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Abstract: Electric field induced switching behaviors of a series of low-density ω-carboxyalkyl modified H-Si-
(111) and the mixed ω-carboxyalkyl/alkyl covered H-Si(111) have been simulated by using molecular
dynamics (MD) simulation techniques. The external electric fields may drive surface-confined molecules
to reversibly change conformations between the all-trans (switching ‘on’) and the mixed trans-gauche
(switching ‘off’) states. Such surfaces switch wettabilities between the hydrophilic state and the moderately
hydrophobic state. It has been found in broad ranges of intensities of applied electric fields, -2.0 × 109

V/m e Edown e 0 and 1.8 × 109 V/m e Eup e 7.3 × 109 V/m, both the low-density (11.1%-33.3%)
ω-carboxyalkyl and the mixed ω-carboxyalkyl/alkyl (in mole fraction of 0.4 e Ncarboxyalkyl : Nalkyl e 3.0)
monolayers covering H-Si(111) exhibit conformational switching in the aqueous medium. The critical
intensity of the electric field, Eup ) 1.8 × 109 V/m, which is required to trigger the switches is observed by
our MD simulations and further rationalized by a thermodynamical model. Some important factors in the
control of switching performances, such as the steric hindrances, the formation of the electric double layer
at the monolayer/electrolyte solution interface, the hydration effects of carboxylate anions, the components
of surrounding electrolyte solutions, as well as the rigidity of surface-confined chains are elucidated. The
lower ionic strength and additions of acetonitrile molecules in the surrounding aqueous solution can reduce
the value of critical intensity of the electric field and hence facilitate the realization of switching. Some
practical considerations in construction and optimum design of switching surfaces are also suggested.

1. Introduction

The technology of the modification of solid surfaces, such
as gold and silicon surfaces with organic molecules or polymers,
offers a wealth of opportunities for us to design ‘smart’ surfaces,
which are responsive to different stimuli.1,2 By adjusting
molecular structures and compositions of surface-covered
molecules, many interesting surfaces with unique properties in
response to the external stimuli such as electric potential,3-6

temperature,7,8 pH alternation,9 and light,10,11 and so forth are
realized. These ‘smart’ surfaces are anticipated to be applicable
in many fields such as the development of drug delivery systems,
data storage devices, and microelectronic applications, and so
forth.

Recently, a novel design of the switching surface that enables
surface wettability to reversibly switch between the hydrophilic
state and the hydrophobic state in response to the external
electric potential is demonstrated with a low-density, carboxylic
acid ended monolayer modified Au surface.3 This type of surface
design enables the amplification of conformational transitions
at the molecular level to macroscopic changes in surface
properties with the systems’ environment unaltered, stimulating
our designs of new surface apparatuses.

We attempt to theoretically explore some other monolayer-
modified surfaces, which may also exhibit interesting switching
behaviors such as those reported on Au surfaces3 under the
external stimuli. The single-crystal silicon surfaces present
possible candidates in this kind of surface design for their
fascinating electric properties and reactivity with various organic
reagents.12-14 Traditionally, modifications of silicon surfaces
with organic monolayers were mainly achieved via the use of
the siloxane chemistry with the presence of an insulating oxide

(1) Russell, T. P.Science2002, 297, 964-967.
(2) Nath, N.; Chilkoti, A.AdV. Mater. 2002, 14, 1243-1247.
(3) Lahann, J.; Mitragotri, S.; Tran, T. N.; Kaido, H.; Sundaram, J.; Choi, I.

S.; Hoffer, S.; Somorjai, G. A.; Langer, R.Science2003, 299, 371-374.
(4) Krupenkin, T. N.; Taylor, J. A.; Schneider, T. M.; Yang, S.Langmuir2004,

20, 3824-3827.
(5) Abbott, N. L.; Gorman, C. B.; Whitesides, G. M.Langmuir1995, 11, 16-

18.
(6) Luk, Y.-Y.; Abbott, N. L. Science2003, 301, 623-626.
(7) Lendlein, A.; Langer, R.Science2002, 296, 1673-1676.
(8) Khongtong, S.; Ferguson, G. S.J. Am. Chem. Soc.2002, 124, 7254-7255.
(9) Matthews, J. R.; Tuncel, D.; Jacobs, R. M. J.; Bain, C. D.; Anderson, H.

L. J. Am. Chem. Soc.2003, 125, 6428-6433.
(10) Feng, X.; Feng, L.; Jin, M.; Zhai, J.; Jiang, L.; Zhu, D.J. Am. Chem. Soc.

2004, 126, 62-63.
(11) Ichimura, K.; Oh, S.-K.; Nakagawa, M.Science2000, 288, 1624-1626.

(12) Dabrowski, J.; Mussig, H.-J.Silicon Surfaces and Formation of Interfaces;
World Scientific: Singapore, 2003.

(13) For example, see: (a) Buriak, J. M.Chem. ReV. 2002, 102, 1271-1308;
Buriak, J. M.Chem. Commun.1999, 1051-1060. (b) Sieval, A. B.; Linke,
R.; Zuilhof, H.; Sudho¨lter, E. J. R.AdV. Mater.2000, 12, 1457-1460. (c)
Wayner, D. D. M.; Wolkow, R. A.J. Chem. Soc., Perkin Trans.2002, 2,
23-34.

(14) Ulman, A.Chem. ReV. 1996, 96, 1533-1554.

Published on Web 04/15/2005

6802 9 J. AM. CHEM. SOC. 2005 , 127, 6802-6813 10.1021/ja045506m CCC: $30.25 © 2005 American Chemical Society



interlayer, which may not be desirable in some applications.12-14

Chidsey et al. made pioneering work in preparing covalently
attached organic monolayer modified silicon surfaces from the
hydrogen-terminated Si(111) and Si(100) surfaces.15 Until now,
it has been possible to prepare the monolayers modified silicon
surfaces from the thermal,16-22 catalyzed,23-25 radical-initia-
tion,26,27or photochemical reactions28-30 of hydrogen-terminated
or halogenated terminated Si(111) or Si(100) with alkenes,
Grignard reagents, or aldehydes and by the electrochemical
reduction of aryldiazonium ions. Similar reactions were also
reported for the modifications of the porous silicon.31-34 In many
of these modification procedures, the resultant organic films
on silicon surfaces are terminated with methyl groups and have
substituted chains densely packed. However, the low reactivity
of terminated methyl groups and densely packed structures of
monolayers restrict the further manipulation of chemical and
physical properties of surfaces. The possibility of creating
functionalized organic film-modified silicon surfaces has been
explored by some groups.17,35-42 So far, some functional groups
(such as the carboxylic acid,17,38-40 the ester,41 and the amino42)
terminated organic films modified silicon surfaces were pre-
pared, which represent advances in our ability to manipulate
the chemical and physical properties of surfaces. Now, they offer
a chance for us to construct the novel dynamically responsive
silicon surfaces.

We start our theoretical designs of switching surfaces from
the reported carboxylic acid (-COOH) terminated monolayers

modified silicon surfaces. Surfaces covalently attached by
carboxylic acid-terminated monolayers have traditionally been
created by oxidizing polymer surfaces,43 functionalizing alkyl-
siloxane monolayers formed on hydroxylated silicon substrates,44

or adsorbing-COOH-terminated organosulfur molecules on
gold.45 The preparation of the densely packedω-carboxyalkyl
monolayer-modified H-terminated silicon surfaces was first
contributed by Sieval et al. via thermal hydrosilylation of the
H-Si(100) with ester-terminated 1-alkenes and further hydroly-
sis.17 Improved procedures of preparations of carboxylic acid-
terminated monolayers modified H-terminated silicon surfaces
were reported in recent years.35-38 In addition, the mixed
ω-carboxyalkyl/alkyl modified H-terminated silicon surfaces
were also reported.40 Depending on the pH value of the
supporting aqueous solution, the acidic properties of carboxylic
acid functionalized surface-confined molecules are significantly
different from those in bulk aqueous solutions. The reported
protonation and deprotonation of acid-bearing monolayer typi-
cally occur in a broader range of pH values.39,40,43,46,47In these
systems, as shown in Scheme 1, the terminated carboxylic acid
groups significantly ionized into carboxylate anions (-COO-),
which make monolayers be terminated with the negatively
charged carboxylate groups.Then, can we construct some
dynamically responsiVe switching surfaces by introducing the
external stimuli?

