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Abstract: Using a scanning probe lithography method known as nanografting in conjunction with knowledge
of self-assembly chemistry, regulation of the heterogeneity of self-assembled monolayers (SAMs) is
demonstrated. While nanografting in single-component thiols produces areas of SAMs with designed
geometry and size, nanofabrication in mixed thiol solution yields segregated domains. The reaction
mechanism in nanografting differs significantly from self-assembly in mix-and-grow methods, as proven in
systematic studies reported in this article and a companion paper of theoretical calculations of the
nanografting process. Knowledge of the reaction pathways enables development of methods for shifting
the interplay between the kinetics and thermodynamics in SAM formation, and thus the heterogeneity of
mixed SAMs. By varying fabrication parameters, such as shaving speed, and reaction conditions, such as
concentration and ratio of the components, the lateral heterogeneity can be adjusted ranging from near
molecular mixing to segregated domains of several to tens of nanometers.

Introduction

Mixed self-assembled monolayers (SAMs) of organothiols
on noble metal surfaces such as gold have attracted much
attention because of their rich domain structures and variety of
surface functionalities.1,2 Additionally, mixed SAMs serve as
better model systems than pure SAMs in mimicking biomem-
branes because of the presence of segregated domains.3-9

Furthermore, mixed SAMs provide a powerful platform due to
their rich structures and chemical and biological properties. For
example, mixed SAMs have been employed for the study of a
wide range of interfacial phenomena, such as wetting, electron
transfer, and biomolecular adsorption and recognition.10-15

Previous studies have revealed that the physical properties of
binary SAMs such as the wettability,10 friction,16 and local
elastic compliance17 depend on the lateral heterogeneity or
segregation of domains at the nanometer scale. Similarly, the
chemical and biological properties vary with the local hetero-
geneity of the mixed SAMs. For example, stronger immobiliza-
tion of enzyme molecules18 and enhanced adsorption of DNA
on surfaces19 were realized by using a binary SAM containing
the specific ligand with optimized surface composition. Cell
adhesion and cellular functions such as motility can be affected
by the distribution and arrangement of the receptor RGD
domains on surfaces at the nanometer scale.20 Therefore, finding
an effective means to control or to regulate the lateral
heterogeneity of mixed SAMs at the nanometer scale is critical
in order to attain designed properties. The investigation of local
domain structures should also facilitate an understanding of the
self-assembly process and formation of membrane rafts.21-23

The formation of segregated domains in mixed SAMs results
from the interplay between the reaction kinetics and thermo-
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dynamics. Much effort has been invested in investigating the
impact of surface reaction conditions on the local domain
structures.6,8,24-30 Kinetics-driven products, i.e. mixed SAMs
with a near molecular level mixing, were demonstrated during
coadsorption of high concentration thiol mixtures (1 mM,
C14/C8 ) 7:1) at 50°C.24 Thermodynamics-driven layers, i.e.,
large segregated domains, were often observed after long
immersion in dilute solutions and/or when the adsorbates’ chain
length and termini differ sufficiently, e.g. in mixed 3-mercapto-
1-propanol and 1-tetradecanethiol (C3OH/C14 ) 1:1) at 1µM
thiol concentration.30 In addition to the mix-and-grow approach
referred to hereafter as natural self-assembly, the production of
nanostructures with designed functionality, geometry, and
dimensions can be achieved using nanolithography with single-
component thiols, such as in nanografting31-35 and DPN.36,37

At larger dimensions, such as several to hundreds of micrometers
or larger, structures can be produced using microlithography
methods such as microcontact printing.38,39

In this article, we report a new approach of using nanografting
in mixedthiols to regulate the local domain structure in mixed
SAMs, ranging from molecular level mixing to nanometer
islands. Regulation at the molecular and nanometer scale is
attained by adjusting the interplay of self-assembly reaction
kinetics and thermodynamics. A systematic investigation is
presented using atomic force microscopy (AFM) imaging,
nanolithography, and Monte Carlo simulation (see companion
paper by Ryu and Schatz)40 to reveal the complex reaction
mechanisms of self-assembly of mixed thiols in natural growth
as well in nanografting. A summary of our models for two self-
assembly pathways are schematically shown in Figure 1. In
natural growth (Figure 1A), thiol molecules collide with the
gold surface via planar diffusion (see arrows), forming a stable
reaction intermediate known as the “lying-down” phase. Con-
tinuous collision by thiols from solution builds up lateral
pressure, which leads to a first-order phase transition where
molecules stand up. Eventually monolayer coverage is reached
with segregated domains locked in. This mechanism was
established on the basis of investigations of single-component
self-assembly using scanning probe microscopy.41,42 In nano-

