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This paper describes a novel method for micro-contact printing repeat
(u-CP) on plastic substrates. Because plastics have the often- 4
desirable characteristics of being inexpensive, chemically versatile,
and sometimes elastic or biodegradable, the results described in
this report are a significant advance in stamping-based pattern
formation. The physical and chemical properties of plastics are modified with reactive monolayérsand to directly stamp patterns

especially important for biomedical applications, which we believe of metal colloids onto polymer$.However, to the best of our

will be most greatly impacted by our newCP strategy. In the
proof-of-concept experiments described here, we show that
patterned hyperbranched poly(acrylic acid) (PAA) organic thin
films22 can be covalently grafted to oxidized polyethylene
surfaces:® Scheme 1 outlines the-CP-based patterning and
polymer grafting stegs used to prepare PAA patterns on plastic
surfaces.

Recently, Whitesidé$”and other$1° described:-CP, which

knowledge, there have been no demonstrationg-6P-based
patterning of SAMSs or polymers onto polymeric surfaces reported
in the scientific literaturé?

For some applications, there are advantages to patterning
polymers rather than simple monolayers, and therefore we recently
showed that it is possible to pattern PAA onto Au surfaces using
an approach similar to that illustrated in Scheni&®Eor example,
PAA films can be rendered highly impermeaBl&nd thus they

is a soft lithographic method used to transfer patterned monolayershold promise as both wet and dry etch resi$tBAA films are

of alkanethiols,!'2 alkanephosphonic acidéand alkylsilane¥'
onto Au, Ag, Al, glass, and Si/SiOsubstratesu-CP has also

also highly functionalized and therefore amenable to further
elaboratior®:?2 We have also shown that patterned PAA films

been used to pattern polymers on Au surfaces using a two-stepcan subsequently be capped with a thin, conformal layer of poly-

process involvingu-CP and subsequent polymer graftifig.

(ethylene glycol) (PEG) and that such nanocomposites are suitable

Polymers have also been printed onto inorganic surfaces using &or precision placement of macrophage and other cell lines on

variant of u-CP, micromolding in capillaries (MIMIC)¢ Ad-
ditionally, «u-CP has been used to pattern Au and Ag surfaces

*To whom correspondence should be addressed. E-mail: crooks@tamu.edu.

Voice: (409) 845-5629. Fax: (409) 845-1399.

(1) (a) Xia, Y.; Whitesides, G. MAngew. Chem., Int. EA.998 37, 550—
575. (b) Xia, Y.; Rogers, J. A.; Paul, K. E.; Whitesides, G. @hem. Re.
1999 99, 1823-1848.

(2) Bruening, M. L.; Zhou, Y.; Aguilar, G.; Agee, R.; Bergbreiter, D. E.;
Crooks, R. M.Langmuir1997 13, 770-778.

(3) Zhou, Y.; Bruening, M. L.; Bergbreiter, D. E.; Crooks, R. M.; Wells,
M. J. Am. Chem. S0d.996 118 3773-3774.

(4) Rasmussen, J. R.; Stedronsky, E. R.; Whitesides, Gl. Mm. Chem.
S0c.1977, 99, 4736-4745.

(5) Bergbreiter, D. E.; Franchina, J. G.; Kabza,Macromoleculed999
32, 4993-4998.

(6) Jackman, R. J.; Brittain, S. T.; Adams, A.; Prentiss, M. G.; Whitesides,
G. M. Sciencel998 280, 2089-2091.

(7) Huck, W. T. S.; Tien, J.; Whitesides, G. M. Am. Chem. S0d.998
120, 8267-8268.

(8) Clark, S. L.; Montague, M. F.; Hammond, P.NTacromolecule4997,

30, 7237-7244.

(9) Jeon, N. L.; Lin, W.; Erhardt, M. K.; Girolami, G. S.; Nuzzo, R. G.
Langmuir1997, 13, 3833-3838.

(10) St. John, P. M.; Davis, R.; Cady, N.; Czajka, J.; Batt, C. A.; Craighead,
H. G. Anal. Chem1998 70, 1108-1111.

(11) Kumar, A.; Whitesides, G. MAppl. Phys. Lett1993 63, 2002~
2004.

(12) a) Xia, Y.; Tien, J.; Qin, D.; Whitesides, G. Mangmuir1996 12,
4033-4038. (b) Xia, Y.; Venkateswaran, N.; Qin, D.; Tien, J.; Whitesides,
G. M. Langmuir1998 14, 363-371.

(13) Goetting, L. B.; Deng, T.; Whitesides, G. Mangmuir 1999 15,
1182-1191.

(14) (a) Xia, Y.; Mrksich, M.; Kim, E.; Whitesides, G. M. Am. Chem.
S0c.1995 117, 9576-9577. (b) Jeon, N. L.; Finnie, K.; Branshaw, K.; Nuzzo,
R. G.Langmuir1997, 13, 3382-3391.

