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Heavyweight Dendritic Inks for Positive Microcontact Printing
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Poly(propylene imine) dendrimers with dialkyl sulfide end groups were prepared and developed as inks for positive
microcontact printing (€)uCP) on gold. Long (@H21—S—CioH20—), medium (GH;—S—C4Hs—), and short (Ch—
S—CH,—) dialkyl sulfide end groups were attached to second- and third-generation PPI dendrimers to create a family
of dendritic sulfides. The dendritic inks flatten upon adsorption and form monolayers on-t@CR was performed
on gold using commercially available poly(dimethylsiloxane) as stamp material-anthdecanethiol as etch resist.

The gold beneath the dendrimers was selectively etched away with an acidic r£{iNQurea solution to give the
positive copy of the original master pattern. The multivalent sulfide attachment and the relatively high molecular mass
of these dendrimers ensured minimal lateral ink spreading and thus optimal feature reproducibility. Contact times were
varied to analyze the spreading rates of the dendritic inks. The spreading rates of the dendritic inks were found to
be much lower than that of pentaerythritol tetrakis(3-mercaptopropionatg)CP with the new inks was extended

to submicrometer features. Optical microscopy, scanning electron microscopy, and atomic force microscopy were used
to characterize the etched samples. Lines with a width of 100 nm were faithfully replicated with the third-generation
dendrimers bearing medium {€S—C,—) end groups.

Introduction A DA B
The transfer of molecules to surfaces by means of microcontact '  Maswe
printing («CP) allows simple and efficient formation of mi-
crometer-sized patterdd,CP consists of bringing a “molecularly / 1 \
inked”, elastomeric stamp into conformal contact with a substrate
in order to form self-assembled monolayers (SAMs) on the surface Ink Ink
exclusively in the areas of contact between the stamp and the VIS DS
substrate. The SAM can pack and organize well enough to act
as a wet etch resist, as was first shown rieslkanethiols on >
gold12The pattern etched into the gold substrate is the negative
replica of the original master [negative microcontact printing, — o
(—)uCP; see Figure 1]. Although downsizing the features :
replicated by:CP would be very attractive for nanofabrication, | . m}:ﬂ , “Silk:nl
several difficulties have to be overcome to enter in the )
submicrometer range. The main limiting factors of downsizing il
the printed patterns are (i) the low mechanical stability of the 3
elastomeric stamp, which is prone to collapse and deformétion, +
and (ii) the lateral spreading of the ink molecules during printing,
when conformal contact is achieved between the stamp and the | Slkl:nl ; -j’i-“iﬁ——
surface® Several ways have been proposed to increase the "
mechanical stability of the stamp, which range from improving
the hardness of the PDM8r the application of alternative stamp 4
material$to introducing neywCP techniques, such as chemically v
Au
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patterned flat stamgsCatalytically active stamps have been  Scheme 1. Structure of the Second- and Third-Generation

developed to prevent ink spreadifigsing inks with increased Poly(propyleneimine) Dendrimers with Dialkyl Sulfide End

molecular weight or with multiple attachment points could reduce Groups

the spreading rate of the molecules, but on the other hand, that -

would be realized at the expense of order and etch resistance of o={

the formed monolay€ef o,
The extension of the«.CP methodology to positiveiCP

[(H)uCP; see Figure 1] has resulted in the possibility of pattern ﬁ—{

replication by printing a poorly etch resistant ##2?followed Lo ,,._/_/

by immersion of the sample in a second, etch-resistant adsorbate HN

solution, which fills the available areas and acts as a resist in the R ?
subsequent etching step. Itis an additional advantage)alGP & "
that one can use stamps with a high filling ratio to replicate /_/—/ _\—\

master features with a low filling ratio. Originally, pentaerythritol —\j
tetrakis(3-mercaptopropionate) (PTMP) was proposed as a ,,J‘:R
positive ink, because it forms a stable SAM on gold and copper,
is not replaced by etch resistamtalkanethiols [such as °=(""
n-octadecanethiol (ODT)], and does not provide significant etch R_{"/_/_z "
resistancél13