grafting (Figure 1B) where the exposed gold area is less than
the molecular chain length of alkanethiols, the adsorption fol-
lows a spatially confined self-assembly (SCSA) pathway. Thiol
molecules within the matrix SAM are removed mechanically
from the gold surface by a sharp AFM tip under high force.
The freshly exposed area on the gold surface is small; as a result
further deposition involves semispherical diffusion (see arrows
in Figure 1B). The surface is also spatially confined by both
the AFM tip and the neighboring thiol molecules in the matrix;
thus, incoming thiols directly stand up, bypassing the lying-
down to standing-up phase transition.41,43This pathway lowers
the activation barrier and therefore exhibits kinetics at least 1
order of magnitude faster than that observed for the natural
growth process.43 In the actual nanografting process, both
pathways occur, depending upon the transient spatial confine-
ment conditions during nanofabrication. Therefore, our approach
is designed to regulate the percentage at which SCSA occurs
and, as a result, to impact the local structure of SAMs.

Experimental Section

Materials. n-Alkanethiols such as hexanethiol, decanethiol, do-
decanethiol, and octadecanethiol (hereafter referred to as C6, C10, C12,
and C18) and 3-mercaptopropionic acid (referred to as C2COOH) with
a purity of more than 95% were purchased from Aldrich and used
without further purification. Aldehyde-terminated disulfide [-S(CH2)10-
CHO]2 (referred to as C10CHO due to the cleavage of the disulfide
bond44) was purchased from ProChimia (Gdansk, Poland).sec-Butyl
alcohol was purchased from Fisher Scientific and used as the solvent
for the mixed alkanethiol solutions without further purification.

Preparation of Binary Self-Assembled Monolayers (SAMs).Gold
(Alfa Aesar, 99.999%) was deposited in a high-vacuum evaporator
(Denton Vacuum, model DV502-A) at a base pressure below 2× 10-6

Torr onto freshly cleaved mica substrates (clear ruby muscovite, Mica
New York Corp.). The mica was preheated to 350°C before deposition
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Figure 1. Schematic diagram illustrating the two surface reaction pathways
of thiol self-assembly on gold: [A] unconstrained thiol adsorption occurs
during natural self-assembly; and [B] spatially confined self-assembly
(SCSA) occurs frequently in nanografting.
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by using two quartz lamps which are mounted behind the mica to
enhance the formation of terraced Au(111) domains. Typical evapora-
tion rates were 3 Å/s, and the thickness of the gold films ranged from
1500 to 2000 Å. After the evaporation, the gold thin films were annealed
at 365 °C under vacuum for 30 min and allowed to cool to room
temperature. Immediately after removal from the chamber, the gold-
coated substrates were annealed in a H2 flame for 2 min in order to
produce large terraces. Then, the gold films were quenched, either in
pure ethanol or in air, to room temperature and immersed directly into
the desired mixed alkanethiol solutions at least overnight before
characterization by AFM and STM. This investigation focuses on mixed
thiols of C18/C10 where the functionality of both components is identical,
and molecules differ only in chain length. To verify the robustness of
our results, we also studied other types of mixed SAMs including
C10/C6, C18/C10, C10CHO/C6, and C12/C2COOH. All SAMs are prepared
and utilized within one week of the substrate immersion.

Atomic Force Microscopy. The AFM utilized was a home-con-
structed, deflection-type scanning head that exhibits high mechanical
stability. The scanner was controlled by an AFM 100 preamplifier and
STM 1000 electronic (RHK Technology, Inc. Troy, MI). The AFM
scanner was calibrated laterally via the periodicity of a mica(0001)
surface (0.518 nm) and vertically using the single atomic step of an
Au(111) surface (0.235 nm). Sharpened Si3N4 microlevers (Veeco
Metrology Group, Santa Barbara, CA) with a force constant of 0.1 N/m
were used for AFM imaging. Images were acquired using contact mode
in liquid media.

