSO,,

scan rate 100 mV/s

The ionic insulating properties of SAMs can be meed by electrochemical
impedance spectroscopyThis is an alternating current technique and usay
small alternating excitation amplitudes, the fragye of which is varied in the
presence of an electrochemically active speciese Tésulting current has an
amplitude and phase which differ from the appliedeptial. Impedance data are
represented as a plot of the real part of the irapeé Z.a) versus the imaginary part
(Zimag)™® (see Figure 7.2).

All tested samples showed low insulating properiiesomparison with long-chain
alkanethiol SAMs, which show resistances on thewoad several 8, suggesting that
Fe(CN)> / Fe(CN)* could easily access the gold surface. The resistafia SAM
of 3 toward the external ferro/ferri cyanide redox deupas the smallest, indicating a

high number of pinholes present in the monolayer.
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Figure 7.2 Nyquist plot of a SAM of dithioll determined by electrochemical impedance
spectroscopy in 1 mM Fe(CN)/ Fe(CN)* and 0.1 M KSO,.

XPS was used to determine the average ratio of daanunbound sulfur in the
studied SAMs-® Adsorption of sulfur to gold results in a shiftibaver energies of the
XPS signal. & sz and 9, 12 peaks from the sulfur signal were monitored, amel t
fitting with two double &, peaks was used to determine the fraction of bauwtfdr

(see Figure 7.3).
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Figure 7.3 S, region of the XPS spectrum of a SAM fon 20 nm evaporated gold (left:

five spectra,; right: fitting of the average spentju

Sulfur gives a very weak signal in XPS, especialhen SAMs of adsorbates with a
low sulfur fraction are used. The fit to the XP®ajpa of Figure 7.3 provides more an
approximate indication of the bound fraction rattiean a reliable value. The results

show that most of the adsorbate molecules use thethsulfur atoms to bind to the
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gold surface, which indicates a relatively ordememholayer where the CD molecules
expose their secondary sides to the solution. lBeether3 uses on average less
sulfur to bind to the gold, and thus indicatesss lerdered SAM.

“Molecular ruler® experiments were performed by AFM to determinettiekness
of the CD SAMs prepared by immersion in solutiorctglecanethiol (ODT) stripes
were microcontact printed on bare gold substratégshwvere afterwards immersed in
0.1 mM adsorbate solutions in ethanol to grow CDMS/An the free parts of the gold
surface. By measuring the height difference in- antside the ODT SAM areas
before and after CD monolayer formation, the thedshof the formed CD SAMs was

estimated (Table 7.1, Figure 7.4).
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Figure 7.4 Contact mode AFM height (a, c) and friction (b,iflages of a gold surface
patterned byiCP of ODT before (a, b) and after (c, d) immersigo a solution ofl.

A clear change in the height difference betweemnrgigr.4a and c is attributed to
SAM formation ofl on gold in the empty areas. The measured heidfareinces
suggested a monolayer thickness of 0.7 nm for twhdithiol 1 and the disulfide,
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which is in a good agreement with the dimensions @D molecule. Compoung
showed a SAM thickness of 0.5 nm.

The characterization of the CD monolayers sugdestisall studied compounds form
stable monolayers on gold. SAMs of dithibland disulfide2 showed better order
than SAMs of bis-thioethe3. The packing and the quality of all monolayersveh
to be good enough to perform host-guest complexatiodies on these SAMSs.

7.2.2 Complexation of guests at SAMs studied by capitance measurements

It was shown in the previous section that cyclittarometry in simple electrolytes
gives information about the capacitance of the rfay®v on the electrode surface. If
the monolayer is impermeable to the ionic specidbe electrolyte, it behaves like an

ideal capacitor with the capacitance given by tiation’**°

c =t (7.2)

whereeg is the dielectric constant of the SAM,is the permittivity of vacuum (8.9 x
10 F/m) anddes is the effective thickness of the SAM. Therefdhe capacitance of
a SAM increases with a decreasing separation betweselectrode surface and the
plane of the closest approach of ionic species ftben electrolyte det) and also
increases with the polarizability of the separatmgdium §). Intercalating water
molecules in the SAM have a significant influeneces@f the monolayer. During the
linear potential sweep of the voltammetry measurgnibe charging current is
independent of potential and electrolyte, and priigreal to the scan rafe.

