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We report a novel approach to chemically selective lithography using an atomic force microscope (AFM)
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probe with immobilized homogeneous catalyst, potentially giving access to diverse nanoscale

transformations of the surface-bound functional groups. This new concept was proven for the local
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Introduction

Scanning probe lithography (SPL) is actually one of the most
promising tools for the creation of specific nanosized patterns
on a surface, within spatial resolutions in the range of 10-
100 nm." The majority of SPL methods are based on the
controlled diffusion transfer of a reagent from an atomic force
microscope (AFM) tip to a surface via water meniscus (dip-pen
nanolithography (DPN)?), electrical (local oxidation nano-
lithography®) or mechanical (nanoshaving and nanografting>**)
interaction of the AFM probe with the surface. Combinations
of these techniques are also possible, for instance electro-
chemically assisted DPN® or DPN combined with nanografting,®
or nanoshaving coupled with AFM tip induced metal
electrodeposition.”

In spite of the rapid progress of SPL techniques during the
past two decades, spatially controlled chemically selective
transformations of organic functional groups of the self-
assembled monolayers (SAMs) are still quite rare and remain
highly challenging. In this way AFM driven electro-oxidation of
the terminal vinyl,®* methyl,® or thiol* groups of SAMs have been
performed to prepare, respectively, carboxylic acid and thio-
Isulfinate/thiolsulfonate surface domains. Local deprotection of
a,0-dimethyl-3,5-dimethoxybenzyloxycarbonyl moieties using
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epoxidation of an alkene-terminated self-assembled monolayer on silicon using H,O, as an oxidant and
a catalytic silicon AFM tip charged with manganese complexes with 1,3,7-triazacyclononane type ligands.

positive and negative voltage bias was shown to give, respec-
tively, free thiol" and primary amine'* groups. Electrochemical
arylnitroso/arylamine transformation was reported to even take
place reversibly using a regular AFM tip."”* Modified AFM tips
coated with noble metals (Pd, Pt) or native copper(i) oxide
allowed the catalysis of, respectively, local azide hydrogena-
tion,* alkene hydrosilylation'*” and 1,3-dipolar Huisgen cyclo-
addition reaction.' Similarly AFM tips with adsorbed acid and
palladium nanoparticles were used for silyl ether hydrolysis,*®
Suzuki-Miyaura and Mizoroki-Heck cross coupling processes,
respectively.’”

Despite the great interest in such AFM-driven surface
nanochemistry, the scope of these SPL methods is actually
limited to redox-induced transformations, acidic hydrolysis,
and reactions catalyzed by proper heterogeneous catalysts. The
combination of AFM with homogeneous catalysis could provide
new opportunities for a wide variety of chemically selective
surface reactions with high spatial resolution. We report herein
the first example of the SPL approach using an AFM probe
with an immobilized homogeneous transition metal catalyst,
illustrated by spatially controlled surface alkene epoxidation
(Scheme 1).

Results and discussion

Alkene epoxidation belongs to the most important reactions in
organic chemistry because of possible highly regio- and ster-
eoselective nucleophilic opening of the epoxide ring.** To our
knowledge, no examples of local alkene epoxidation on SAMs
have been reported to date using either SPL techniques or
microcontact printing. The development of such a process
could provide new perspectives in materials science and nano-
technology since the surface-bound epoxide moieties are
extensively used as anchoring sites for the covalent grafting of
simple peptides,'® proteins and enzymes,* as well as for the
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Scheme 1
nucleophilic ring-opening reaction of epoxide sites with amine 4.

fabrication of highly ordered thin layers of zeolites,* polymers>
and cyclodextrins.”

Irreversible self-assembly of various organosilanes onto a
silicon support to form well-ordered and mechanically robust
SAMs** prompted us to choose in our epoxidation nano-
lithography the SAM of commercially available 10-undecenyl-
trichlorosilane (Scheme 1) as an alkene substrate* and regular
silicon AFM probes as homogeneous catalyst carriers, both
protected from leaching to ensure the best spatial reaction
control. The use of an appropriate AFM tip should allow facile
switching between the epoxidation (writing) procedure in the
AFM contact mode'™” and characterization (reading) in the
AFM tapping mode, which is less destructive for the surface and
prevents undesired background epoxidation.>®

Owing to the wide variety of known supported transition
metal alkene epoxidation catalysts,” and in order to target the
catalytic system well adapted to AFM experiments 1,4,7-tri-
azacyclononane (tacn) ligated manganese complexes were
selected. These have been shown to be highly active and selec-
tive for the epoxidation of terminal aliphatic alkenes at 0-25 °C
in acetonitrile both in homogeneous®® and immobilized on
silica® versions using aqueous H,0O, as an oxygen atom source
(and alone absolutely unreactive towards alkenes). In addition,
this catalytic system is stable towards air and moisture and
could be easily immobilized on a silicon support.