In the present work, we demonstrate surface designs and
atomic molecular dynamics (MD) simulations on the dynamical
switching, ‘on’ and ‘off’ (cf. Scheme 2), of the low-density
-COOH-terminated monolayers modified H-Si(111) driven by
external electric fields. Another MD simulation study (without
the explicit descriptions of solvent molecules and Au surfaces)
on the electric field induced switching of poly(ethane glycol)
terminated monolayers was just reported when we are going to
submit our revised manuscript.48 Two series of surface models

(15) Linford, M. R.; Chidsey, C. E. D.J. Am. Chem. Soc.1993, 115, 12631-
12632; Linford, M. R., Fenter, P.; Eisenberger, P. M., Chidsey, C. E. D.J.
Am. Chem. Soc.1995, 117, 3145-3155.

(16) Bateman J. E.; Eagling, R. D.; Horrocks, B. R.; Houlton, A.J. Phys. Chem.
B 2000, 104, 5557-5565.

(17) Sieval, A. B.; Demirel, A. L.; Nissink, J. W. M.; Linford, M. R.; van der
Maas, J. H.; de Jeu, W. H.; Zuilhof, H.Langmuir1998, 14, 1759-1768.

(18) Sieval, A. B.; Vleeming, V.; Zuilhof, H.; Sudho¨lter, E. J. R.Langmuir
1999, 15, 8288-8291.

(19) Sieval, A. B.; Opitz, R.; Maas, H. P. A.; Schoeman, M. G.; Meijer, G.;
Vergeldt, F. J.; Zuilhof, H.; Sudho¨lter, E. J. R.Langmuir2000, 16, 10359-
10368.

(20) Sung, M. M.; Kluth, G. J.; Yauw, O. W.; Maboudian, R.Langmuir1997,
13, 6164-6168.

(21) Boukherroub, R.; Morin, S.; Wayner, D. D. M.; Bensebaa, F.; Sproule, G.
I.; Baribeau, J.-M.; Lockwood, D. J.Chem. Mater.2001, 13, 2002.

(22) Boukherroub, R.; Sharpe, S. M. P.; Wayner, D. D. M.; Allongue, P.
Langmuir2000, 16, 7429-7434.

(23) Buriak, J. M.; Allen, M. J.J. Am. Chem. Soc.1998, 120, 1339-1340.
(24) Buriak, J. M.; Stewart, M. P.; Geders, T. W.; Allen, M. J.; Choi, H. C.;

Smith, J.; Raftery, D.; Canham, L. T.J. Am. Chem. Soc.1999, 121, 11491.
(25) Webb, L. J.; Lewis, N. S.J. Phys. Chem. B2003, 107, 5404-5412.
(26) Cicero, R. L.; Chidsey, C. E. D.; Lopinski, G. P.; Wayner, D. D. M.;

Wolkow, R. A. Langmuir2002, 18, 305-307.
(27) Linford, M. R.; Chidsey, C. E. D.Langmuir2002, 18, 6217-6221.
(28) Cicero, R. L.; Lopinski, G. P.; Chidsey, C. E. D.Langmuir2000, 16, 5688-

5695.
(29) Effenberger, F.; Go¨tz, G.; Bidlingmaier, B.; Wezstein, M.Angew. Chem,

Int. Ed. Engl.1998, 37, 2462-2464.
(30) Terry, J.; Linford, M. R.; Wigren, C. R.; Cao, Y.; Pianetta, P.; Chidsey, C.

E. D. Appl. Phys. Lett.1997, 71, 1056-1058.
(31) Stewart, M. P.; Buriak, J. M.Angew. Chem, Int. Ed. Engl.1998, 37, 3257-

3260.
(32) Stewart, M. P.; Buriak, J. M.AdV. Mater. 2000, 12, 859-869.
(33) Song, J. H.; Sailor, M. J.J. Am. Chem. Soc.1998, 120, 2376-2381
(34) Bateman, J. E.; Eagling, R. D.; Worrall, D. R.; Horrocks, B. R.; Houlton,

A. Angew. Chem, Int. Ed. Engl.1998, 37, 2683-2685.
(35) Boukherroub, R.; Wayner, D. D. M.J. Am. Chem. Soc.1999, 121, 11513-

11515.
(36) Vanderah, D. J.; La, H.; Naff, J.; Silin, V.; Rubinson, K. A.J. Am Chem.

Soc.2004, 126, 13639-13641.
(37) Strother, T.; Cai, W.; Zhao, X.; Hamers, R. J.; Smith, L. M.J. Am. Chem.

Soc.2000, 122, 1205-1209.
(38) Mitsuya, M.; Sugita, N.Langmuir1997, 13, 7075-7079.
(39) Gershevitz, O.; Sukenik, C. N.J. Am. Chem. Soc.2004, 126, 482-483.
(40) Liu, Y.-J.; Navasero, N. M.; Yu, H.-Z.Langmuir2004, 20, 4039-4050.
(41) Wojtyk, J. T. C.; Morin, K. A.; Boukherroub, R.; Wayner, D. D. M.

Langmuir2002, 18, 6081-6087.
(42) Sieval, A. B.; Linke, R.; Heij, G.; Meijer, G.; Zuilhof, H.; Sudho¨lter, E. J.

R. Langmuir2001, 17, 7554-7559.

(43) For example, see: (a) Holmes-Farley, S. R.; Reamey, R. H.; McCarthy, T.
J.; Deutch, J.; Whitesides, G. M.Langmuir1985, 1, 725-740. (b) Holmes-
Farley, S. R.; Bain, C. D.; Whitesides, G. M.Langmuir 1988, 4, 921-
937. (c) Bain, C. D.; Whitesides, G. M.Langmuir1989, 5, 1370-1378.
(d) Holmes-Farley, S. R.; Whitesides, G. M.Langmuir 1987, 3, 62-76.

(44) For examples, see: (a) Haller, I.J. Am. Chem. Soc.1978, 100, 8050-
8055. (b) Pomerantz, M.; Segmuller, A.; Netzer, L.; Sagiv, J.Thin Solid
Films 1985, 132, 153-162. (c) Wasserman, S. R.; Tao, Y. T.; Whitesides,
G. M. Langmuir1989, 5, 1074-1087.

(45) For examples, see: (a) Nuzzo, R. G.; Allara, D. L.J. Am. Chem. Soc.
1983, 105, 4481-4483. (b) Porter, M. D.; Bright, T. B.; Allara, D. L.;
Chidsey, C. E. D.J. Am. Chem. Soc.1987, 109, 3559-3568. (c) Laibinis,
P. E.; Whitesides, G. M.J. Am. Chem. Soc.1992, 114, 1990-1995.

(46) For examples, see: (a) Lee, T. R.; Carey, R. L.; Biebuyck, H. A.;
Whitesides, G. M.Langmuir1994, 10, 741-749. (b) Cheng S. S.; Scherson,
D. A.; Sukenik, C. N.Langmuir1995, 11, 1190-1195. (c) Li, T. T.-T.;
Weaver, M. J.J. Am. Chem. Soc.1984, 106, 6107. (d) Turyan, I.; Mandler,
D. Anal. Chem.1994, 66, 58.

(47) Konek, C. T.; Musorrafiti, M. J.; Al-Abadleh, H. A.; Bertin, P. A.; Nguyen,
S. T.; Geiger, F. Z.J. Am. Chem. Soc.2004, 126, 11754-11755.

(48) Vemparala, S.; Kalia, R. K.; Nakano, A.; Vashishta, P.J. Chem. Phys.
2004, 121, 5427-5433.