(15) (a) Lackowski, W. M.; Ghosh, P.; Crooks, R. M.Am. Chem. Soc.
1999 121, 1419-1420. (b) Husemann, M.; Mecerreyes, D.; Hawker, C. J.;
Hendrick, J. L.; Shah, R.; Abbott, N. lAngew. Chem., Int. EdL999 38,
647-649. (c) Yan, L.; Huck, W. T. S.; Zhao, X.-M.; Whitesides, G. M.
Langmuir1999 15, 1208-1214. (d) Kratzniller, T.; Applehaus, D.; Braun,
H.-G. Adv. Mater.1999 11, 555-558.

(16) Xia, Y.; Kim, E.; Whitesides, G. MChem. Mater1996 8, 1558~
1567.

10.1021/ja991488a CCC: $18.00

surfaces?

Our approach to patterning PAA on polyethylene substrates
involves four steps (Scheme 1). First, a purified high-density
polyethylene film (Fortiflex J60-110-195, density 0.961 g/mL)
is oxidized with a Cr@H,O/H,SO, mixture#2324 Second, the
acid surface is converted to a carboxylic anhydride using ethyl
chloroformate (0.1 mL) andN-methylmorpholine (0.1 mL) in
anhydrous DMF for 15 min as reported previousbyAfter
preparation of a suitable poly(dimethylsiloxane) (PDMS) stamp
from an optical test-mask master (USAF resolution test target,
Melles Griot), the anhydride-activated polyethylene substrate
could be patterned with-hexadecylamine by-CP to passivate
selected regions of the surface. Finally, unpassivated regions of
the plastic substrate react wittxw-diamino-terminated polyért-
butylacrylate) (PTBA}®to yield the amide-grafted polymer layer.
Hydrolysis of PTBA with MeSG@H yields the first layer of PAA,
and three additional cycles of activation, grafting, and hydrolysis
yield a thick hyperbranched four-layer PAA film (4-PAA). The
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Figure 2. Optical micrographs of a 4-PAA-patterned polyethylene

4 L ! 1500 surface: (a) lines having critical lateral dimensions of/88; (b) the
2000 Energy (cm'1) numberss and6, having critical lateral dimensions of 20n. Both images
Figure 1. ATR—IR spectra of (a) purified, high-density polyethylene; revgal the absence of polymer growth in thalkylamide-passivated
(b) oxidized polyethylene (PE-COOH) having a strong carbonyl band at f€g!on.

1710 cn1?; (c) an activated, oxidized polyethylene film revealing mixed- . . .
anhydride peaks in the carbonyl region (163@25 cn1Y); (d) very weak Figure 2a shows an optical micrograph of patterned 4-PAA

mixed-anhydride and amide peaks in the region $5B825 cr* after lines andn-alkylamide spaces. The optical contrast of the image
stamping the activated surface with thalkylamine-inked PDMS stamp; ~ Was enhanced by mounting the polyethylene substrate on an Au
and (e) a 4-PAA film grafted onto the patterned polyethylene surface. surface and wetting it with a thin layer of water. We speculate
The very strong peak at 1710 cinconfirms PAA grafting. It is not that this enhances the relative differences in the refractive indexes
possible to quantitatively compare the magnitudes of the peaks irATR  of the polyethylene and PAA regions of the surface. The critical
IR spectra such as these. lateral dimension of the 4-PAA lines is 38n. At the resolution
of this image, the interface between the polymer and the

details of this Synthesis and properties of the resulting films on n_a|ky|amide is well-defined. Figure 2bis an optica| micrograph
Au?® and polyethylenesurfaces have been previously reported. of the numbers5 and 6 transferred from the stamp to the

The attenuated total reflectanelR (ATR—IR) spectrum of @ g \vethylene surface. The resolution in this region i@ The
purified and cleaned polyethylene surface indicates the absence;aiiest features we have thus far been able to pattern on

of a carbonyl stretching peak in the region between 1500 and : .
2000 cnt? (Figure 1a). However, after oxidation, a new peak po[yethylene have dl_mensmns of &fn, but these are rather hard
to image visually using our current approach.

appears at 1710 cm (Figure 1b), which is due to acid
functionalization of the polyethylene surface. Contact angle In summary, we have shown that polymer features having
measurements confirm this chemical change: prior to oxidation, critical lateral dimensions as small as2® can be patterned on
the plastic surface is hydrophobié,(= 105°), but the oxidized plastic surfaces using a combination of reactiveP and covalent
polyethylene film is hydrophilic and has a contact angle of only grafting of multiple PAA layers. Improvements in pattern
0. = 65°.2% After conversion to the mixed anhydride, the acid resolution seem straightforward and await only improved imaging
carbonyl band disappears, and three new anhydride bands argapability. Moreover, because the PAA films are highly func-
present at 1820, 1760, and 1660 ¢rFigure 1c): The anhydride-  tionalized, these polymer-modified polymer surfaces have the
activated polyethylene surface was patterned by manual applica-pgtential to be of significant technological importance. Finally,

tion of the PDMS stamp inked wita 5 mMethanolic solution the general patterning approach we have described is simple and

of n-hexadecylamine for 3 min. Anhydride groups in the regions inex : : -
. . pensive and should be broadly applicable to a wide range of
of the surface contacted by the stamp react to yieddkylamides. plastics and other materials.

Finally, physisorbed material that might be present on the surface
was removed by washing with ethanol and then drying in a stream
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