The optimal imaging area to visualize local domains is 100 nm×
100 nm under AFM. Both domain size (fwhm) and separation (center-
to-center and edge-to-edge) were measured quantitatively from over
30 cursor profiles per image. The lateral heterogeneity is also analyzed
using autocorrelation (RHK-based imaging processing software) and
self-correlation (written using Mathematica). Self-correlation is defined
as G(k1,k2) ) ∑f(x,y) f(x + k1,y + k2) wheref(x,y) represents the
AFM topographic image. Typical tip diameter at the apex is 4 nm,
estimated from imaging pure C18 vs C10 domains, and single atomic
steps of Au(111),45 and verified from blind-tip reconstruction (IgorPro-
based AFM imaging and analysis software from Asylum Research).
Image deconvolution was also performed and typically resulted in a
less than 20% decrease of the lateral dimension of segregated domains.
Given the accuracy of AFM and to maintain the integrity of the surface
topograph, all images and analysis in this article are presented without
tip-deconvolution processing.

Scanning Tunneling Microscopy.The STM used for this study
incorporates a walker-type configuration scanner (UHV STM 300, RHK
Technology, Inc. Troy, MI). The STM tips used for these studies are
tungsten wires cut under ambient conditions and then electrochemically
etched in 3 M KOH solutions at 2.1 V. A homemade electrochemical
potentiostat was used to automatically monitor and stop the etching
process when the current dropped below the setpoint. The STM scanner
was calibrated laterally via the periodicity of decanethiol SAMs
(periodicity 0.50 nm) and vertically using the single atomic step of an
Au(111) surface. All images reported in this work were acquired in
high-impedance, constant-current mode. The typical tunneling current
was set at 30 pA and the bias voltage at 1 V.46,47

Nanografting. Nanografting is an AFM-based fabrication method
developed in our group.31-33 Briefly, a previously formed SAM serves
as a matrix that is immersed in a solution containing the desired
replacement thiol molecules. The matrix is imaged by the AFM tip
under a low load. Once the fabrication location is chosen, the load is
increased to above the displacement threshold of the adsorbed thiolated
molecules. During the scanning, the matrix molecules are removed and

replaced by thiols in solution as the AFM tip plows through the matrix
monolayers.

Results and Discussion

High-Resolution Structural Characterization of SAMs
from Mix-and-Grow. The local domains in naturally grown
mixed SAMs can be clearly visualized using AFM, and
molecular level resolution is attainable using STM.8,24,48 We
have initiated our investigation by characterizing the structures
of binary C10/C6 SAMs to provide a structural base for
comparison of mixed alkanethiol SAMs, and to validate our
study with previous work.6,8,9,24,48-50 Figure 2A is a 50 nm×
50 nm AFM topographic image of a binary C10/C6 SAM
prepared by natural growth. This SAM clearly consists of
domains as evidenced by the bright and gray contrasts. Etch
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Figure 2. Molecular level characterization of the lateral heterogeneity of
a binary C10/C6 SAM using AFM and STM imaging of the same sys-
tem. The SAM is formed by natural growth from a mixed thiol solu-
tion with a total concentration of 0.02 mM and a molar ratio of C10:C6 )
1:5. [A] 50 nm× 50 nm AFM topographic image showing the local do-
main structures. [B] Cursor profile corresponding to the line in [A]. [C]
50 nm × 50 nm STM image revealing the local domain structures. [D]
Cursor profile corresponding to the line in [C]. [E] 20 nm× 20 nm zoom-
in scan by STM to show the molecular mixing within the C10 and C6

domains.
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pits, 2-5 nm wide and with the depth of a single atomic step
of Au(111), are clearly visible. The overall morphology and
the size/distribution of etch pits are characteristic of freshly
prepared SAMs from solution phase, according to previous
diffraction and STM investigations of pure and mixed
SAMs.4,46,51,52

The lateral dimensions of the domains are extracted from the
cursor profiles as shown in Figure 2B; they range from 3 to 6
nm with an average separation of 8 nm. The height difference
between the white and gray areas measures 0.15 nm, smaller
than the predicted value of 0.44 nm using the 30° tilt angle53-56

for thiols in SAMs. The imaging force is 1.6 nN; thus, the
SAM deformation is less than 0.2 nm as estimated from the
Hertzian model.57-61 This deformation alone is insufficient to
account for the observed height difference. Therefore, we
conclude that the height difference is due to the fact that the
white and gray regions are not pure C10 and C6, respectively.
Instead, white areas contain mixtures of both components with
a greater number of C10 molecules; these areas are referred to
as C10-rich domains or C10 domains for short. This mixing
disrupts the molecular level close-packing and thus permits
higher deformation under AFM imaging pressure than for
periodic SAMs, which leads to a smaller height difference than
the theoretical value. This deviation from the theoretical value
also provides a quantitative measure of the degree of mixing
within domains.