Dendrimers are highly branched, globular macromolecules
that represent excellent building block candidates for nano- }eﬂ
structured materials since, in contrast to most linear polymers, R
dendrimers have a well-defined molecular weight rather than a
broad distribution of molecular weight$.lt was shown that b n
amine- and hydroxyl-terminated poly(amidoamine) dendrimers °={
form stable, densely packed SAMs on gold, which are porous 0-( o =(‘
for electroactive specié8.Dendrimers were also used as inks ﬂ—\._\ e -
for (—)uCP when amine-terminated dendrimer SAMs were
patterned on silicon, creating 140-nm-wide dendrimer SAM lines 3=° 'S'
with 70-nm interline spacinéf e °

In this study we combine the high molecular weight of '}— z_/—/_n o
dendrimers with the affinity of dialkyl sulfides for gold and °
introduce a family of poly(propylene imine) (PPI) dendrimer- °3_g "
based dialkyl sulfides as positive inks fo€P on gold. Although F \—\_
the concept of “heavyweight” inks is not entirely néti’to use /_/—;
them as positive inks is innovative. Dendrimers with tertiary \x“

amine and dialkyl sulfide functionalities adsorb to gold with S,—I: _L\u—uﬂ—(
both the sulfur atoms and the amine céf&heir high molecular o \—> < °

mass and multiple sulfide attachment points to the gold surface °}_ﬂa’“\_ _{"
should reduce the lateral spreading during printing and limit the R A ! _? " r
exchange with molecules that form an etch-resistant SAM. Hence, g °=< °=(~'
in contrast to PTMP ) CP with dendritic inks tolerates a wide °~9‘_ R .
range of printing times and stamp aspect ratios. In addition, the ® m—)
open structure of the dendrimers should allow the access of
electroactive species to the surface through the SAM and "’)_o
significantly decrease the etch resistance. R
o S i R SO R 625,G3S R ClisSCil-
(7) (a) Csucs, G.; Knzler, T.; Feldman, K.; Robin, F.; Spencer, NLRngmuir (2-M, G3I-M R CH-(CH»)-S-(CHa Y-
2003 19, 6104-6109. (b) Trimbach, D. C.; Feldman, K.; Spencer, N. D.; Broer, G2:1..G3+l.  R: CHat CHydrS(CHy )y

D. J.; Bastiaansen, C. W. M.angmuir2003 19, 10957-10961.
(8) Sharpe, R. B. A.; Burdinski, D.; Huskens, J.; Zandvliet, H. J. W.; Reinhoudt,

D. N.; Poelsema, BJ. Am. Chem. S0@005 127, 10344-10349. Results and Discussion
12 S UL X-M.; Péter, M Huskens, J.; Reinhoudt, D. Nano Let2003 10 Synthesis and Monolayer CharacterizationDialkyl sulfides
(10) Liebau, M.; Huskens, J.; Reinhoudt, D.Aty. Funct. Mater2001, 11, with d'fferem chain length [I= long (CioH21—S—CyoH20—), M
147-150. o _ o = medium (GH;—S—C4Hg—) and S= short (CH—S—CH,—)]
20&1{2’3‘1‘3';’;‘3?28%5" Geissler, M.; Wolf, H.; Michel, & Am. Chem. Soc. \yare attached to second- (G2) and third-generation (G3) PPI
(12) Saalmink, M.; van der Marel, C.; Stapert, H. R.; Burdinskil.Bagmuir dendrimers according to a method already published by our
20(()‘1535% )1‘%1_6—3023'3 . ALHuSSeIn. M- de Jeu W. H.- Dedve: B groupl’? First, the n-alkylthiol was reacted with thev-bro-
a, rimpachn, D. C.; -hussein, ., de Jeu, . A e , broer, H H H H H
D. J.. Bastiaansen, C. W. NLangmuir 2004 20, 4738-4742. (b) Le@, M.-S.: mocar_boxyllc a(_:ld to for_m the thioether carboxylic _aC|d. Next,
Hong, S.-C.: Kim, D.Jpn. J. Appl. Phys2004 43, 8347-8348. the acid was activated with pentafluorophenol and dicyclohexyl-
ggg ‘IFNESE'L J. \AV-;ZTFI]"ey,'\;- %CEem-LMgterP-‘lr?% %/1, T119|§Fllgg- oL carbodiimide (DCC) and reacted with the amino-terminated PPI
okuhisa, H.; Zhao, M.; Baker, L. A.; Phan, V. T.; Dermody, D. L.; . . . . .. . X
Garcia, M. E.; Peez, R. F.. Crooks, R. M.; Mayer, T.MAm. Chem. So2998 by stirring ovgrmght in CHQ,l_S|x dendritic dialkyl sulfides
120, 4492-4501. _ were synthesized as shown in Scheme 1. The three second-
34&‘53)4;" H.; Kang, D. J.; Blamire, M. G.; Huck, W. T. Blano Lett2002 4, generation dendrimers (G2) with eight end groups and the three

