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Abstract

This article reveals the enabling aspects of nanografting (an atomic
force microscopy—based lithography technique) in surface physi-
cal chemistry. First, we characterize self-assembled monolayers and
multilayers using nanografting to place unknown molecules into a
matrix with known structure or vice versa. The availability of an in-
ternal standard in situ allows the unknown structures to be imaged
and quantified. The same approaches are applied to reveal the ori-
entation and packing of biomolecules (ligands, DNA, and proteins)
upon immobilization on surfaces. Second, nanografting enables sys-
tematic investigations of size-dependent mechanics at the nanometer
scale by producing a series of designed nanostructures and measur-
ing their Young’s modulus in situ. Third, one can investigate sys-
tematically the influence of ligand local structure on biorecognition
and protein immobilization by precisely engineering ligand nano-
structures. Finally, we also demonstrate the regulation of the surface
reaction mechanism, kinetics, and products via nanografting.
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AFM: atomic force
microscopy

SAM: self-assembled
monolayer

Nanostructures:
assemblies of atoms,
molecules, or ions with an
overall dimension of less
than 100 nm

Figure 1

(@) Schematic showing the
process of nanografting.

(b) A33 x 33 array of
nanostructures of
biotin-terminated thiols
inlaid in hexanethiol matrix,
produced in an ethanol
medium using nanografting.
() An 8 um x 8 pm lateral
force image of the
University of California at
Davis seal produced by
nanografting.
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INTRODUCTION

Nanografting was reported in 1997 using combined atomic force microscopy (AFM)
with the surface chemistry of thiol adsorption on gold surfaces (1). The procedure
of nanografting is relatively simple, starting from imaging (under a small force) an
alkanethiol self-assembled monolayer (SAM) in a liquid medium containing a differ-
ent kind of thiol (Figure 14). As a higher force is applied during the scanning, the
matrix thiol molecules are removed by the tip and transported into the solvent. Thiol
molecules contained in the solution immediately adsorb onto the freshly exposed
gold area following the scanning track of the atomic force microscope tip to form
designed nanostructures. The produced nanopatterns can then be characterized in
situ by the same atomic force microscope tip at a reduced force.

Since its invention, researchers have reported much improvement and technolog-
ical extensions of nanografting. For example, reversal nanografting was developed to
improve the throughput (2). In this process, functional molecules were first deposited
on surfaces, and then inert components were placed, using nanografting, to separate
the functional molecules into arrays of designed nanostructures. Figure 15 shows an
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example in which a 33 x 33 array of biotin-terminated thiols was produced on gold.
Each element has a size of 5.2 x 5.2 nm? with great uniformity. Nanopen reader
and writer extends nanografting into ambient or nonreactive media (3). In nanopen
reader and writer, reactants are predeposited onto an atomic force microscope probe.
The probe can then perform AFM imaging under low load and deposit the desired
materials under high force on a gold surface by replacing the resist molecules. Soft-
ware and digitization in scanning probe lithography also significantly improved to
enable automated nanolithography for the high-throughput production of complex
nanostructures and arrays (4). Figure 1¢ illustrates a revealing example in which the
University of California at Davis’ seal is fabricated by nanografting an aldehyde ter-
minated thiol into a decanethiol SAM. The process took 10 min to complete with
the finest width of 10 nm. The automated nanografting may be utilized in conjunc-
tion with multiple atomic force microscope tips in a one- or two-dimensional format
for the parallel fabrication of nanopatterns. Furthermore, researchers have also re-
ported modified nanografting by regulating local interactions, such as adsorbates on
silica or silicon surfaces (5), tapping mode nanografting (6), and scanning tunneling
microscopy-based nanografting (7).

