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Abstract: We demonstrate aqueous hydrogel-based microcontact printing of amine
ligands into solvent-templated nanocavities of chloromethylphenyl-based siloxane or
thin polymer films. Migration of pyridine ligands within films following printing,
which can compromise pattern fidelity, is eliminated by heat treatment of the
substrate. Gentle heating (e.g., 50 �C, 5 min) leads to the efficient alkylation of
mobile pyridine adsorbate by the C�Cl bonds of the film, covalently tethering the
adsorbate to the surface as a pyridinium salt. Subsequent binding of a Pd-based
colloid to surface pyridinium (and remaining strongly bound and immobile pyridine
ligand) sites permits selective electroless metal deposition and fabrication of
patterned metal films.
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Introduction

Microcontact printing (�CP) is a process for pattern repli-
cation in which an elastomeric stamp bearing a pattern of
surface relief is brought into contact with a substrate surface
to selectively transfer ink from the stamp to the surface.[1±3]

The deposited ink replicates the relief pattern of the stamp on
the surface and spatially controls the subsequent deposition of
any additional species, such as polymers,[4±6] inorganic materi-
als,[7] biomaterials,[8±13] or metals.[14] In this manner, �CP has
proven a useful technique for various applications, including
the fabrication of displays,[15] sensors,[14] memory elements,[16]

and thin-film transistor circuitry.[17, 18]

A critical aspect for the successful use of �CP in such
applications is the maintenance of pattern fidelity during
printing. Migration of the ink within the stamp prior to
printing[9, 19] or on the substrate surface during or after
printing[20, 21] can alter the critical dimensions and edge
acuities of the printed high-resolution features, compromising
the fidelity of the pattern transfer from the stamp to the
substrate surface. Surface migration of the ink can be

minimized, but not totally eliminated, through careful control
of process parameters, such as the level of ink present in the
stamp[22±24] and printing contact pressure,[25] or through
chemical modification of the stamp.[26, 27] The use of higher-
molecular-weight inks,[9, 10, 19, 28±30] which exhibit smaller sur-
face-diffusion coefficients, can also limit surface migration.

The elimination of ink migration often requires reaction
with functional groups on the substrate surface to covalently
tether the ink to the substrate during printing.[11±13, 16, 31]

Unfortunately, this increases the complexity and cost of the
process because additional concerns such as ink reactivity and
the stability or activation of the substrate surface and stability
of its reactive functional groups must also now be considered.
Consequently, there is a clear need to identify new covalent
strategies to prevent ink migration that minimize or eliminate
such concerns. In this manuscript, we present one such
approach, based on ink alkylation by surface chloromethyl-
phenyl (CMP) functional groups, as a means to control
migration without the need to preactivate surface functional
groups for reaction with the ink.

Results and Discussion

Our approach is based on the use of aqueous hydrogels as �CP
stamps to selectively transfer ligand inks into hydrophobic
nanocavities formed on a substrate surface.[32, 33] The nano-
cavities are templated by aromatic solvent intercalation
during the deposition of aromatic-polymer or organosiloxane
thin films, such as those possessing the CMP group, onto the
substrate.[34±36] Physisorption of ligands into the nanocavities
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from aqueous solution or the aqueous environment of the
hydrogel stamp is thermodynamically driven by favorable
interactions between hydrophobic portions of the ligand and
the aromatic nanocavity walls. For amine-ligand inks such as
pyridine, which are capable of forming strong � ±� interac-
tions with the aromatic groups comprising the nanocavity
walls, physisorption readily occurs, and the hydrophilic
N-ligating site retains its access to the aqueous solution.
Subsequent reaction of these amine N sites with a PdII

colloidal dispersion[37±39] covalently binds PdII nanoparticles,
which function as catalysts for the subsequent deposition of
electroless (EL) metal, to the ligand.

Figure 1 summarizes our observations and approach con-
cerning fabrication of patterned metal features on a substrate
surface by using hydrogel-based �CP of a ligand adsorbate.

Figure 1. Hydrogel �CP patterning scheme. Printing is illustrated by using
aqueous pyridine as the ligand ink, followed by the deposition of electroless
Ni. Note the presence of weakly and strongly adsorbed populations of
pyridine, designated by light gray and dark gray pyridine species,
respectively, in panel 2. Path A shows the nonselective metallization results
obtained in the absence of substrate heating due to ink migration induced
by salts in the PD1 catalyst dispersion. Path B shows selective metallization
of a pyridine-patterned surface due to elimination of ligand-surface
migration by thermal alkylation of the pyridine adsorbate prior to catalysis
and metallization.