(17) Liebau, M.; Janssen, H. M.; Inoue, K.; Shinkai, S.; Huskens, J.; Sijbesma, thlrd-generanqn dendr|m?rs (G3) with 16 e”q grOUpS. have
R. P.; Meijer, E. W.; Reinhoudt, D. N.angmuir2002 18, 674-682. different polarities according to the carbon chain length in the



7570 Langmuir, Vol. 22, No. 18, 2006 Perl et al.

= A

0.154 G3M

e

-

o
1

™ S5.0nm
0.05
0.00 oDT

Current (mA)
&

-0.10 1

-0.15+ @0 am

'o'zo'l'l'l'l'l'l'l'l’
08 07 06 05 04 03 -02 -01 00 01
Potential (V/MSE)

Figure 2. Heterogeneous electron transfer through third-generation

dialkyl sulfide dendrimer and ODT SAMs on gold electrodes. [Cyclic B
voltammetry in 1 mM Fe(CNJ~/Fe(CN)*~ and 0.1 M KSO,. The

scan rate was 100 mV§.

Table 1. Advancing @apov) and Receding @rec) Water Contact
Angles, X-ray Photoelectron Spectroscopy (XPS), and
Electrochemical Capacitance (Gi.) of Dendritic Dialkyl Sufide
SAMs on Gold Substrates

Oapv/Orec (deg) immersion

XPS
bound CwL
compd immersion printing S (%) (uF cnr?)

G2-S 57/14 82/33 41 28.1

G3-S 52/19 81/30 42 32.5

G2-M 64/24 76/30 25 19.6 C

G3-M 63/31 79129 27 174 1.0]
0.54

G2-L 58/20 77132 45 27.0
G3-L 60/19 77132 51 24.1

dialkyl sulfide end grouptH NMR, 3C NMR, MALDI-MS, and
elemental analysis data (see Experimental Section) are consistent 0.0~
with the expected molecular structures. 1
SAMs of the dendritic dialky! sulfides were prepared by two -0.5-
different methods: (i) by immersion of the gold sample for 12 )
hin a 10°° M dendrimer solution in ethanol and (ii) by printing A.0-
with an inked ¢ ~ 107> M), featureless PDMS stamp for 1 min. i
In both cases the samples were rinsed with clean solvent after 0 100 200 300  400LM 500
SAM formatlo_n toremove the excess of a_dsp_rbate. The variation Figure 3. AFM height (A), friction (B), and cross section (C) images
in dialkyl sulfide chain length did not significantly affect the  ofa gold surface patterned P (contact time 60 s) using G3-M
contact angle of the dendrimer SAMs. Dendrimer monolayers (c =5 x 1075 M in ethanol) and subsequently immersed in ODT
formed via printing showed higher contact angles than those (c = 10~ M in ethanol) for 5 s.
formed in solution (Table 1). The higher contact angle of the
printed monolayer suggests the transfer of low-molecular-weight @ shown by heterogeneous electron-transfer measurements.
PDMS fragments, in particular for the polar dendrimers G2-s Figure 2 shows the cyclic voltammetric currembtential
and G3-S. The hysteresis betweg, andfrec of about 36- responses for ODT and dendrimer SAMs on gold in 1 mM Fe-
40 for all SAMs indicates a disordered monolayer. (CN)e* /Fe(CN)*~ and 0.1 M KSO;. The well-ordered ODT
The percentages of sulfur bound to gold have been determinedSAM blocked the surface efficiently. The voltammograms of the
on the basis of thesgregion of the X-ray photoelectron spectrum dendrimer SAMs are distinctly different: the currents were much