Similar to many scanning probe lithography techniques—such as scanning tun-
neling microscopy-based lithography (8-10), dip-pen nanolithography (11, 12), local
oxidation nanolithography (13, 14), and local chemical or electrochemical lithogra-
phy (15)—nanografting has many advantages in the context of potential applications
in material science and the nanotechnology industry. For instance, the spatial res-
olution is high; thus the production and characterization of sub-100-nm structures
become feasible. Nanografting also shows great promise in materials science by pro-
ducing various functional nanostructures, including -OH, -COOH, -CHO, -NHj,
-NHS, biotin, -CFj, carbohydrate, and nucleotides (16-20). One can construct three-
dimensional nanostructures using pattern transfer by further surface reactions (21,
22). Moreover, the versatility of nanografting has been demonstrated by the creation
of nanostructures of large molecules and biological molecules, such as nanoparticles
of metals (23, 24), DNA (25, 26), ligands (20), and proteins (18, 27). Finally, many
researchers and laboratories that have AFM capabilities favor nanografting for its
simplicity.

Four unique aspects of nanografting make it a new and powerful tool in surface
physical chemistry. First, by not requiring any tip modification and eliminating surface
diffusion using a SAM as a resist, nanografting harnesses the highest spatial resolution
AFM can offer both in nanostructure production and in characterization (28). Sec-
ond, nanografting can work in versatile chemical environments (e.g., wet chemistry),
which enables direct mimicking and monitoring of real-surface reactions in situ, in
real time, and with molecular resolution (29). Third, as discussed below, nanograft-
ing is an active tool for regulating the reaction mechanism, kinetics, and products.
Fourth, multiplexing is enabled within one experiment by producing multicompo-
nent nanostructures and then introducing designed reactants while monitoring the
outcome in situ.

As previous reviews have discussed eloquently the potential of nanografting in
material assembly, molecular electronics, and bioresearch (13, 29), this article focuses
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Resist: a thin film coating
on surfaces that serves as
precursor and sacrificial
layer for lithography

Ligand: a molecule able to
bind to and form a complex
with a biomolecule; an
effector molecule binding to
a site on a target protein by
intermolecular forces

Molecular resolution: the
capability of distinguishing
between two separate but
adjacent molecules

369



Annu. Rev. Phys. Chem. 2008.59:367-386. Downloaded from www.annualreviews.org
by University of California- Davis on 11/03/10. For personal use only

370

on the enabling aspects of nanografting in surface physical chemistry. We discuss
four fundamental scientific inquiries that are otherwise difficult to probe without
nanografting: (#) surface structural characterization at the molecular level; (b) the
size-dependent Young’s modulus of monolayer materials; (¢) the size and geometry
dependence of protein immobilization and protein-ligand reactions; and (4) the reg-
ulation of the surface reaction mechanism, kinetics, and local structures.

SURFACE STRUTURAL CHARACTERIZATION
USING NANOGRAFTING

Researchers have widely used AFM to visualize surface morphology and structure,
especially for nonconductive materials, because of its high spatial resolution and
ability to image a wide range of systems. AFM imaging has provided important and
new structural information, such as local domains, phase segregations, defects, and
short- and long-range order or periodicity (30-32). Although conventional AFM
imaging provides a means for visualizing surface morphology, defects, and order
and for quantifying surface roughness, it is difficult to extract information about
molecular conformation, especially in the case of large molecules, such as long-chain
organic molecules, polymers, and biomolecules. Nanografting, conversely, provides
a powerful complement to conventional AFM imaging by determining the molecular
conformation on surfaces using an internal reference, such as a resist or a matrix
with well-known three-dimensional structures (e.g., alkanethiol SAMs). The height
and lateral structure of the newly grafted molecules can thus be accurately measured,
with the precision of a fraction of a nanometer, by direct comparison with the matrix
molecules. Similarly, one may take a reverse approach in which a known alkanethiol
SAM is nanografted in the films, whose structures can then be determined. The
availability of an internal standard in situ allows the unknown structures to be imaged
and quantified with high resolution.