Our initial approach involved direct stamping of pyridine or
an alkylamine ligand, such as a Starburst¾ PAMAM Gen-
eration 2 dendrimer (SG2),[40] into the nanocavities of a
poly(chloromethylstyrene) thin film coating a native-oxide Si
substrate (step 1). Previous experiments[32] with SG2 had
shown that little or no ink migration occurred when the
patterned dendrimer was subsequently treated for 2 h with a
15 m� aqueous solution of the fluorescent dye, tetramethyl-
rhodamine-5-(and-6)-isothiocyanate (TRITC), at pH� 9.

However, when we recently attempted to extend our
approach to include EL metal deposition onto the pyridine

or dendrimer ink pattern, behavior as shown in path A of
Figure 1 was observed. In particular, treatment of the
patterned surface with PD1,[38] a colloidal PdII EL metalliza-
tion catalyst, provided a uniformly hydrophilic surface in the
region contacted by the catalyst dispersion, consistent with
transfer of the ligand adsorbate to areas of the surface not
originally touched by the stamp (step 2A). In contrast,
selective wetting of only those regions bearing adsorbed ink
with water was observed prior to contact with the PD1
catalyst. Subsequent immersion of the catalyzed surface in an
EL Ni bath deposited Ni over the entire region brought into
contact with the catalyst, destroying the original stamped
pattern (step 3A). Careful observation of the substrate during
metal deposition revealed a differential metallization rate,
with metal deposition occurring more rapidly on the areas
corresponding to the original ink pattern. Various other PdII-
binding ligands, including phenylalanine, sodium triphenyl-
phosphine monophosphonate,[41] poly(allylamine), poly(2-
vinylpyridine), and Starburst¾ PAMAM dendrimers (Gener-
ations 0 and 1), were also screened as adsorbates (see
Experimental Section). In all cases, ink migration was
confirmed by metallization. These observations suggest that,
in contrast to previous work involving ligand-solution treat-
ment of lithographically patterned substrates,[34±36] a substan-
tial portion of the �CP ink was adsorbed through weaker
van der Waals or hydrogen-bonding interactions.

Surface migration of the ink can occur if these weak
interactions are disrupted by alterations in the structure of the
surface-solution double layer induced by changes in the
solution pH or ionic strength occurring during treatment with
the PD1 catalyst. Treatment of the physisorbed SG2 ligand
with an aqueous pH 5 morpholinoethane sulfonate buffer
solution containing 0.11� NaCl (i.e. , a PD1 ™blank∫, see
Experimental Section), followed by treatment with fluores-
cent TRITC dye, supports this hypothesis. The binding of dye
in regions of the surface not originally contacted with SG2
confirms ligand migration, a behavior similar to that noted
elsewhere concerning protein surface diffusion.[20]

Elimination of surface migration of printed ligand inks
requires either removal of the weakly bound ligand popula-
tion or conversion to a more stable linkage through chemical
reaction with the surface prior to subsequent attachment of
other materials, such as the PdII-catalyst nanoparticles of PD1.
Extensive rinsing and/or ultrasonication of �CP samples was
either ineffective in arresting ink migration or compromised
the printed pattern. Alternatively, we decided to explore
methods of covalently linking the printed ink to the surface-
bound CMP group. In fact, surface-bound pyridinium species
are known to form during the reflux of solutions of pyridine
derivatives with CMP siloxane films;[42, 43] this suggests that a
modified approach might be employed here to immobilize
weakly bound ligands.

Consequently, we adapted this approach to function in our
system by heating pyridine-impregnated CMP siloxane films
prepared by our droplet-screening (see Experimental Sec-
tion) or hydrogel �CP methods to initiate alkylation of the
physisorbed ligand populations by the C�Cl groups of the
film. Figure 2 shows an X-ray photoelectron spectroscopy
(XPS) result for the N(1s) energy region after heating a
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Figure 2. XPS N(1s) spectrum of a heated pyridine-impregnated CMP
siloxane film. Process sequence: 1) pyridine (aq, 0.1�, 5 min); 2) Heat
(50 �C, 5 min).

