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Abstract: Electric field induced switching behaviors of a series of low-density w-carboxyalkyl modified H—Si-
(111) and the mixed w-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 x 10°
VIm = Egown = 0 and 1.8 x 10° V/im = E, = 7.3 x 10° V/m, both the low-density (11.1%—33.3%)
w-carboxyalkyl and the mixed w-carboxyalkyl/alkyl (in mole fraction of 0.4 < Ncamoxyakyl : Naky < 3.0)
monolayers covering H—Si(111) exhibit conformational switching in the aqueous medium. The critical
intensity of the electric field, E,, = 1.8 x 10° 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 Recently, a novel design of the switching surface that enables
The technology of the modification of solid surfaces, such Surface wettability to reversibly switch between the hydrophilic
as gold and silicon surfaces with organic molecules or polymers, state and the hydrophobic state in response to the external
offers a wealth of opportunities for us to design ‘smart’ surfaces, €lectric potential is demonstrated with a low-density, carboxylic

which are responsive to different stim&f. By adjusting acid ended monolayer modified Au surfacEhis type of surface
molecular structures and Compositions of surface-covered deSIgn enables the ampl|f|Cat|0n of conformational transitions
molecules, many interesting surfaces with unique properties in @t the molecular level to macroscopic changes in surface
response to the external stimuli such as electric potehtfal, properties with the systems’ environment unaltered, stimulating
temperaturég pH alternatiorf, and light'1*and so forth are ~ our designs of new surface apparatuses.

realized. These ‘smart’ surfaces are anticipated to be applicable We attempt to theoretically explore some other monolayer-
in many fields such as the deve]opment of drug de||Very Systems modified surfaces, which may also exhibit Interestlng SWItChIng

data storage devices, and microelectronic applications, and sdehaviors such as those reported on Au surfacesler the
forth. external stimuli. The single-crystal silicon surfaces present
ossible candidates in this kind of surface design for their
(1) Russell, T. PScience2002 297, 964-967. P K K R . .. . g R
(2) Nath, N.; Chilkoti, A.Ady. Mater. 2002 14, 1243-1247. fascinating electric properties and reactivity with various organic
© ?hsgg'erléwsrg?noé:}éis oA r]'L;hgl\le';r K&?Saé’éo%%”é’ééag’"ff;gggou I reagentd?~1* Traditionally, modifications of silicon surfaces
(4) Krupenkin, T. N.; Taylor, J. A.; Schneider, T. M.; Yang L&ingmuir2004 with organic monolayers were mainly achieved via the use of

) i%b%‘itz“’\ffzéorman C. B Whitesides, G. Mangmuir1605 11, 16— the siloxane chemistry with the presence of an insulating oxide
18.

(6) Luk Y.-Y.; Abbott, N. L. Science2003 301, 623-626. (12) Dabrowski, J.; Mussig, H.-&ilicon Surfaces and Formation of Interfaces
(7) Lendlein, A Langer, RScience2002 296, 1673-1676. World Scientific: Singapore, 2003.
(8) Khongtong, S.; Ferguson, G. 5.Am. Chem. So2002 124, 7254-7255. (13) For example, see: (a) Buriak, J. hem. Re. 2002 102 1271-1308;
(9) Matthews, J. R.; Tuncel, D.; Jacobs, R. M. J.; Bain, C. D.; Anderson, H. Buriak, J. M.Chem. Commuri.999 1051-1060. (b) Sieval, A. B.; Linke,
L. J. Am. Chem. So@003 125 6428-6433. R.; Zuilhof, H.; Sudtiger, E. J. RAdv. Mater.200Q 12, 1457-1460. (c)
(10) Feng, X.; Feng, L.; Jin, M.; Zhai, J.; Jiang, L.; Zhu,DAm. Chem. Soc. Wayner, D. D. M.; Wolkow, R. AJ. Chem. Soc., Perkin Tran2002 2,
2004 126, 62—63. 23-34.
(11) Ichimura, K.; Oh, S.-K.; Nakagawa, Nbcience200Q 288 1624-1626. (14) Ulman, A.Chem. Re. 1996 96, 1533-1554.