For an AFM driven epoxidation process and in order to
facilitate the mutual penetration of the catalyst and alkene SAM
fragments in such a doubly heterogeneous process, a tacn-type
ligand 3 (Scheme 2) bearing a long flexible alkyl chain between
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2

Scheme 2 Synthesis of the tacn-type ligand 3.
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Local alkene SAM epoxidation by a catalytic AFM probe, loaded with Mn(OTf),/ligand 3 and H,0, as co-oxidant in acetonitrile, followed by AFM-free

the silane anchoring group and macrocyclic core was designed.
After thorough tuning of the reaction conditions,*” compound 3
was prepared in 67% yield by the selective alkylation of the
secondary amine function in the known macrocyclic precursor 1
with 11-bromoundecyltrimethoxysilane 2.

A set of preliminary experiments confirmed the covalent
grafting of 3 to a polished silicon wafer (5 mM solution of 3 in
toluene, 25 °C, 72 h) and the successful doping of immobilized
ligand 3 with Mn(u) triflate (MeOH, 25 °C, 1.5 h) by XPS anal-
ysis.** It was also shown that 3/Mn(OTf), immobilized on
amorphous silica according to a literature procedure (90 °C, 15
h)* is active in the epoxidation of 1-octene as a model substrate
for an alkene SAM (see ESIf). The same protocol was then used
for the preparation of silicon AFM probes with immobilized
3/Mn(OTf), pre-catalyst, which can be stored under air for a
period of 1-2 weeks without any loss of activity. The formation
of catalytically active manganese species on the probe surface
takes place in the presence of H,O, during AFM epoxidation
experiments.

In the representative AFM nanolithography experiment, AFM
catalysis and AFM characterization were performed at identical
positions before and after each indicated chemical treatment.
The working area of the 10-undecenyltrichlorosilane SAM on
Si/SiO, prepared according to a known procedure*” (see ESIt)
was first imaged in acetonitrile with a catalytic AFM tip in
tapping (reading) mode (see Fig. 1, for the corresponding phase
image (Fig. 1a), topography (Fig. 1b) and height profile (Fig. 1c)).
Then, a local AFM-catalyzed epoxidation process was con-
ducted: the solvent in the AFM cell was replaced by a 50 mM
solution of H,0, in acetonitrile and five 1 x 1 um? squares (256
lines per square) were scanned in contact (writing) mode with
constant rate 0.3 pum s~ and gradually increasing force (ca. 200,
400, 600, 1200 and 2500 nN). The characterization of the
resulting surface in reading mode is presented in Fig. 1d-g. At
this point the local surface modification is tricky to confirm by
topography image (Fig. 1le, objects no. 1-3) but a clear
mechanical degradation of the SAM by the AFM tip occurs using
high values of the applied force (Fig. 1e, objects no. 4 and 5).
The height profile of object no. 5 shows a depressed area
(Fig. 1f), but the profile of object no. 2 (Fig. 1g) does not reveal
any evident topography change from alkene to epoxide.

This journal is © The Royal Society of Chemistry 2013
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Fig.1 Tapping mode AFM of the initial 10-undecenyltrichlorosilane SAM (MeCN, 25 °C, 10 um s~ ", Z colour scale 0.8 nm): phase image (a), topography (b) and height

profile (c). SAM area after catalytic spatially-resolved AFM epoxidation (writing) of five 1 x 1 um? squares in contact mode (50 mM solution of H,0, in MeCN, 0.3 um
s~ applied force ca. 200, 400, 600, 1200 and 2500 nN for objects no. 1 to 5 respectively): phase image (d), topography (e) and height profiles for objects no. 2 (g) and
no. 5 (f). The same area after treatment of the modified SAM with a MeCN solution of N-octylpiperazine 4 (2 mM) and LiOTf (4 mM): phase image (h), topography (i)

and height profiles for the raised (object no. 2 (k)), and depressed (object no. 5 (j)) features obtained. All AFM measurements were performed in acetonitrile (MeCN) at

25 °C using scan rates 15-20 um s~

, with Z colour scale 1.0, 1.0 and 1.6 nm for (b), (e) and (i) respectively.