Scheme 1. Can We Construct Some Dynamically Responsive
Surfaces Based on These Dissociated Carboxylic Acid-terminated
Monolayers?
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based on the H-terminated Si(111) are theoretically designed
in our simulations with the supporting electrolyte solution is
mimicked by both explicit and implicit solvent models. One
series of surfaces is the low-densityω-carboxyalkyl monolayers
modified H-Si(111), such as1C-4C, 1Cim-4Cim, and 1Fim-
4Fim as shown in Scheme 3(a), which are substituted by evenly
distributed -(CH2)17COOH (or partially fluorinated-CH2-
CH2(CF2)15COOH) chains with coverage ranging from 11.1%
to 33.3%. While another series,1Cm-4Cm, 3Cms-4Cms, and3Cmp

as shown in Scheme 3 (b), have the H-Si(111) modified by
the zigzag pattern,∼50% coverage, mixture of-(CH2)17COOH
and -(CH2)8CH3 chains in different molar fractions (0.4e
N-(CH2)17COOH:N-(CH2)8CH3e 3.0). By using molecular dynamics
simulations, we systemically investigate the molecule-level
information on the reversible switching of both low-density
ω-carboxyalkyl covered and the mixedω-carboxyalkyl/alkyl
monolayers modified H-Si(111) under wide ranges of intensi-
ties of external electric fields,-2.0× 109 V/m e Eup e 0 and
1.8 × 109 V/m e Edown e 7.3 × 109 V/m, by assuming the
terminated-COOH groups are significantly deprotonated in
supporting electrolyte solutions. During the switching processes
driven by electric fields, some intrinsic effects including the
steric hindrances of neighboring surface-confined chains and

solvents, the hydration effect of carboxylate anions, as well as
formations of interfacial electric double layers at the monolayers/
aqueous solution interfaces appearing, which influence switching
performances of surfaces greatly and further directly determine
the value of thecritical intensityof the electric field that needed
to trigger the switch. Beyond these intrinsic effects, some tunable
factors such as the rigidity of surface-confined chains and the
component of supporting electrolyte solutions are also theoreti-
cally explored in our simulations by introducing the-CF2-
groups into the surface-confined chains (1Fim-4Fim) and by
adding acetonitrile molecules into the surrounding aqueous
solutions (3Cms-4Cms), which provide comprehensive insights
into switching phenomena of this kind of monolayer-modified
surfaces and guide the optimization of surface designs. It is
anticipated that our simulation results on various surface models
provide useful information to design some new functional
surfaces, since the results can be extended to other switching
surfaces without the loss of generality.

2. Computational Models and Details

2.1. Surface Models.To realize switching processes of these
-COOH-terminated alkyl monolayers modified H-Si(111), an im-
portant factor of the conformational freedom available for transitions

Scheme 2. Switching Behaviors, ‘on’ and ‘off’

Scheme 3. Two Series of Monolayers Modified H-Si(111) (cf. Table 1 in detail)

A R T I C L E S Pei and Ma
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of the chains’ conformations should be considered first. In previous
studies of packing structures of alkyl and alkoxyl chains modified
H-Si(111), it was found that the optimum coverage of long hydro-
carbon chains on the H-Si(111) be around of 50%-66.7% due to the
van der Waals volumes of hydrocarbon chains and surface atom
patterns, which corresponding to around 19.2-25.6 Å2 per confined
hydrocarbon chain.15-19,22,28,29,49-52 So, the smallest space that sufficient
for conformational switching of the surface-confined chains is roughly
estimated to be around 38 Å2 per chain. On the basis of this
consideration, nineteen surface models with various solvent backgrounds
as listed in Table 1 are constructed in our simulations.

The studied simulation models are illustrated in Scheme 4. The two-
dimensional rhombic periodic boundary condition and slab model are
applied throughout our simulations.53 Surface models are constructed
with the following procedures. First, two kinds of H-Si(111) with
surfaces modified by the uniformly distributed amphiphilic chains of
the -(CH2)17COO- (1C-4C) (or the -CH2CH2(CF2)15COO- (1Fim-
4Fim)) and by the mixed-(CH2)17COO- and-(CH2)8CH3 chains (1Cm-
4Cm) are constructed by replicating unit cells ‘unit 1′-‘unit 5′, as shown
in Scheme 3, inx and y directions. Initially, chains have vertical
orientations on surfaces. These constructed surface models are subse-
quently minimized with surface atoms fixed. After the minimizations,

an upward electric field ofEup ) 3.0e9V/m is applied to force-COO--
terminated surface-confined chains to bend their conformations. When
all surface-confined,-COO--terminated chains reaching bent confor-
mations under the applied electric field, the pre-equilibrated, individual
solvent layers (containing Na+) with the density of 0.998 g/cm3 are
put on the top of the bent monolayers. To restrict solvent molecules in
the simulation box, a fixed Lennard-Jones (L-J) wall, as shown in
Scheme 4, is applied with details given in the next subsection.

2.2. Force Field Models. 2.2.1. Validations of Force Field
Calculations.There are many force field models developed to simulate
the conformational and aggregative behaviors of the hydrocarbon chains
in the bulk phase or confined at the interface, which provide satisfactory
descriptions of various properties of hydrocarbon chains.54-59 In the
present work, we are interested in the conformational behaviors (from
the all-trans to the mixture of trans and gauche and its reverse) of the
hydrocarbon chains confined at the interface, during which the torsion
potential in the force field is considered to be a sensitive factor. The
choice of parameters of the torsion term determines the degree of
disorder in the hydrocarbon chains and hence directly affects the
conformational behaviors of the hydrocarbon chains. A good description
of torsional barriers in the alkyl part of chains is thus desirable. To
avoid arbitrary results coming from the force field calculations on this
kind of switchable surface, we select the cvff,54,60 the cff91,55,60 and

(49) Pei, Y.; Ma, J.; Jiang, Y.Langmuir2003, 19, 7652-7661.
(50) (a) Sieval, A. B.; van der Hout, B.; Zuilhof, H.; Sudho¨lter, E. J. R.Langmuir

2000, 16, 2987-2990. (b) Sieval, A. B.; van der Hout, B.; Zuilhof, H.;
Sudhölter, E. J. R.Langmuir2001, 17, 2172-2181.

(51) Zhang, L.; Wesley, K.; Jiang, S.Langmuir2001, 17, 6275-6281.
(52) Yuan, S.; Cai, Z.; Jiang, Y.New J. Chem.2003, 27, 626-633.
(53) Allen, M. P.; Tildesley, D. J.Computational Simulation of Liquids;

Oxford: New York, 1987.
(54) Daubcr-Osguthorpe, P.; Roberts, V. A.; Osguthorpe, D. J.; Wolff, J. Genest,

M.; Hagler, A. T.Proteins: Strucr. Funct. Genet.1988, 4, 3147.
(55) Hwang, M. J.; Stockfisch, T. P.; Hagler, A. T.J. Am. Chem. Soc.1994,

116, 2515-2525.
(56) Ryckaert, J. P.; Bellemans, A.J. Chem. Soc., Faraday Discuss.1978, 66,

95.
(57) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J.J. Am. Chem. Soc.1996,

118, 11225-11236.
(58) Martin, M. G.; Siepmann, J. I.J. Phys. Chem. B1998, 102, 2569-2577.
(59) Smith, J. C.; Karplus, MJ. Am. Chem. Soc.1992, 114, 801-812.
(60) Cerius2, Molecular Simulation Inc., version 3.5, 1997.