6802 = J. AM. CHEM. SOC. 2005, 127, 6802—6813 10.1021/ja045506m CCC: $30.25 © 2005 American Chemical Society
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Scheme 1. Can We Construct Some Dynamically Responsive
Surfaces Based on These Dissociated Carboxylic Acid-terminated
Monolayers?

interlayer, which may not be desirable in some applicatiéris.
Chidsey et al. made pioneering work in preparing covalently
attached organic monolayer modified silicon surfaces from the
hydrogen-terminated Si(111) and Si(100) surfaéasntil now,

it has been possible to prepare the monolayers modified silicon ta e ‘/t?o (c:o
surfaces from the therm#; 22 catalyzed®3-25 radical-initia- /( ( Y /( .
tion 2627 or photochemical reactio?fs 3 of hydrogen-terminated ’-i”i*’ ‘z‘”z" ‘E‘”ﬂ" (k. {phale. (5t

or halogenated terminated Si(111) or Si(100) with alkenes, [} E R! ER E

Grignard reagents, or aldehydes and by the electrochemical

reduction of aryldiazonium ions. Similar reactions were also R=H orshort alkyl chains

reported for the modifications of the porous silic8n3* In many

of these modification procedures, the resultant organic films modified silicon surfaces. Surfaces covalently attached by
on silicon surfaces are terminated with methyl groups and have carboxylic acid-terminated monolayers have traditionally been
substituted chains densely packed. However, the low reactivity created by oxidizing polymer surfac&sfunctionalizing alkyl-

of terminated methyl groups and densely packed structures ofsiloxane monolayers formed on hydroxylated silicon substfates,

i H+

o] HO Q [ HO
Czgy C'?o

External

agueoues :
stimulus

solution

Dynamically responsive
surfaces?

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 group$3>42 So far, some functional groups
(such as the carboxylic acid%40the estef! and the amint?)
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 acidHCOOH) terminated monolayers

(15) Linford, M. R.; Chidsey, C. E. DJ. Am. Chem. S0d.993 115 12631
12632; Linford, M. R., Fenter, P.; Eisenberger, P. M., Chidsey, C. B. D.
Am. Chem. Sod995 117, 3145-3155.

(16) Bateman J. E.; Eagling, R. D.; Horrocks, B. R.; HoultonJAPhys. Chem.

B 200Q 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, Hangmuir1998 14, 1759-1768.

(18) Sieval, A. B.; Vleeming, V.; Zuilhof, H.; Suditer, 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.; Sudhier, E. J. RLangmuir200Q 16, 10359~
10368.

(20) Sung, M. M.; Kluth, G. J.; Yauw, O. W.; Maboudian, Rangmuir1997,

13, 6164-6168.

(21) Boukherroub, R.; Morin, S.; Wayner, D. D. M.; Bensebaa, F.; Sproule, G.
I.; Baribeau, J.-M.; Lockwood, D. £hem. Mater2001, 13, 2002.

(22) Boukherroub, R.; Sharpe, S. M. P.; Wayner, D. D. M.; Allongue, P.
Langmuir200Q 16, 7429-7434.

(23) Buriak, J. M.; Allen, M. JJ. Am. Chem. S0d.998 120, 1339-1340.

(24) Buriak, J. M.; Stewart, M. P.; Geders, T. W.; Allen, M. J.; Choi, H. C;
Smith, J.; Raftery, D.; Canham, L. J. Am. Chem. S04999 121, 11491.

(25) Webb, L. J.; Lewis, N. SJ. Phys. Chem. B003 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. DLangmuir2002 18, 6217-6221.

(28) Cicero, R. L.; Lopinski, G. P.; Chidsey, C. E. Zangmuir200Q 16, 5688
5695.

(29) Effenberger, F.; Ga, G.; Bidlingmaier, B.; Wezstein, MAngew. 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. Lett1997 71, 1056-1058.

(31) Stewart, M. P.; Buriak, J. MAngew. Chem, Int. Ed. Endl998 37, 3257—
3260

(32) Stewart, M. P.; Buriak, J. MAdv. Mater. 200Q 12, 859-869.

(33) Song, J. H.; Sailor, M. J. Am. Chem. S0d.998 120, 2376-2381

(34) Bateman, J. E.; Eagling, R. D.; Worrall, D. R.; Horrocks, B. R.; Houlton,
A. Angew. Chem, Int. Ed. Engl998 37, 2683-2685.

(35) Boukherroub, R.; Wayner, D. D. M. Am. Chem. So4999 121, 11513~
11515

(36) Vanderah, D. J.; La, H.; Naff, J.; Silin, V.; Rubinson, K. A.Am Chem.
So0c.2004 126, 13639-13641.

(37) Strother, T.; Cai, W.; Zhao, X.; Hamers, R. J.; Smith, L.IMMAm. Chem.
So0c.200Q 122 1205-1209.

(38) Mitsuya, M.; Sugita, NLangmuir1997 13, 7075-7079.