pyridine-impregnated CMP siloxane film for 5 min at 50 �C.
Separate peaks are observed at binding energies of �400 and
�402.5 eV. The �400 eV peak is also observed (as the sole
peak) prior to the heat treatment and is characteristic of the
pyridyl N group.[34, 44] The peak at �402.5 eV has been
previously assigned to a surface-bound pyridinium N spe-
cies;[42, 43] this confirms the occurrence of thermal alkylation of
physisorbed pyridine in our films.[45] Alkylation efficiency,
determined as the ratio of the pyridinium XPS N(1s) peak to
the total XPS N(1s) signal, is �45 ± 50%. Increases in the
heating time do not further increase the degree of alkylation;
this indicates that the reaction is essentially complete within
5 min. Such a rapid reaction is not completely unexpected,
given the high local concentrations and proximities of
adsorbed pyridine species and C�Cl bonds in the CMP
siloxane films.[46]

Alkylation also occurs at temperatures as low as �35 �C,
although the efficiency is reduced (i.e., �40%). At higher
temperatures, alkylation efficiency increases somewhat and
appears to reach a limiting value of �60 ± 65% for samples
heated above �65 �C. Increased variability of the total N(1s)
signal relative to the Si (2p) signal from the substrate is also
observed, especially for samples baked at higher temper-
atures. These behaviors, taken together, suggest that compet-
itive evaporation of more weakly adsorbed pyridine ligands
(b.p.� 115 �C) may play a role in limiting the observed
alkylation efficiency.

The simplest model consistent with all of our experimental
observations is summarized in panel 2 of Figure 1. In this
model, two populations of adsorbed ink are created on the
substrate surface during �CP.[20] One population comprises
ligand that is strongly physisorbed inside the film nanocavities
and is essentially immobile. In the second population, the
ligand is weakly adsorbed through van der Waals interactions
between hydrophobic portions of the ligand and the CMP
groups, and/or hydrogen-bond interactions between amines of
the weakly and strongly adsorbed species. Alkylation effi-
ciency would approach a limiting value in this case if only one
of the ligand adsorbate populations is capable of readily
reacting with the C�Cl bonds of the CMP groups. For the
pyridine population physisorbed inside the CMP nanocavities,
adsorption is strong,[34±36] and molecular models suggest that
the pyridine N ligand will experience difficulty in accessing
the C�Cl bond due to constraints imposed by the nanocavity
on its translational motion and ability to reorient itself for
reaction. Consequently, alkylation is likely to involve reaction
of the more mobile, weakly adsorbed pyridine ligand pop-

ulation with the CMP groups. Under these conditions, the
alkylation efficiency represents a direct measure of the
relative amount of weakly adsorbed pyridine in the film, in
the absence of any evaporative losses. In fact, the limiting
efficiencies of�60 ± 65% obtained here correspond closely to
values obtained elsewhere for mobile protein-adsorbate
populations on surfaces measured by alternate methods.[20]

Unfortunately, our data currently preclude a more detailed
analysis of the relative contributions due to multiple adsor-
bate populations and evaporative effects.

Regardless of the nature of the mechanism, however,
substrate heating provides an effective means to eliminate ink
migration in our system. Treatment of the baked substrates
with PD1 catalyst, followed by EL Ni metallization, selec-
tively deposits Ni only in those areas originally brought into
contact with the ligand ink. No metallization is observed
adjacent to the ligand deposition sites, in contrast to the
nonselective metallization behavior previously exhibited for
substrates not subjected to the baking step (vide supra).
Figure 3 illustrates one example of a high-resolution metal

Figure 3. Optical micrograph of a Ni metal pattern formed by hydrogel-
based �CP. Ni is deposited in the squares (light regions) produced by �CP
by using a patterned hydrogel stamp charged with aqueous pyridine.
Extraneous metallization observed in the intervening channels (dark
regions) reflects imperfections in the hydrogel stamp transferred from the
master during casting. Process sequence: 1) Patterned �CP (0.2� pyridine
(aq), 120 s, 1.5 g, CMP siloxane film); 2) Heat (50 �C, 5 min); 3) PD1
catalyst (30 min); 4) Water rinse; 5) EL Ni (10 min).

pattern prepared by hydrogel �CP, baking, and selective
metallization according to the method shown in path B of
Figure 1. Metallization efficiency in this case is enhanced
relative to that observed for unheated substrates due to the
presence of cationic pyridinium surface species, which elec-
trostatically bind additional negatively charged nanoparticles
that comprise the PD1 catalyst, supplementing the direct
covalent-binding mode associated with the pyridine sites.[34±36]