Molecular level characterization of these local domains is
attained using STM. Figure 2C is a STM topographic image
with the same scan size as that of the AFM image in Figure
2A. The overall surface morphology including the features of
etch pits is very similar to that revealed in AFM. The average
size of C10 domains is 5.5 nm (ranging from 3.8 to 7.2 nm)
from STM topographs, which is∼16% smaller than that mea-
sured from AFM images (6.5 nm). This small discrepancy is
likely due to AFM tip convolution. Given the variation of the
domain size and the accuracy of the technique, the two methods
provide very consistent measurement of local domain structures.
Further zooming in, shown in Figure 2E, reveals that the bright
areas contain 80% C10, while the gray areas have less than 30%
of the C10 thiol molecules. Since panels A and C of Figure 2
reveal very similar domain sizes and distribution, we use high-
resolution AFM for most of the other mixed SAMs, bearing in
mind the mixing within domains. Further, most thiols used in
membrane-mimicking SAMs are longer than C10, which are not
sufficiently conductive for STM investigations. Various scanning
sizes were used to reveal surface morphology as well as local
domains. We observed that 100 nm× 100 nm scans are
sufficiently small in the visualization of local domain structures.

Our observation of the local structure is consistent with previous
research on mixed SAMs, i.e., mixed thiols form separated
domains on gold with the lateral heterogeneity varying with
experimental conditions.1-3,7,8,24,48

Structural Differences in Local Domains: Nanografted
versus Naturally Grown SAMs. As a direct result of the two
self-assembly pathways (see the models shown in Figure 1),
more kinetics-driven SAMs are formed in nanografting, while
more thermodynamic-driven layers are formed in natural growth.
Figure 3 provides unambiguous proof, in which areas of
nanografted SAMs and natural grown layers were produced on
the same gold surface from the same mixed thiol solution: a 2
µM thiol in 2-butanol with C18/C10 ) 3:5; further, both SAMs
were characterized side-by-side under the same imaging condi-
tions. Figure 3A reveals the overall morphology of the mixed
SAM in an 800 nm× 800 nm area, within which a 400 nm×
400 nm region is produced by using nanografting. As the first
observation, the boundaries of the nanografted area are clearly
visible because the pattern is 0.45 nm lower (see Figure 3D)
than the surrounding matrix. Following the discussion pertaining
to Figure 2, this height difference suggests that nanografted
SAMs exhibit a lower degree of domain segregation than the
naturally grown ones. Second, the fabricated binary area appears
smoother than that of the matrix SAM, as also evidenced by
the better resolved Au(111) steps in the central grafted area than
in the surrounding areas. Cursor profiles shown in E and F of
Figure 3 indicate the surface roughness is 0.27 and 0.14 nm,
respectively. The smaller surface roughness further supports the
higher degree of molecular mixing in the nanografted SAMs.
Finally, the lateral heterogeneity of local domains is visualized
from high-resolution images shown in panels B and C of Figure
3. In a 100 nm× 100 nm scan, the segregated C18 and C10

domains and their spatial distribution are clearly visible. The
nanografted SAMs exhibit smaller C18 domains that are less
separated than those in the matrix counterpart. The quantitative
heterogeneities of nanografted vs naturally grown SAMs, as
measured by the size and separation of local domains as well
as the height difference in surface morphology, have been
extracted from cursor profiles and are summarized in Table 1.
Compared to the naturally grown matrix in which the average
C18 domain size and separation (center-to-center) are 7.5 and
17.9 nm, respectively, SAMs from nanografting exhibit a
decrease in size and separation by∼40%, i.e., they demonstrate
less heterogeneity.