(39) Gershevitz, O.; Sukenik, C. N. Am. Chem. So2004 126, 482-483.

(40) Liu, Y.-J.; Navasero, N. M.; Yu, H.-Z.angmuir2004 20, 4039-4050.

(41) Woijtyk, 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.; Sudler, E. J.
R. Langmuir2001, 17, 7554-7559.

or adsorbing—COOH-terminated organosulfur molecules on
gold#5 The preparation of the densely packeetarboxyalkyl
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-
sis1” Improved procedures of preparations of carboxylic acid-
terminated monolayers modified H-terminated silicon surfaces
were reported in recent yea®s32 In addition, the mixed
w-carboxyalkyl/alkyl modified H-terminated silicon surfaces
were also reportet). 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 agueous solutions. The reported
protonation and deprotonation of acid-bearing monolayer typi-
cally occur in a broader range of pH valti@g243:46.41n these
systems, as shown in Scheme 1, the terminated carboxylic acid
groups significantly ionized into carboxylate aniorgqO0"),
which make monolayers be terminated with the negatively
charged carboxylate group3hen, can we construct some
dynamically response 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 modifiedH$i(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 manuscrifitTwo series of surface models

(43) For example, see: (a) Holmes-Farley, S. R.; Reamey, R. H.; McCarthy, T.
J.; Deutch, J.; Whitesides, G. Mangmuir1985 1, 725-740. (b) Holmes-
Farley, S. R.; Bain, C. D.; Whitesides, G. Mangmuir 1988 4, 921—
937. (c) Bain, C. D.; Whitesides, G. M.angmuir1989 5, 1370-1378.
(d) Holmes-Farley, S. R.; Whitesides, G. Mangmuir 1987, 3, 62—76.

(44) For examples, see: (a) Haller,J. Am. Chem. Sod978 100, 8050
8055. (b) Pomerantz, M.; Segmuller, A.; Netzer, L.; Sagivltin 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.JLAm. Chem. Soc.
1983 105 4481-4483. (b) Porter, M. D.; Bright, T. B.; Allara, D. L.;
Chidsey, C. E. DJ. Am. Chem. S0d.987, 109, 3559-3568. (c) Laibinis,

P. E.; Whitesides, G. MJ. Am. Chem. S0d.992 114, 1990-1995.

(46) For examples, see: (a) Lee, T. R.; Carey, R. L.; Biebuyck, H. A;
Whitesides, G. MLangmuir1994 10, 741-749. (b) Cheng S. S.; Scherson,
D. A.; Sukenik, C. N.Langmuir1995 11, 1190-1195. (c) Li, T. T.-T ;
Weaver, M. JJ. Am. Chem. S0d984 106, 6107. (d) Turyan, I.; Mandler,
D. Anal. Chem1994 66, 58.

(47) Konek, C. T.; Musorrafiti, M. J.; Al-Abadleh, H. A.; Bertin, P. A.; Nguyen,
S. T.; Geiger, F. ZJ. Am. Chem. So@004 126, 11754-11755.

(48) Vemparala, S.; Kalia, R. K.; Nakano, A.; Vashishta,JPChem. Phys.
2004 121, 54275433.

J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005 6803
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Scheme 2. Switching Behaviors, ‘on’ and ‘off’
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Scheme 3. Two Series of Monolayers Modified H—Si(111) (cf. Table 1 in detail)

unit 1 (33.3%)

unit 2 {25%)

unit 3 (16.7%) unit 4 (11.1%)

1c 2C 3c 4C
lcim zcim 3Ci"' 4C!'m
1F" 2Fm 3F™ 4Fim
q Q q g R
0 o o Co
~R'
H. CH; CHy S,
kK _ ® -CH,CH,(CH,);sCO0"
— S/ o «ompyony
X o -H

R = -CH;CH;(CHy);5CO0°

unit 5 (50%)

R’ =-{CH;)yCH;
(b)

1C™ ( Ng: Npe=3.0)

2C™ (Ng: Nge=1.0)

3C™, 3C™, 3C™P ( Ny : Ny = 0.6)
4C™, 4C™ (Np: N = 0.4)

based on the H-terminated Si(111) are theoretically designedsolvents, the hydration effect of carboxylate anions, as well as
in our simulations with the supporting electrolyte solution is formations of interfacial electric double layers at the monolayers/
mimicked by both explicit and implicit solvent models. One aqueous solution interfaces appearing, which influence switching

series of surfaces is the low-densitycarboxyalkyl monolayers
modified H-Si(111), such ad4C-4C, 1C™-4C™, and 1F™-

performances of surfaces greatly and further directly determine
the value of theritical intensityof the electric field that needed

