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Abstract: We present a simple phenomenological model of the nanografting process with an emphasis on
the formation of binary self-assembled monolayers. This model includes dynamical processes that are
involved in natural growth experiments, including molecular deposition, surface diffusion, and the phase
transition from physisorption to chemisorption, and we show that it predicts domain formation in ungrafted
deposition that matches experiment. The one-order-of-magnitude faster kinetics that is found in the
nanografting experiments compared to natural self-assembly (or unconstrained self-assembly) is described
with a key assumption that the deposition rate is greatly enhanced in the small region confined between
the back side of the AFM tip and the edge of the previously deposited self-assembled monolayer. Monte
Carlo simulations based on this model reproduce experimental observations concerning the variation of
SAM heterogeneity with AFM tip speed. Our simulations demonstrate that the faster the AFM tip displaces
adsorbed molecules in a monolayer, the more heterogeneous are the monolayers formed behind the tip,
as this allows space and time for the formation of phase-segregated domains.

I. Introduction of the fabrication and self-assembly process, and are of interest
Nanografting technology is a scanning probe lithography t© fundamental studies.

method for creating and modifying patterns within self- In normal natural growth experiments (i.e., without grafting),

assembled monolayers (SAMs) on noble metal surfaéase the Au surface is immersed in a thiol solution, and the thiol

first step, which is called “nanoshaving”, involves the displace- molecules undergo at least three different steps, called col-
ment of nanometer-scale selected portions of a SAM (which is lectively the natural self-assembly (NSA) mechanfsthto
normally an alkane thiolate on a Au surface) by application of produce nearly complete SAM structures. Thiol molecules
an AFM with a carefully selected force. The desorbed molecules diffusing in the solution phase first arrive at the Au surface in
are discarded from the tip-surface contact region, as the lying-down configurations. This is followed by surface diffusion
solubility of thiols in a solvent such as ethanol or butanol is as the second step, and then the molecular configuration
sufficiently high. The nanoshaving is followed by a second step transforms from lying-down to standing-up as-A8 chemi-

in which fast self-assembly of alkane thiols from solution onto sorption occurs. For the case of nanografting, however, Liu and
the newly available open Au surface sites leads to reconstructionco-workers have suggested that the adsorbing thiol molecules
of a new monolayer. The use of a different kind of thiol solution undergo a modified deposition process in the region behind the
in nanografting from the one used to prepare the initial SAM AFM tip.° In their in situ nanografting experimerftshey found
allows one to create nanopatterns within the SAMsExperi- that the SAM patterns obtained using nanografting are nearly
mental nanografting techniques have advanced significantly in free of surface defects such as scars and pinholes, and in
the past few years;'0 and as a result, applications of nano- addition, the kinetics of deposition/chemisorption is much faster
grafting have been made to nanoelectronic devices, proteinthan in the natural-growth process. They proposed that this
patterning, and biosensors. However, many aspects of the“accelerated kinetics” originates from a different reaction
nanografting process remain unknown due to the complexity pathway, called the spatially confined self-assembly (SCSA)
mechanism. In this case, molecular translational or rotational

(1) Liu, G.-Y.; Xu, S.; Qian, Y.Acc. Chem. Re®00Q 33, 457.

(2) Xu, S.; Liu, G.-Y.Langmuir1997, 13, 127. degrees of freedom are restricted in the spatially confined
) ng‘:hon Dupeyrat, S.; Porthun S.; Liu, G.Appl. Surf. Sci2001, 175 microenvironment between the moving AFM tip and the SAM
(4) Liu, M.; Amro, N. A.; Chow, C. S,; Liu, G.-YNano Lett.2002 2, 863. edges. This confinement leads to preferential adsorption in the
(5) Liu, J. F Cruchon- Dupeyrat S, Garno J. C.; Fommer, J.; Liu, GQNano . . . . .y .
Lett. 2002 2, 937. standing-up configuration. Ascertaining the validity of this
(6) Brower, T. L.; Garno, J. C.; Ulman, A.; G.-Y. Liu; Yan, C./"@bauser, SCSA mechanism requires an understanding of many issues
A.; Grunze, M.Langmuir2002 18, 6207. . . . . . . .
(7) Wadu-Mesthrige, K.; Xu, S.; Amro, N. A.; Liu, G.-Y.angmuir1999 15, concerning the shaving/deposition/diffusion/chemisorption pro-
8580. ; i i
(8) Xu. S.: Cruchon-Dupeyrat, S. J. N.: Garno, J. C.. Liu, G.-Y.: Jennings, G, cess, including th(_a answer to questlons_such as how fast do the
K.; Yong, T.-H.; Laibinis, P. EJ. Chem. Phys1998 108 5002. molecules move into the confined environment and how fast
(9) Xu, S.; Laibinis, P. E.; Liu, G.-YJ. Am. Chem. S0d.998 120, 9356.
(10) Yu, J.-J; Tan, Y. H.; Li, X; Kuo, P. K,; Liu, G.-YJ. Am. Chem. Soc.
2006 128 11574. (11) Poirier, G. E.; Plyant, E. CSciencel996 272, 1145.
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do they chemisorb compared to the lying-down thiol molecules heterogeneity or domain sizes and, parallel to the work of ref
in the natural-growth experiments. 10, the accelerated kinetics that was mentioned edidfewe

On the theoretical side, it is interesting to note that, while Will discuss what kinds of assumptions and interpretations are
some theory and simulation wdf& 15 on both pure and mixed ~ needed in order to reproduce these two features simultaneously
binary SAM structures has been reported, nanografting has nevein the simulation.
been studied. The purpose of this work, therefore, is to develop In the following section, we will briefly mention the portion
a theoretical model for nanografting and, through dynamical of the companion paper we want to simulate and then explain
simulations based on this model, to provide a framework for in detail how the individual dynamical processes are modeled
understanding the various rate processes involved. This will be with reasonable values for the parameters. Next, we will show
accomplished using a coarse-grained kinetics model which and discuss the simulation results in the context of the
provides sufficient level of detail that the atomic level mech- experimental work. We summarize our work in the final section.
anisms important in nanografting can be identified.