Nevertheless, a clear signature is observed on the correspond-
ing phase image (Fig. 1d), demonstrating well pronounced
surface modifications in all patterned areas. In order to reveal
the local surface alkene epoxidation, we explored the reactivity
of the epoxide moiety by the addition of a nucleophile that
could be easily detected in an AFM topography image. For this
purpose, a ring opening reaction of the epoxide function with
amine 4, under soft Lewis acid activation,** was performed.
First, the sample was thoroughly liberated from H,0, and
rinsed with pure acetonitrile, then treated in the AFM cell with a
2 mM solution of N-octylpiperazine 4 in MeCN (25 °C, 20 h) in
the presence of a two-fold excess of LiOTf as the Lewis acid
catalyst. An AFM topography image of the derivatized sample
showed unambiguously a well pronounced surface growth for
the first three squares no. 1-3 (Fig. 1i). The formed patterns
were found to be completely stable towards repetitive washing
with acetone, ethanol and water, which allowed us to propose a
covalent character of the amine attachment onto the epoxidized
areas. The height of the objects formed (1.4 £ 0.2 nm, Fig. 1k)
agrees well with the length of amine 4.** The observed raised
patterns can be attributed to the amino alcohol surface
domains with hydrophobic self-assembly of the long alkyl
chains in a polar solvent such as MeCN, which are certainly
rigidified by the possible occurrence of a 2D hydrogen bond

This journal is © The Royal Society of Chemistry 2013

framework including alcohol and amine groups in the middle
of the chains. As a counter reaction, no growth was observed on
the patterned areas no. 4-5 (Fig. 1i), but a nanoshaving of the
SAM is now clearly identifiable, and probably revealed by the
washing process. The measured depth of object no. 5 (—1.7 +
0.2 nm, Fig. 1j) corresponds to the SAM thickness (ca. 1.5 nm)
which was previously determined by ellipsometry*** and evalu-
ated by semi-empirical calculations (see ESI{) thus being
consistent with complete elimination of silane molecules at
high values of applied force.

All attempts to observe the formation of characteristic raised
features by treatment of the SAM with amine 4 after writing with
a noncatalytic bare AFM silicon tip under the same conditions
(Fig. 2), as well as experiments with an AFM tip bearing grafted
ligands 3 without coordinated Mn(u) cations (Fig. 3) were
unsuccessful. These experiments demonstrate no change
(Fig. 2b and f, object no. 3), or local degradation (Fig. 2b and f,
object no. 4) of the SAM at different values of applied force, and
also, the absence of grafting of the nucleophile after amine
treatment. In addition, no phase contrast was created by the
writing (Fig. 2a, e and 3a, d). All these control experiments
confirm that no adsorption of materials coming from experi-
mental reagents, or AFM tip ligand/metal degradation,
occurred at the surface after the AFM tip scan. Furthermore,

Chem. Sci,, 2013, 4, 2815-2821 | 2817
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sequence 1: alkene SAM after writing in contact mode

nm

Fig.2 Control experiment with standard commercial tip (non-modified): alkene
SAM after writing of four 1 x 1 um squares in contact mode with a bare non-
catalytic AFM tip (50 mM solution of H,O, in MeCN, 0.3 um s~', applied force ca.
200, 400, 600, 900 nN from objects no. 1-4) (sequence 1, a-d), and subsequent
treatment with an MeCN solution of N-octylpiperazine 4 (2 mM) and LiOTf (4 mM)
(25 °C, 15 h) (sequence 2, e-h). AFM phase (a and e), and topography images (b
and f) in tapping mode (MeCN, scan rates 20 um s~1, Z colour scale 1.0 nm) and
corresponding height profiles of non-degraded object no. 3 (d and h) and
degraded object no. 4 (c and g).

sequence 1: alkene SAM after writing in contact mode

Fig. 3 Control experiment with ligand modified noncatalytic tip: alkene SAM
area after writing of the objects in contact mode with an AFM tip having
immobilized ligand 3 without doping with manganese(i) triflate (50 mM solution
of H,0, in MeCN, 0.5 um s~") (sequence 1, a—c), and subsequent treatment with
MeCN solution of N-octylpiperazine 4 (2 mM) and LiOTf (4 mM) (25 °C, 15 h)
(sequence 2, d-f). AFM phase (a and d) and topography images (b and e) in
tapping mode (MeCN, scan rates 15-20 pm s~1,Z colour scale 1.0 nm). Objects no.
1-3 were written at ca. 200, 400, 600 nN respectively, the others (no. 4-8) were
made at ca. 400 nN. The height profiles of objects no. 1-3 did not reveal any
topography change (c and f).

post-treatment with amine 4 did not modify, under these
conditions, both abraded or not SAM areas (see height profiles
Fig. 2¢, d, g, h and 3¢, f).