4Fm™ as shown in Scheme 3(a), which are substituted by evenly to trigger the switch. Beyond these intrinsic effects, some tunable

distributed -(CH);7COOH (or partially fluorinated—CHy-
CHz(CFR,)15COOH) chains with coverage ranging from 11.1%
to 33.3%. While another serielCM-4C™, 3C™s-4C™S, and3C™P

as shown in Scheme 3 (b), have the-&i(111) modified by
the zigzag patterny50% coverage, mixture of (CH,);,COOH
and —(CH)sCHjz chains in different molar fractions (0.4
N*(CH2)17COOHN7(CH2)SCH35 30) By using molecular dynamiCS
simulations, we systemically investigate the molecule-level
information on the reversible switching of both low-density
w-carboxyalkyl covered and the mixed-carboxyalkyl/alkyl
monolayers modified HSi(111) under wide ranges of intensi-
ties of external electric fields;2.0 x 10° V/m < E,p < 0 and
1.8 x 10° V/Im = Egown < 7.3 x 1(° 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

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 theCF,—
groups into the surface-confined chairl={"-4F™) and by
adding acetonitrile molecules into the surrounding aqueous
solutions BCMs-4C™Ms), 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—+$i(111), an im-

steric hindrances of neighboring surface-confined chains and portant factor of the conformational freedom available for transitions

6804 J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005
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Table 1. Selected Surface Models
area per ~-COOH-
solvent ions terminated chains cell parameters®
models surface chains? molecules? (Na*)? (R2lchain) (xy)
explicit solvent models (aqueous solution)
1C 27 (-RCOO)¢ 1315(w) 27 38.3 34.56, 34.56
2C 16 (—RCOO)® 1011(w) 16 51.1 30.72,30.72
3C 12 (-RCOO)° 1123(w) 12 76.6 30.72, 34.56
4C 9 (—RCOO)° 1306(w) 9 114.9 34.56, 34.56
icm 24(—RCOQO)/8(—R'CHjz)© 1011(w) 24 34.1 30.72, 30.72
2cm 16 (—RCOO)/16(—R'CHg)° 1011(w) 16 51.1 30.72,30.72
3Cm 12(—~RCOO")/20(=R'CHg)¢ 1011(w) 12 68.1 30.72,30.72
4Ccm 9(—RCO0O)/23(—R'CHjz)¢ 1011(w) 9 90.8 30.72,30.72
3Cme 34(—RCOQO")/14(—RCOOH)/ 1917(w) 34 68.1 61.44,61.44
80(—R'CHg)cd
explicit solvent models+26% acetonitrile composed aqueous solution)
3Cms 12(—RCO0O)/20(—R'CHg)® 180(a)/500(w) 12 68.1 30.72,30.72
4Cms 9(—RCO0O)/23(—R'CHjz)¢ 180(a)/500(w) 9 90.8 30.72, 30.72
implicit solvent models (aqueous solution approximatios, 78.0)

1Cm 75 (—RCOO)® 38.3 57.60, 57.60
2Cm 64 (—RCOO)® 51.1 61.44,61.44
3Cm 54 (-RCOO)¢ 76.6 69.12, 69.12
4Cm 49 (-RCOO)* 114.9 80.64, 80.64
1Fm 75 (—R'COO) 38.3 57.60, 57.60
2Fm 64 (—R'COO)° 51.1 61.44,61.44
3Fm 54 (-R"COQO")¢ 76.6 69.12, 69.12
4Fm 49 (—-R"COO")° 114.9 80.64, 80.64

aThe number of surface chains, water molecules, acetonitrile molecule and iohg@épectively. The ‘w’ and ‘a’ represent water molecule and acetonitrile
molecule, respectively?. In units of A. The lengths of simulation cells rdirection are used of 300 A in slab modelR = CH,CHy(CHy)1s-, R = (CHy)s-,

R"

Scheme 4. Surface Models Used in MD Simulations

Slab region (vacuum}
~-—

| A fixed L-J wall

Bulk solvent and _
positive ions (Na™)

Initial interface between
monolayers and solvent

Surface-confined -CO0"
terminated chaing =]

Silicon surface

1 g TR '._.i»-!
Moy
S T -
Peedeg g o

-
L

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+HSi(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 128.6 A per confined
hydrocarbon chaiff192228.294852 5, the smallest space that sufficient
for conformational switching of the surface-confined chains is roughly
estimated to be around 382Aper chain. On the basis of this