Table 1. Selected Surface Models

models surface chainsa

solvent
moleculesa

ions
(Na+)a

area per −COOH-
terminated chains

(Å2/chain)
cell parametersb

(x,y)

explicit solvent models (aqueous solution)
1C 27 (-RCOO-)c 1315(w) 27 38.3 34.56, 34.56
2C 16 (-RCOO-)c 1011(w) 16 51.1 30.72, 30.72
3C 12 (-RCOO-)c 1123(w) 12 76.6 30.72, 34.56
4C 9 (-RCOO-)c 1306(w) 9 114.9 34.56, 34.56
1Cm 24(-RCOO-)/8(-R′CH3)c 1011(w) 24 34.1 30.72, 30.72
2Cm 16 (-RCOO-)/16(-R′CH3)c 1011(w) 16 51.1 30.72, 30.72
3Cm 12(-RCOO-)/20(-R′CH3)c 1011(w) 12 68.1 30.72, 30.72
4Cm 9(-RCOO-)/23(-R′CH3)c 1011(w) 9 90.8 30.72, 30.72
3Cmp 34(-RCOO-)/14(-RCOOH)/ 1917(w) 34 68.1 61.44, 61.44

80(-R′CH3)c,d

explicit solvent models (∼26% acetonitrile composed aqueous solution)
3Cms 12(-RCOO-)/20(-R′CH3)c 180(a)/500(w) 12 68.1 30.72, 30.72
4Cms 9(-RCOO-)/23(-R′CH3)c 180(a)/500(w) 9 90.8 30.72, 30.72

implicit solvent models (aqueous solution approximation,ε ) 78.0)
1Cim 75 (-RCOO-)c 38.3 57.60, 57.60
2Cim 64 (-RCOO-)c 51.1 61.44, 61.44
3Cim 54 (-RCOO-)c 76.6 69.12, 69.12
4Cim 49 (-RCOO-)c 114.9 80.64, 80.64
1Fim 75 (-R′′COO-)c 38.3 57.60, 57.60
2Fim 64 (-R′′COO-)c 51.1 61.44, 61.44
3Fim 54 (-R′′COO-)c 76.6 69.12, 69.12
4Fim 49 (-R′′COO-)c 114.9 80.64, 80.64

a The number of surface chains, water molecules, acetonitrile molecule and ions(Na+), respectively. The ‘w’ and ‘a’ represent water molecule and acetonitrile
molecule, respectively.b In units of Å. The lengths of simulation cells inz direction are used of 300 Å in slab models.c R ) CH2CH2(CH2)15-, R′ ) (CH2)8-,
R′′ ) CH2CH2(CF2)15-. d In 3Cmp, we assume only 70% terminated-COOH groups deprotonated in the aqueous solution.

Scheme 4. Surface Models Used in MD Simulations
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the united atoms (UA)56 model with Ryckaert-Bellemans dihedral
potential to validate our force field calculations. A surface model
contains 48-(CH2)17COO- chains is used for this aim, in which the
surface-confined chains uniformly distributed with the area per chain
of 76.6 Å2/chain (‘unit 3′ in Scheme 3). We characterize the equilibrium
conformations of surface-confined chains within different force field
models with an external electric field ofEup ) 3.0× 109 V/m applied.
The results are compared in Figure 1, from which we find that the
cvff, the cff91, and the UA models predict similar gauche distributions
of the surface-confined chains in the bent state. In addition, the average
thickness of the monolayer predicted by three force fields are 11.1 Å
(cvff), 11.5 Å (cff91), and 10.9 Å (UA model), respectively, which
also agree fairly well with each other. Therefore, the cvff and the UA
model are used in the following discussions of conformational behaviors
of surface-confined chains under external electric fields.

2.2.2. Electric Field Interactions. The external electric field is
modeled by

whereqi is the charge of theith charged atom,Ez is the electric field
strength applied in thezdirection, andzi is the projection of the position
vector on thez axis.

2.3 Solvent Models.Two kinds of solvent models, the explicit
solvent model and the continuum dielectric model, are used to describe
solvent effects.

2.3.1. Explicit Solvent Models.Within the framework of explicit
solvent model, two kinds of supporting electrolyte solutions are
explicitly considered in our simulations: one consists of water
molecules and counterions of Na+ (1C-4C, 1Cm-4Cm, 3Cmp in Table
1), while another is a mixture of∼26% acetonitrile composed aqueous
solution containing Na+ (3Cms-4Cms in Table 1), in which, the water
molecules and the acetonitrile molecules are treated by the SPC water
model and the cvff that complemented in theCerius2 package,60

respectively. A L-J ‘wall’ composed by fixed, single-layered potassium
atoms are plainly aligned on the top of the solvent layer to interact
with solvent molecules. The cutoff of van der Waals interactions is set
to be 12.0 Å and the electrostatic interaction is evaluated by the Ewald
summation.60

2.3.2. Continuum Dielectric Models. A continuum dielectric
approximation by implicitly considering the solvent molecules and the
Na+ is also introduced (ε ) 78.0) in our simulations to qualitatively
investigate the influences of chains’ rigidities on switching behaviors
(cf. 1Cim-4Cim and1Fim-4Fim in Table 1). The amphiphilic chains of
-CH2(CH2)16COO- (1Cim-4Cim) and -CH2CH2(CF2)16COO- (1Fim-
4Fim) are treated by the UA model with parameter sets displayed in
the Supporting Information.56,61,62In these continuum dielectric models,
the long-range Coulombic interactions is cut at a distance of 10 times

of length of the simulation cells inx andy directions, which is thought
to be large enough to rationally estimate the Coulombic interactions.

2.4 Molecular Dynamics Simulations.For all calculations, the
canonical ensemble (NVT) is applied with systems maintained at 298
K by using of Nose´-Hoover thermostat.63 Equations of the motion for
systems are integrated using the velocity Verlet algorithm with the time
step of 1fs.53

2.4.1. Pre-equilibrium. We carry out a series of pre-simulations to
generate the ‘well’ equilibrated distributions of solvent molecules in
systems due to the lack of pre-knowledge about them. Starting from
the initial conformations as shown in Scheme 4, we first apply the
downward electric fieldEdown ) -2.0 × 109 V/m on systems in the
first 50 ps (0-50 ps) to make surface chains stick their terminal charged
carboxylate groups into the solvent layer. A subsequent 50 ps simulation
(50-100 ps) without the electric field applied is used to ‘relax’ the
system. After the relaxation period, another 50 ps simulation (100-
150 ps) withEup ) 5.0× 109 V/m is carried out to bend the-COO--
terminated surface-confined chains. Finally, a 50 ps ‘relaxation’
simulation (150-200 ps) is performed. To generate reasonable distribu-
tions of solvent molecules in the system, these processes are repeated
twice.

2.4.2. Production.The simulations in production stages start from
the pre-equilibrated surface models, in which the ended-COO- groups
of surface-confined chains have been fully solvated in the solvent layer
with the solvent molecules penetrating into the monolayer to some
extents. The switching behaviors of the single-layers modified silicon
surfaces are thus conducted by introducing the external electric fields.
Much longer simulations are employed to collect MD trajectories. The
simulation procedures in these production stages are similar to those
used in thePre-equilibrium stages while the simulation time in each
electric field upward stage (switching ‘off’), surface relaxation stage,
and electric field downward (switching ‘on’) stage are prolonged to
500, 100, and 100 ps, respectively.

3. Results and Discussions

3.1 Switching in the Aqueous Solution.The reversible
switching, ‘on’ and ‘off’, of the low-densityω-carboxyalkyl
monolayers covered H-Si(111),1C-4C, and the mixedω-car-
boxyalkyl/alkyl monolayers modified H-Si(111),1Cm-4Cm, are
distinctly observed in the presence of external electric fields
within wide ranges of intensities of-2.0 × 109 V/m e Edown

e -0.5 × 109 V/m and 1.8× 109 V/m e Eup e 7.3 × 109

V/m, which can be seen directly from snapshots of simulations
(Figures 2 and 3) and more quantitatively from the conforma-
tional characterizations (Figure 4) such as the gauche ratio, the
thickness of monolayer (tmonolayer), etc.