of the dendritic dialkyl sulfide SAMs (Table 1). The attachment higher, showing efficient electrochemical reactions between the
to the gold surface is achieved, for example, with about four ferro-/ferricyanide and gold. There were no significant differences

sulfur atoms in the case of G3-M, and about six atoms in the casePetween the extent of electron transfer through different dendrimer
of G3-S. Assuming that more attachment points within one SAMS. All dendrimers SAMs allowed electrochemical reaction

molecule cause a flatter dendrimer conformation, the XPS resultsPetween the electrode and electroactive species in the electrolyte
are consistent with the ratio of the effective film thickness deduced Solution. X _
from the electrochemical capacitance measurements. Higher ~Molecular ruler” experiments performed through AFM

capacitance value€(, ) generally represent lower monolayer imaging confirmed that the dendritic dialkyl sulfides absorbed
thicknesse48 in a flattened conformation on the gold surface. The AFM height

The dendritic dialkyl sulfide SAMs on gold had much lower and friction images of a patterned gold surface with G3-M and

blocking ability against electroactive species than an ODT SAM, ODT are presented in Figure 3. The G3-M SAM was formed in
the dots, where the inked PDMS stamp and the gold surface were

(18) Porter, M. D.: Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem. contacted duringCP, and the ODT was assembled from solution
S0c.1987, 109, 3559-3568. on the uncovered areas surrounding the dots. The G3-M and the
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Figure 4. Images of etched gold patterns produced tyuCP
using G3-L (6x 1076 M in ethanol) as ink and ODT (10 M in
ethanol) as backfilling, followed by wet etching. The duration of
printing was 1 min and the dipping time in ODT was 15 s. The
sample was etched in an Fe(lll)/thiourea etching bth2.5 min
at45°C. (A) Optical microscopy; (B) scanning electron microscopy
(SEM); (C) AFM height; (D) AFM cross-section image.

ODT monolayers can be clearly differentiated in the friction
image (Figure 3B). The heightimage shows that the G3-M SAM
is appreciably thinner than the ODT SAM formed during 5 s
dipping. The thickness of aarderedODT SAM is about 2 nni?

but an ODT SAM assembled in gnb s may be significantly
thinner, which implies a nanometer or even subnanometer
dendrimer SAM thickness at most.

The advancing contact angle of the G3-M SAM printed on
gold and dipped in ODT solution in ethanolrfé s increased
significantly, from 79 to 103, approaching the water contact O ,
angle of an ODT SAM: 113! This increase suggests that the R -
voids present in the dendrimer monolayer are filled by ODT Figure 5. Scanning electron microscopy of etched gold patterns
molecules and increase the hydrophobicity of the surface. Produced by £)uCP using as ink (A) G2-M (1.6« 10 M in

- - . ethanol), (B) G2-L (10° M in ethanol), and (C) G2-S (3.8 10°®
mﬂ\gﬁ \fg\x;?fhzfr;h;s;t?ﬁg%g;h; Ac'j\indrlmer layer remamedM in ethanol). The duration of printing in all cases was 1 min, and