CH,CH,(CR)15-. 91n 3C™, we assume only 70% terminatedCOOH groups deprotonated in the aqueous solution.

an upward electric field dE,, = 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 N with the density of 0.998 g/cfrare

put on the top of the bent monolayers. To restrict solvent molecules in
the simulation box, a fixed Lennardlones (=-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 chéirs.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 c#f°the cff91556% and

(49) Pei, Y.; Ma, J.; Jiang, YLangmuir2003 19, 7652-7661.

consideration, nineteen surface models with various solvent backgrounds(50) () Sieval, A. B.; van der Hout, B.; Zuilhof, H.; Sudtes, E. J. RLangmuir

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 simulatiofi$Surface models are constructed
with the following procedures. First, two kinds of+5i(111) with
surfaces modified by the uniformly distributed amphiphilic chains of
the —(CH,)17COO" (1C-4C) (or the —CH,CH(CF,)1s:COO" (1FM-
4F)) and by the mixed-(CH,);7.COO~ and—(CH,)sCHs chains (C™-
4C™) are constructed by replicating unit celi;it 1'-‘unit 5', as shown
in Scheme 3, inx and y directions. Initially, chains have vertical

orientations on surfaces. These constructed surface models are subs{

guently minimized with surface atoms fixed. After the minimizations,

200Q 16, 2987-2990. (b) Sieval, A. B.; van der Hout, B.; Zuilhof, H.;
SudHdter, E. J. R.Langmuir2001, 17, 2172-2181.

(51) Zhang, L.; Wesley, K.; Jiang, $angmuir2001, 17, 6275-6281.

(52) Yuan, S.; Cai, Z.; Jiang, Wew J. Chem2003 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. Genel988 4, 3147.
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200 (@) cvff of length of the simulation cells irandy directions, which is thought
2o to be large enough to rationally estimate the Coulombic interactions.
3 0.00 2.4 Molecular Dynamics Simulations.For all calculations, the
9% ¢ cffo1 J°°°" canonical ensemble (NVT) is applied with systems maintained at 298
§oe mm K by using of No$e-Hoover thermost&® Equations of the motion for
Sooo systems are integrated using the velocity Verlet algorithm with the time
‘%33‘; UA model step of 153
§§3§ 2.4.1. Pre-equilibrium. We carry out a series of pre-simulations to

$o0.00
123 456 7 8 9 101112131415

The torsion angle

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.

the united atoms (UAY model with RyckaertBellemans dihedral
potential to validate our force field calculations. A surface model
contains 48—(CH,):7COO™ chains is used for this aim, in which the
surface-confined chains uniformly distributed with the area per chain
of 76.6 Achain (unit 3' in Scheme 3). We characterize the equilibrium
conformations of surface-confined chains within different force field
models with an external electric field &, = 3.0 x 10° 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

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 fieldEgown = —2.0 x 10° 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) withEy, = 5.0 x 10° V/m is carried out to bend the COO -
terminated surface-confined chains. Finally, a 50 ps ‘relaxation’
simulation (156-200 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

of the surface-confined chains in the bent state. In addition, the averagethe pre-equilibrated surface models, in which the end€®O" groups
thickness of the monolayer predicted by three force fields are 11.1 A of surface-confined chains have been fully solvated in the solvent layer

(cvff), 11.5 A (cff91), and 10.9 A (UA model), respectively, which
also agree fairly well with each other. Therefore, the cvff and the UA

with the solvent molecules penetrating into the monolayer to some
extents. The switching behaviors of the single-layers modified silicon

model are used in the following discussions of conformational behaviors surfaces are thus conducted by introducing the external electric fields.

of surface-confined chains under external electric fields.
2.2.2. Electric Field Interactions. The external electric field is
modeled by

Ver = GEZ

whereg is the charge of théh charged atomE; is the electric field
strength applied in thedirection, andz is the projection of the position
vector on thez axis.

2.3 Solvent Models.Two kinds of solvent models, the explicit

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-densityw-carboxyalkyl

solvent model and the continuum dielectric model, are used to describemonolayers covered HSi(111),1C-4C, and the mixedv-car-

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 N§1C-4C, 1C™-4C™, 3C™ in Table
1), while another is a mixture 6f26% acetonitrile composed aqueous
solution containing N& (3C™-4C™s in Table 1), in which, the water

molecules and the acetonitrile molecules are treated by the SPC wate

model and the cvff that complemented in tieriug package?
respectively. A I=-J ‘wall’ composed by fixed, single-layered potassium
atoms are plainly aligned on the top of the solvent layer to interact

boxyalkyl/alkyl monolayers modified HSi(111),1C™-4C™, are
distinctly observed in the presence of external electric fields
within wide ranges of intensities 6f2.0 x 10° V/m < Egoun
< —0.5x 1° V/m and 1.8x 10° V/Im < Eyp < 7.3 x 1(°
V/m, which can be seen directly from snapshots of simulations
(Figures 2 and 3) and more quantitatively from the conforma-
ional characterizations (Figure 4) such as the gauche ratio, the
thickness of monolayett{onoiayer), €tc.