Of course, one of the typical problems with modeling systems
with self-assembled monolayers and nanografting is that com-  In the companion papé®f,Liu and co-workers applied the
plex molecules such as alkane thiols are too big for any practical nanografting technology to a Au surface in which binary mixed
atomistic dynamics simulatioft.Also, the time scale with which  thiol solutions are used to regulate binary SAM surface
the deposition and diffusion of thiol molecules takes place is structures at the nanometer scale, after first preparing a natural-
sufficiently large that meaningful molecular dynamics calcula- growth, binary mixed SAM. Thus, in the first step, a mixed
tions are not feasible. To circumvent these problems, we will C;9/Cyo solution (G, represents a normal alkane thiol with
use a phenomenological coarse-grained model in which the Aubeing the number of carbons in the chain), withd G+ [C1(]
surface is treated as a two-dimensional square lattice and thiol= 2 uM and [Cig]:[C10] = 3:5, is used in a NSA process (i.e.,
molecules are simple dots that undergo random-walking betweenimmersing the Au substrate in the mixed thiol solution) to make
lattice sites. Various dynamical processes can occur at themonolayers of approximately 3:1 mixed surface composition
surface, such as particle deposition, surface diffusion, and thehaving Gg domain structures that have a diameter of about 8
molecular phase transition from lying-down to standing-up nm. Then they demonstrated that nanografting using different
configurations. These processes as well as the speed and siztabrication tip speeds in the range of 000 um/s can regulate
of the nanografting tip will be introduced with a minimal set of the heterogeneity of the binary mixed SAMs. While a nano-
parameters, i.e., creating, deleting, and immobilizing dots at grafted SAM produced at a fast tip speed ofidf/s was close
lattice sites. One of the advantages of this model is that the to the one prepared from natural growth, a nearly molecular-
entire growth of the SAMs is broken down into various level mixing of the two kinds of thiols was achieved with a
individual dynamical processes we can control, which makes it very slow speed of 0.axm/s or less. It is believed that this
easy to identify the direct consequence of each process inobservation is highly correlated with a kinetics change from
creating the SAM patterns. SCSA to NSA as the tip speed increases.

From the viewpoint of mechanistic analysis, binary mixed In our modeling and simulation, we will try to understand
SAMs are more useful than pure ones because the degree ofhe relationship between the two distinctive features of binary
mixing of the two kinds of thiols in the final SAM patterns  system nanografting, “nanoscale local control” of heterogeneous
directly reflects the relative importance of the different dynami- SAM structures and “fast kinetics”, that make the nanografting
cal processes involved in SAM formation. Recent experimental technique a quick and useful fabrication tool for creating and
studies by Liu and co-workefshave provided us with better  modifying SAM structured:10
insight into the mechanisms of nanografting. After they prepared  The actual Au(111) surface is a two-dimensional hexagonal
various binary mixed SAMs having large domain structures |attice of thiol adsorption sites with lattice spacihg= 5 A.
using solutions of long- and short-chain thiol molecules by the Since details of the lattice structure are unlikely to be important,
natural growth method, they performed a series of nanografting we chose to use a two-dimensional square lattice of size01
experiments with varying AFM tip speeds in the mixed thiol 101 (50 x 50 nn?, with | = 5 A) with periodic boundary
solution. The calculations demonstrated that the lateral hetero-conditions for our calculations. The 104 101 lattice is the
geneity of the nanografted area can be controlled at the size of lattice we can routinely use for simulating SAM
nanoscale by controlling the tip speed. This makes the nano-formation, given that, with a constant deposition probab#ity
grafting procedure potentially a useful technique for effective at each empty site for each simulation time step, the total number
manipulation of biomembrane structures. of time steps needed to form a complete monolayer is given

Our model starts with the binary mixed SAMs of ref 10 (here approximately by log(the number of lattice sites) dividedby
denoted the “companion paper”) for the model system to which  In the following subsections, we will describe how the
our modeling and simulation of nanografting procedure is individual fundamental dynamical processes are modeled with
parametrized. A focus of our studies will be on two of the most a minimal set of parameters. In addition, we will assign standard
interesting features of nanografting experiments with mixed values to those parameters, taking into account the usual
SAMs, namely nanometer-scale local control over the lateral experimental conditions. For reference, Table 1 summarizes all
the parameters used in the simulation.

Il. Modeling of Dynamics

(12) %‘ggadev A. V. Zhou, J.; Zin, M. T.; Jiang, S. Mangmuir 2001, 17, I.a. Deposition. We define the physisorption state of a dot

(13) Aoki, K. J.Electroanal. Chem2001, 513 1. _ or particle at each lattice site as a state in which the particle

8‘5‘; Mizaan, VY- éfgiﬁ’aMTngh‘é’Pn?‘ghﬁggé gg’ﬁg%a_lg?eap%?;%nﬁ?l_; can execute random-walking, whereas chemisorption represents
McDonald 1. R.Mol. Phys.1992 75, 255. immobilization of the particle. We assume that all particles are
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Table 1. Summary of the Parameters for the Individual Dynamical

Processes and Their Standard Values

In the companion papéf,Liu and co-workers used 3:5;¢
Cyo alkane thiol solutions to forcle-1s ~ 3kc1o Specifically, in
the case where [fg] + [C1o] = 2 uM with [C1g]:[C1q] = 3.5,

Lattice
L=50 lattice sitess{ (x,y)] ~L = x< L, -L<y=<L} they havekc1g= 0.0038 st andkc1po= 0.0010 s1,10.16|eading
unit lattice spacing representiig= 5 A to a mixed monolayer composition §£C10 = 38:10.
A 10 d‘ffuur‘face_ Diffusicl)n time in simulat These deposition rates are, however, too slow to form
t= S iffusion time scale= unit time in simulation : : H :
keT=1 stickiness between thiols of same Kind monolayers on a practical time scale for our simulations so we

kcis= kcio=5s"

Deposition
deposition rate constants,
and soP = (k618+ kc]_o)At
= deposition probability during\t

Phase Transition

have choseliy = kg = 5 s71, so thatP = (ka + kg)At = 1075

for the largest value okt that we think applies to the problem

of interest At = 105 s. (ThisAt value will be explained in the
next section.) Thus, our assumed rates are over 1000 times
higher in absolute value than in the experiments. However, only

An=101s1 amplitude of frequency factor the relative values of these rates (relative to the diffusion time

f1o°=0.9 critical local coverage scale) are important in our model.

f=20 sharpness of transition . . .

lci0= 4l effective chain length of G Il.b. Surface Diffusion. We assume that the particles execute

Ic1g= 6l effective chain length of ¢ a random-walk every time stept, but subject to nearest-