3.1.1. Switching ‘on’. In periods that directions of applied
electric fields are downward, surfaces1C-4C and1Cm-4Cm are
turned ‘on’. The terminated carboxylate groups are forced to
move upward for their negative charges, which make-COO--
terminated surface-confined chains stretch straightly and con-
sequently take a nearly all-trans equilibrium conformation as
in 1C(on)-4C(on) and 1Cm

(on)-4Cm
(on) with terminal charged

carboxylate groups standing on the top of monolayers (cf.
Figures 2 and 3). It can be found that in a broad range of
intensities of applied fields,-2.0 × 109 V/m e Edown e -0.5
× 109 V/m, the -COO--terminated surface-confined chains
demonstrate conformational transitions from the bent state
(switching ‘off’) to straight conformations (switching ‘on’) as
depicted in Figure 4. Actually, the bent surface-confined chains
almost spontaneously relax conformations to the straight ones(61) Shin, S.; Collazo, N.; Rice, S. A.J. Chem. Phys.1992, 96, 1352-1366.

(62) Rappe´, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., III; Skiff,
W. M. J. Am. Chem. Soc.1992, 114, 10024-10035; Castongauy, L. A.;
Rappé, A. K. J. Am. Chem. Soc.1992, 114, 5832-5842; Rappe´, A. K.;
Colwell, K. S.; Casewit, C. J.Inorg. Chem.1993, 32, 3438-3450

(63) Nosé, S. Mole. Phys.1984, 52, 255-268; Hoover, W. G.Phys. ReV. A
1985, 31, 1695-1697.

Figure 1. Distributions of gauche defects in the surface-confined chains
resulted by the force field models of (a)cvff, (b)cff91, and (c)UA model.

Vef ) qiEzzi
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even without the external electric field applied, due to the
preference of all-trans conformations in hydrocarbon chains. The
dominant trans conformations in switching ‘on’ states are also
reflected by small gauche ratios of no more than 0.15 and
thickness of monolayers,tmonolayer, of about∼20 Å for 1C-4C
and 1Cm-4Cm from Figure 4. Thus, in these switching ‘on’
periods, surfaces1C-4C and1Cm-4Cm are thought to be in the
hydrophilic state because the hydrophilic groups of carboxylate
anions are the outermost groups of monolayers, which directly
interact with surrounding aqueous solutions.

3.1.2. Switching ‘off’. In contrast to spontaneous transitions
of surface chains from the bent ‘off’ state to the straight ‘on’
conformations, the reverse process, ‘on’f ‘off’, is thought to
be much more difficult as it is necessary to overcome high
energy barriers mainly contributed by the energy penalty for
trans-gauche conformational transitions, the steric hindrances
aroused by surrounding solvent molecules and neighboring
hydrocarbon chains, as well as some intrinsic hindrances in this
kind of switching surface. To probe the value of thecritical
intensitythat enables the realization of switching ‘off’ states in
1C-4C and1Cm-4Cm, several intensities of electric fields,Eup

) 7.3 × 109, 4.7 × 109, 3.7 × 109, 2.8 × 109, and 1.8× 109

V/m, are investigated in our simulations.

A dependence of switching behaviors of surfaces1C-4C and
1Cm-4Cm on intensities of applied electric fields is distinctly
observed in Figures 2-4. At the high intensity ofEup ) 7.3×
109 V/m, all surface models1C-4C and 1Cm-4Cm exhibit
significant transitions of surface-confined chains. The electric
field at this intensity is strong enough to drag all carboxylate

groups from the monolayer/water interfaces to the deeper parts
of the monolayers for all surfaces1C-4C and1Cm-4Cm with
various densities of surface-confined chains. However, the
electric field at this strength may be too strong to be realistic
in the practical applications. Decreasing the intensity of the
electric field to the moderate one, i.e.,Eup ) 4.7 × 109 V/m,
we find the number of conformational changed chains signifi-
cantly decrease for surfaces1C-2C and1Cm-2Cm with higher
coverage of-COO--terminated chains, in which, some car-
boxylate groups still keep their positions around monolayer/
water interfaces when systems reaching the equilibrium ‘off’
states (cf. Figures 2 and 3). The similar tendency is also found
for those lower densities-COO--terminated chains modified
H-Si(111) of3C-4C and3Cm-4Cm when intensities of electric
fields are lowered toEup ) 3.7× 109 V/m andEup ) 2.8× 109

V/m as shown in Figures 2 and 3. As a result, hydrophobic
properties of surfaces1C-4C and 1Cm-4Cm in the switching
‘off’ states are weakened for the accumulation of increasingly
more hydrophilic -COO- groups around monolayer/water
interfaces accompanied by the decrease in the strength ofEup.
Even though, all surfaces1C-4C and 1Cm-4Cm are still
considered to have wettabilities changed in these ‘off’ states,
since the terminal hydrophilic-COO- groups are forced to
immerse into the hydrophobic monolayers more or less and the
hydrophobic parts of surface chains are exposed to water layers
directly.

Figure 2. Simulation snapshots of the single-layer,-CH2(CH2)16COO-

modified H-Si(111),1C-4C. The red and purple CPK models represent
the-COO- groups and the Na+, respectively. The H atoms in the surface
chains are removed for the clarity.

Figure 3. Simulation snapshots of the mixed-CH2(CH2)16COO-/-
CH2(CH2)7CH3 modified H-Si(111),1Cm-4Cm. The red and purple CPK
models represent the-COO- groups and the Na+, respectively. The blue
chains in figures represent short alkyl chains of-CH2(CH2)7CH3. The H
atoms in the surface chains are removed for the clarity.
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Further decreasing theEup to 1.8× 109 V/m, conformational
changes of surface chains are not observed for all surfaces1C-
4C and1Cm-4Cm (cf. Figure 4). TheEup ) 1.8 × 109 V/m is
theoretically predicted as thecritical intensity that needed to
trigger the switch. Thecritical intensityof the electric field can
be further rationalized by some factors, which will be discussed
in the next section.

3.1.3. Influence of Surface pKa Value. As mentioned above,
we have neglected partial dissociations of surface carboxylic
acids in surface models1C-4C and1Cm-4Cm. In real situations,
the-COOH-terminated monolayers often undergo the incom-
plete deprotonations in the electrolyte solution.39,40,43,46,47,64,65

The pKa of the acid-bearing monolayers depends strongly on
the pH value of the solution and the interfacial dielectric
environments. In the latest studies of acid-bearing silicon
surfaces, the surface pKa is estimated to be around∼9 ( 1 at

the pH value of 11.2 of the aqueous solution, corresponding to
∼75% surface-COOH groups dissociated into-COO- in the
electrolyte solutions.39,47On the basis of this consideration, we
further observe switching behaviors of the partially dissociated,
carboxylic acid-terminated monolayers modified surface model
of 3Cmp (cf. Table 1), in which, we assume only 70% surface
-COOH groups are ionized into the-COO-. From Figure 5,
by employing external electric fields, switching of surface3Cmp

is also distinctly observed, similar to those fully dissociated,
carboxylic acid modified surfaces1C-4C and1Cm-4Cm. This
indicates the undissociated-COOH-terminated chains exert
small influences on conformational switching of monolayers.
Surface in such a partially dissociated situation is also expected
to change surface wetability between the hydrophilic state and
the moderately hydrophobic state in response to the electric
fields with properties intensities.

Figure 4. Characterizations of switching behaviors, ‘on’ and ‘off’, of (a) evenly distributed, single-layer-CH2(CH2)16COO- modified silicon surfaces
(1C-4C) and (b) mixed-CH2(CH2)16COO-/-CH2(CH2)7CH3 modified silicon surfaces (1Cm-4Cm). The units are in Å for average distances between the
terminal-COO- groups and the silicon surface (dCOO

-
-surface) and average thicknesses of monolayers (tmonolayer). The gauche defect is defined as the torsion

angle differs by more than(60° from that of the all-trans conformation ((180°). The lines are drawn as a guide to the eye.