However, SAMs of sulfur-modified-CD derivatives in the studied system can not be
considered perfectly impermeable to the ionic sgmeéin contrast to well-packed and
ordered alkylthiol SAMs}? due to the hollow structure of the molecules,absence
of an alkyl layer, and the possible defects in pagkThe increased permeability of
the monolayer causes a larger time dependence ohélasured current intensities and
thus larger capacitances for slower scan rdtés.

Complexation of guests to the surface-confinedtesvimplies the increase of the
effective thickness of the monolayer and possibdyises the removal of water
molecules present in the CD cavity. Generally, mation of ionic species through
guest-complexed cavities becomes less likely. Atdgoiest equilibrium, the surface

coverage of the guest is constant at unaltered guesentration. By increasing the

122



Chapter 7

guest concentration in the solution the coveragexjsected to follow a Langmuir
isothernm.? which is reflected by changes ®f,.

Potassium salts of butyric (GHICH,),-COQO) (ButA), hexanoic (Cht(CH,)4-COQ)
(HexA) and octanoic acid (GHCH,)s-COO) (OctA) were used as guests to study
the complexation to monolayershf2 and3 on gold. Isothermal titration calorimetry
(ITC) was used to determine the binding constantthef guests to native and
permethylated-CD in solution. ITC measurements with2 and3 were impossible
due to the low quantity of available adsorbate mualkes. It is assumed that
substitution of two hydroxyl groups at the primaige ofa-CD with sulfur hardly
influences the complexation propertiesloand2. The ITC titration curves of ButA,

HexA and OctA are presented in Figure 7.5.
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Figure 7.5 Data of heat evolution upon injection of an aquesolution ofa-CD and the
resulting binding curves (markers) and best fitgefl to a 1:1 model from calorimetric
titrations of (a) ButA, (b) HexA and (c) OctA (dllmM) witha-CD (10 mM) in 0.1 M KSO,

aqueous solution at 5.

Table 7.2 depicts the thermodynamic parametersir@atafrom the calorimetric
titrations of HexA and OctA witk-CD.
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Table 7.2 Thermodynamic parameters of the complexation-&fD to HexA and OctA, as
determined by ITC at 298 K.

SAM K AG AH TAS
(M (kcal/mol) (kcal/mol) (kcal/mol)

HexA 3.5x 10 -3.4 -4.9 -1.5

OctA 1.9 x 18 -4.5 -5.2 -0.7

No significant binding affinity of ButA te-CD was detected (K < 50). OctA showed
a significantly higher binding strength 6CD than HexA. ITC with permethylated
a-CD showed no binding affinity to any of the gue®ermethylation of CD breaks
the hydrogen bond arrays, reduces rigidity, andefioee could lead to collapse of the
cavity and loss of recognition abiliy.

Electrochemical capacitance measurements on SANIs2&nd3 were performed at
various guest concentrations. In all cases the entrrintensity i) in the
voltammograms showed a linear dependence on tineatay), independently of the
guest concentration in the electrolyte (Figure .7Td)e permeability to ionic species
of the CD SAMs causes significant current intensiigrease, and thus decrease of
Cmi, With increasing scan rates.

The capacitance of the monolayer was calculated fguation 7.1 and plotted as a
function of the guest concentration in the elegtml(Figure 7.7). As a reference a
SAM of 11-mercapto-1l-undecanol was used to testspexific adsorption of the
guests. The results are presented in Figure 7.7.