Nanografting for the Structural Characterization
of Self-Assembled Monolayers

SAMs with a wide variety of thiolated molecules have been characterized using
nanografting. The simplest example is alkanethiols in which decanethiol SAMs (Cy)
are used as the matrix/internal standard (Figure 2). Within the monolayers, de-
canethiols form close-packed domains with a commensurate (/3 x /3)R30° struc-
ture with respect to the Au(111) surface (see Figure 2d) (33, 34). The molecules
adopt an all-#rans configuration, with a tilt angle of 30° from the surface normal. In
addition, the zigzag planes of the chains may exhibit up to four twist angles, yielding
various c¢(4y/3 x 2./3)R30° super lattices. With the assumption that the structure
of octadecanethiols (C;g) was unknown, we nanografted the Cig molecules into the
Cy matrix. The periodicity of Cyg is the same as the surrounding Cy (i.e., a two-
dimensional close-packed structure with a lattice constant of 0.50 nm) (Figure 2¢).
The Au(111) lattice can be visualized during the nanoshaving step (Figure 14), en-
abling the determination of commensurateness of the thiol adsorbates. The height
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Figure 2

() Fabrication of two Cig nanoislands (2 x 4 and 50 x 50 nm?) inlaid in the decanethiol
matrix using nanografting. As shown in the cursor profile in panel 4, the Cyg island is 0.88 nm
higher than the surrounding self-assembled monolayer (SAM). (c) Zoom-in scans reveal the
closely packed structure of SAMs in the nanostructures (top panel) and matrix (bottom panel).
Scale bar in Figure 2¢ is 0.5 nm. (¢) Schematic diagram illustrating the structure of C1g SAM.
(Top panel) The zigzag lines represent the hydrocarbon chains, with C;g shown in red and Cyg
shown in blue. (Bottom panel) The gray circles represent the gold atoms, and yellow dots
represent sulfur head groups.

difference between Cyg and Cyo measured 0.88 + 0.02 nm (Figure 2b). Therefore,
all Cy molecules adopt an all-t7ans configuration, with the chains tilted 30° from the
surface normal (28, 29).

SAMs with nonalkane chains, such as arenethiols, have also been character-
ized using nanografting (35). The side-by-side comparison of arenethiol and alka-
nethiol SAMs is accomplished by grafting nanopatterns of alkanethiols within the
matrix of arenethiol SAM or vice versa. Upon nanografting of 4-[4'(phenylethynyl)-
phenylethynyl]-benzenethiols (PPBT) into a C;¢ matrix, the arenethiols are measured
to be 7.6 + 1.0 A higher than the surrounding decanethiol matrix. Therefore,
unlike alkanethiol SAMs in which molecules tilt 30° from the surface normal,
arenethiol molecules are attached perpendicular to the surface. This conclusion is
further confirmed by the nanografting of docosanethiol inlaid in a PPBT SAM,
in which the alkanethiols are 6.5 + 0.8 A taller than the surrounding arenethi-
ols. Both experiments validate the upright conformation of arenethiols within 5°
accuracy.

Figure 3 provides another example in which the structure of SAMs with
complex chain and termini is characterized (20). Using nanografting, we produced
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Figure 3

(#) A300 nm x 300 nm atomic force microscopy (AFM) topographic image including a

130 nm x 110 nm rectangle of ligand Gal in a Cg matrix self-assembled monolayer (SAM).
() Cursor profile corresponding to the line in panel 4. (¢) Side view of Gal molecules in the
pattern. (d) A 400 nm x 400 nm AFM topographic image including a 150 nm x 150 nm
square of ligand GalCer in a Cjg matrix SAM. (¢) Cursor profile corresponding to the line in
panel d. ( f) Side view of the GalCer molecules in the pattern.