- ; a ) ) samples were dipped in ODT for 15 s and etched in an Fe(lll)/
Positive Microcontact Printing. The high molecular weight  thiourea etching bath for 2.5 min at 48. G2-S was printed with
of dendrimers, the low etch resistance of their SAMs on gold, an oxidized PDMS stamp.

and the fact that they are not easily replaced by ODT make the

dendrimers excellentinks foH)uCP. The SEMand AFMimages  inside the dendrimer: the protonation “swells” the dendrimers
of a patterned and etched 20 nm thick gold film on a silicon and makes the gold surface more accessible for electroactive
wafer are presented in Figure 4. The dendritic ink was printed species.

on a gold surface for 1 min with a PDMS stamp to form the  The (+)4CP experiments with the second- and third-generation
dot-patterned dendrimer SAM. After that, the sample was dendrimers with short dialkyl sulfide end groups (G2-S and G3-

immersed in ODT solution for 515 s. ODT formed an etch- ) were carried out using oxidized PDMS stamps. These inks
protective SAM on the remainder of the surface. The dendrimer gre rather polar and therefore assisted the extraction of polar,

SAM was not etch-resistant and the gold underneath was etchedow molecular weight PDMS impurities from the bulk of the
away to give the positive copy of the original master. stamp<°These impurities obscured the positive pattern formation
All dendrimers exhibited proper positive ink behavior, resulting  because of their etch-resistance on the gold surface. It is known
in islands where the gold was completely etched away (black that all plasma treatment methods significantly reduced the amount
dots in Figures 4 and 5). The surrounding matrix was backfilled of silicone-related material transferred during printing as com-
with ODT for 5—15s. The packing and quality of the ODT SAM  pared to untreated PDMS staniddndeed, after oxidizing the
was high enough to act as an etch barrier. An acidic solution of PDMS stamp surface, G2-S and G3-S were successfully used as
10 mM Fe(NQ)s, 15 mM thiourea, and 1.2% HCI at 4& was positive inks to replicate xm-wide features (Figure 5C).
found to be optimal for the selective etching of this systefhe Dendrimers G2-L and G3-L showed a low solubility in ethanol,
common alkaline etching solutions [1 M KOH, 0.1 M 320, while dendrimers G2-S and G3-S were too polar to use
0.01 M KsFe(CN)} and 0.001 M KFe(CN)] did not provide  conventional PDMS stamps. Therefore, dendrimer G3-M was
enough selectivity during the etching. The superiority of acidic selected to test the lateral spreading during printing and SAM

over alkaline etching baths and the high selectivity of acidic formation. This dendrimer has optimal solubility, medium
etching system in the case of PPI-based dendrimer SAMs is poarity, and high molecular weight.

likely a consequence of the protonation of the amine groups

(20) Graham, D. J.; Price, D. D.; Ratner, B. Dangmuir2002 18, 1518—
(19) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;  1527.
Nuzzo, R. GJ. Am. Chem. Sod.989 111, 321—335. (21) Langowski, B. A.; Uhrich, K. ELangmuir2005 21, 6366-6372.
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Figure 6. Plot of the width of the ODT-protected stripe area after
(+)uCP with G3-M and PTMP vs the printing time. After printing
the samples were immersed in ODT solution for 10 s, etched in an
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To test the spreading tendency during conformal contact of
the stamp with the surface of the dendritic inks, micrometer-
sized line patterns of G3-M were printed on gold with increasing
printing time. Subsequently, the samples were immersedin ODT
solution and etched under identical conditions. SEM was used
to characterize the etched surfaces and determine the width of
the ODT-protected gold stripes. The results of the printing with

i
G3-M were compared to the results of the same experiments

carried out with PTMP as positive ink (Figure 6). Any lateral III
spreading on the surface during the printing step led to an increase :

of the ink-covered area and, by necessity, to a decrease of theFigure 7. SEM images of etched submicrometer gold lines printed
available bare gold area that would be covered by the ODT with second-generation stamps prepared by capillary force litho-
SAM. In the case of line patterns, information about the lateral 9raphy?? The stamp was inked with 5 10->M G3-M; printed for
spreading could be obtained by measuring the line width. In 1 Min (A), 3 min (B), and 5 min (C); subsequently dipped in a“10