In the presence of a guest, the SAM surface idlaaton of free and bound cavities

in parallel. The overall capacitance is theref@suaed to be linearly proportional to

the coverage (because for capacitances in panaligs: C, = ZCi )-
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Figure 7.6 The plot and the linear fit of current intensitgasured for SAMs of dithidl as a

function of scan ratg in 0.1 M K;SOQ, and 0 mM @), 0.5 mM ©) and 5 mM A) HexA
solutions.
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Figure 7.7 Dependence ot (at a scan rate of 50 mV/s) of SAMs of dithio(a), disulfide2
(b), bis-thioether3 (c) and 11-mercapto-1-undecanethiol as a refergiide on the

concentration of HexA. The fit (solid lines) wasfopemed based on Equation 7.5.
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Therefore, assuming th&, changes linearly with the surface coverage ofginest
bound at the host SAM, the binding constant of ltbst-guest interaction on the
surface can be determined. The surface coverageheofguest ) on the CD

monolayer is expressed by Equation 7.3:

;- KIG]
1+[G]

(7.3)

whereK is the binding constant afi@] is the guest concentration in the solution.

The capacitance of the monolay&y is the coverage-weighed sum of the capacitance
of the free, unbound surface-confined CD cavit@&s ) and the capacitance of guest-
bound CD moleculey) ).

Cu=(1-0)C, ; +0[C, (7.4)
Combining Equations 7.3 and 7.4, and expresSin@s a function oK gives:

— le,b (K EHG] +Cm|,f

Variation of Cy, at increasing guest concentrations followed aroigdi®n isotherm
(see Figure 7.7a and b) in case of SAMs of compduandd?2 as a sign of host-guest
interactions on the surfaces. In case of SAMs efthioether3, the low absolute
changes ofC,, suggest nonspecific adsorption, and no affinity tiee guests were
observed (Figure 7.7c). Although some adsorptioH@&tA occurred on the reference
monolayer at lower guest concentrations, no adsorfgotherm following Equation
7.5 was observed on the 11-mercapto-1-undecan&Aldl (Figure 7.7d).

Fitting the experimentally obtained capacitanceu@alwith the help of Equation 7.5,
the binding constants of the studied guests to sbhdace-confined CDs were
determined (Table 7.3). Due to the permeabilityoiwic species of the studied CD
SAMs, the measured current intensities were inangag¢Figure 7.7), and the

subsequently calculated capacitances were decgeasin increasing scan rates, but
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the obtained binding constants did not show a faigmit dependence on the scan rate

within the 50-200 mV/s range.

Table 7.3Binding constantsK) of the interactions between the studied guestissanface-
confined1 and2 on gold determined by electrochemical capacitaneasurements

K
Guest (x 100 M
1 2
ButA 4.4 1.6
HexA 5.2 2.8
OctA 35 3.8

All values were obtained by averaging the bindingstants determined at 50, 100 and 200
mV/s.

Binding of the guests to SAMs of dithidland disulfide2 is characterized with high
and measurable binding constants in contrast t&#&is of bis-thioetheB where no
binding affinity could be observed. It is surprgjrthat higher affinity of the guests to
SAMs of 1 than SAMs of2 were observed. In comparison with the binding tams

in solution obtained by ITC measurements, it cancbacluded that the values
obtained on surfaces are significantly higher. firyi to the tendency of ITC
measurements, the increasing chain length of tlestgus associated with a higher
binding affinity to surface-confined hosts too. Téeeption from this tendency is the
binding of OctA, which may be a result of the sphtionfinement of the binding sites
on the surface and the blockage of one side otaélv@y. Similar effects were shown
before in case of host-guest interactions betwderoids with long aliphatic side
chains and CD heptathioether derivatives, wheréerdihces in complexation to
solution and surface-confined CD cavities were ol owing to the fact that the
large guests were complexed through the cavitg#msf in the cavitg: Although
host-guest studies, performed with some small maleow guests, showed that the
molecular recognition properties of heptathioettenivatives of3-CD were unaltered
by surface immobilizatiof:?* other studies obtained binding constants 1-2 erdér
magnitude higher than the values measured for ahesponding host-guest pairs in