Figure 5. (a) Characterizations and (b) simulation snapshots of the partially (70% dissociations of the-COOH groups) dissociated, mixed-CH2(CH2)16-
COOH/-CH2(CH2)7CH3 modified H-Si(111),3Cmp (cf. Table 1). The red and purple CPK models represent the-COO- groups and the Na+, respectively.
The blue chains in figures represent short alkyl chains of-CH2(CH2)7CH3. The H atoms in the surface chains are removed for the clarity.
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3.1.4. Changes in Distributions of Water Molecules.The
reorganizations of solvent molecules at monolayers/water
interfaces are observed in switching processes from Figure 6,
which are caused by conformational changes of chains and
effects of external electric fields. Our simulation results indicate
water molecules penetrated into the hydrophilic part of mono-
layers to different extents for surfaces1C-4C and1Cm-4Cm in
both switching ‘on’ and ‘off’ states. A rapid decrease in densities
of water molecules is found whendsurface is less than∼20 Å,
which is approximated to be the height of switching ‘on’
monolayers, for all surface models1C-4C and1Cm-4Cm. Going
far from silicon surfaces (dsurface > 20 Å), distributions of water
molecules are similar to those natural water distributions in
initial sets, reflecting the hydrophobic essence of inner hydro-
carbon monolayers.

During switching ‘off’ stages, from Figure 6, water molecules
move down in accompany with the bending of monolayers. We
notice a little amount of water molecules are ‘captured′ in the
deeper part of bended hydrophobic monolayers for those evenly
distributed-CH2(CH2)16COO- modified H-Si(111) of1C-4C
as shown in Figure 6. The effects of interactions between the
silicon surfaces and the water molecules in surface models1C-
4C will be discussed later in Section 4.

3.2 Factors Affecting Switching. Up to now, we have
depicted a picture of switching ‘on’ and ‘off’ behaviors of low-
density,-COOH-terminated monolayers modified H-Si(111)
in the aqueous solution by gradually tuning intensities of external
electric fields. Both series of H-Si(111) with uniformly
distributed-(CH2)17COO- chains (1C-4C) and mixed-(CH2)17-
COO-/-(CH2)8CH3 substitutions (1Cm-4Cm) exhibit distinctly
switching behaviors under broad ranges of applied electric fields,
-2.0 × 109 V/m e Edown e 0 andEup > 1.8 × 109 V/m.

However, differences in switching behaviors of surfaces with
different densities of-COO--terminated surface-confined
chains are distinctly observed. From Figure 4, switching
capabilities of surfaces1C-2C and1Cm-2Cm decay rapidly with
the decrease in the strength of the electric field in the ‘off’ stages
in comparison to those-COO--terminated chains modified
H-Si(111) of3C-4C and3Cm-4Cm in lower density. To gain
insights into the relationship between the switching performance
and surface patterns, some important factors such as the steric
hindrances, the formation of the interfacial electric double layer,
the hydration effect of carboxylate anions, as well as influences
of components of the surrounding electrolyte solutions and the
rigidity of surface-confined chains are discussed as follows.

3.2.1 Steric Hindrances. As addressed before, a basic
criterion in the design of switching surfaces is to provide
sufficient freedoms for conformational transitions of surface-
confined chains.3 During a switching process, steric hindrances
aroused from the neighboring surface-confined chains and
solvent molecules exert great influences on the conformational
behaviors of chains. At the occurrence of conformational
transitions, the limited inter-carboxyalkyl chains’ spaces in
surfaces1C-2C (38.3 Å2/chain-51.1 Å2/chain) and1Cm-2Cm

(34.1 Å2/chain-51.1 Å2/chain) maximize the interchain’s interac-
tions and also restrict motions of chains. The bended ‘osier′
structures are formed for those conformational changed chains,
which occupy larger spaces in the deeper part of monolayers
and hence make the further bending of chains more difficult.
In contrast, loosely distributed chains in3C-4C (76.6 Å2/chain-
114.9 Å2/chain) and3Cm-4Cm (68.1 Å2/chain-90.8 Å2/chain)
provide much more amplitude spaces for steric relaxations of
bent chains in switching ‘off’ stages, achieving thinner mono-
layers of around 9-10 Å relative to those3C-4C and 3Cm-
4Cm (11-12 Å) and broader distributions of the gauche defects
in chains (Figure 4 and Figure S1 and S2). Therefore, the
flexible space of at least∼40 Å2 and more preferable in the
range of 70-90 Å2 per carboxyalkyl chain that available for
the conformational change of the surface-confined chains should
be first considered in the design of the carboxyalkyl or mixed
alkyl/carboxyalkyl monolayers modified switching surfaces. In
fact, the reported Au based switching surfaces were realized
with the area of∼65 Å2 per carboxyalkyl chain.3

3.2.2 Electrostatic Interactions. Two main effects that
aroused by the electrostatic interactions between the negatively
charged-COO- groups and the surrounding polar species (such
as the water molecules and the Na+ ions) are responsible for
the observed dependence of conformational switching on the
strength of the external electric field. One is the interfacial
potential at the monolayer/aqueous solution interface and another
is the ionic solvation energetics in the interfacial microenvi-
ronment. Both effects have been invoked to explain the acid/
base properties of acid-bearing monolayers at interfaces.64,65

Figure 6. Plots of the average number density of water molecules (nH2O/
Å3) as the function of the vertical distance relative to the silicon surface
(dsurface). The statistic of number of water molecules is at interval of 1.2Å.
Curves (a)-(d) and (a′)-(d′) represent distributions of water molecules in
surface models1C-4C and1Cm-4Cm, respectively.Eup ) -0.5× 109 V/m,
Edown ) 4.7 × 109 V/m.
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3.2.2.1. Interfacial Electrical Double Layers. Interfacial
electrostatic potentials originating from ionizations of carboxylic
acid groups at the monolayers/aqueous solution interface were
detected and discussed by many groups.40,47,65-68 By using
surface electrostatic models, Lochhead et al. illustrated a picture
of ion distributions at the charged monolayer/electrolyte solution
interface, which demonstrated that the interfacial electrical
double layer was formed in the presence of interfacial electro-
static potentials.68 In our simulations of surfaces1C-4C and
1Cm-4Cm, from Figures 2 and 3, interfacial electrostatic
potentials are also found according to equilibrium distributions
of negatively charged carboxylate groups at the monolayer/
aqueous solution interfaces in switching ‘on’ stages (1Con-4Con

and1Cm
on-4Cm

on). Obviously, such interfacial potentials depend
straightly on densities of interfacial-confined carboxylate groups,
which strongly interact with the neighboring Na+ in solvent
layers and consequently induce formations of electrical double
layers at monolayers/water interfaces. Upon formations of these
interfacial electrical double layers, some Na+ are strongly
electrostatically attracted by carboxylate anions in the ‘Stern
layer’ as shown in Scheme 2,68 restricting the mobility of those
bound carboxylate groups. Simultaneously, the electrostatic
attractions derived from the distribution of Na+ in the ‘diffusing
layer’ also counteract partial electrostatic interactions of the
external electric fields.

As expected, influences of interfacial electrical double layers
are much more significant for surfaces with higher concentra-
tions of interfacial-confined carboxylate groups (1C-2C and
1Cm-2Cm). As seen from Figures 2 and 3, many carboxylate
anions in surfaces1C-2C and1Cm-2Cm are electrostatic bound
by Na+, forming the-COO-Na+ ionic pairs in the Stern layer.
Under electric fields with moderate intensities, such asEup )
3.7 × 109 and 2.8× 109 V/m, driving forces resulted from
electric fields are obviously too weak to overcome electrostatic
attractions between the-COO- group and the Na+ and hence
conformational changes of-COO--terminated surface-confined
chains on surfaces1C-2C and 1Cm-2Cm happen reluctantly.
On the contrary, for surfaces3C-4C and3Cm-4Cm with lower
densities of-COO--terminated chains, moderate intensities of
electric fields, 2.8× 109 V/m e Eup e 3.7× 109 V/m are shown
to be strong enough to causeglobal conformational transitions
of -COO--terminated chains. In fact, the-COO-Na+ ionic
pairs may be dissociated or reformed along with evolutions of
systems under external electric fields: they are fully destroyed
when the strength of the electric field is increased toEup ) 7.3
× 109 V/m (unrealistic) for all surfaces1C-4C and1Cm-4Cm.