3.1.1. Switching ‘on’. In periods that directions of applied
electric fields are downward, surfacé§-4C and1C™-4C™ are

with solvent molecules. The cutoff of van der Waals interactions is set turned ‘on’. The terminated carboxylate groups are forced to
to be 12.0 A and the electrostatic interaction is evaluated by the Ewald move upward for their negative charges, which mak@00O -

summatiorf?

2.3.2. Continuum Dielectric Models. A continuum dielectric
approximation by implicitly considering the solvent molecules and the
Na' is also introducede(= 78.0) in our simulations to qualitatively
investigate the influences of chains’ rigidities on switching behaviors
(cf. 1CM-4C™ and 1F™-4F™ in Table 1). The amphiphilic chains of
_CHz(CHz)]_GCOO_ (1C|m 4C|m) and CHzCHz(CFz)lBCOO_ (1|:|m
4Fm) are treated by the UA model with parameter sets displayed in
the Supporting Informatioff.61.62In these continuum dielectric models,

terminated surface-confined chains stretch straightly and con-
sequently take a nearly all-trans equilibrium conformation as
in 1Cny4Cpony and 1C™on)-4CMn) 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 x 10° V/Im < Egown < —0.5

x 10 VIm, the —COO -terminated surface-confined chains
demonstrate conformational transitions from the bent state

the long-range Coulombic interactions is cut at a distance of 10 times (Switching ‘off’) to straight conformations (switching ‘on’) as

(61) Shin, S.; Collazo, N.; Rice, S. A. Chem. Phys1992 96, 1352-1366.

(62) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., llI; Skiff,
W. M. J. Am. Chem. Sod.992 114, 10024-10035; Castongauy, L. A.;
Rappe A. K. J. Am. Chem. Sod.992 114, 5832-5842; RappgeA. K.;
Colwell, K. S.; Casewit, C. Jnorg. Chem.1993 32, 3438-3450
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depicted in Figure 4. Actually, the bent surface-confined chains
almost spontaneously relax conformations to the straight ones

(63) Nose S. Mole. Phys.1984 52, 255-268; Hoover, W. GPhys. Re. A
1985 31, 1695-1697.
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Figure 2. Simulation snapshots of the single-layerCH,(CH;)16COO~
modified H-Si(111),1C-4C. The red and purple CPK models represent
the —COO™ groups and the N respectively. The H atoms in the surface
chains are removed for the clarity.

ac"

Figure 3. Simulation snapshots of the mixedCHy(CHy)16COO /-
. " . CHy(CH,)7CHs modified H-Si(111),1C™-4C™. The red and purple CPK
even without the external electric field applied, due to the podels represent theCOO™ groups and the Na respectively. The blue

preference of all-trans conformations in hydrocarbon chains. The chains in figures represent short alkyl chains-@@Hz(CH,)7CHa. The H
dominant trans conformations in switching ‘on’ states are also atoms in the surface chains are removed for the clarity.

reflected by small gauche ratios of no more than 0.15 and .55 from the monolayer/water interfaces to the deeper parts
thickness of monolayer$monolayer Of about~20 A for 1C-4C of the monolayers for all surfacésC-4C and 1C™-4C™ with

and 1C™-4C™ from Figure 4. Thus, in these switching ‘on’ 5405 densities of surface-confined chains. However, the
periods, surfacesC-4C and1C™-4C™ are thought to be inthe  gjecyric field at this strength may be too strong to be realistic
hydrophilic state because the hydrophilic groups of carboxylate j, the practical applications. Decreasing the intensity of the
gnions arg the outermpst groups of mon.olayers, which directly electric field to the moderate one, i.&€p = 4.7 x 10° V/m,
interact with surrounding aqueous solutions. we find the number of conformational changed chains signifi-
3.1.2. Switching ‘off". In contrast to spontaneous transitions  cantly decrease for surfacé€-2C and 1C™-2C™ with higher
of surface chains from the bent ‘off’ state to the straight ‘on’ coverage of—~COO -terminated chains, in which, some car-
conformations, the reverse process, ‘en"off’, is thought to boxylate groups still keep their positions around monolayer/
be much more difficult as it is necessary to overcome high water interfaces when systems reaching the equilibrium ‘off
energy barriers mainly contributed by the energy penalty for states (cf. Figures 2 and 3). The similar tendency is also found
trans-gauche conformational transitions, the steric hindrancesfgor those lower densitiess COO -terminated chains modified