solution*!
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Samples with SAMs of compountl were immersed in 2-mercaptoethanol (ME)
solution to cover any bare gold regions possibgspnt on the CD adsorbate-covered
surface with thiols in order to study the effectloé adsorption of the guest molecules
on those areas. Capacitance measurements in imgeagest concentrations of such
a mixed ME samples showed no significant change in theainbt binding
constants (Figure 7.8; faf/ME: K = 4.5 x 16 MY, indicating that only host-guest
interactions between the guests and CD cavitiethersurface are responsible for the

increasing guest coverage.
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Figure 7.8 Dependence of,, (at a scan rate of 100 mV/s) bf(a) and mixed/ME SAMs
(b) on the concentration of OctA obtained by eladte mical capacitance measurements. The
solid lines are fitted adsorption isotherms.

7.3 Conclusions

Sulfur-modified o-CD derivatives were used to prepare stable aneredd CD
monolayers on gold, and the prepared SAMs were ackenized with various
techniques. The change of the capacitance of th&S&fds was used to observe the
host-guest binding of various guests. Langmuir-tggdsorption isotherms allowed the
estimation of the binding affinities on surfacesichhshowed higher values than in
solution. The permethylated CD derivative showed indusion ability with the
studied guests.

Electrochemical capacitance measurements on hostoleyers without long,
insulating dialkylsulfide layers offer a novel metiology to investigate host-guest

binding events on surfaces and allow the determinatf the binding constants.
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7.4 Experimental

Materials. Compoundsl and2 were a generous gift of Dr Tomas Kraus (Institofte
Organic Chemistry and Biochemistry, Academy of Bcé of the Czech Republic,
Prague), compound@ was a gift of Dr Dominique Armsprach (Louis Pasteu
University, Strasbourg). All other chemicals arenoeercially available and were

used as received.

Monolayer preparation. Oxygen plasma-cleaned gold substrates were immersed
with minimal delay into a 0.1 mM solution df 2 or 3 in ethanol for 12 h at room
temperature. Subsequently, the substrates wereveghioom the solution and rinsed
with ethanol to remove any physisorbed materiatkBling of samples ofl with 2-
mercaptoethanol (ME) was achieved through immersian1l mM solution of ME in

ethanol for 1 min, followed by rinsing with ethanol

Monolayer characterization and instruments.Contact angles were measured on a
Krisss G10 contact angle setup equipped with a @@mera. Advancing and
receding contact angles were determined automitidating growth and reduction
of a clean water droplet by the droplet shape amaiputine.

XPS measurements were performed on a Quantera iBgaiaray Multiprobe
instrument from Physical Electronics, equipped vatimonochromatic Al i X-ray
source producing approximatly 25 W of X-ray powspectra were referenced to the
main C 1s peak set at 284.0 eV. A surface are@@d im x 300 um was scanned
with an X-ray beam about 30m wide.

Electrochemical measurements were performed irreetblectrode setup using the
SAM-covered gold plate as the working electrodedar 0.44 cfl), a platinum disc
as the counter electrode and a Hg/HgB8®@SE) as the reference electrodérigsos

= 0.62 V vs normal hydrogen electrode (NHE)). An AUTOLAB PGASITLO0
equipped with a frequency response analysis (FRAYuie for electrochemical
impedance spectroscopy was used for the measuren®ehtM KSOy, in water was
used for cyclic voltammetry.

AFM analyses were carried out with a NanoScopg\Beco/Digital Instruments,
Santa Barbara, CA, USA) Multimode Atomic Force Mmrope equipped with a J-

scanner, in contact mode by usingNgi cantilevers (Nanoprobes, Veeco/Digital
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Instruments) with a nominal spring constant of dath82 N m*. To ensure maximum
sensitivity for lateral forces in the friction f@amages, the sample was scanned at
90° with respect to the long axis of the cantilev&FM imaging was performed at
ambient conditions.