Ec = 30 kJ/mol activation energy for transition neighbor interactions. The latter leads to a probability for moving
Nanografting to an open destination given by expi«/ksT), whereng is the

fip =1<1T0; VAL I::tst;)pe‘é"("dth: 2ript1 number of particles immediately adjacent to the original site

P.=0.01 enhanced deposition in confined ande is an interaction energy. Here we assume that there are

stabilizing interactions between particles when they are right
next to each other that inhibit diffusioa’kgT is a parameter of
the model, and we assume, typically, that this has the value 1.
This means that the probability of diffusion is 1 if there are no
initially in their physisorption state upon deposition, and adjacent particles, &for one, 1€ for two, and 1¢3 for three
eventually undergo phase transition from physisorption to adjacent particles.
Chemisorption. (See below for the conditions needed for this In the binary thiol System, one may expect to have three
molecular phase transition.) The deSOI’ption process will be different e values,ean, €gg, andeag, whose relative Strengths
ignored because the activation energy for desorption is aboutgetermine the domain sizes. A realistic but asymmetric interac-
twice as large as the one-80 kJ/mol) for adsorptiof1® We tion model [whereean = € andegg = eag = 2¢/3 (A = Cyig
assume a constant deposition probabffity: kAt at bare surface  and B = C,0) may be made, assuming that the interactions
sites, wherek (s™) is the experimental adsorption rate of thiol  petween longer chains are enthalpically stronger than the others
molecules from the solution phase, aftti(s) is the unit time in proportion to the chain length ratio] Is;lcis ~ 2/3. This
for simulation. At is considered to be the time scale for the model will lead to Gg domain formation in the mixed binary
fastest dynamical process in the simulation SCheme, and thus ItSAMs' as observed in experimeﬁ?ﬂ)ecause the driving force
will be the (unknown) surface diffusion time scale for phys- for domain formation is the~1.5 times stronger interaction
isorbed species in our case. A reasonable guesAtforill be between Gg chain neighbors?
107 to 10°° s, as explained below. Note that the constant  ap alternative intermolecular interaction model is the sym-
deposition assumption alone results in a Langmuir-type expo- metric schemes = eap = egg andeag = 0, where it is assumed
nential increase in coverage with time, ife.= 1 — exp(— that same species molecules tend to stick together due to a
kt).1° For particle deposition on the lattice, every empty site at combination of enthalpic and entropic effects. We find that this
every moment in simulation will be filled with a probabilify. model leads to clearer particle segregation, and thus the domain
For a binary solution of the thiols A and B, the assumption stryctures in the binary SAMs are much easier to identify than
ka = kg naturally leads to a 1:1 binary mixed SAM in the kinetic i the asymmetric model.
regime. The numerical values kf andkg can be made equal The choice between the two interaction models does not affect
to each other by adjusting the relative concentrations of the tWo he gyerall conclusions of this work as both models lead to
thiols, Ca and Cg, in solution, using the relationshide = domain formation and both models require additional assump-
KintrinsicC and Kinuinsic = Sovr where C is the thiol solution s tg give the enhanced deposition that arises in nanografting.
concentrationy is the sticking coefficient for the thiol molecule, In our simulation, we use the symmetric interaction model,
and vr = /kgT/27m is the mean thermal velocity toward a5 this makes it easier to quantify domain sizes and their
surface withm being the mass of the thiéf.Normally, longer  changes. The parametksT controls domain formation so that
chains have higher sticking probabiliti toward the Au higher values tend to suppress surface diffusion, leading to
surface. This can be described by the empirical &w= Po smaller domains, while smaller values lead to larger domains.
expbNcr,), where, in ethanol solutiof, = 1.26 x 1075, b = Our choice fore/ksT = 1 is for convenience, given the number
0.26 per methylene group, ahi, is the number of methylene ot |attice sites that we have chosen to study, but as we shall see

groups excluding the terminal methyl grotfgThus, when we it, leads to realistic domain size results.
want to make a 1:1 mixed SAM from a short/long binary thiol

solution, the short-chain thiol concentration should be higher (17) The asymmetric interaction model whegg = € = ksT andegs = eag =

~ ; i i 2¢/3 leads to more diffuse domain structures due to the smaller driving
than the long-chain thiol concentration. force for particle segregation, but the average domain radius is found to
be close to that of the symmetric model. Simulation results for the
asymmetric model can be found in Supporting Information.

environments immediately behind the AFM tip
=15l size of confined environments to be
effective for enhanced deposition

(16) Jung, L. S.; Campbell, C. T. Phys. Chem. BR00Q 104, 11168.
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The correct value of the surface diffusion time scaAtefor
alkane thiols is basically unknown, but it can be approximately
calculated using the two-dimensional EinsteBmoluchowski
eq DAt = |12, once we estimate the surface diffusion constant
D and takingl = 5 A to be the lattice spacing. Usirig = 8.4
x 10715 m?s from ref 18 (assuming that the thiol molecules at
the moving boundary of dip-pen nanolithography patterns are
still in the physisorbed state), we gkt= 7.4 x 10%s. Another
estimate oD = 7 x 1012 m?s from thiol diffusing on poly-
(dimethylsiloxane) in ref 19 giveAt = 8.9 x 109 s. The latter
estimate was used for a thiol diffusing on a thiol monolayer in

the dip-pen modeling in ref 20. These estimates suggest that

At = 1076 s or shorter. To make the simulation feasible, we
have takemAt = 10°° s as the standard value.

Il.c. Two-Dimensional Phase Transition.Physically, the
two states of a particle, physisorption and chemisorption, can
be associated with two different molecular configurations on
the surface. Most likely, the physisorption state is when the thiol
molecule is lying down, and the chemisorption state is when
the thiol molecule is standing up, forming a A& bond to
become part of the SAM. The rate at which the physisorbed
thiols undergo phase transition to become chemisorbed depend
on the conditions of the experiment. We believe that the
transition rate for a particular physisorbed thiol molecule
depends on the local lateral pressure that the molecule feels
Since the local pressure that the molecule feels is directly
proportional to the local coveraghk. in the neighborhood of
the molecule, we assume that, when the local covethage
equals a certain critical valug ., the molecule transitions to
its chemisorption state, and the random walking stops.