Thus, the much more difficult occurrence of switching of
surfaces1C-2C and 1Cm-2Cm in higher densities of surface
chains may be caused by not only larger steric hindrances (as
addressed in Subsection 3.2.1) but also stronger electrostatic
interactions than those of3C-4C and3Cm-4Cm.

3.2.2.2. Carboxylate Anion Hydration. The hydration of
the carboxylate anion is an essential factor affecting the acidic
dissociation equilibrium.40,46(b),65As assumed in Scheme 2, to
make a surface switches from the hydrophilic ‘on’ state to the

hydrophobic ‘off’ state, a key step is to force the carboxylate
groups to transfer their positions from the higher dielectric
medium of the monolayer/aqueous solution interface to the inner
hydrocarbon part of the monolayer with low dielectric constant.
In such a process, it has to overcome an energy penalty to move
the carboxylate groups, which is noted as ‘desolvation energy’.69

From the solvation point of view, the transfer of carboxylate
anions from the hydration state to the inner part of a monolayer
is an energy uphill process due to the need to shed ions’
solvation shell and displace the water molecules with the
hydrophobic methylene groups.

A thermodynamics model that proposed by Aydogan et al.
is introduced to estimate the energy changes in the switching
process.70 Here, we manage to derive the desired intensity of
the external stimulus for driving the switch on the basis of our
MD simulation results and to further elucidate contributions of
various factors. In a first-order approximation, we neglect the
interaction of the silicon surface and assume the negatively
charged carboxylate groups act as dynamically mobile acceptors
in response to external stimuli such as the electric field, which
will cause reorientations of-COO--terminated chains. The
change in Gibbs free energy∆Gtotal(′on′f′off′) upon transitions of
a system from the switching ‘on’ state to the switching ‘off’
state in the aqueous medium is represented as follows70

where ∆Gconf(′on′f′off′) is the change of Gibbs free energy
associated with internal conformational reorientations of the
chains (from all-trans to mixed trans/gauche) and can be
approximated as 0.9nkT with n being the number of gauche-
reorientation bonds in the switching ‘off’ state andk is the
Boltzmann constant.70 ∆Gsur(′on′f′off′) reflects interactions of
hydrocarbon chains in monolayers and their interactions with
the surrounding solvent molecules, which is approximately taken
as 1.5mkT, wherem is the number of methylene groups that
exposure to the surrounding aqueous solution when the electric
field is applied.70 ∆Ghyd(′on′f′off′) represents energy penalty for
the transition of the carboxylate anion from the higher dielectric
medium (aqueous phase,ε ) 78.0) to the lower dielectric
medium of the monolayers surface (ε ∼ 14.0),65 which is
estimated to be 10.2kT (25.3 kJ/mol) from the Born model.71-73

∆Gele(′on′f′off′) is composed of electrostatic contributions from
external electric fields and the work performed to transfer the
isolated charges (Na+) dispersed in the bulk solution to the
charged monolayer surface, which can be approximately
described byeψ0 + eψm,70 wheree is the electronic charge,ψ0

andψm is the electrode potential and the membrance potential,
respectively. According to our MD simulations, two gauche-
reorientation bonds are observed on average (n ) 2, m ) 2) in
each conformational changed chain. Approximately,ψm )
-53.0 mV is taken according to previous studies of carboxylic
acid-terminated self-assemble monolayers.67 So, the∆Gtotal(′on′f′off′)
defined in eq 1 is evaluated as

(64) Goddard, E. D.AdV. Collid. Interface Sci.1974, 4, 45.
(65) Creager, S. E.; Clarke, J.Langmuir1994, 10, 3675-3683.
(66) Archibald, D. D.; Qadri, S. B.; Gaber, B. P.Langmuir 1996, 12, 538-

546.
(67) Hu, K.; Bard, A. J.Langmuir1997, 13, 5114-5119.
(68) Lochhead, M. J.; Letellier, S. R.; Vogel, V.J. Phys. Chem. B1997, 101,

10821-10827.

(69) For example, see: (a) Hartnig, C.; Koper, M. T. M.J. Am. Chem. Soc.
2003, 125, 9840-9845. (b) Dzubiella, J.; Allen, R. J.; Hansen J.-P.J. Chem.
Phys.2004, 120, 5001-5004.

(70) Aydogan, N.; Gallardo, B. S.; Abbott, N. L.Langmuir 1999, 15, 722-
730.

∆Gtotal('on'f'off') ) ∆Gconf('on'f'off') + ∆Gsur('on'f'off') +
∆Ghyd('on'f'off') + ∆Gele('on'f'off') (1)
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To trigger the switching process, ‘on′f′off′ (∆Gtotal(′on′f′off′) e
0), the required surface potential is estimated to beψ0 g 0.44
V at 298 K, which may be achievable in experimental conditions
and well correlated with previous studies of Au based switching
surfaces.3

3.2.3 Interfacial Dielectric Medium. The effects discussed
above are based on two distinct physical phenomena, which
are not entirely independent, since the distribution of interfacial
potentials depends in part on the dielectric medium at the
interface. In fact, these effects have been invoked by many
authors to apprehend the unique acid/base equilibrium of
carboxylic acid-bearing monolayers in the aqueous solu-
tion.40,46(b),65For example, it was found that interfacial micro-
environments surrounding carboxylic acid groups strongly
affected the solvation energetics of carboxylate anions.65 These
observations remind us a possible way to control the surface
switching by adjusting the interfacial dielectric medium.

As assessed in eq 2, the hydration effect of the carboxylate
anion is a dominant contribution of the energy change in a
switching process. The alternation of the component of the
coating solution is thus considered to be a possible way to
decrease the energy penalty of the∆Ghyd(′on′f′off′) (eq 1), hence
lowing the value of thecritical intensityof the electric field in
the switching process.

The increase of the ionic strength in the surrounding
electrolyte solution may be unfavorable, since much more
positive ions will be bound to carboxylate anions at the interface
and consequently weaken switching capabilities of surfaces. A
low ionic strength in the coating solution is thus desirable to
facilitate the switching.

In present work, the water-soluble acetonitrile molecules are
introduced in models3Cms and4Cms (cf. Table 1), in which a
∼26% acetonitrile molecules composed aqueous solution is
employed. The addition of acetonitrile molecules into the
aqueous solution is expected to destroy strong hydrogen-bond
network between water molecules and-COO- anions and
hence lower hydration effects of carboxylate groups at mono-
layers/electrolyte solution interfaces. Switching behaviors of
surfaces3Cms-4Cms at Eup ) 1.8 × 109 V/m (the critical
intensityin the aqueous solution), can be still distinctly observed
as shown in Figure 7, indicating the hydration effect of
carboxylate groups is effectively lowered by the accumulation
of the acetonitrile molecules at the monolayers/electrolyte
interface. The alternation of molecular components of the
electrolyte solution may be an efficient way to adjust thecritical
intensityof the electric field for switches.

3.2.4 Rigidity of Surface-Confined Chains.From previous
experimental and theoretical experiences, the introduction of
the fluorinated parts of-CF2- groups into the hydrocarbon
amphiphilic chains can increase the stiffness of the amphiphilic
chains and greatly affect packing structures and electric proper-
ties of monolayers they formed.61,74

In present, two series of surface models,1Cim-4Cim and1Fim-
4Fim (cf. Table 1), within the frameworks of the UA model
and the continuum dielectric approximation are investigated to
qualitatively examine the influence of chains’ rigidity on
conformational behaviors of surface-confined chains. The con-
formational properties as well as snapshots of surfaces under
electric fields are displayed in Figure 8 and Figures S3 and S4
in the Supporting Information, respectively. In comparison with
those alkyl monolayers modified H-Si(111) (1Cim-4Cim),
conformational transformations of fluorinated chains (1Fim-4Fim)
in response to the electric field are much more difficult due to
the higher trans-gauche torsional barriers of-CF2-CF2-
fragments. Moreover, fluorinated monolayers demonstrate much
more order characters, which can seen from Figure 8 that the
gauche ratios (0.15-0.20) of fluorinated monolayers are greatly
smaller than those (0.26-0.32) of alkyl composed monolayers
when surfaces are restricted in the ‘off’ states. This agrees well
with our chemical intuitions.