Calorimetric measurements were carried out usindiaocal VP-ITC instrument
with a cell volume of 1.4115 mL. Solutions for ation were prepared in 0.1 M
K,SOy in Milipore water. Titrations were performed bydath 5puL aliquots of a 10
mM a-CD solution to a 1 mM solution of ButA, HexA anad®.

Binding constant determination. The halve of the current intensity difference
between the forward and the reverse scans at Mi2%he voltammograms was used
to calculate the capacitance of the monolayerstingitand binding constant
determination was performed with a user-defined-livear curve fit algorithm based
on Equation 7.5 (Origin program version 6.1). Sapabinding constant values were
determined for each applied scan rate (50, 10®80dnV/s) and an average constant

was calculated from the obtained values.
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Summary

The focus of this thesis is on multivalent molecidalf-assembly on solid surfaces
studied both for fundamental reasons and techredbgpplications. Dendrimers with
thioether end-groups and sulfur-modifieetyclodextrins have been immobilized on
gold, and their monolayer formation ability has meghown. The low surface
spreading of the dendritic inks was successfullgduso transfer sub-micrometer
features on gold. Host-functionalized stamps weseduto achieve selectivity over
inking and control over transfer of specific, mudtient molecules by supramolecular
microcontact printing (8CP). The kinetics of multivalent interactions ornrfages
was studied by guest-functionalized fluorescentemales, which were attached to
covalently boundp-cyclodextrin B-CD) self-assembled monolayers (SAMs) on
silicon in the presence of free and competitivetdrosthe solution. The dynamics of
the multivalent surface spreading is disclosed bynitoring the change of the
patterned guest SAMSs in time.

A review about microcontact printinguCP) has been given in Chapter 2. The
spectacular evolution since the invention of theht®logy is presented illustrating
the development of new printing schemes with imprtbstamp and ink materials. An
additional increase of the applicability of th€P process was achieved through
surface treatment methods of the stamp and thrabgimical and supramolecular
interactions between the ink and the substrate.

Chapter 3 describes the preparation and developaigraly(propylene imine) (PPI)
dendrimers with thioether end-groups as inks fosifpe pnCP. Long (Go-S-Go),
medium (G-S-Cs-) and short (& S-G-) thioether end-groups were attached to second
and third generation PPI dendrimers. The dendrikis flattened upon adsorption and
form thin monolayers on gold. The multivalent sidfiattachment and the relatively
high molecular weight of these dendrimers ensuretdnmal lateral ink spreading and

thus optimal feature reproducibility. The spreadmges of the dendritic inks were
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found to be much lower than that of pentaerythtitttakis(3-mercapto-propionate).
Lines of 100 nm wide were faithfully replicated ithe third generation dendrimer
bearing medium (C3-S-C4-) end-groups.

Poly(dimethylsiloxane) (PDMS) stamps have beentionalized withp-cyclodextrin
(B-CD) receptors, as described in Chapter 4, to aehmontrol over inking and
transfer of specific molecules by supramoleculacrogontact printing (SCP).
Mono- and divalent adamantyl-functionalized ink swmlles were picked up and
transferred via molecular recognition by the sufaonfinedp-CD host cavities. A
selectivity of at least 4000 was shown upon exingca monovalent dye from a
solution containing other, nonbinding molecules.ifbhm, equilibrium-controlled
host-guest ink transfer was achieved upon conforoaktact between tw@-CD-
covered surfaces. A higher valency of the ink fawbe adsorption from ink mixtures
to the B-CD-functionalized PDMS stamp. It was proven thahast-functionalized
silicon dioxide surface covered with a host-guesidn ink monolayer can be used as
an efficient supramolecular inkpad to in34D-functionalized stamp, which offers
an increased control over the amount of appliednolecules.