nanostructures of carbohydrate ligands, 2-[2(2-mercaptoethoxy)ethoxyl]-N-
(galactopyranosyl-2'-methyl)acetamide (Gal) and p-p-galactopyranosyl-2S,3R,4E-
3-hydroxy-2-N-(11-mercapto-undecanoic acid)-sphingenine (GalCer). Figure 3
shows two nanostructures, a 130 nm x 110 nm ligand Gal pattern inlaid in a Cg
SAM (Figure 34), and a 150 nm x 150 nm GalCer-terminated thiol inlaid in a
Cio SAM (Figure 3d). The apparent height of the two nanostructures measured
from cursor profiles (Figure 3b,¢) is 0.75 and 1.15 nm above the surrounding SAM,
respectively. In contrast to alkane chains, which adopt a 30° tilt with respect to the
surface normal, these apparent heights of Gal- and GalCer-terminated thiols suggest
an upright configuration, as schematically shown in Figure 3¢, f. The configuration
difference between alkanethiols and thiolated carbohydrate ligands in SAMs likely
results from the intermolecular interactions. As shown in Figure 3¢, thiolated Gal
molecules incorporate an ethylene glycol backbone with a bulky terminal, whereas
thiolated GalCer (Figure 3f) has two chains (one thiol head group and another just
hydrocarbon with six carbon atoms more than the thiol chain). These molecular
differences between alkanethiols and carbohydrate ligands impact the interchain
interactions, and thus their final configurations within SAMs. Molecules within the
nanostructure are closely packed, as evidenced by the small deformation under tip
pressure.
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Nanografting for Determining the Orientation
and Packing of Biomolecules on Surfaces

Single-strand DNA or oligonucleotide molecules are routinely immobilized on
surfaces as the initial step for constructing sensors, a solid-state synthesis, or a
bioassay. The orientation and packing of the molecules impact the subsequent hy-
bridization reactions and device performance. Nanografting offers a means to char-
acterize the orientation and packing of DNA or oligonucleotides (25). Proof of
concept has been demonstrated using two single-stranded oligomolecules, 5'-HS-
(CH,)s CTAGCTCTAAT-CTGCTAG-3’ (here referred to as oligo 1) and 5'-HS-
(CH,)sAGAAGGCCTAGA-3' (here referred to as oligo 2) (25). On graftinga 115 x
135 nm? nanopattern of oligo 1 within a C¢ matrix, we measured the pattern to be
6.3-8.3 nm in height. A molecular model of oligo 1 yields a length of 8.4 nm in a fully
stretched conformation. By comparison to the molecular model, one can conclude
thatoligo 1 is almost fully stretched. Similar results were attained for oligo 2, in which
2190 x 255 nm? pattern has an apparent height of 5.0-6.0 nm, by comparison with
matrix C;9 SAM.

The orientation and packing of proteins after immobilization on surfaces repre-
sent another class of important biomaterials that can benefit from in situ and high-
resolution structural characterization. Figure 4 shows an example in which lysozyme
(LYZ) molecules were immobilized onto nanostructures of carboxyl termini (18). The
high selectivity observed at pH 7 results mostly from electrostatic interactions be-
tween the LYZ molecules and the carboxylate-terminated nanopatterns. Three LYZ
molecules are positioned along the 10 x 150 nm? nanoline, whereas eight protein
particles are confined within the 100 x 150 nm? nanorectangle. The corresponding
combined cursor profiles in Figure 4¢ reveal that the immobilized protein molecules
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Figure 4

(@) A10nm x 150 nm line and a 100 nm x 150 nm rectangle of HS(CH;), COOH produced
in Cj¢ using nanografting. (b)) The same area after introducing a lysozyme solution. (c) A
combined cursor profile as indicated in panels # and 4. Black and shaded areas represent the
matrix and patterned self-assembled monolayer regions, respectively, whereas the yellow
region corresponds to adsorbed protein molecules.
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exhibit two different heights: 4.1 nm and 3.0 nm. The physical interactions are not
specific; therefore, various orientations with respect to the surface are observed for
the adsorbed proteins. Because LYZ molecules are ellipsoidal with the approximate
dimensions 4.5 x 3.0 x 3.0 nm? from X-ray crystallographic studies, the observed
heights (4.1 nm and 3.0 nm) correspond to the side-on and end-on orientations of
LYZ, respectively (18).