aroused by surrounding solvent molecules and neighboring H—Sij(111) of3C-4C and3C™-4C™ when intensities of electric
hydrocarbon chains, as well as some intrinsic hindrances in thisfie|ds are lowered t&yp = 3.7 x 10° V/m andE,, = 2.8 x 10°

kind of switching surface. To probe the value of ttwtical V/m as shown in Figures 2 and 3. As a result, hydrophobic
intensitythat enables the realization of switching ‘off' states in  properties of surface$C-4C and 1C™-4C™ in the switching
1C-4C and1C™-4C™, several intensities of electric fieldBy, ‘off’ states are weakened for the accumulation of increasingly
=73x 10°, 4.7 x 10°, 3.7 x 1%, 2.8 x 10°, and 1.8x 10° more hydrophilic —COO™ groups around monolayer/water
Vim, are investigated in our simulations. interfaces accompanied by the decrease in the strend,of

A dependence of switching behaviors of surfat€s4C and Even though, all surfacedC-4C and 1C™-4C™ are still
1C™-4C™ on intensities of applied electric fields is distinctly considered to have wettabilities changed in these ‘off’ states,
observed in Figures-24. At the high intensity oy, = 7.3 x since the terminal hydrophilie-COO™ groups are forced to
10° V/m, all surface modelslC-4C and 1C™-4C™ exhibit immerse into the hydrophobic monolayers more or less and the
significant transitions of surface-confined chains. The electric hydrophobic parts of surface chains are exposed to water layers
field at this intensity is strong enough to drag all carboxylate directly.

J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005 6807



ARTICLES Pei and Ma

25
20E, -15E, _12E, -08E, -0.5E 7%
3 i —2
204 !
1.8E
~ 151 . /
| " & Y o 0
- 3 Y aE 28e .G ‘é 10} 73, 47 e
5| 73E, ATE, o Mex S| .
E =1.0e9 V/ =
0l m v 4C 25 0 Eo 1.0e9 V/m v 4c™ 25
0.4 0.4
=] 2
= 0.34 0.3
g g
[-+]
2 02, 5 024
2 z
& 0.1, S 0.1/
MW L e . ——— —
on off on off on off on off on 'off on off on off on off on off on 'off"

Figure 4. Characterizations of switching behaviors, ‘on’ and ‘off’, of (a) evenly distributed, single-laya,(CH,)16COO modified silicon surfaces
(1C-4C) and (b) mixed—CHy(CH,)16CO0 /-CHy(CH,);CHz modified silicon surfaces1C™-4C™). The units are in A for average distances between the
terminal —COO™ groups and the silicon surfacdcbo —surfacd @nd average thicknesses of monolayéssnbiaye). The gauche defect is defined as the torsion
angle differs by more thag60° from that of the all-trans conformation#18C°). The lines are drawn as a guide to the eye.
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Figure 5. (a) Characterizations and (b) simulation snapshots of the partially (70% dissociations-a€@®@H groups) dissociated, mixetdCHx(CHy)16

COOH/-CH(CHy)7CHz modified H-Si(111),3C™ (cf. Table 1). The red and purple CPK models representt8©0™ groups and the Na respectively.
The blue chains in figures represent short alkyl chains-6Hx(CH,);CHs. The H atoms in the surface chains are removed for the clarity.