If the local structure of SAMs were purely determined by
thermodynamics, the surface concentration would be C18:C10

) 76:1 (see Supporting Information for detailed derivation based
on surface reaction thermodynamics). In other words, 98.7%
of Au(111) would be covered by C18 domains. In both
nanografting and natural growth as shown in Figure 3, the actual
C18 coverage and domain size fall significantly below the
thermodynamic limit, which means the interplay favors kinetics
under those experimental conditions. Further, the as-grown
SAMs are closer to the thermodynamic structure than are the
nanografted areas, i.e., they exhibit higher heterogeneity. The
heterogeneity can also be quantified using the position self-
correlation function, as shown in panels G and J of Figure 3
for both SAMs, respectively. The broader central and satellite
peaks (see Figure 3, H and I, versus Figure 3, K and L) indicate
a higher degree of segregation in natural growth than in
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nanografting. The fact that nanografting did not completely reach
molecular level mixing (C18:C10 ) 3:5) suggests that two
pathways coexist in the nanofabrication process, depending on

transient local confinement. This description of self-assembly
and nanografting is further illustrated in the Monte Carlo
simulations in the companion paper.40

Figure 3. Comparison of local domain structures of mixed C18/C10 SAMs formed with nanografting (fabrication speed) 500 nm/s) versus that with natural
growth. SAMs are formed from the same thiol solution (0.002 mM with C18:C10 ) 3:5). [A] 400 nm× 400 nm AFM topograph reveals the overall morphology
of SAMs produced by the two methods. [B] Zoom-in scan (100 nm× 100 nm) of the matrix SAM. [C] Zoom-in scan (100 nm× 100 nm) in the nanografted
area as indicated in [A]. [D-F] Cursor profiles crossing the lines indicated in images [A-C], respectively. [G] Self-correlation of image [B] to reveal the
lateral heterogeneity of the natural grown SAM. [H, I] Cursor profiles as indicated in [G]. [J] Self-correlation of image [C] to reveal the lateral heterogeneity
of the nanografted SAM. [K, L] Cursor profiles as indicated in [J].
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The differences in local domains as a result of the two SAM
preparation methods have also been observed for mixed SAMs
with various functional termini, some of which are listed in
Table 1. The level of component segregation in naturally grown
SAMs may be enhanced, or the level of mixing is decreased,
by mixing thiols with a large chain-length differences, or with
different termini. Table 1 includes two other pairs from a variety
of mixed SAMs we have tested, carboxylic acid and aldehyde-
termini. Figure 4A shows a 450 nm× 450 nm AFM topograph
of a binary C10CHO/C6 SAM with the central 200 nm× 200
nm nanografted region produced from the same mixed thiol
solution. Panels B and C of Figure 4 are the zoom-in scans of
the matrix and grafted areas, respectively. Similar to the mixed
C18/C10 system, the nanografted area of C10CHO/C6 ex-
hibits lower heterogeneity than the surrounding as grown SAM.

Due to the higher Gibbs energy difference between the two
components, the C10CHO/C6 SAMs is more segregated than the
C18/C10 systems.

The trend toward component segregation for mixed SAMs
is consistent with previous reports.4,8,9,48,49The level of segrega-
tion may be enhanced while the level of mixing is decreased
by use of thiols with a large chain-length difference, or with
different termini. The heterogeneity of mixed C18/C4 (octade-
canethiol/butanethiol) SAMs as reported by Tamada et al.48 is
larger than that in our C10/C6 systems. Similar behavior was
observed for binary C2COOH/C10 SAMs.8 The C10 domains
exhibit a densely packed (x3×x3)R30° structure that is
consistent with the well-characterized structure ofn-alkanethiol
monolayers while a completely different molecular arrangement
of C2COOH defined as a (3× 3) structure was consistently
observed in the C2COOH domains, implying that the composi-
tion of both C10 and C2COOH domains may be or is close to
completely single component.

Nanografting Enables a Wide Range of Regulation of the
Lateral Heterogeneity of SAMs.We have discussed the self-
assembly mechanism in constrained and unconstrained local
environments using the models in Figure 1 as well as in the
companion paper.40 At any given location of nanofabrication,
thiol self-assembly follows one specific pathway, depending
upon the transient spatial constraint. While the precise deter-
mination of the local environment requires the knowledge of
exact tip and molecular movements under shaving pressure, one
can effectively impact the transient environment by varying the
shaving speed. We have conducted a systematic speed-
dependence experiment with three characteristic data points
shown in Figure 5. At a shaving speed of 500 nm/s as shown
in Figure 5A, nanografting in a mixed C18/C10 solution (1:5
molar ratio with 0.02 mM concentration) resulted in a relatively
homogeneous mixing of the two components. The average C18