When bioengineered with a chemical linkage (a cysteine at a specific site), proteins
may be directly nanografted on solid support without introducing an extra linker.
This site-specific modification will anchor the protein molecules in an appropriate
matrix while preserving as best as possible the necessary function with a predictable
adsorption and orientation to the surface. Using this approach, researchers patterned
a 78-amino-acid iron(IT) complex [Fe(axpV,L4-C26);]** via nanografting into a Cig
SAM (36). The average value of the height difference is 3.1 nm between the protein
and the matrix, giving a measured height for the proteins of 5.3 nm. This measurement
compares well with the height of 5.2 nm predicted from molecular models (36).

Nanografting for Monitoring Structural Evolution

Investigators have also monitored the multilayer growth process using nanografting.
Self-assembled multilayers of 4,4'-dimercaptobiphenyl (DMBP) may be formed by
Cu(II)-catalyzed oxidation. The aromatic chains are known to stand upright; however,
it was not completely clear if copper only acts as a catalyst or if it becomes part of
the multilayer (37). Using nanografting, we produced a nanopattern of dodecanethiol
in the monolayer of DMBP. This alkanethiol exhibits a height of 0.50 £+ 0.18 nm,
which is taller than the DMBP matrix monolayer. Because the known height of
dodecanethiol is 1.54 nm, comparison gives the height of the DMBP monolayer as
1.04 £ 0.18 nm. On forming a second layer, the matrix became 0.67 nm taller than
the dodecanethiol nanostructure. In another words, the thickness of the bilayer is
2.21 + 0.25 nm. This height s consistent with the disulfide linkage between the first
and second layer, but not consistent with the model of S-Cu-S sandwich formation.
The addition of the third layer yielded the thickness of 3.36 £ 0.30 nm, which further
verifies the formation of a disulfide linkage between layers (37).

Nanografting was also utilized to reveal the function of water in model membrane
systems (38). First, the researchers produced a 100 nm x 100 nm-sized nanopatch
of Cyg in a SAM of hydroxyl-terminated alkanethiols, HS(CH,);;OH (C;;OH) on
Au(111), to roughly mimic the membranes’ hydrophobic chains and polar head
groups. They used contact-mode AFM to study the compressibility of these SAMs
in the presence of 2-butanol. On changing the solvent to water, the mechanical re-
sistance of the C;;OH SAM became much higher than in 2-butanol. Because the
compressibility of a hydrophobic Cyg patch is not expected to change significantly
from water to 2-butanol, it provides an ideal internal reference for the structure as
well as mechanical resistance. This result is explained by molecular dynamics simu-
lations in which water molecules can mediate the interaction between the OH head
groups, relaxing the surface strain present in the case of 2-butanol and allowing the
SAM hydrocarbon chains to form a more ordered crystal. If this were the case, it
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would imply that the stabilizing action of water for biological membranes has a double
nature.

Protein packing on surfaces has also been investigated using nanografting as a
function of environmental pH (22). Bovine carbonic anhydrase (II) (CA) was immo-
bilized onto charged nanopatches [6-mercaptohexan-1-ol (MCH), N-(6 mercapto)
hexyl pyridinium bromide, and 3-mercaptopropionic acid] within a hexa(ethylene
glycol)-terminated SAM. At pH 4.5, CA was immobilized onto both the negatively
and positively charged patches. A careful analysis of line scan profiles reveals that the
protein layer is not uniform, with the main part of the protein layer approximately
4-5 nm thick with domains up to 13 nm high (approximately three protein layers),
suggesting that some CA molecules have aggregated at this pH. At pH 5, the protein-
layer thickness decreased to approximately 4 nm (monolayer) on both negatively and
positively charged surfaces. At pH 5.5 and 7.2, little CA was immobilized onto the
positively charged nanopatch, but there was still complete coverage at the negatively
charged surface. At pH 5.0 and 5.5, there was much less aggregation.

SIZE-DEPENDENT YOUNG’S MODULUS
OF ORGANIC THIN FILMS

The development of the next generation of devices, chips, and micro- and nano-
electromechanical systems demands advances in nanoscience and nanoengineering
(39-41). The determination of the mechanical properties of nanostructures has re-
ceived increasing attention lately owing to the rapid development of nanotechnology
and the successful fabrication of many nanodevices and components. The measure-
ment of local hardness, elasticity, and shear modulus of materials at the nanometer
scale, however, is fraught with both theoretical and experimental challenges.