The transition rate for chemisorption can be written in the
Arrhenius formk:; = A(Oioc) exp(—EJ/RT) where E; is the
activation energy for the transition aid6,.c) is the frequency
factor.E¢ is experimentally known to be about 30 kJ/mol nearly
independent of thiol chain lengtBsbut A(Oixc) is unknown;
therefore, we modé\(0ioc) in the following fashion. We assume
that A(fioc) depends oo in a similar way to the dependence
of the lateral pressure of a LangmuiBlodgett (LB) film on
coverage’? Thus, we use the functional forA{0)oc) = 0.58n+{ 1
+ tanhf-(6ioc — 0,01}, as shown in Figure 1A, to mimic the
lateral pressure transition. The local coveré@ggfor a molecule

is defined as the coverage in a neighborhood that is taken to be

a circular area with the molecule at the center and with radius
equal to its effective molecular lengthyo or Ic1s The critical
local coveragéy;, is a simulation parameter that determines
when the physisorption-to-chemisorption transition takes place,
and the sharpness factias another parameter that controls the
range of the transition. The frequency factor amplitdgeis
another unknown, but we can estimate its order-of-magnitude
value using typical values for the lateral pressure of saturated
Langmuir-Blodgett (LB) films composed of long-chain lipids,
10-50 mN/m22 and the harmonic approximation. If one
assumes that the mass of the thiol moleculeg @ Cis),

(18) Sheehan, P. E.; Whitman, L.Bhys. Re. Lett. 2002 88, 156104.

(19) Delamarche, E.; Schmid, H.; Bietsch, A.; Larsen, N. B.; Rothuizen, H.;
Michel, B.; Biebuyck, H.J. Phys. Chem. B998 102 3324.

(20) Jang, J.; Hong, S.; Schatz, G. C.; Ratner, MJAChem. Phys2001, 115,
2721.

(21) Lavrich, D. J.; Wetterer, S. M.; Bernasek, S. L.; Scoles].®hys. Chem.
B 1998 102 3456.

(22) Ulman, A.An Introduction to Ultrathin Organic Films, from Langmuir
Blodgett to Self-Assembhcademic Press: San Diego, 1991.
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Figure 1. [A] Functional form of the frequency factoh(6ioc). [B]

Schematic snapshot of the nanografting process.

10-%kg, is confined to a harmonic well with this force constant,
we haveA;, = A(Ojpc = 1) ~ (21) 71 Vkim = 1010—1011 571,

A direct consequence of this model is that chemisorption
eventually dominates, leading to a complete monolayer contain-
ing only chemisorbed molecules. The one exception to this is
when there is only one molecule on the surface. This phenom-
enological phase-transition model is put into play in our
simulations, as this allows physisorbed molecules to perform
surface diffusion until near monolayer coverage, and then to
undergo phase transition into the chemisorbed state, which is
similar to what is observed experimentadly.

In the simulations, we set, = 10™, 95, = 0.9, andf = 20
and consider the lengths of thed@nd Gg thiols as 4(17.3 A)
and 6(27.7 A), respectively. Typicabj,. values are 0.8 or
higher? and we can sdt= 20, so that we have a 96% chance
to find A(fioc) in the range offec € [0, — 0.1, 65, + 0.1].
The inverse of the rate constant may be called the variable
lifetime 7. = 1/k.. In our simulations, we apply the rule that,
for every diffusion time stepAt, the probability of a particle
being chemisorbed is + exp(—At/tc), with the lifetime 7.
depending on local coverage.

Il.d. Nanografting: Tip Shape and Speed After a complete
monolayer forms, we assume that a chisel-like flat tip of a
certain width (24, + 1) scrapes away the adsorbed molecules
as it moves along the surface. The shaving-tip speed in the
experiments is typically = 1 um/s. With a lattice spacing=
5 A and a time uniAt = 1076 s, luml/s translates to = 2 x
1073 I/At,10 which is in an extremely slow range of speeds.
Experiments in the companion paper used 6.0Qum/s to see
the dependence of the nanografted patterns on the AFM tip
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speed. It should be noted that, even with the highest speed ofdeposition, P. The physical origin ofPs and the assumed
10 um/s, the tip does not travel one lattice spacing in the unit exponential decay factor exp(iZ£) will be discussed in detail
simulation timeAt. In the simulation, we control the tip speed, after simulation results are presented in the next section.

v, and the tip width, (& + 1), and delete particles in the area SinceP = 1075 is determined by the natural-growth SAM,
immediately behind the AFM tip. This assumes that the Psand& are new parameters that are needed in nanografting.
displaced thiol molecules exhibit high enough solubility in Their values will be determined by examining experimental data,
normal experimental solution media that they never return to but standard values that we will consider aRy:= 0.01 ¢& P

the surface. The standard values ares 1072 I/At and ryp= = 107%) and & = 5l (the average length of the thiols,€Cand
100 (5 nm). Cig).
Il.c. Nanografting: Enhanced Deposition.For the shaved IIl. Simulation Results and Discussion

region of surface, we use the same set of dynamics used for

natural-growth self-assembled monolayer formation as described . .
g y results for natural-growth SAMs in Figure 2A. Assuming that

above. This is a reasonable first approximation because the tipth tace diffusion ti le for alk thiol A ;
speed is extremely small and the role of the tip can be thought. € surface difiusion ime scale for alkane thiols on a Au surface

of as being limited to shaving. The Reynolds num of a is At = 1078 s, the deposition rates in this simulation &re-
. e, _ _ L )
moving micrometer-scale object (AFM tip) withm/s speed in kc1s= ke10=5 5% This is related to the concentrations ok C

i — S — 4
ethanol isRe= vLply = (1 um/s)(1um)(0.789 glorf)/(1.20x  2nd Ge thiols by, [Gel = kerdknvinsicc1s = 9.88 x 107 M
102 g/crrs) = 6.6 x 1077, wherev andL are the speed and and [Go] = kexoKintinsic.c10= 6.15x 1072 M. The concentration

length scale of the moving object apcandy are the density ratio [Cig)/[C1g] = 6.22 leads to a 1:1 surface composition ratio
and viscosity of the fluid. In a fluid with aRe number this ~ °SWEEN the two species, because the sticking probabilities or
small, thermal molecular diffusion is dominant over any inertial intrinsic adsorption constants for longer-chain thiols are larger,