On the other hand, the facile transitions of conformations of
surface chains in1Cim-4Cim and 1Fim-4Fim under moderate
intensities of electric fields,Eup ) 2.8 × 109 and 3.7× 109

V/m, may be ascribed to the neglects of the steric hindrance of

(71) The change of free energy in transferring of a carboxylate anion from the
aqueous solution (phase 1) to the monolayer/water interface (phase 2) can
be simply estimated from the Born model (ref 72) that∆Gtrans,1-2 ) q2/
8πε0r (1/ε2 - 1/ε1), whereq is ion’s charge andε0 is the vacuum dielectric
constant. Substituting value of 1.61 Å for the radiusr of acetate (ref 73)
and 78.0, 14.0 (ref 65) for the relative constantε1 andε2, respectively, we
obtain∆Gtrans,1-2 ) 10.2 kJ/mol.

(72) Conway, B. E.J. Solution Chem.1978, 7, 721.

(73) Macrus, Y.; Kamlet, M. J.; Taft, R. W.J. Phys. Chem.1988, 92, 3613.
(74) For example, see: (a) Krafft, M. P.; Goldmann, M.Curr. Opin. In Colloid

& Interface Sci.2003, 8, 243-250. (b) Bates, T. W.; Stockmayer, W. H.
Macromolecules1968, 17-24. (c) Pflaum, J.; Bracco, G.; Schreiber, F.;
Colorado, R., Jr.; Shmakova, O. E.; Lee, T. R.; Scoles, G.; Kahn, A.Surface
Science2002, 498, 89-104. (d) Weinstein, R. D.; Moriarty, J.; Cushnie,
E.; Colorado, R.; Lee, T. R.; Patel, M.; Alesi, W. R.; Jennings, G. K.J.
Phys. Chem. B2003, 107, 11626-11632.

Figure 7. Simulation snapshots of switching behaviors, ‘on’ and ‘off’, of
mixed -CH2(CH2)16COO-/-CH2(CH2)7CH3 modified H-Si(111), 3Cms-
4Cms, in the∼26% acetonitrile composed aqueous solution under external
electric fields ofEup ) 1.8× 109 V/m andEdown ) -0.5× 109 V/m. The
red and purple CPK models represent-COO- groups and Na+, respectively.
The blue chains in figures represent short alkyl chains of-CH2(CH2)7-
CH3.

∆Gtotal('on'f'off') ≈ 1.8kT + 3.0kT + 10.2kT + 2.1kT - eψ0

(2)
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solvent molecules and the interactions of positive cations within
the continuum dielectric approximation.

4. Surface Patterns in Practical Considerations

Although the reversibly switching behaviors of these low
density-COO--terminated H-Si(111) in response to external
electric fields are demonstrated by our simulations, there are
still some considerations should be addressed when we try to
apply these surface designs into practice. Up to now, the
experimental way to achieve electric fields in the aqueous
solution is to perform electrochemical experiments, in which,
the electrical double monolayers is expected to form on the
electrode surface. Simultaneously, the oxidization/reduction of
water molecules and erosions of silicon surface by water
molecules may occur when water molecules directly contact
with the silicon surface.

On the basis of these considerations, the surface pattern that
H-Si(111) modified by the mixedω-carboxyalkyl/alkyl mono-
layers (such as1Cm-4Cm) is considered to be a more plausible
design of silicon surface based switches. The first reason is that
the surface pattern of mixedω-carboxyalkyl/alkyl modified
H-terminated silicon surfaces has been experimentally character-
ized.40 Moreover, the short alkyl chains in the mixedω-car-
boxyalkyl/alkyl monolayers may exert great protections on the
silicon surface in electrochemical environments, which ef-
fectively prevent contacts between water molecules and the
electrode and thus stabling the system in electrochemical
environments. Taking the steric hindrances and the electrostatic
interactions into further considerations, the optimum mole
fraction ofN-(CH2)17COOH: N-(CH2)8CH3) 0.4∼0.6 (correspond-
ing to 70∼90 Å2 per carboxyalkyl chain) is suggested to
facilitate conformational switching of surface chains.

Conclusions

We theoretically demonstrate switching behaviors of a series
of carboxylic acid-terminated monolayers modified H-Si(111)
in the presence of external electric fields. It has been found in

wide ranges of intensities of electric fields,-2.0× 109 V/m e
Edown e 0 andEup g 1.8 × 109 V/m, both series of surface
models containing uniformly distributed,-(CH2)17COOH modi-
fied H-Si(111) (1C-4C, etc.) and the mixed-(CH2)8CH3/-
(CH2)17COOH modified H-Si(111) (1Cm-4Cm, etc) exhibit
distinct conformational switching. Correspondingly, surfaces
reversibly switch wettabilities from the hydrophilic switching
‘on’ state to the moderately hydrophobic switching ‘off’ state.

The intensity of the applied electric field and coverage of
carboxyalkyl chains significantly affect performances of switches.
A critical intensityof Eup ) 1.8 × 109 V/m is observed in our
simulations to trigger switches in the aqueous solution. The
existence of thecritical intensity of the electric field in the
switching process is rationalized by a basic thermodynamical
model, from which, the hydration effect of the carboxylate anion
(-COO-) is assessed to be an important contribution of the
change of the free energy in a switching process. Other effects
that underlying this kind of carboxylic acid-monolayers modified
switching surface, such as the steric hindrances and the electric
double layers formed at the monolayers/water interface, are also
elucidated to account for the dependence of switching capabili-
ties of surfaces on strengths of electric fields. Simultaneously,
our simulations indicate that it is possible to lower the value of
critical intensity of the electric field (or electric potential) in
switching processes via altering components of coating elec-
trolyte solutions. The lower ionic strength and additions of
acetonitrile molecules in the surrounding aqueous solution may
facilitate the switching under external electric fields. In addition,
the introduction of fluorinated parts of more stiffness-CF2-
CF2- fragments into surface chains makes the bend of surface
molecules much more difficult.

To summarize, these simulations allow us to suggest an
optimum design of the switching surface. In general, to obtain
the desired switching performance of the charged groups-
terminated monolayers modified surface, two most important
factors, the coverage of surface-confined molecules and the

Figure 8. Characterizations of switching behaviors, ‘on’ and ‘off’, of (a)-CH2(CH2)16COO- (1Cim-4Cim) and (b)-CH2CH2(CF2)15COO- (1Fim-4Fim)
substituted silicon surfaces in the continuum dielectric approximations. The units are in Å for the average distances between the terminal-COO- groups
and the silicon surface (dCOO

-
-surface) and the average thickness of monolayers (tmonolayer). The gauche defect is defined as the torsion angle differs by more

than(60°from that of the all-trans conformation ((180°). The lines are drawn as a guide to the eye.
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component of the coating electrolyte solution should be
considered. A proper coverage of surface-confined molecules
may lower hindrances of steric effects and electrostatic interac-
tions in the switching process. Our simulation results indicate
that the area per surface-confined molecule>40 Å2 is a basic
criterion that permits the constructions of switches. At present,
an optimum surface pattern that H-Si(111) modified by the
mixedω-carboxyalkyl/alkyl monolayers (such as1Cm-4Cm) in
mole fraction ofN-(CH2)17COOH: N-(CH2)8CH3of around 0.4∼0.6
(corresponding to 70∼90 Å2 per carboxyalkyl chain) is theoreti-
cally suggested. On the other hand, the coating solution that
has low solvation effects for ions and in lower ionic strength
may facilitate the switching. For example, a∼26% acetonitrile
composed aqueous solution has been demonstrated to be able
to trigger switches even the intensity of the electric field is lower
than the observedcritical intensityof Eup ) 1.8× 109 V/m. In

addition, the development of a polarizable force field to describe
the polarization of molecules in response to the external electric
field is of urgent importance, which deserves our efforts toward
this direction.
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