Nanografting enables one to address this challenge by producing nanostructures
with designed size and geometry. These nanostructures are characterized using the
same atomic force microscope tip, followed by force modulation spectroscopy and
microscopy measurements (19). In force modulation, the sample is modulated at
a designed frequency while the atomic force microscope probe remains in contact
with the surface at a specified imaging force. The response amplitude and phase are
acquired at the same time as the topographic image, from which one can determine the
resonance frequency and viscoelastic behavior of each nanostructure or domain. To
extract Young’s modulus, investigators reported two methods: () calculating E from
the amplitude and phase (42) and (/) calculating E from the resonance frequencies
for the tip-surface contact (43-45).

Figure 5 shows the size-dependent mechanics of Ci5 SAM. First, Cig nano-
structures are fabricated into a C;( matrix using nanografting with the designed size
ranging from 20 nm to 200 nm in the lateral dimension (45). Force modulation spectra
are then acquired, in which smaller nanostructures appear softer than larger ones as
the resonance occurs at lower frequencies. The apparent Young’s modulus decreases
nonlinearly with the decreasing size of these nanostructures (45). At nanometer length
scales, there are no longer sufficient neighbors to react to the applied pressure with
the same behavior as a bulk film. This results in a decrease of the observed Young’s
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Figure 5

The spectra shown in panel # indicate a downshift of resonance with respect to the size. The
Young’s modulus of the structures is plotted against the size of the nanostructure in panel 4 and
the mass of the nanostructure in panel c.

modulus. The systematic study using nanografting presents conclusive evidence of
the size dependence of elasticity in the nanoregime. One may apply the approach uti-
lized to study the size-dependence behavior of various materials and other mechanical
properties.

IMPACT OF LOCAL LIGAND STRUCTURES
ON BIOCHEMICAL REACTIONS

Extensive studies have revealed that human immunodeficiency virus type 1 (HIV-1)
gains entry into host cells through the binding of its viral envelope protein gp120
with cellular receptors, such as CD4 or GalCer for CD4-negative cells (46). X-ray
diffraction and electron microscopy investigations suggest that these membrane pro-
teins present at the surface of HIV as trimers (47). The trimeric structures are likely
to remain during the initial infection process (i.e., gp120 and cell-receptor bind-
ing are trivalent in nature). The V3 loop of gp120, which is the likely binding
site for the T cell receptors, faces the trimer axis, with a separation ranging from
1.3 nm to 9.4 nm. Therefore, optimizing ligand nanostructures could offer an attrac-
tive mimetic for the initial viral binding (20).

Using nanografting, we produced a series of nanostructures (arrays of dots, lines,
and cross-lines) of HIV binding ligands (20). Figure 6a-d shows four representative
designs of nanostructures of GalCer termini and their potency in attracting gp120.
For the nanostructure shown in Figure 64, few immobilized proteins are visible.
The lack of protein adsorption is attributed to steric hindrance because the closely
packed neighbor molecules make the GalCer difficult to access by the V3 loop of
rgp120. In contrast, other designs exhibit potent binding to gp120. As visualized in
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Figure 6

(a—d) Four designs of GalCer nanostructures. (¢) Atomic force microscopy (AFM) topograph
of 2200 nm x 200 nm GalCer square pattern produced using nanografting. ( /) AFM
topograph of an array of 16 lines covering a 400 nm x 400 nm area. (g) An array of 32 lines
covering a 400 nm x 400 nm area. (b)) AFM topograph of two arrays of lines crossing in space.
Each line array contains 16 lines homogeneously distributed within 600 nm x 600 nm areas,
and the two arrays are rotated 30° with respect to each other. (i—z) Same area as shown in
panels ¢ through 4 after a 60-min immersion in a 25 pg ml~! rgp120 solution.

Figure 6m, most of the bright features are located in the crossed points, at which
trivalent binding is favored.