motion due to the moving object. Indeed, a moving AFM with as ghscussed earlier. .
umis-scale speeds on a bare Au surface does not affect the Figure 2A shows large domain structures for the case where
- : . . the deposition probabilityP = (kcigtkcig)At is 1075, If we
deposition rate, as demonstrated in a blank experiment in ref 9., . .
As a second component of our treatment of nanografting, we |ncrea§d< by a factor (.)f 10, we observe a decrease in domain
assume that the deposition probability in a small shaved region Size, I_:lgu_re _2C' Physically, th|s_ means that we can contro_l the
immediately behind the tip, an opening bordered by the SAM _domaln'S|ze in the SAM by varying the (?c_)ncentratlor)_s of thiols
edges and the relatively big AFM tip, is much higher than in in so!utlon, because .the higher deposition p.robablllty due to
other regions of the Au surface. This assumption arises from the higher goncentratlon means that the physisorbed molecules
the observation that the nanografting time (the total time to ha}’ﬁf? ;”2? ggdm;(.)ﬁsm.rgo;ea;:?gg;:hﬁ]mzzlvgilw can be
obtain a complete monolayer after the start of nanoshaving) is > Slz€ 0 NS In a particutar mix :
at least an order-of-magnitude shorter than the time for filling quant!fled using rad|a_l dlstrl_but|0|_1 functions, assuming th"’.lt
the same area by natural-growth deposition. Interestingly, suchg?r:;?bmti S:ipfls i a{r1e ]:s?tlr:ci)plc;. Tgu::/hzﬁ ti;;\'\(/f) 'ERe_radlal
enhanced deposition is not very sensitive to what we considercS ution func ods Ot t?]u €A € AV 1_
factors that control chemical kinetics, such as the thiol concen- g)cgl;]r\éincsg;ersth;wne ﬁa Srrggsgegot\llﬂ;?dgr?\afgnegd_e )in
trations, thiol chain length, thiol chain bulkiness, and even w ' w v ' ge.

properties of thiol end groups (varying from highly hydrophilic the same way, when thgas(r) (B = Cio) curve comes upto
to highly hydrophobic}:>3Thus, we propose that the enhanced the mean coverage, we can also consider that the same domain
deposition probability depends only on the spatial confinement, '?hdgz has .bee.n reacrtﬁd.. Ftrom tT.S pomF f:)rv;/?rr]d, W?V\\’,V'” define
not on chemical details, of the subsystem formed right behind Tﬁ é)mam size as fhe in ersgc |ort1hp0|nddp . esfe c;curves.
the tip. To define this enhanced deposition probability, the € domain SIzes, (e_x_presse as the ra .Hﬁa")! or a few
geometry formed by the SAM edge and the tip is described in ch0|ce_s qf the depos!tlon prqbablllty are listed in Table 2.
Figure 1B. The tip surface exposed behind the tip is defined as Earlier in the modellngc, we introduced many cher pa'ramt.eters
the tip wall, and théfirst chemisorbed molecule encountered such ag/ksT, An, f, andf:. Although the main interest in this

behind the tip is defined as the soft wall. Farther behind the tip \tlr\gori( |sdon_ thde napog_raftlngtﬁlmulatlons, Itt s useful .tOdStlltJ?y
and soft wall, the edge of the continuous SAM is defined as € trends in domain size as these parameters are vaned. 1 turms

the hard wall out that larger values aflkgT and Ay, and smaller values df

Accordingly, the deposition probability between the tip 0y tend to Ieaql_to smaller domains. The_reason is that,_ with a
and soft walls is assumed to be governedRy= P + P constant deposition rate, any factors that hinder surface diffusion,
_ S

exp(— ), whereP is the normal deposition probabilitfs which lets the thiols rearrange themselves to make large

(>P) is the additional geometry-dependent deposition enhance-domains, will reduce the domain size. Smalgy, means an
ment. In this expressiorifiCis the average distance from the earlier phase transition, while smalfemeans a broader range

tip and soft walls, anck is the characteristic length of the Of Phase transitions for a specifie},.. Larger An leads to a
confined space that leads to deposition enhancenheintthe ~ Shorter physisorption lifetime, and largefksT means thiol
figure is replaced with the average distafiteto describe two- ~ Molecules are held back more strongly by same-species nearest
dimensional nanografting with a finite-width tip). We sat= neighbors. For exar.npl.e, Figure 2D displays how domqln sizes
0 in the region between the soft and hard walls because thereha@nge when the stickinesse T changes to 1 from 10 (Figure

is no special confined environment in this region, and the 2A). The third column of Table 2 gives numerical values of

deposition probability is simply that of the normal diffusional the domain radii for this case. _ _
lll.b. Nanografted SAM. We consider a 2iwidth (r = 10l)

(23) Liu, G.-Y. Private communications. flat chisel-like tip horizontally shaving a portion of the 164

lll.a. Natural-Growth SAM. We show typical simulation
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Figure 2. [A] Results for natural growth of a 1:1 binary@Ci0) mixed SAM. (Go and Gg are black and yellow dots, respectiveli.}= kcig = kciois
varied to chang® = (kcis + kcigAt. The other simulation parameters d@e= 106s,e/kgT = 1, An = 101 571, f = 20, 6, = 0.9.[B] Radial distribution
function for the monolayer shown in Figure 2[C] Natural growth of a 1:1 binary({g/Ci0) mixed SAM when the deposition probabilitiy,= 1074, is 10
times higher than in Figure 24D] Natural growth 1:1 binary(¢/Cig) mixed SAM when the same-kind particle interactiefkgT = 10, is 10 times higher
than in Figure 2A.