In Chapters 5 and 6, the multivalent binding agrifeices is discussed from a kinetic
and thermodynamic point of view. Mono-, di- andvafent fluorescent guest
molecules were microcontact printed on fh€D-based molecular printboard, and
the kinetic stability of the patterned SAMs wasdsd by means of fluorescence
microscopy. In the presence of native host siteénsurrounding aqueous solution,
competition-induced surface spreading of the flasoemt molecules was observed.
Surface spreading appeared to be a directionaltafe molarity-driven, process. The
effect of the thermodynamic equilibrium concentmasi of the various species was
used to evaluate potential spreading mechanisnme patterns of the monovalent
guest showed a spreading rate of 0.9 nm/s in tesepce of water, which increased
when the native3-CD concentration was increased in the solutiore fonovalent
guest spread in both pure water $8D solutions by complete desorption followed
by re-adsorption. Experiments with the divalentsguedicated a lower spreading rate
in water (0.02 nm/s) in accordance with its higladfinity to the surface, and a
spreading rate maximum at 0.8 npACD in the solution was observed. Different
spreading mechanisms dominate the spreading ofdivedent guest at different
competitive host concentrations in the solutiorreggding by ‘walking’ in pure water,

by a ‘hopping’ mechanism in the 0-1.5 mPCD concentration range and by
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complete desorption and re-adsorption at high€D concentrations was inferred.
The lifetime decrease of an unsaturated guest epeoi the solution causes a
decreasing mean displacement and a lower fractiorsuocessful dissociation-
association binding cycles to other empty surfawafined host cavities, which
explains the observed spreading rate maximum in ‘tio@ping’ mechanism at
intermediate B-CD concentrations. Trivalent molecules followed resuling
mechanisms similar to the divalent system generaligh significantly lower
spreading rates owing to the higher affinity to seface.

Monolayer formation ability on gold surfaces of ieais sulfur-modifieda-CD
derivatives was shown in Chapter 7. Results of watstact angle goniometry,
electrochemistry, X-ray photoelectron spectroscepyl atomic force microscopy
measurements showed that the adsorbates form mndod stable SAMs on gold.
Electrochemical capacitance measurements were teedetermine the binding
affinities of these SAMs with aliphatic carboxybeid salts with four, six and eight
carbon atoms. The non-methylatedCDs showed higher binding constants on
surfaces than in solution. The permethylate@D showed no detectable binding
affinity presumably due to the breaking of the logén bond arrays between
neighboring glucose units and the consequent cdlapthe cavity.

The results presented in this thesis reveal theptmoaty and some important
governing principles of multivalent molecular irdetions on surfaces. The adequate
affinity of the ink to the substrate and the simn#tous binding of multiple
functionalities are both useful parameters to bdligransfer nano-sized features. A
solution for the ink-spreading issue i€P is given by the use of heavyweight, low
spreading or host-guest interacting inks, upgradsoff lithography to a more
powerful nanofabrication technique. The fundamentalerstanding of the kinetics of
multivalent molecular self-assembly on surfacegla key role in the design of

more advanced nanofabrication schemes.
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Samenvatting

De focus van het werk dat is beschreven in dit fgaobeift is het aanwenden van
multivalente moleculaire zelf-assemblage op vagigeovlakken wat van belang kan
ziin voor zowel fundamentele wetenschappelike gstakken als ook voor
technologische toepassingen.