" . . . M ODT solution for 5 s; and etched for 2.5 minin an Fe(lll)/thiourea
Figure 6 the width of the ODT protected stripe area is plotted etching bath at 45C.
versus the printing time of G3-M and PTMP. The concentration
in weight of the inks was the same in both cases: 0.6 g/L. While
the G3-M/ODT system did not show a significant line width
decrease with time, the PTMP covered the entire surface within
5-min printing by lateral spreading. Figure 6 indicates that it is
not impossible to use PTMP as ink for submicrometer features
by carefully controlling the printing timé? but this requires a
time-consuming optimization of the printing process for each
stamp. Faithful submicron feature replication with the dendrimer
ink is much more straightforward than with the conventional
PTMP.

The spreading of G3-M on the surface was further investigated
by (+)uCP with PDMS stamps made by the combination of
capillary force lithography and replica moldiggStamps with
300-nm-wide trenches were prepared by this convenient and
inexpensive method. Even for a dendrimer printing time of up "~ ) - )
to 5 min there was no significant decrease in the width of E:A:g;rf (E'S hSAEéASITAai%eeCt);];ggI_nS:i_r\:\t/ilgge ?g%"r?]?ns mgg?ng%l%g
e T o e e oo oot N CDT i ethanol 5, i e hourea o 3 o 2.5
(Figure 7). '

To achieve even higher resolution of the replicated patterns, ink and ODT as the etch resist. It is evident from Figure 8 that

a silicon master with 100-nm-wide gratings/fn period) was  (4),CP with this heavyweight dendritic ink results in faithful
used to prepare PDMS stamps fer)(CP. Because+)uCP replication of features on the order of 100 nm.
provides inverse feature replication, a PMMA imprint of the

original silicon master was used as a master to prepare PDMS Conclusions
stamps. This feature inversion was necessary to provide the 100-
nm-wide gold feature after the-{uCP process. Figure 8 shows
the result of §)uCP experiments performed with G3-M as the

We successfully applied PPI dendrimer dialkyl sulfides as
inks for positive microcontact printing and demonstrated their
low spreading tendency on the surface during conformal contact
(22) Bruinink, C. M.: Peer, M.; de Boer, M.; Kuipers, L.: Huskens, J;  Petween the stamp and the gold surface. Well-defined submi-
Reinhoudt, D. NAdy. Mater. 2004 16, 1086-1090. crometer gold wires on silicon were fabricated by positive
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microcontact printing using stamps made from commercially H = 7.77, N= 12.10. Calcd: G= 52.74, H= 8.85, N= 13.57.
available PDMS and using acidic Fe(W@and thiourea-based ~ MALDI-TOF-MS: mvz = 3098 [M + H*]. .
etching solutions. The new inks will be useful when sub-100-nm ~ Microcontact Printing. Stamps were prepared from commercially

features should be replicated and fabricated by means ofavailable Sylgard-184 poly(dimethylsiloxane) (Dow Corning). The
microcontact printing curing agentand the prepolymer were manually mixed in 1:10 volume

ratio and cured overnight at 6@ against the master. The cured
stamp was pealed off from the master at the curing temperature.
Silicon masters with micrometer-sized features were fabricated by
Synthesis: All starting materials are commercially available and  photolithography. The silicon master with submicrometer lines was
were used as received. The pentafluorophenylesters of methyl-obtained from our NaPa partner AMO GmbH.
thioacetic acid and propylthiovaleric acid were prepared in analogy ~ Gold substrates were obtained from Ssens BV (Hengelo, The
to described procedurésThe synthesis of G2-L and G3-L have  Netherlands) as a layer of 20 nm gold on titanium (2 nm) on silicon.
been described elsewhereG2-S, G3-S, G2-M, and G3-M were  Before use, the substrates were treated with oxygen plasma, immersed
prepared in a similar way. The procedure for G3-M is as follows. in ethanol for 1 h, rinsed with water (Millipore) and ethanol, and