There are several points worth noting concerning Figure 3.
First, visual inspection of the patterns indicates that deposi-
tion of the Ni proceeds with good homogeneity and selectivity
in the square regions comprising the ligand surface pattern
defined by �CP. Pattern-transfer fidelity, as measured by the
widths and center-to-center separations of the printed Ni
features is also good. For example, the nominally 35.0 �m
wide squares from the hydrogel stamp provide 35.1� 0.7 �m
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wide Ni squares after metallization. Pattern placement, as
measured by center-to-center separations of squares in
adjacent rows, is 50.6� 0.8 �m compared with the nominal
value of 50.0 �m from the stamp. The overall feature-edge
acuity for the pattern, as measured by the standard deviation
of the average feature width (i.e., �0.7 �m), is �2%. For
certain individual Ni squares, however, values as large as
�7% are observed. Careful inspection in these cases reveals
that the increase in edge roughness is associated with spurious
deposition of Ni in the channel regions in contact with the
feature edge, rather than any significant distortion of the
printed ligand pattern during �CP. Traces of Ni deposited in
these areas separating the Ni squares reflect defects in the
hydrogel stamp introduced during casting. Consequently,
improvements in the hydrogel stamp quality and �CP proto-
cols are expected to provide improved feature edge acuity
control in this regard.

Conclusion

The method described here offers several advantages in
comparison with standard procedures involving covalent
reaction of an ink with a surface functional group to prevent
ink migration.[11±13, 16, 31] In particular, there is no need to
preactivate the substrate surface through the formation of
chemically activated species, such as carboxylic acid active
esters,[12, 13] and maintain sufficient chemical reactivity of
these species prior to and during �CP. The CMP groups
comprising the substrate surface remain inert prior to and
during the �CP process. The latent reactivity of the surface
C�Cl bonds is activated only upon heating, efficiently
alkylating the pyridine adsorbate at low temperatures after
short reaction times. In addition, the method is substrate
generic; various substrates, including inert materials such as
diamond[47] or poly(tetrafluoroethylene),[48] are readily coated
with adherent CMP siloxane or polychloromethylstyrene thin
films by using standard microlithography film fabrication
techniques.[34, 36, 49, 50] Consequently, the process represents a
simple and cost-effective approach, compatible for use with
commercial manufacturing track-lines, for the fabrication of
patterned metal films by using an aqueous-based hydrogel
�CP technique.

Experimental Section

All materials were A.C.S. Reagent Grade or better from Aldrich Chemical
Co. and were used as received, except where noted. Deionized water
(18 M�) and N2 gas from liquid nitrogen boil-off were used where
applicable for experiments. Native oxide p-type �100� Si wafers were
obtained from Wafernet, Inc. and cleaned by using standard techniques.[37]

Polychloromethylstyrene (Aldrich; 3- and 4-isomers (60:40); Mw�
55000 gmol�1; Mn� 100000 gmol�1 (by GPC/malls); Lot #HW-01025EW)
was dissolved in toluene (1% wt. solution) and spin-coated onto Si wafers
that had been vapor primed with hexamethyldisilazane to form polymer
films according to the literature procedure.[51] Freshly distilled 4-chloro-
methylphenyltrichlorosilane (142 ± 144 �C/15 mmHg; Gelest) was used in
toluene for the preparation of CMP siloxane films as described previous-
ly.[52]

The PD1 EL catalyst was prepared according to the literature procedure.[38]

A NIPOSIT¾ Ni468B EL bath (pH� 7, Shipley Co.) was prepared

according to the manufacturer×s instructions and diluted to 10% strength
with water prior to use in order to slow metal deposition and prevent
delamination of the Ni layer. Briefly, the substrate to be Ni plated was
contacted with PD1 (�30 min), gently rinsed in water, and immersed in the
EL Ni bath (�10 min, 25 �C). After removal from the EL Ni bath, the
substrate was rinsed with water and dried in a filtered stream of N2 gas.
Additional information for the metallization process is presented in detail
elsewhere.[49, 50]