Dendrimeren, voorzien van thioether-eindgroepen, oetyclodextrines die met
zwavel zijn gemodificeerd, zijn gebruikt om monadagop goud te vormen waarvan
de stabiliteit werd onderzocht. De spreiding varmddedritische inkt was langzaam en
deze eigenschap liet het toe om sub-micrometectsiren op goud over te dragen op
een succesvolle manier. Stempels, gefunctionatiset gastheer-moleculen, zijn
gebruikt om de selectiviteit van het inktprocesvégbeteren en ook om controle te
verkrijgen in het overdrachtsproces van specifigheltivalente moleculen door
supramoleculair microcontact-printen (SpCP). De et@k van multivalente
interacties op opperviakken is bestudeerd met Ipebar fluorescente moleculen die
voorzien zijn van gast-functionaliteiten. Deze ncollen complexeren met covalent
gebonden B-cyclodextrines in zelfgeassembleerde monolagen sdgium. In
aanwezigheid van vrije en competitieve gastheeroutd® in de oplossing boven het
silicium-oppervlak werden de fluorescente moleculesbiel waardoor de dynamica
van de multivalente spreiding aan de opperviakliatveudig bestudeerd kan worden
door het volgen van de veranderingen van de gepegrde gast-monolagen in de
tijd.

In hoofdstuk 2 een literatuuroverzicht van micraeat-printen (LCP) weergegeven.
De spectaculaire ontwikkelingen sinds de ontdekking deze technologie, wordt
beschreven samen met de ontwikkeling van nieuwé&aden, verbeterde stempels en
inktmaterialen. Een verbeterde toepasbaarheid eam@GP-proces is bewerkstelligd

door oppervlaktebehandelingsmethodes voor stempelsontwikkelen en door
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chemische en supramoleculaire interacties tussedt &n opperviakken te
introduceren.

Hoofdstuk 3 beschrijft the bereiding en ontwikkelwvan poly(propyleen-imine) (PPI)
dendrimeren met thioether-eindgroepen als inkt \gaforuik in positief uCP. Lange
(C10-S-C10), middellange (C3-S-C4) en korte (C143-thioether-eindgroepen zijn
aangebracht aan tweede- en derde-generatie PPiideneh. De dendritische inkten
spreiden uit na adsorptie en vormden dunne monolagegoud. De multivalente
zwavelaanhechting en het relatief hoge moleculawight van deze dendrimeren
verzekerden een minimale laterale spreiding vanind® en dus een optimale
reproduceerbaarheid van de structuren. De sprssiggheden van de dendritische
inkten waren veel lager dan die van pentaerythr@tybkis(3-mercapto-propionaat).
Lijnen van 100 nanometer breedte zijn nauwkeurigegé&eerd met de derde-
generatie dendrimeren, met middellange eindgroepen.

Zoals beschreven staat in Hoofdstuk 4 zijn polydimisiloxaan (PDMS) stempels
gefunctionaliseerd met3-CD-receptoren, om de controle over het inkt- en
overdrachtsproces van specifieke moleculen te gggr(SUCP). Mono- en divalente
adamantyl-gefunctionaliseerde inktmoleculen zijrg@momen en overgedragen aan
opperviakte-gebondenp-CD-gastheerholtes via moleculaire herkenning. Een
selectiviteit van op zijn minst 4000 is aangetooiadextractie van een monovalente
kleurstof vanuit een oplossing die andere, nietidimde moleculen bevatte. Uniforme,
evenwichtsgecontroleerde, gastheer-gast-gemedieiakdeverdracht was mogelijk
door contact te maken tussen twe€D-bedekte oppervlakken. Een hogere valentie
van de inkt gaf aanleiding tot overwegend meer igudigovanuit inktmengsels aan de
B-CD-gemodificieerde PDMS-stempels. Er is aangetodat een gastheerdragend
siliciumoxide-opperviak, dat bedekt was met eenthgas-gast-gebonden inkt-
monolaag, kon worden gebruikt als een efficiéntraomleculair stempelkussen voor
B-CD-gefunctionaliseerde stempels. Dit proces boetheogde controle over de
hoeveelheid gebruikte inktmoleculen.