Table 2. Domain Radius for Simulation Results Shown in Figure 2 To have a better overview on the relationship between kinetics
P goman (€lke T = 1) Tooman(€lke T = 10) and domain size, we plot the total nanografting time (time for
1073 3.2 2.4 completion of both the nanoshaving and self-assembled adsorp-
10 5.0l 3.3l tion) against the tip speed in Figure 4 (top). The dotted straight
105 10.5I 4.8

line represents complete shaving, and the black solid curve
indicates the time for getting the SAM back when the role of
101 lattice. These sites belong {x,y)| —45 < x < 45, —42 the tip is limited to shaving only (i.e., there is no enhancement
<y < 41} region of the mixed SAM in Figure 2A, correspond- in deposition probability). There is a slope change in the black
ing to the case where the tip center travels fror#%,31) to solid curve near the critical tip speed= 107°I/At. At speeds
(45,31), from (45,10) to£45,10), from (-45,-11) to (45;- lower thanus, the kinetics is totally governed by tip speed. And
11), and from (45;32) to (-45,-32). there is a switchover between tip-controlled kinetics and
Figure 3 presents results for three different shaving Speedsdeposition-controlled kinetics in the range [(86-10-4)I/At].
in the rangev = [(10-°-1079)I/At]. The results show that |, aqdition, when the tip speed is equal to or higher tharfi10
different sha}vmg speeds !ead to different domam. SIZEs, with At, the tip speed does not really matter as the black solid curve
the slower tip speed leading to the smaller domain size. The . . .
results in Figure 3 (top) are not surprising if we notice that the levels off. The domain radius plot, Figure 4 (bottom), shows a
gradual change in the domain radius (black solid curve) in the

tip speedv = 1079I/At has the same numerical value as the Kineti itch hich q he * itional
deposition probabilityr. In fact, the deposition in this case takes inetics switchover range (which we denote the t.ransmona
", hereafter) [(18-103)I/At], for which the

place at lattice sites as soon as they are exposed by the tip. wéiP-speed range
will call this the “critical tip speed”v.. At speeds larger than domain structures are shown in Figure 3, but basically no change
the critical tip speed, the domain sizes become larger. This is for tip-speeds above 181/At. The limiting value at the highest
shown in Figure 3 (middle) and Figure 3 (bottom); however, tip speed of the domain radius is F.8vhich is smaller than

we note that there is a limiting size that we discuss later. 10.9 found for the natural growth case. We can attribute this
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Figure 3. Nanografted SAM structures for three different tip speeds, when
the 21l-width tip horizontally shaves the sites belongtay)| —45 < x <

45, —-42 < y < 41} of the mixed SAM in Figure 2A, with the role of the

tip limited to shaving adsorbed molecules only (i.e., no enhanced deposition),
for three different tip speeds, = 10751/At, 10~4/At, and 10°3l/At. (Cio

and Gg are blue and orange dots in the nanografted area, respectively.)

ARTICLES
1oq § IIIIIII1 T TTTIm IIIIII1 T IIlllq IIIIIIII IIIIIII‘ LRRLLL TTTTIN IIIIIE
o o 3
L 10k =
£ 3
S 40 3 E
ol - 3
g 10°F =~ :
[\ ] = el 3
C 10°F . E
= - . 3
2 3 . E
2 w'L|" * Shaving . 3
g " E|— P.=0.00 - E
D o2k —  0.01 . E
<4} 3 . 3
£ LE-- 0.10 . ]
— 10'F 1-P . 3
i I - .- 3
L T s S R

10° 10° 10" 10° 10?7 10" 10° 10' 10° 10

v, tip speed

m 15 M. . Naiural gmmh IIIII| T IIIIII| T IlIIIl‘ T 1T T lllllq T Illlll
3 :— P.=0.00 i
= [|— o001 ]
gw___ 010 i a ]
= 7 1-P |
c | i
g 5 ]
o L i
(= )
0 IIII||I‘ IIIIII|J |II|IIJ IIII|||I| |I||III| ||I|||I‘ |I|III|| |II||IJ IR

10° 10° 10" 10° 10° 10" 10° 10' 10®° 10°

v, tip speed

Figure 4. [Top] Total times taken to complete nanografting dhdttoni

the domain sizes, when the I24idth tip horizontally shaves the sites
belonging to{ (x,y)| —45 < x < 45,—42 < y < 41} of the mixed SAM in
Figure 1A. The dotted line represents the time for completing shaving. The
other curves represent the times for forming complete monolayers; the black
solid line, when the role of the tip is limited to shaving adsorbed molecules;
the other curves, when the enhanced deposition right behind the tip is
assumed, that i®' = P + [Ps exp(— )], where& = 5l. The thin dotted
curve represents the limiting cagg® = 1 — P of maximally enhanced
deposition.

domain size reduction to surface diffusion in tanfinedsurface
area of the shaved region, i.e., the area surrounded by the SAM
edges.

To sum up, for the nanografting simulation results when the
tip role is limited to shaving only (the black solid curves in
Figure 4), we showed that we could regulate the domain size
in the shaved region of the mixed SAM by varying the tip speed.
This trend agrees well with experimental observatithal-
though this local control over domain size is one of the major
advantages of the nanografting technology over traditional
solution-based method$the black solid curve in Figure 4 (top)
also tells us something that is in disagreement with what is
observed in the nanografting experimeht.While it was
experimentally found that nanografting is at least an order-of-
magnitude faster than natural-growth self-assembly, our simula-
tion shows even slower kinetics (larger number of time steps)
in the transitional tip-speed range.

The remaining simulation and discussion will be devoted to
studying the missing fast kinetics that arises if we use the
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natural-growth model without any modifications. Obviously, the
very fast SAM formation in nanografting should be ascribed to
some sort of fast deposition of alkane thiols onto the Au surface,
but it is not certain what microscopic properties of the system
make deposition enhanced. Our phenomenological simulation
does not have the capability to reveal the origin of enhanced
deposition, but at least it provides a molecular-level description
of self-assembly during actual nanografting, i.e. molecules may
follow natural growth or SCSA, depending on the transient
spatial confinement. This exercise narrows down the possibili-
ties, as we now show using ti& > 0 results in Figure 4.

In the previous section, we defined the tip wall, the soft SAM
wall, the hard SAM wall, and the enhancement in deposition
probability at sites between the tip wall and the soft wall. This
probability is given byP' = P + [Ps exp(—hZ&)], wherelhlls
the average distance between the tip and soft walls, anBsthe
(>P) and & are two new parameters that are needed for
nanografting. In Figure 4, the other three curves (red solid, blue
dashed, black thin dotted) are simulation resultsHo+ 0.01,
0.10, 1.00, respectively. Here, the characteristic length gcale
in the enhanced deposition is taken to be the average thiol chain
length, & = 5I. Note that there are “dips” in the nanografting
time plot, Figure 4 (top). As we increase the enhanced deposition
parameteiPs, the dip becomes deeper, meaning that the speed
of nanografting is increased. ChoosiRg= 1.0 increases this
speed by up to a factor of 10. At the same time, when we look
at Figure 4 (bottom), it is clear that we can still control the
domain size, but the transitional tip-speed range is shifted to
higher-tip speeds. This behavior closely matches what is
observed in the nanografting experiments.