Experimental Section

Modification of Third-Generation Poly(propyleneimine) Den-
drimer with Medium Dialkyl Sulfide Chain (G3-M). The third-

dried with nitrogen.
All glassware was cleaned with Hellmanex Il (Helma GmbH &

generation amine-terminated poly(propyleneimine) dendrimer (206 CoKG) (sonicated in a 2% aqueous solution).

mg, 0.15 mmol) was dissolved in dry CH@# mL) and a solution

Before printing, the stamps were rinsed with pure ethanol and

of the pentafluorophenyl ester of propylthiovaleric acid (1.05 g, 3 dried in a filtered steam of nitrogen. The stamps were inked with
mmol) in 6 mL of CHCk was added to it. The solution was stirred g few drops of solution of the dendrimer in etharel Q-5 M). After

at room temperature for 2 days undes &tmosphere. After the  drying the surface of the stamps with nitrogen, conformal contact
reaction the brownish mixture was washed twice witicK (0.05 was achieved manually. In the case of micrometer-sized features the
M) and demineralized water (pk 7). The organic phase was  stamps were weakly pressed against the gold surface at the initial
concentrated and was added dropwise to stirred isopropyl ether. Thestage of the printing to induce the formation of conformal contact.
suspension was centrifuged and the solution above the oily andNo external pressure was applied during the printing of submicrometer

viscous precipitate was removed by decantation. Finally, the collectedfeatures.

product was dried in high vacuum. Yield: 561 mg (89%) yellowish

viscous liquid.

G3-M. H NMR (CDCls, ppm): 6 = 1.0 (48H, t, G3), 2.5 (64H,
t, SCHy), 2.3 (32H, t, CHCH,CO), 3.3 (32H, m, CONH#H,), 2.6
(84H, m, NCH,), 1.8-1.5 (156H, m;—(CH,),—), CONH not visible.
13C NMR (CDCk, ppm): ¢ = 173.5 (NHCO), 51.9 (NCH,CH,-
CH,CH2N), 51.4 (NCH,CH,CH2N), 51.0 (NCH,CH,CH,NH), 37.3
(NHCHy), 35.9 (CCCH,), 34.2 (CH,SCH,), 31.7 (CH), 29.2
(NCH,CH,CH:N), 25.0 (COCHCHy), 22.9 (CHCHy), 13.5 CH3).
Co16H43N30016516 (FW = 42190) Elemental analysis found:=€
60.53, H= 11.05, N= 10.07. Calcd: G= 61.49, H= 10.32, N
= 9.95. MALDI-TOF-MS: m/z = 4220 [M + H*].

G2-M. Yield: 940 mg (91%) as a yellowish viscous liquidH
NMR (CDCl;, ppm): 0 = 1.0 (24H, t, G3), 2.5 (32H, t, SEi,),
2.3(16H,t, CHCH,CO), 3.3 (16H, m, NHE&,), 2.8 (36H, m, NCH),
1.8-1.6 (76H, m;—(CHj),-), CONH not visible3C NMR (CDCl,
ppm): 6 =173.4 (NHCO), 53.6 (NCH,CH,CH,CH,N), 51.9 (NCH,-
CH,CH:N), 51.6 (NCH,CH,CH;NH), 37.8 (NHCH,), 36.3 (CCCH,),
34.5 (CH,SCH,), 32.0 (SCHCHy), 29.6 (NCHCH,CH,NH), 27.0
(NCH,CH,CHzN), 25.3 (CH), 23.2 CHy), 13.7 CH3). CioH20s
N140sSs (FW = 2039.4). Elemental analysis found: =€59.99, H
= 10.07, N= 9.17. Calcd: C= 61.25, H= 10.29, N= 9.61.
MALDI-TOF-MS: m/z = 2040 [M + H].