Ink migration screening experiments were performed prior to �CP as
follows: Three droplets (�20 �L) of an aqueous ligand (�0.1�) or polymer
ligand (1%wt.) solution were placed in a triangle pattern on the CMP
siloxane or polychloromethylstyrene films. The ligands used and their
solution pHs, adjusted by using tetraethylammonium hydroxide or HCl,
included pyridine (pH 7.5), phenylalanine (pH 9.5), sodium triphenylphos-
phine monophosphonate (pH 9.5),[41] and Starburst¾ PAMAM dendrimers
(Generations 0, 1, and 2; all pH 9.5). Polyallylamine HCl (Mw� 8000 ±
11000 gmol�1, Aldrich, Lot TG13713MG, pH 9.5) and poly-2-vinylpyridine
(Mw� 40000 gmol�1, Scientific Polymer Products Inc., Lot 09, pH 3.7)
were used as polymer ligand inks. After a 5 ± 10 min contact time, the
droplets were carefully removed by using a micropipet, and the substrate
was rinsed with water.[53] Sufficient PD1 catalyst was placed on the
substrate to completely cover the area previously occupied by the droplets,
and the metallization process was completed as described in the previous
paragraph. In one case, a blank PD1 catalyst prepared without PdII and
containing only morpholinoethane sulfonate buffer (9 m�, pH 5) in
aqueous NaCl (0.11�) was used. For this experiment, the treated surface
was visualized by covalently tagging the deposited Starburst¾ PAMAM
Generation 2 ligand dendrimer with TRITC (Molecular Probes Inc.,
Eugene, OR) fluorescent dye by using the literature method.[32] Control
experiments indicated that TRITC did not bind the CMP siloxane film in
the absence of ligand.
The thermal alkylation experiments were performed with aqueous pyridine
(0.1�, pH 7.5) ink and CMP siloxane films by following a modified ink-
migration screening protocol. Specifically, following removal of the ink
droplets and the water rinse, the substrates were baked on a programmable
vacuum hotplate (Wentworth Labs Model TC-100). Various combinations
of bake temperatures (35 ± 100 �C) and bake times (5 ± 20 min) were
investigated. After the samples had cooled to room temperature, they were
cleaved in half. One portion of each sample was brought into contact with
the PD1 catalyst, immersed in the EL Ni bath, and visually examined to
determine the extent and quality of the Ni plate.
The second portion of each sample was analyzed by XPS with a Fisons
(220ixL) spectrometer equipped with an AlK� source, quartz monochro-
mator, concentric hemispherical analyzer operated in the fixed-analyzer
transmission mode, and multichannel detector. Spectra were acquired at a
takeoff angle of 45�, and the operating pressure was �10�8 Torr. Because
samples for XPS analysis were prepared on conductive Si substrates, charge
compensation was not required. Minimal acquisition times were used to
limit X-ray damage to the CMP siloxane. All spectra were referenced to the
Si(2p3/2) substrate peak. The degree of alkylation was defined by the ratio,
N402/(N402 � N400), in which N402 and N400 are the areas of the N(1s) peaks
due to alkylated pyridine N at �402.5 eV[42] and unreacted pyridine N at
�400 eV,[34, 44] respectively. Uncertainties for peak-area measurements and
the calculation of the degree of alkylation were typically �10% and �15 ±
20%, respectively.
The preparation and use of the hydrogel stamps is described in detail
elsewhere.[32, 33] Briefly, a Cu TEM grid comprising orthogonal 15 �m-
diameter Cu wires separated from parallel wires by a distance of�35 �m to
form a square template was used to cast the hydrogel stamp. The stamp was
equilibrated (�2 h) with an aqueous ligand (�0.1 ± 0.2�) or polymer-
ligand solution (�1%wt.) and blown dry with N2 gas prior to use. The �CP
procedure involved fixing the hydrogel stamp in a micropositioner and
contacting it under its own weight (�1.5 ± 2.0 g, 90 ± 300 s) with the
polychloromethylstyrene film or CMP-siloxane surface to complete the ink
transfer. After allowing the stamped surface to air dry (�5 min), it was
brought into contact with an aqueous TRITC dye solution for fluorescent
tagging, or baked and treated with an EL metallization catalyst for metal
deposition (vide supra). For metallized substrates, the Ni pattern was
examined by optical microscopy. Critical dimensions and edge acuities of
the Ni features were measured and compared to nominal values from the
hydrogel stamp to assess pattern quality by using the previously described
method.[54] Calculations of the appropriate averages and standard devia-
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tions utilized �100 measurements of feature widths from nine different
square Ni features and twelve measurements of center-to-center separa-
tions of adjacent Ni squares (note Figure 3).
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