The optimal size and geometry were determined using arrays with various dimen-
sions, such as changing the angle of the cross-lines from 15° to 90° and changing
the space of line arrays from 3 to 10 nm (20). Those systematic studies allow the
determination of the optimal separation: 4.8 nm among nearest-neighbor GalCer is
recommended for the design ligand mimetics.

We took a similar approach to investigate size-dependent biorecognition between
biotin and antibiotin IgG, in which three arrays of biotin nanostructures were pro-
duced (2). IgG molecules prefer those structures in which biotin ligands are available
at approximately 14.5-nm separation, confirming the bivalent and specific nature of
the Fab domains with the underneath biotin termini. Protein immobilization via co-
valent binding to aldehyde groups has also been investigated. This protein attachment
protocol occurs with at least two binding sites because the immobilization depends
sensitively on the size and separation of the CHO domains. The multianchored
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attachment is realized by the availability of lysine residues (83 per IgG and 9 per
LYZ), and the matching aldehyde termini underneath, engineered using nanografting

@).

REGULATION OF SURFACE REACTION PATHWAYS,
KINETICS, AND PRODUCTS

The self-assembly of thiols on gold provides a good example to illustrate the con-
cept of regulating surface reactions using nanografting because the reaction kinet-
ics and mechanism are relatively well-known. The significance of SAMs is clearly
demonstrated from the large number of publications (~700) focusing on them since
their discovery (48). Figure 7a illustrates the reaction mechanism or pathway of
self-assembly. It is known from SPM (28, 33) and diffraction studies (49) that uncon-
strained self-assembly includes two main steps. Molecules initially attach to gold with
the chains parallel to the surface, with a reaction intermediate known as the lying-
down phase (Figure 7a). As the reaction proceeds, thiols stand up and eventually
form a complete layer, a result of collision and lateral pressure. In dilute solutions,
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Figure 7

Schematic diagram illustrating the two surface reaction pathways of thiol self-assembly on
gold: (#) unconstrained in natural growth and (b) spatially confined self-assembly in
nanografting. (c) Side-by-side comparison of Cig self-assembly during natural growth onto
bare gold (dark regions) and nanografting (rectangular region on the right). Under identical
reaction conditions, self-assembly occurs much faster during nanografting than in natural
growth. The scanning size of all images is 150 nm x 150 nm.
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the reaction kinetics follows the Langmuir (50, 51) or modified Langmuir (52, 53)
relationship, until the coverage reaches ~20%.

Nanografting alters the reaction pathways and kinetics (28). As shown in
Figure 7b, the atomic force microscope tip displaces the thiols in the matrix, thus
producing a transient reaction environment in which the newly exposed gold surface
(i.e., the reactant) is spatially confined by surrounding thiols and the atomic force
microscope tip. Such spatial confinement hinders the formation of a lying-down
configuration for adsorbing thiols but favors their direct adoption of the standing-up
configuration. Therefore, the adsorption follows a new pathway that bypasses the
lying-down to standing-up transition (Figure 7). The new reaction pathway also
leads to at least two orders of magnitude faster kinetics (28). The standing-up config-
uration facilitates the chemisorption of sulfur to gold and the packing of the chains
to form the SAM. In addition, the standing-up configuration is also enthalpically
favorable because the interactions between the newly adsorbed molecules and the
surrounding thiols help stabilize the transition states for the self-assembly process.
Thus, the activation energy for the spatially confined self-assembly is lower than that
in the unconstrained reaction process.

In natural growth, mixed SAMs form following a similar pathway as illus-
trated in Figure 74, and their structures exhibit phase-segregated domains of the
components (54-66). In principle, thermodynamic-driven structures (e.g., domi-
nated by large domains of long chains) are expected at low concentrations of re-
actant, long-reaction times, and with thermal annealing. Conversely, kinetic-driven
SAMs (e.g., close to a molecular-level mixing) are favored under high thiol con-
centration, short reaction times, and low temperatures. The reality lies between the
two extremes; in other words, segregated domains would form, whose local struc-
ture is the result of the interplay between reaction kinetics and thermodynamics
(16, 67).