Figure 5 shows the nanografted regions, with a cong®ant
= 0.01, shaved at tip speeds that cover the transitional range in
Figure 4. Again, we can control the domain size as in Figure 3,
but now the whole nanografting process is much faster.

To investigate further the effect of tip speed on the nano-
grafted patterns of Figure 5, we show in Figure 6 snapshots
when the tip shaves only one-eighth of the total nanografting
area of Figure 5. (The tip position at the end of the shave is at
(xy) = (0,31).) In the lower speedv(= 0.001/At) result,
adsorption is quickly followed by chemisorption due to high
local coverage (physically, the high lateral pressure). At the
opposite extremey(= 0.100/At), only a tiny fraction of the
open sites are occupied, and basically all of the particles are
deposited in the shaved region are eligible for surface diffusion.
At intermediate speed(= 0.01/At), the tip leaves behind an
incomplete monolayer. While some of adsorbed molecules are
in their chemisorbed state, other molecules keep diffusing to
give as large domains as they can make.

Figure 7 presents snapshots of the deposition, here with the
tip speed fixed av = 0.01/At and with different choices of
the enhanced deposition probability. This shows that only a
small fraction of open sites are filled with physisorbed molecules
when there is no enhanced depositiéhy € 0.00). ForPs =
0.01, there is quick but incomplete monolayer formation, and
for Ps = 0.10 there is quick complete monolayer formation

Figure 5. Nanografted SAM when the enhanced deposition probability,

(almost simultaneous deposition and transition into the chemi- p;= 0.01, is employed, for tip speeds= 10-3/At, 10-2/At, and 101/
sorbed state). A more detailed analysis of Figure 7 is presentedAt. (Cio and Gs are blue and orange dots, respectively, in the nanografted
in Figure 8, where we show the three wall positions as the tip a€2.)

travels from (45,31) to (45,31). Here we see that, wHan— the deposition probability is increased, the soft and hard SAM
0, the two kinds of SAM walls do not move at all. However as walls quickly follow the tip wall. We varied the tip width (2,
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Figure 7. Snapshots of nanografting, for the same tip speed10-2/At, Figure 8. Tip, soft, and hard wall positions as the nanografting progresses
when the first one-eighth of the area has been shaved as the enhanced,nqer the conditions of Figure 7. The tip travels framr —45 to 45 atw
deposition probabilitysis turned on, from 0.00 to 0.01, and from 0.01t0  — 192 The nanografted SAM structures with a few different tip speeds,
0.10. The tip position in both figures is (0,31). when the 21l-width tip horizontally shaves the sites belong(igy)|—45

. < X = 45,—42 < y < 41} of the mixed SAM in Figure 2A, when the role
+ 1) fromrg = 0 to 20, and checked the wall positions, and  f i is fimited to shaving adsorbed molecules only, with the three tip

we found that the results (not shown in this work) exhibit the speedsy = 1075I/At, 10-4/At, and 103//At. (Cio and Gg are blue and
same trends, regardless of tip width. orange dots, respectively, in the nanografted area.)

We can summarize our simulation results for nanografting tion that there exists enhancement of deposition in a small,
with enhanced deposition as follows. Given the single assump- confined region immediately behind the tip, we can reproduce
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the experimental deposition results fairly well. In particular, we this process different compared to diffusion to the surface in
find up to one-order-of-magnitude faster kinetics in nanografting natural deposition. This opening has dimensions which depend
and that the faster the AFM tip displaces adsorbed particles fromon tip speed but would be on the orderf nm times the tip
a perfect monolayer, the more space and time that is availablewidth for slow tips. The wall-like structure around the opening
for the deposited thiol molecules to rearrange themselves to formprovides a vertical dimension as well. As a result, it is worth
larger domains. considering if transport of molecules to the surface can be
In an earlier experimental mechanistic stddyiu and co- characterized as thermal molecular diffusion, and if it is
workers suggested a different reaction pathway for the nano- diffusion, what is the effective dimensionality of it, and does
grafted thiol molecules. They proposed a spatially constrained the tip serve to control the flow.
self-assembly (SCSA) mechanism to account for the faster In normal natural growth, we assumed that the sticking
kinetics of the nanografting experiment. In SCSA, those thiol probability S is constant with time and that there is a constant
molecules that have standing-up configurations are preferentiallythiol flux toward the surfacel ~ Cur. The constant flux
adsorbed in spatially confined environments due to less stericassumption is based on the idea that the diffusion layer where
hindrance compared to those having the other configurations.the concentration gradient is formed is sufficiently thin and does
This lowers the activation energy for adsorption, leading to not grow much with time. As a matter of fact, this is an
accelerated kinetics. application of the planar diffusion model, in which molecules
This SCSA mechanism can be understood in terms of our &ré transported along the concentration gradient in a thin layer
model using the following argument. In general, the deposition toward an infinite flat surface. The diffusion layer thickness,
rate, k, is given as the product of the sticking probabilify, 0, depends on the diffusion constady, of thiols in solution
and the flux,J, toward the surface. In the SCSA mechanism, and the adsorption rate at the surface. In general the thickness
the basic assumption is that, while the flux into a small, confined Varies with time, but a very rough estimate can be made via
region is the same molecular diffusional flux as in NSA, ile.,  the Nernstlayer approximatiahw Din(C — Co)/d, whereCo is
~ Cur, the sticking probability is greatly enhanced due to a the concentration right next to the surfaéeAssuming that)
lowered activation energy. For instance, when a thiol molecule ~ Cvr andCo ~ 0, we obtaind ~ Dy/vr ~ (10°° c?/s)/(10
adsorbs on a bare Au surface in a lying-down configuration, ¢"/s) = (0.01 nm) at room temperatute.The small value

the sticking coefficient can be empirically modeled usfigy obtained suggests that the molecules have a solution-like density
[Som eXP(E¢/RT)], whereSym ~ 1 andEg = 45 kJ/mol— (0.65 distribution until just above the surface.
kJ/molNc,,16 as we discussed earlier. This expressionHgr In nanografting, particularly at slower tip speeds, however,

reflects the fact that longer-chain thiol molecules tend to be @ model similar to spherical diffusion would be more appropri-
stickier toward the Au surface. In fact, we used this constant ate, in which the molecular flux is maintained radially constant
sticking coefficient concept to calculate the deposition prob- and mass transfer is directed toward a small area or region, such
abilities in simulating natural growth. as that which occurs with ultramicroelectrod&3he molecular