domain size is 2.7 nm with a center-center spacing of 5.5 nm.
Slow-shaving results in transient spatial constraint during
fabrication; thus, thiols follow the SCSA pathway, i.e., diffusion
and kinetics dictate the local domain structure of the SAM.
Increasing the shaving speed decreases the transient spatial
confinement; thus, one should anticipate that the natural-growth
pathway would dominate at the locations where the exposed
gold area is sufficiently large and not confined by the tip and
surrounding thiols. An explanation for this is shown in the
models in D and E of Figure 5. In fact, this trend is observed
by comparing the SAMs grafted under 3,000 nm/s (Figure 5B)
versus 500 nm/s (Figure 5A). At 3,000 nm/s, the average C18

domain size is increased to 5.5 nm with a center-to-center
separation of 11.2 nm. Further increase of the fabrication speed
to 10,000 nm/s leads to a SAM morphology as shown in Figure
5C, with an average C18 domain size of 8.9 nm and a 15.0 nm

Table 1. Comparison of the Lateral Heterogeneity of Mixed SAMs Prepared by Natural Self-assembly and Nanografting

average domain separation
(nm)

height difference between bright and
gray areas (nm)

mixed thiol solution
SAM preparation

method
average domain size of
long-chain thiols (nm) center-center edge-edge theory exp.

C18/C10 (3:5, 0.002 mM) natural growth 7.5 17.9 10.4 0.88 0.27
nanografting 4.7 10.0 5.8 0.16

C10CHO/C6 (4:1, 0.1 mM) natural growth 8.9 13.6 6.1 0.55 0.12
nanografting 5.1 9.0 4.4 0.08

C12/C2COOH (1:10, 0.02 mM) natural growth 9.3 18.1 9.1 0.79 0.20
nanografting 6.8 10.9 4.9 0.13

Figure 4. Comparison of local domain structures of mixed C10CHO/C6

SAMs formed with nanografting (fabrication speed) 1000 nm/s) versus
that with natural growth. SAMs are formed from the same thiol solution
(0.1 mM with C10CHO/C6 ) 4:1). [A] 450 nm× 450 nm AFM topograph
reveals the overall morphology of SAMs produced by the two methods.
[B] Zoom-in scan (100 nm× 100 nm) of the matrix SAM. [C] Zoom-in
scan (100 nm× 100 nm) in the nanografted area.
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separation, a product nearly the same as that produced via natural
self-assembly. We note that the threshold of “slow” versus “fast”
shaving speed varies, depending on the detailed tip-surface
interactions, tip geometry, and surface reaction conditions.
Therefore, the speed threshold at which SCSA occurs must be
measured for each experiment. The trend of the speed depen-
dence shown in Figure 5 is valid in all experiments performed
and is also reflected in the Monte Carlo simulations.40 Investiga-
tion of speed dependence demonstrates that under a given mixed
thiol solution, nanografting enables the production of mixed
SAMs with designed heterogeneity from molecular mixing to
the component segregation of natural growth, by simply
increasing shaving speed. This new approach of using nano-
grafting offers the advantages of (a) simplicity, e.g. adjustment
of only a single parameter (speed); (b) high throughput because
one does not need to reprepare thiol solutions or repeat the entire
procedure; and (c) full range of control from molecular level
mixing to segregation at the nanometer scale.

At medium or fast shaving speed, the pathway of natural self-
assembly is followed at locations where spatial confinement is
not sufficient. Therefore, we anticipate that surface reaction
conditions that impact natural self-assembly would similarly
influence the results of nanografting. Figure 6 reveals the
influence of overall thiol concentration. The concentration
dependence of natural self-assembly is shown in the left column
of Figure 6 as a comparison. In the case of natural self-assembly,
SAMs formed from a 0.2 mM thiol solution (C18:C10 ) 1:1)
exhibit an average C18 domain size of 4.9 nm with 8.9 nm
separation. Decreasing the overall concentration while maintain-
ing the ratio resulted in an increase of C18 domain size to 8.2
and 11.1 nm, at 0.02 and 0.002 mM, respectively. The increase
in heterogeneity with the decrease of thiol concentration is

consistent with known observations30 and with the prediction
that low concentration favors thermodynamic products. This
observation is also analogous to crystal growth, where lower
concentration leads to larger-sized single crystals. The right
column in Figure 6 shows the corresponding nanografting
experiments, where a similar trend was also observed. The

Figure 5. Regulation of the lateral heterogeneity of mixed SAMs by varying the shaving speeds in nanografting. Under the same binary thiol solution, 0.02
mM thiol in 2-butanol with C18/C10 ) 1:5, a series of nanografting scans were taken with increasing shaving speed from one image to the next. [A-C] Scans
with three characteristic speeds 500, 3000, and 10000 nm/s, respectively. The total scan area for all images shown is 100 nm× 100 nm. [D, E] Schematic
diagrams illustrating the proposed mechanism of SAM growth under the two methods.

