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sub-monolayer

Kern et al. Pohl et al.
Phys. Rev. Lett., 67, 855 (1991) Nature, 397, 238 (1999)

Nanoscale
High mobility
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A basic mechanics question:

What are the Forces
that drive self-assembly?



A familiar example

» Evolve »
water water

Large surface energy Small surface energy

Free energy |G = 7A

*Free energy depends on geometry
*Geometry changes to reduce free energy—configurational force
*Geometry changes by mass transport—Kkinetic process




Phase Separation
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Phase Coarsening
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Phase boundary energy
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Phase Refining
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Reference State:

L. Current State
3 infinite crystals

Strain

G=WV+TA

_ elasticenergy [ _ excessenergy
volume area




Surface Stress

Residual stress field in surface layers
Surface energy depends on elastic strain

e ciclaele

BENE00.00 —~
eee e

— LXK -

sccnont -

f ~ (residualstress) x (layer thickness)

~ (1010 N/m? )x (10_10 m)z 1N/m



Surface stress depends on concentration

H. Ibach / Surface Science Reports 29 (1997 ) 193-263 H. Ibach | Surface Science Reports 29 (1997 ) 193-263
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Translating biomolecular recognition
into nanomechanics

Fritz et al., Science 288, 316 (2000)
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Surface stress couples
concentration field and elastic field

['=g+ fe

“Marangoni effect” Cerruti solution
(elastic analog)
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Phase boundary energy

Cﬂ— T

Diffused boundary

a: 2
Cahn-Hilliard model freeenergy oc ho(g)




Thermodynamic Model
Free energy functional |G = [T"dA + [WdV

Elastic energy density: W :E{g..g.. + Y (e 2}
V)| U 1—21/( kk)

Surface energy Is a function of (C, VC, é€up )

[ =g(C)+h(C)C,4C, + F(C)eyy

Chemical potential |G = | udCdA

M= @—ZhOVZC +¢€IBIB
A
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Demixing coarsening  refining

Suo, Lu, J. Mech. Phys. Solids. 48, 211 (2000).



Two Length Scales
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Phase separation Coarsening Refining

(1 V2)¢ &:1 (2—52)&:2
= i
v [( 5P+ (x-5 R

Cerruti solution

5 d5dS)

Regular solution |g(C)=AkT[ClogC +(1-C)log(1-C)+QC(1-C)|




Simulation Results, C = 0.5

No elasticity refining
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Simulation Results, C
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The bright region is the Pb phase. The dark region is the

Pb-Cu surface alloy. The average concentration
Increases from (a) to (e).

Courtesy of Gary Kellogg, of Sandia National Lab.




Simulation Results
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t=10

“Crystal Seeds”
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Guide self-assembly
with a coarse pattern

t=1000

Suo and Lu,. J. Nanoparticles Research 2, 333 (2000).



Anisotropic Surface Stress




Patterns due to anisotropic
¢ surface stress (t = 2.0E5)
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Molecules are more versatile than atoms.

Electrostatics is more versatile than elasticity.

Can electric field direct molecular motion?



Gao & Suo, JAP, 93, 4276-4282 (2003). B m aS k: a te m p I ate
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An example: alkanthiol on gold

tail groupL— X

H—C—H
alkylchain._>H_C_H
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gold substrate

thiol group L




Adsorbates carry electric dipoles

substrate

Surface Potential (mV)
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Surface potential
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Adsorbates move

AFM lateral force images: C,;H3;SH islands on Au(111).
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diffusivity ~ 102! m?/s

Barrena et al., J. Chem. Phys. 111, 9797 (1999): 113, 2413 (2000)



Forces that move molecules

AN

Conducting substrate

*Entropy

|ntermolecular attraction (van der Waals)
*Dipole-dipole repulsion
*Dipole-electrode interaction



Equation of motion

conductor

Regular solution

Electrostatic B.V.P.

Charge at the surface
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g(C)=AKT|CInC+(1-C)In1-C)+Q(1-C)]

VY =0
(%, %2,0) = p(x, X2 ) = ¢C(xq, X7 )
W is prescribedat electrodes
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Suo, Gao, Scoles, JAM, in press



A mechanic has a new dream:
The molecular car
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Splitting (or merging)
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Division of labor:
modular architecture

¢ ¢
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dipole an
binder pavement

on-chip
Infrastructure




Add a dipole to a molecule

p=1.6x10"%Cm p=0.617x10"Cm

(<) ‘HZO

1A

p=0.9x10"Cm

H—O@S—H

H—S—(CH,)—O @ S— (CH,).—H

Evans, Urankar, Ulman, Ferris, J. Am. Chem. Soc., 113 4121 (1991)



Molecular pavement

scOVver steps

econfine the Brownian movement
fast car

erepel trash

schemical gradient



Highway-on-a-wall

*Gravity is negligible
*Real estate Is expensive




Questions from a mechanic

o Can we find a wheel/pavement pair so that the car
runs rapidly on the surface, but does not fly away?

e Can we drive the car against thermal motion?




o
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Electric field (107 V em)

Cesium on GaAs

Whitman et al.
Science 251, 1206 (1991)
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Binding energy, migration energy

A W Eb ~1leV
E

' : E. ~0.leV
\VAVAVAVE:
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> KT =0.025eV

No desorption: E, >>kT

Rapid migration: D -~a? exp(—llf_}“j

Barth, Surface Sci. Rep. 40, 75 (2000).



Electrode creates an energy trap
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E~V/d~@V){L0°m)=10°V/m
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More numbers

D ~1a° exp(— Ilf'rl'nj ~ (1013 / leO‘lO m)2 exp(—

= (10‘7 mzls)exp(— 40E,, )

)
0.025eV

f =V(p-E)~ p(v/d)/R~ (102 cm)10°V/im)/{10-8 m)=1pN

En, 0.1eV 0.5eV 1.0eV

D 1077m?/s  10¥m?%s  107%°m?/s
X =+/2Dt 10™°m 10°m 10m
U= % f 107 m/s 107 mi/s 10" m/s



Molecular boat?

alr

Lipids on air/water interface

Lee, Klingler, McConnell.
Science 263, 655 (1994)




Why the molecular car now?

(Imaging, electrode). Tools to
search for the engines, wheels, pavements.

(~100 nm in fabs, ~10 nm in labs).
Tools to make on-chip infrastructure.

Tools to make the car.

Tools to design the car and its on-
chip infrastructure.

Suo, Chen, Maynard, Saif, Sehitoglu




In search of engines, wheels, and pavements

car molecule pavement molecules

substrate

Scanning probe: an imaging tool and a loading tool




What Is the molecular car good for?

(ultimate frontier of matter-transport-on-a-chip).
(combinatorial chemistry).
(medical diagnostics).

(identity and function).




Molecular Xerography

transcirbe a charge pattern into a molecular pattern



Transcribe a charge pattern to molecular pattern
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Charge Pattern
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Field-Directed Assembly (FDA)
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Summary

Adsorbates carry electric dipoles.
Adsorbates move.
Electric field directs their motion.

Modular car: wheel, engine, passenger seat.
On-chip infrastructure: electrodes, pavements.

Re-configurable assembly.

www.deas.harvard.edu/suo
This lecture
Publications 130, 140, 150