In the SCSA mechanism for nanografting, however, thiol flux toward a disk-shaped ultramicroelectrode is givenlby

. . 27

molecules enter the small, confined space in standing-up CPm(1/0 + 1/rg) wherera is the radius of the disk’ The
configurations, and the aforementioned empirical model should 2SSUmption of a fixed sticking coefficient accordingly leads to
be modified. It is likely that the frequency fact@s, decreases € deposition probability mode¥(1 + 6/ra), which may be
slightly to Sum (< Som) because only portions of all possible used in the simulations. For a simulation, we may consider that
configurations are accepted. However, the precise val@,of 'Te diffusion layer thickness), is a new parameter, and set
is not important in this analysis. More important is the fact that — (hCat each simulation step. At the beglnnlng _Of nanogra_ftmg,
when a thiol molecule enters a small, confined, shaved region W& ¢an assuméhll~ vAt, and then the condition for which
in a standing-up configuration, the activation enetyfor deposition is enhanced due to spherical diffusion is determined
reaction of this molecule with the surface is expected to be PY the conditions < d/At whe_re Vs the tip speed. For tide
smaller than the activation enerd for reaction of a lying- ~ Valué estimated above ad = 10" s (the value used in our
down molecule with the surface, i.E; < Eg. If we assume simulation), this leads to << 0.02/At = 10 um/s. The variation
that Es approache&, linearly as the shaved space widens, we pf the (_Jleposition results with tip ;peed _(subjgct to this inequality)
may write the activation energy in the for + AEIRIE (for in a mixed SAM nanogra_lftlng S|mula_1t|on W|_II lead to changes
values less thaky), whereAE is the activation energy increment 1" th(_e Iat'eral heterogeneity that prow_de a direct measure of the
for some distance incremetThen, the new sticking coefficient ~ '€lative importance of the two diffusion models. N
in the spatially confined environment becom&s[exp(—E¢ Most likely both of these two factors, s_t|ck|ng probab|||ty
RT) exp(—MZE)], with the rescaled distance incremeht= and flux enhancement, play some role in the nanografting
E(RTIAE). SettingS; = [Sim exp(—EJRT)], the sticking coef- process. Although our model has represented the enhanced
ficient will be of the form, B exp(—[hZE)], which makes the deposition in terms of sticking, flux enhancement would lead

deposition probability beHs exp(—hZE)], thus matching our 0 the same or similar algorithm, so that it is not possible to
model. distinguish these factors here. Thus, more theory (closer to the

Ar!othgr explanatlon for the, enhanc_eq deposmon N nano- (24) Levich, V. G.Physicochemical Hydrodynamid3rentice-Hall: Englewood

grafting involves the assumption that it is the molecular flux Cliffs, 1962.
icki ili i (25) See ref 16 foDy, values for thiols in solution media.

rather than the §t.|ck|ng probablllty that is enhanced compared (26) Bard. A 3. Abrie. H. D Chidsey. O E.: Faulkner. L. R.; Feldberg, S.
to natural deposition. This argument follows because nanograft- W.; ltaya, K.; Majda, M.; Melroy, O.; Murray, R. W.; Porter, M. D.;
; i f B Soriaga, M. P.; White, H. S1. Phys. Chem1993 97, 7147.
!ng requires that molecules flow or diffuse to the shaved opening (27) Bulik, K. Amatore. C.: Holub, K.: Marak, V.. Kutner. W.Pure Appl.
in the SAM, and there are a number of factors that can make Chem.200Q 72, 1483.
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atomic scale) and more experiments are needed to cleanlytip and the SAM edges. Our simulations showed that this
separate these effects. assumption leads to fast kinetics in the nanografting procedure
Another aspect of SAM growth needs to be mentioned briefly. as well as the capability of the AFM tip to regulate domain
The self-assembly of molecules into natural-growth SAMs is size in the deposition of binary mixtures in nanometer-scale
subject to exchange of molecules between the surface andocal areas. In particular, homogeneous film formation occurs
solution phases, and normally the longer-chain molecules havefor slow tip speeds, but domain formation dominates for fast
more favorable free energies, leading to preferentigd C tip speeds, similar to what is found in the experiments. To our
deposition, Gg (sol) + Cio —Au (s) — Cyo (sol) + Ci5 —Au knowledge, our work is the first attempt to model and simulate
(s). However, the companion pagfeshows that this equilibrat-  nanografting, and thus, the results are expected to serve as a
ing process is so slow that nearly the same SAM structures areggarting point for further theoretical and simulation research.

mamtamed_ for as long as z_a few months. Therefore, OL_" kinetic The key assumption of deposition enhancement immediately
model, which neglects this exchange, can be considered to, . . . o -
. ~behind the tip can be attributed to enhanced sticking probability
capture most of the molecular self-assembly process, leading . . . .
to the final SAM and domain structures seen in the experiments. o' enhanced molecular flux in the spatially confined environment
P "behind the AFM tip. The possible physical origins of the
IV. Concluding Remarks enhancement were discussed, but the level of detail in our model

We developed a simple phenomenological Kinetic Monte is not sufficient to sort out sticking versus flux enhancement.
Carlo model of natural and nanografted deposition for alkane Further studies of these issues using molecular dynamics
thiols on gold surfaces that successfully describes many Simulations and quantum mechanics calculations are needed to
experimental results, especially the difference in raft domain SOrt out these issues.
structures that arises when deposition is performed with a

mixture of two different alkane thiols. The model includes N ,At\}:kntnlvgeQQmenlt:. ngst.resegrcht Vc\:liﬁz Zgggirgt?d Vk\)/y ;he
deposition, surface diffusion, and molecular phase-transition ational Science Foundation (Gran ) )- We have

processes, with interactions between alkane thiols leading togreatly benefited from extensive discussions and preliminary

different diffusion behavior of alkanes in a binary mixture, data from Gang-Yu Liu.
depending on what molecules surround the diffusing molecule.
With this model, we have confirmed that the size of the domain
structures found in naturally grown monolayers can be controlled
by the binary thiol solution concentrations. For nanografting,

we introduced the key assumption that the deposition probability
is higher in the region of the surface confined between the AFM JA063138B

Supporting Information Available: Four more figures are
provided which show simulation results when parameter values
are changed from those used to generate Figure 4. This material
is available free of charge via the Internet at http://pubs.acs.org.
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