In Hoofdstukken 5 en 6 wordt de multivalente birgdiraan grensviakken
bediscussiéerd vanuit een kinetisch en thermodyswmmstandpunt. Mono-, di- en
trivalente fluorescente gastmoleculen zijn middeBP gestempeld op eghCD-
printplaat. De kinetische stabiliteit is bestudeaah de hand van gepatroneerde
SAMs met fluorescentie spectroscopie. In aanwemghvan een oplossing van

gastheermoleculen is de spreiding van de fluorescier moleculen op het opperviak
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bestudeerd. Oppervlaktespreiding bleek een dineetib proces gedreven door de
effectieve molariteit. Het effect van de thermodwyiszhe evenwichtsconcentraties
van de verschillende deeltjes werd gebruikt om @k spreidingsmechanismen te
evalueren. Lijnpatronen van monovalente gasteerieten spreidingssnelheid zien
van 0.9 nm/s in de aanwezigheid van water, wellendo naarmate dp-CD-
gastheer-concentratie in de oplossing toenam. Deowadente gasten spreidden zich
zowel in puur water als ook iprCD-oplossingen door complete desorptie gevolgd
door her adsorptie. Experimenten met de divalenésteg lieten een lagere
spreidingssnelheid in water (0.02 nm/s) zien, iereenstemming met hun hogere
affiniteit voor het oppervlak, met een maximaleespingssnelheid bij 0.8 mNM-CD

in de oplossing. Verschillende spreidingsmechanmsohemineren de spreiding van
divalente gasten bij verschillende competitievelyeer-concentraties in de oplossing.
Spreiding kan optreden ten gevolge van “lopen” umirpwater, ten gevolge van een
“hinkstap”-mechanisme voor concentraties tussen 0.8 mMp-CD en ten gevolge
van volledige desorptie en readsorptie bij hoge@D-concentraties. De afname van
de levensduur van onverzadigde gastdeelties in plessing veroorzaakt een
afnemende gemiddelde verplaatsing en een lagertefnzan succesvolle dissociatie-
associatie-bindingscycli in de richting van anddege gastheerholtes die zijn
gebonden aan het opperviak. Dit verklaart de waengen maximale
spreidingssnelheid in het “hinkstap”-mechanismeivalente moleculen volgden
spreidingsmechanismen die gelijkenis vertonen nadt divalente systeem. In het
algemeen waren de spreidingssnelheden signifieaeatr Idankzij de hogere affiniteit
voor het opperviak.

De vorming van monolagen van verschillende zwaeshadificeerde a-CD-
derivaten op goud is beschreven in Hoofdstuk 7.r&miltaten van contacthoek-
goniometrie, electrochemie, Rontgen-fotoelectromesmscopie en atomaire kracht-
microscopie-metingen lieten zien dat de adsorbateiorme en stabiele SAMs op
goud vormen. Electrochemische capaciteitsmetinggim zebruikt om de
bindingssterktes aan deze SAMs te bepalen voatiathe carboxylaten met vier, zes
en acht koolstofatomen. De ongemethyleardeD’s lieten an opperviakken hogere
bindingsconstanten noteren dan in oplossing. Hetegjeyleerdea-CD-derivaat liet
geen bindingsaffiniteit zien, waarschijnlijk omdde waterstofbrug-motieven zijn
verbroken tussen de naburige glucose-eenhederedmekan leiden tot verlies van de

moleculaire herkenningseigenschappen van de holte.
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De resultaten die zijn gepresenteerd in dit prdefEdonen de complexiteit en enige
belangrijke overheersende principes van multiv@lentoleculaire interacties op
opperviakken. De adequate affiniteitskeuze vaméeim relatie met het opperviak en
de simultane binding van meerdere functionalitezgm beide bruikbare parameters
om betrouwbaar structuren van nanogrootte overrageth op opperviakken. Een
oplossing voor het fenomeen van inktspreiding inPui€ gegeven door gebruik te
maken van hoogmoleculaire inkten of inkten met mol@re herkenning. Hierdoor is

“soft lithography” een krachtigere nanofabricagbtdek geworden. Het

fundamentele begrip van de kinetiek van multivadembleculaire zelf-assemblage op
oppervlakken speelt een sleutelrol in het ontwer@n vmeer geavanceerde
nanofabricagestrategieén.
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