Importantly, and similar to other AFM-based lithographic
methods, the control of force applied to the SAM plays one of
the key roles in the AFM driven epoxidation process: the

2818 | Chem. Sci,, 2013, 4, 2815-2821
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reaction proceeded with similar efficiency in the 200-600 nN
force range but at higher force values (>700-800 nN), an
increase of height resulting from amine addition was never
observed, even if the observed alkene SAM mechanical defor-
mation after AFM lithography did not exceed 2-3 A. It was also
found that the application of such a high force led to the loss of
catalytic activity, suggesting, as for the SAM, a partial or
complete degradation of the supported manganese pre-catalyst
at the surface of the AFM tip.

Nevertheless, in a good range of applied force, the catalytic
AFM tip is sufficiently active to produce a dozen 1 x 1 um?®
squares even with a scan rate of 4.8 um s~ ' (Fig. 4a), which is 16
times faster than used initially (ca. 1 vs. 16 min scanning time).
The height of the nanoobjects formed is reproducible (Fig. 4b)
even if the shapes of the square areas are more difficult to control
with such fast scanning conditions. The absence of any signifi-
cant difference in the morphology of the objects obtained at the
different scan rates, i.e. different reaction times, and excellent
homogeneity of the amino alcohol surface domains, shows that
both consecutive chemical alkene to epoxide to amino alcohol
transformations at the surface proceed in very good yield, though
it is very difficult to estimate quantitatively in this case.?*

Preliminary tests on the possible space resolution which
could be achieved with this chemical nanolithography demon-
strated the formation of features having a line width ca. 150-200
nm in the AFM phase image of epoxide (Fig. 4c), as well as the
topography image after treatment of the sample with 4 (Fig. 4d).
Despite the current spatial resolution obtained with rigid AFM
probes (50 N m™' average spring constant), we believe that
better resolution should be obtained using softer catalytic AFM
probes still suitable for tapping mode* and/or upon more
precise force control during the epoxidation procedure. The
optimization of spatial resolution, grafting of different nucleo-
philes to surface epoxide domains as well as the use of catalytic
3/Mn(u) AFM tips for selective local oxidation of other surface-
bound functional groups is in progress in our group.

i
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Fig. 4 Tapping mode AFM topography images for two series of local SAM
epoxidations with a constant force of ca. 400 nN and different scan rates (0.3 um
s~ for upperand 1, 1.5, 3, 4.8 um s~ for lower sequence from left to right) after
treatment with 4/LiOTf (a) and height profile for the lower series of amino alcohol
surface domains (b). Phase image of a cross written by the catalytic AFM tip with
ca. 400 nN force (c) and topography image of the same surface after
treatment with 4/LiOTf (d). AFM imaging was performed in MeCN with a scan
rate of 15-20 pm s~ and a Z colour scale of 1.0 nm for (a) and (d).

This journal is © The Royal Society of Chemistry 2013
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Conclusions

In conclusion, a novel approach to chemically selective AFM
lithography based on the immobilization of a homogeneous
catalyst bearing a silane anchoring group onto a silicon
AFM probe has been introduced, and is illustrated by local
alkene SAM epoxidation as a proof-of-concept experiment. The
proposed grafting protocol is very simple and does not require
any specific modification of cheap commercially available AFM
probes. We believe that the AFM chemical lithography method
outlined here can be easily generalized to a wide variety of well-
known homogeneous metal catalyzed reactions, opening the
door to local nanoscale organic synthesis and spatially
controlled creation of molecular objects on a surface.

Experimental section

All compounds used were purchased from commercial sources
or prepared according to published procedures (1, 2, 4 for
details see ESIT). Semiconductor quality polished silicon wafers
(P-Bore type, 100 orientation, 0.1-100 Q cm) were purchased
from Siltronix, and cut into ca. 5 x 10 mm pieces for the
preparation of 10-undecenyltrichlorosilane SAM as previously
described.®” Silicon AFM probes (model ACT-20, nominal
spring constants 25-75 N m ™, resonance frequency range 200-
400 kHz, tip radius < 10 nm) were purchased from AppNano. All
AFM experiments were carried out on an Agilent Technologies
5500 microscope using the PicoView 1.6 software package in a
home-built Teflon liquid cell allowing facile and complete
replacement of the solution inside without any sample shift
using flexible plastic tubing and syringes (see ESIT, page S11).
AFM measurements were performed in acetonitrile (LC/MS
quality, Fischer Scientific) inside a hermetic glass vessel under
an air atmosphere saturated with MeCN vapour in order to
minimize solvent evaporation in the cell during long experi-
ment times. Forces applied by the AFM tip to the surface were
calculated using the average cantilever spring constant value
(50 N m™ %) given by the manufacturer. All AFM images were
treated by standard processing protocols including image flat-
tening and contrast enhancement using free WSxM software
(Nanotec Electronica, Spain).*®