G2-S.Yield: 720 mg (78%) as a yellowish viscous liquitd
NMR (D20, ppm): 6 = 2.0 (24H, s, El), 3.1 (16H, s, SE,CO),
3.5(16H, m, NH®1), 2.5-2.3 (36H, m, NCH), 1.6-1.4 (28H, m,
—(CHy)n-), CONH not visible 13C NMR (DO, ppm): 6 = 172.5
(NHCO), 53.0 (NCH,CH,CH,CH,N), 51.3 (NCH,CH,CH_N), 50.6
(NCH,CH,CH_NH), 38.0 (NHCHy), 37.1 (CGCH), 25.3 (NCHCH,-
CH,NH), 23.6 (NCHCH,CH;N), 21.7 CHy), 15.3 CH3). CesH128
N140sSs (FW = 1478.3). Elemental analysis found: =€51.87, H
= 8.62, N= 13.39. Calcd: C= 51.99, H= 8.72, N= 13.26.
MALDI-TOF-MS: m/z = 1479 [M + H'].

G3-S:Yield: 298 mg (78%) yellowish viscous liquidH NMR
(D20, ppm): 6 = 2.0 (48H, s, Gi3), 3.1 (32H, s, SE,CO), 3.4
(32H, m, NHH,), 2.8-2.6 (84H, m, NCH), 1.7-1.5 (60H, m,
—(CHy)n-), CONH not visible 13C NMR (DO, ppm): 6 = 172.5
(NHCO), 53.3 (NCH,CH,CH,CH2N), 51.3 (NCH,CH,CH_N), 50.6
(NCH,CH,CHzNH), 38.1 (NHCH,), 37.2 (CGCH), 25.3 (NCHCH,-
CH,NH), 23.5 (NCHCH,CH;N), 21.8 CHy), 15.4 CH3). CizdH27~
N30016S16 (FW = 3096.9). Elemental analysis found: <€51.18,

The etching solution consisted of 10 mM Fe(N£ 15 mM
thiourea, and 1.2% HCI. Before evenCP experiment the freshly
prepared etching solution was kept at45in a warm bath for 10
min before the samples were etched.

Monolayer Characterization. Contact anglesvere measured
on a Krisss G10 contact angle setup equipped with a CCD camera.
Advancing and receding contact angles were determined automati-
cally during growth and reduction of a clean water droplet by the
droplet shape analysis routine.

XPS measuremenigre performed on a Quantera scanning X-ray
multiprobe instrument from Physical Electronics, equipped with a
monochromatic Al Kx X-ray source producing approximatly 25 W
of X-ray power. Spectra were referenced to the main C 1s peak set
at 284.0 eV. A surface area of 100 x 300u«m was scanned with
an X-ray beam about 10m-wide.

Electrochemical measurementgere performed in a three-
electrode setup using the SAM-covered gold plate as working
electrode, a platinum disk as counter electrode, and a Hg/HgSO
(MSE) as reference electrodeE®figgso = 0.62 V vs normal
hydrogen electrode (NHE)]. An AUTOLAB PGSTAT10 equipped
with a frequency response analysis (FRA) module for electrochemical
impedance spectroscopy was used for the measurements, and 0.1
mM K,;SOy, 1 mM KiFe(CN)Y/K4Fe(CN) in water was used for
cyclic voltammetry.

AFM analyseswvere carried out with a NanoScope 1l (Veeco/
Digital Instruments, Santa Barbara, CA) multimode atomic force
microscope equipped with a J-scanner, in contact mode by using
SisN4 cantilevers (Nanoprobes, Veeco/Digital Instruments) with a
nominal spring constant of about 0.32 N‘inTo ensure maximum
sensitivity for lateral forces in the friction-force images, the sample
was scanned at 9Qvith respect to the long axis of the cantilever.
AFM imaging was performed at ambient conditions.
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