Figure 6. Regulation of the lateral heterogeneity of mixed SAMs by varying
the overall concentration of thiols, natural self-assembly (left column) versus
nanografting (right column). Under the same imaging and nanografting
conditions (500 nm/s shaving speed), three sets of SAMs were prepared
with decreasing thiol concentrations as indicated. SAMs within each row
were prepared under the same thiol solution where the C18/C10 ) 1:1 so
that the results from the two methods can be directly compared. The decrease
in thiol concentration resulted in more thermodynamically favored products,
i.e., larger domains; the impact of concentration is stronger in natural self-
assembly than in nanografting.

A R T I C L E S Yu et al.

11580 J. AM. CHEM. SOC. 9 VOL. 128, NO. 35, 2006



difference is that the influence of solution concentration is less
pronounced in nanografting in comparison to that in natural self-
assembly. The C18 domain size increase in nanografting ranges
from 2.5 to 5.9 and 8.1 nm for the three (0.2, 0.02, and 0.002
mM) concentrations, respectively. The quantitative difference
between nanografting and natural growth is due to the reaction
pathways as discussed previously. This systematic investigation
provides a means to fine-tune the size of local domains formed
in nanografting using self-assembly reaction conditions, i.e., the
overall concentration. Analogous behavior is expected with the
variation of the ratio of adsorbate species, functionality, and
chain length, all of which provide additional means for the
further refinement of the lateral heterogeneity in mixed SAMs
formed during nanografting.

From the perspective of nanofabrication, nanografting allows
regulation of lateral heterogeneity from molecular level mixing,
to nanometer-sized local domains, to structures with designed
geometry and dimensions (nanografting in single-component
thiol solutions). Figure 7 summarizes the regulation of lateral
domain segregation as measured by the increase of domain size.
In natural self-assembly (left column), the interplay of thermo-
dynamics and kinetics may be varied using surface reaction
conditions, e.g. lowering concentration and increasing reaction
time favors the thermodynamic productsmore complete seg-
regation. For alkanethiols, we were able to attain local domain
sizes ranging from 5 to 50 nm. In nanografting under the same

mixed solution as natural self-assembly, the regulation of lateral
heterogeneity is obtained by varying the shaving speed. The
resulting SAMs exhibit local structures ranging from nearly
molecular level mixing, to several nanometers, to the limit of
natural growth (such as 50 nm). The protocols are simple, and
refined adjustment is attainable as speed in AFM can be varied
in fine steps. One can always produce structures with designed
geometry and size using single-component thiols with the
required functionality.31-33

Conclusions

A new nanoengineering approach to regulate the lateral
heterogeneity of mixed SAMs is reported using AFM (this
article) and Monte Carlo simulations.40 Despite the complexity
of surface reactions of thiol mixtures with gold, the reaction
pathway is known to include a lying-down phase, followed by
a lying-down to standing-up phase transition. Many investiga-
tions (by us and many other researchers) of natural self-assembly
have revealed the domain formation in mixed SAMs. The local
structure reflects the interplay between kinetics and thermody-
namics of the adsorption, and therefore depends on reaction
conditions such as concentration, component ratio, reaction time,
and interaction energy among thiols (chain-length and func-
tionality). In nanografting, thiol attachment to gold can follow
an unconstrained growth pathway or a spatially confined self-
assembly pathway. The choice of the reaction pathways at given
locations depends on the transient local environment, i.e. spatial
constraint during the nanofabrication process. In actual nan-
ografting, we believe that the two pathways are followed de-
pending on the location and transient spatial confinement. There-
fore, the lateral heterogeneity of the SAM in nanografting can
be regulated by varying the shaving speed to adjust the local
environment, and thus the reaction pathway. For nanografting
in a given mixed thiol solution, we are able to produce local
structures ranging from molecular level mixing to component
segregation defined by the limit of natural self-assembly. Larger
domains with designed geometry and size may be attained by
nanografting in a selected single-component thiol solution. This
systematic investigation further elucidates the reaction mech-
anism of the nanografting process, thus providing a new and
simple means to regulate the local structure of mixed SAMs.
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Figure 7. 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.
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