Synthesis of tacn ligand 3

K,CO; (500 mg, 3.6 mmol), freshly dried under vacuum at
250 °C, was suspended in MeCN (3 mL) at room temperature. To
this, 11-bromoundecyltrimethoxysilane (2) (178 mg, 0.5 mmol)
and 1,3-dimethyl-1,3,7-triazacyclononane (1) (79 mg, 0.5 mmol)
were added consecutively via syringe. The suspension was
vigorously stirred for 36 h at room temperature, then the solu-
tion was filtered and the precipitate was washed with MeCN (3 x
1 mL). The combined extracts were evaporated to dryness and
the resulting viscous pale-yellow oil was extracted with hexane
(3 x 2 mL). The solution was separated from the oily precipitate
by filtration through Celite to give after solvent removal
compound 3 (145 mg, 67%) as a pale-yellow liquid. Ligand 3
should be stored under an argon atmosphere in the freezer
at —20 °C to minimize oligomerization processes.

This journal is © The Royal Society of Chemistry 2013
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3: "H NMR (400.1 MHz, CDCls) 6 3.53 (s, 9H), 2.71 (s, 4H),
2.63 (s, 8H), 2.42 (t, ] = 7.5 Hz, 2H), 2.33 (s, 6H), 1.45-1.35 (m,
4H), 1.30-1.20 (m, 14H), 0.61 (t, / = 8 Hz, 2H); C {'"H} NMR
(100.6 MHz, CDCl;) 6 59.4, 57.6, 57.0, 56.3, 50.5, 46.8, 33.2, 29.7,
29.65, 29.60, 29.5, 29.3, 28.0, 27.6, 22.6, 9.1; HRMS (ESI)
432.3607 [M + H]". Calculated for [M + H]" 432.3616.

Preparation of catalytically active AFM probes

A flat bottomed glass vessel (volume ca. 2.5 mL) containing a
small stirring bar was dried at 100 °C overnight, capped with a
rubber septum and cooled to room temperature under an argon
atmosphere. Toluene (2 mL) and ligand 3 (4.3 mg, 0.01 mmol)
were added via syringe and the solution was stirred for 10 min.
The stirring bar was removed and two AFM probes were placed
on the bottom of the vessel and incubated under an argon
atmosphere for 3 days. The resulting probes with grafted 3 were
accurately washed with toluene in the little glass beaker (volume
ca. 10 mL) and placed into another glass vessel containing 0.5
mL of a 1 mM stock solution of manganese(u) triflate in anhy-
drous methanol for 1.5 h. Finally AFM probes with the immo-
bilized pre-catalyst were washed with methanol and dried under
ambient conditions.

General procedure for catalytic AFM epoxidation
nanolithography and sample derivatization with amine 4

The sample of 11-undecenyltrichlorosilane SAM was installed
in the sample holder, the AFM cell was filled with MeCN and
the SAM surface was imaged by AFM in tapping mode using a
probe with immobilized 3/Mn(OTf), pre-catalyst. After local-
izing a good SAM area the solvent in the cell was very carefully
removed by syringe and then replaced in the same manner
with freshly prepared 50 mM H,0, solution prepared from a
non-stabilized 30% aqueous solution of H,0, (26 pL, 0.25
mmol) in MeCN (5 mL). After catalytic alkene epoxidation of
the SAM in AFM contact mode, the solution of H,0, was
syringed off and the cell was washed twice with pure MeCN,
keeping the solvent in the cell during 5-10 min before
removal. Then a freshly prepared solution of 4 (4.75 pL, 0.02
mmol) and LiOTf (6.25 mg, 0.04 mmol) in MeCN-H,O 95: 5
(10 mL) was introduced in the cell and the sample was kept
overnight (15-20 h) at room temperature. The solution was
then removed and the sample was washed consequently with
MeCN, 95% ethanol, and water, keeping each solvent in the
cell during 5-10 min before removal. Finally the cell was filled
with MeCN and the sample after chemical derivatization was
imaged in AFM tapping mode to characterize the nanoobjects
formed.
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