Owing to the difference in reaction pathways, the nanografting of mixed thiols
yields revealing structures (16). Figure 8 provides unambiguous proof, in which areas
of nanografted SAMs and natural grown layers were produced on the same gold sur-
face from the same mixed thiol solution: a 2-puM thiol in 2-butanol with C;3/Cig =
3:5. Figure 8b reveals the overall morphology, in which the boundaries of the
nanografted area are clearly visible owing to their difference in local structure. The
fabricated binary area appears smoother than that of the matrix SAM, supporting
the higher degree of molecular mixing in the nanografted SAMs. The lateral hetero-
geneity is clearly visualized from high-resolution images (Figure 8¢,d), in which the
segregated C;g and C;o domains and their spatial distribution are clearly visible. The
nanografted SAMs as shown in Figure 84 exhibit smaller C;g3 domains that are less
separated than those in the matrix counterpart (Figure 8c).

The degree of spatial confinement (and thus the reaction pathway and kinetics)
may be varied by changing the shaving speed (16). Figure 94 presents three charac-
teristic speeds. At 500 nm s~!, nanografting in a mixed C;5 and Cyg solution (1:5 molar
ratio with 0.02-mM concentration) resulted in homogeneous mixing of the two com-
ponents. The average C;3 domain size is 2.7 nm with a center-center spacing of
5.5 nm. At 3000 nm s~ the average domain increased to 5.5 nm with a separation
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Figure 8

(@) Schematic diagram comparing the local domain structures of mixed C;g and Co
self-assembled monolayers (SAMs) formed in nanografting versus natural growth. (5) A

700 nm x 700 nm atomic force microscopy topograph reveals the overall morphology of
SAMs produced by the two methods. (¢) A zoomed-in scan (100 nm x 100 nm) of the matrix
SAM. (d) A zoomed-in scan (100 nm x 100 nm) in the nanografted area.

of 11.2 nm. At 10,000 nm s~ the average C;s domain increased to 8.9 nm with a
15.0-nm separation, a product nearly the same as that produced via natural self-
assembly. To attain larger domains, one can always turn to nanografting single-
component thiols with the required functionality (Figure 95).

a b

Complete phase

Molecular- Y [ separation at
level mixing designed

10 nm 20 nm 100 nm dimensions

Figure 9

Schematic diagram summarizing the capability of nanografting to regulate local thiol domains,
from molecular-level mixing, to nanometer-level domains, to structures with designed
geometry and dimension. Imaging size is 100 nm x 100 nm and 400 nm x 400 nm for panels
a and b, respectively.
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SUMMARY POINTS

1. Nanografting provides a new and powerful means in surface physical chem-
istry research.

2. Self-assembled monolayers and multilayers with various chains and termini
are characterized by using nanografting to place those unknown molecules
into a matrix with known structure or vice versa. The availability of an
internal standard in situ allows the unknown structures to be studied and
quantified.

3. The same approaches are utilized to determine the density and molecular
conformation of DNA on surfaces, as well as the orientation and packing of
proteins upon immobilization on surfaces.

4. Nanografting enables systematic investigations of size-dependent mechan-
ics at the nanometer scale (e.g., by producing series of designed nanostruc-
tures and measuring their Young’s moduli in situ).

5. By precisely engineering ligand nanostructures, researchers can investigate
the outcome of biorecognition and protein immobilization reactions to de-
termine the optimal binding of HIV envelope proteins to carbohydrate lig-
ands, the rational design for antibody-antigen recognition, and the local
domain structures for protein immobilization.

6. The regulation of the surface reaction mechanism, kinetics, and products
is also demonstrated using nanografting by regulating the degree of spa-
tial confinement during the nanoshaving process, which dictates the self-
assembly pathway.
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1. First report on
nanografting, which
describes the principal,
basic procedure and
addresses the issue of
spatial resolution.

16. Demonstrates that
nanografting can regulate
the reaction mechanism
and products for the
self-assembly of mixed
SAMs.

18. Presents applications
of nanografting in surface
biochemistry, especially
protein immobilization.
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