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This paper describes a convenient methodology for the genera- S
Au

tion of patterned structures on the surface of a self-assembled l Wash with GHyCl

monolayer (SAM) of alkanethiolates on Au and Ag that combines C

microcontact printingCP) and chemical reactioh.A number | FOMS l

of reports have described syntheses of patterned structures on sy ity s <—  pHexadecylamine

preformed SAMs using chemical methods: These methods have QARA0MRRARARALERAL,

typically used either a photochemical pattern transfer step to RSN

produce micrometer-scale patteirfor atomic force microscopy Mixed SAM of acid

(AFM) to generate patterns at the nanometer stalélhese Hoonn D ncp / and N-hexadecyl amide

methods require alkanethiols that can be inconvenient to synthe- ) 0

size and are often not compatible with complex or sensitive or- \\’\Q\\\‘b\\\\\\\’\\(\’\\m\\\\\(\’\\(

ganic groups. In addition, photochemical methods and AFM Si

methods are difficult to use over large areas and on curved 10 MM CF4(CF2)sCHaNHy,

substrates. E l 1-methyl-2-pyrrolidinone, 30 min, rt
Microcontact printing 4CP) of alkanethiolates on Au and Ag Au «——  Mixed SAM of acid

i i i and N-C;F5CH, amide

is a general technique for patterning SAMs over large areas and

on curved surfacées.This method is compatible with a wide range _ Si_ )
of organic functionalities but does require separate synthesis of Figure 1. Schematic representation of the procedure for patterning a
each thiol that is to be patterned. Here, we demonstrate a new>M that presents two differei-alkyl amides usingCP and chemical
method to pattern SAMs that extends and simplifies conventional "€action- The diagram represents the composition of the SAM, but not
. - - . the conformation of the groups in it.
uCP and several applications of this method, including the ] .
synthesis of a patterned SAM on Au with regions presenting thiol SPectroscopy (SIMS) defined both the edge resolution and
groups: This type of patterned surface cannot be readily obtainedc0mposition of such patterned SAM (Figure 2). SEM images
using conventionakCP. We have used this surface to pattern indicate that the edge resolution of these squares was at submi-
the deposition of Au nanoparticles. crometer.scalez(loo nm}° and, although somewhat larger than
Figure 1 depicts this method. A reactive SAM presenting that obtained foruCP of alkanethiolates on Au~G0 nm);*
interchain carboxylic anhydrides was prepared using the procedure€ntirely adequate for many applications in microfabrication, and
described previously. A poly(dimethylsiloxane) (PDMS) stamp especn’:@lly |n.b|o.chem|stry and cell b|olog‘§/.The high contrast
with protruding features (squarest0m on a side) on its surface ~ @nd uniformity in the SEM and SIMS images (particularly in
was inked withn-hexadecylamine and placed in contact with the Figure 2D) suggest thaiCP delivered a well-defined pattern of
substrate for 1 min. The anhydride groups in the regions that "-hexadecylamine to the reactive SAM on both Au and Ag.
contacted the stamp reacted with amines and produced a mixed We estlmated_the yield of th_e chem_lcal reaction on Au carried
SAM comprising a~1:1 mixture of N-alkyl amides and car-  OUt by uCP relative to that .by immersion using two procedures:
boxylic acids The remaining anhydride groups in the uncon- First, we compared the ellipsometric thickness incredsy ¢f
tacted regions were allowed to react with another amine, the mixed SAM prepared byCP using a flat PDMS stamp to
CFy(CF2)¢CH:NH,, to give a patterned SAM having regions t_hat by immersion, assuming that the reaction yield was propor-
presenting\-hexadecyl amides and fluorinatéalkyl amides® tional toAh. We found thatAh of these mixed SAMs followed
All of these reactions were carried out under ambient experimental the empirical relationship betweekh of the mixed SAM and
conditions, and the complete procedufeom a SAM presenting the length of alkylamine that we derived previou3lyTable 1
carboxylic acids to a patterned SAMequired less than 1 h. shows thatAh of these two SAMs were the same, as were the

Scanning electron microscopy (SEM) and secondary ion masscontact angles of distilled, deionized watérThis result suggests
that the mixed SAMs prepared WCP and by immersion were

55((){);;?, Y.; Whitesides, G. MAngew. Chem., Int. Ed. Engl998 37, structurally similar. Second, we allowed these mixed SAMSs to
(2) Yan, L. Marzolin, C.; Terfort, A.: Whitesides, G. Mangmuir1997, react fu_rther_W|th CRCI_:Z)GCHZNHZ, assuming that the unreacted
13, 6704-6712. anhydrides in the regions contacted by the stamp would react

(3) Dulcey, C. S.; Georger, J., J. H.; Krauthamer, V.; Stenger, D. A.; Fare, with this amine to incorporate fluorine into the SAM. XPS study

T |(_4;) Svf)'ﬁﬁ{;nJ'EM'\f’vc.ie,?r‘fgtl)?eglcz%z.E\’,?,Eﬁf’(fh M. Sangmuir 1993 9 showed that such treatment introduced a weak F(1s) signal in

1517-1520. (9) The advancing contact angle of water on thes(CF,)sCH,NH.-
(5) McGall, G. H.; Barone, A. D.; Diggelmann, M.; Fodor, S. P. A.; modified SAM was 100, and the receding contact angle wa$.8e contact
Gentalen, E.; Ngo, NJ. Am. Chem. S0d.997 119 5081-5090. angles on a homogeneous SAM of llH,NHCOCH,SH weref, = 99° and
(6) Muller, W. T.; Klein, D. L.; Lee, T.; Clarke, J.; McEuen, P. L.; Schultz, 6, = 75° (Tam-Chang, S.-W., et aLangmuir 1995 11, 4371-4382); the
P. G.Sciencel995 268 272—-273. contact angle on a homogeneous SAM of ;@H,)SH was 6, = 118
(7) Xu, S.; Liu, G.-Y.Langmuir1997, 13, 127-129. Schoer, J. K.; Crooks, (Chidsey, C. E. D., et aLangmuir199Q 6, 682—-691).
R. M. Langmuir1997, 13, 2323-2332. (10) The edge resolution of the pattern was perhaps limited by the

(8) The reaction between alkylamines and interchain carboxylic anhydrides morphology of the polycrystalline gold substrate and the edge roughness of
generated a SAM presenting a mixture\Nséilkyl amides and carboxylic acids, the PDMS stamp.
and there were no detectable amounts of alkylamines physisorbed electrostati- (11) Biebuyck, H. A.; Whitesides, G. M.angmuir1994 10, 4581-4587.
cally to the carboxylates (see ref 2). We halirectly printedn-hexadecylamine (12) Mrksich, M.; Whitesides, G. MAnnu. Re. Biophys. Biomol. Struct.
on the SAM of carboxylic acid and found that the resulting patterns on the 1996 25, 55-78.
SAM of the acid were readily washed away using either acidic{pH) and (13) The values of contact angles for the mixed SAMs are independent of
basic (pH= 13) buffers; whereas, the patterns on the reactive SAM did not the pH values of the aqueous buffers used for measurement over the range of
change under these conditions. pH = 1-13.
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Figure 3. SEM images of (A) a patterned SAM presenting methyl groups
(white squares) and thiol groups; {I®) patterned deposition of Au
nanoparticles (white dots pointed by an arrow in D) in the regions that
present thiol groups. The background texture in D is the “islands” that
are formed on evaporating gold under the conditions we used. The mean
diameter of the Au nanoparticles wa20 nm.

by reaction with cysteamine (HSGEH,NH,). Patterned SAMs
presenting thiol groups cannot be easily prepared by conventional
COgH COgH uCP. The resulting patterned substrate was then immersed in an
agueous suspension of Au nanoparticles stabilized with citrate
anionst* SEM images show that the Au nanoparticles assembled
predominately in the thiol-presenting regions, and the width of
the border separating the region having adsorbed nanoparticles
from that having none was 100 nm.

We have also prepared SAMs presenting sulfonates and
20 pm 2 guanidines bI)]: aII'owin% tg;(rgac)ti\gasl_ﬁM t% react With 3-e};nino-
Figure 2. Characterization using SEM and SIMS of the patterned SAMs = Propanesufionic aci 2/3 and agmatine sulfate
ong Au (A—E) and on Ag (Fg and G) generated l’?);CP of n- (HaN(CHz),NHC(=NH)NH>-H,SQy). Patterned SAMs presenting
hexadecylamine on the reactive SAM followed by reaction wite(CF,)s- polar an_d charged terminal groups can be d.lfﬂcu't to prepare using
CH:NH,. The light areas in the SEM images were the regions that conventionaluCP:* For the SAM-presenting sulfonates, XPS
contacted the stamp. The light squares in SIMS image B contained Showed a signal at 168.5 eV; we assigned this peak to S(2p) of
nitrogen while the dark regions did not; the light regions in SIMS image 2 sulfonaté? and the advancing and receding contact angles of
D had fluorine while the dark squares did not. The patterns in the SIMS Water were both less than ?L(the lowest value we can measure).
images were distorted because the sample holder was slightly tilted duringFor the SAM-presenting guanidines, XPS showed an N(1s) signal

F

acquisition of these images. at 400.4 eV, and the advancing contact angle of water was 47
Table 1. Comparison between Mixed SAMs PreparedGP and the receding contact angle®30 .
and Immersiof The procedure based on a combinationu@6fP and chemical
] ] reaction provides a straightforward method of patterning SAMs
_ contact angle (deg) th'CknESSECfease on Au and Ag. The key chemical reactioreaction of amine
mixed SAMs 0a Or (Ah) (A) and surface anhydrideproceeds rapidly in close to quantitative
by uCP 100 85 1222 1.6 yield, with good edge definition. Although the reaction generates
by immersion 101 86 123 2.4 a ~1:1 mixture ofN-alkyl amides and carboxylic acids on the

% For uCP, a flat PDMS stamp was inked Wia 5 mM2-propanolic surface, the carboxyllc a0|q is (at least fpr Iarge ammes).hydrogen
solution ofn-hexadecylamine and placed in contact with the reactive Ponded to the neighboring carboxylic acids or amides and
SAM for 1 min after evaporation of the solvent. For immersion, a Sterically sheltered by a layer of alkyl groups; it may therefore
substrate of the reactive SAM was dipped in a 10 mM solution of be largely impeded from interactions with molecules in solution,
n-hexadecylamine in 1-methyl-2-pyrrolidinone for 30 min. Both samples with the terminal groups on thél-alkyl amides, and with
were washed with ethanol and dried in a stream of nitrogen before the molecules of interest adsorbed on the surface. We believe that
measurements were taken. The thickness increase was the differencenis method provides a simple and convenient route to patterned

between the ellipsometric thickness of the mixed SAM and that of the . - - .
SAM of the acid, and the values were the averages over measurement§A'\/Is presenting a variety of functional groupsspecially polar,

of three samples: the values of contact angle of water were the average§harged, or structurally complex groups such as peptides,
of measurements of three samples. polymers, and oligosaccharides.
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that the yield of the reaction carried out bZP was the same as  JA980770Z
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Figure 3 shows a patterned SAM presenting methyl and thiol 12, 3763-3772. o _
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