Further decreasing th&,, to 1.8 x 10° V/m, conformational the pH value of 11.2 of the aqueous solution, corresponding to
changes of surface chains are not observed for all surfsCes  ~75% surface-COOH groups dissociated inteCOO™ in the
4C and 1C™-4C™ (cf. Figure 4). TheE,, = 1.8 x 10° V/Im is electrolyte solutiond?47On the basis of this consideration, we
theoretically predicted as theritical intensity that needed to  further observe switching behaviors of the partially dissociated,
trigger the switch. Theritical intensityof the electric field can carboxylic acid-terminated monolayers modified surface model
be further rationalized by some factors, which will be discussed of 3C™ (cf. Table 1), in which, we assume only 70% surface
in the next section. —COOH groups are ionized into theCOO™. From Figure 5,
3.1.3. Influence of Surface K, Value. As mentioned above, by employing external electric fields, switching of surf&@&mP
we have neglected partial dissociations of surface carboxylic is also distinctly observed, similar to those fully dissociated,
acids in surface modefC-4C and1C™-4C™. In real situations, carboxylic acid modified surfacesC-4C and 1C™-4C™. This
the —COOH-terminated monolayers often undergo the incom- indicates the undissociatedCOOH-terminated chains exert
plete deprotonations in the electrolyte soluti§n?:43.46.47.64.65  small influences on conformational switching of monolayers.
The K, of the acid-bearing monolayers depends strongly on Surface in such a partially dissociated situation is also expected
the pH value of the solution and the interfacial dielectric to change surface wetability between the hydrophilic state and
environments. In the latest studies of acid-bearing silicon the moderately hydrophobic state in response to the electric
surfaces, the surfaceKp is estimated to be around9 + 1 at fields with properties intensities.
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oosf-ear L O e A o 3.2 Factors Affecting Switching. Up to now, we have
ooal " .f';'ii:"\@hlﬁﬁﬁ 0.04 / ""’\Pfjﬁﬂ.ﬁ depicted a picture of switching ‘on’ and ‘off’ behaviors of low-
< 003 A‘(-\('U wap e 003 S '-'VL density,—COOH-terminated monolayers modified+4$i(111)
< 002 o = 002 A : in the aqueous solution by gradually tuning intensities of external
o.01] ?""F 0.01 f"i" o electric fields. Both series of HSi(111) with uniformly
oooltal _(a)1c 0,00 Immnmia (a1 1€ distributed—(CHy)17COO" chains (C-4C) and mixed—(CHy)1~
o e M Nl COO/—(CH,)sCH; substitutions {CM-4C™) exhibit distinctly
e o switching behaviors under broad ranges of applied electric fields,
e A L 0.05| —=—ofr . —2.0x 10° V/m = Egown = 0 andEy, > 1.8 x 10° V/m.
om o ..-\-_':‘A.P'J.\Jl,ﬁ.r-'f oos T 'i\i-td-\mf\'ﬁ!‘\- However, differences in switching behaviors of surfaces with
"<, 003 ,;f.;-/ ‘ %, 00 Jf"-l i different densities of —COO -terminated surface-confined
= 002 I_\l:_i.-“' . <00 ﬁfj' chains are distinctly observed. From Figure 4, switching
0.01 {.\.- okl 0.01 ;:,." () 267 capabilities of surfacesC-2C and1C™-2C™ decay rapidly with
) . o L L.~ 000 et the decrease in the strength of the electric field in the ‘off’ stages
0w 20 30 40 50 0 20 30 40 50 60
d (A e (A) in comparison to those-COO -terminated chains modified
- H—Si(111) of3C-4C and3C™-4C™ in lower density. To gain
R insights into the relationship between the switching performance
004 "T‘M‘r‘%‘[ and surface patterns, some important factors such as the steric
L 003 ¥ hindrances, the formation of the interfacial electric double layer,
S I : the hydration effect of carboxylate anions, as well as influences
ooy )] () 3c” of components of the surrounding electrolyte solutions and the
o 20 30 40 0 0= 3 30 40 5o 6o rigidity of surface-confined chains are discussed as follows.
4 () 4 () 3.2.1 Steric Hindrances. As addressed before, a basic
) . criterion in the design of switching surfaces is to provide
ol Vo, | o 4.1‘ dle sufficient freedoms for conformational transitions of surface-
5 3‘0"3‘ ._.f!'-‘m-"‘-‘ﬁ'ft_!'g . Ez: {'Tﬁ‘ Hp i~ confined chaing.During a switching process, steric hindrances
=X ,'-" ¢ < . aroused from the neighboring surface-confined chains and
e Jt =00 f’ solvent molecules exert great influences on the conformational
O L () 4C oo e () 4C” behaviors of chains. At the occurrence of conformational
R I I I Y U‘Wbm transitions, the limited inter-carboxyalkyl chains’ spaces in
e (A) e () surfaces1C-2C (38.3 A/chain-51.1 A/chain) and1C™-2CM

(34.1 A/chain-51.1 A/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 chains3e-4C (76.6 A2/chain-
3.1.4. Changes in Distributions of Water MoleculesThe 114.9 Rlchain) and3C™-4C™ (68.1 A/chain-90.8 &/chain)
reorganizations of solvent molecules at monolayers/water provide much more amplitude spaces for steric relaxations of
interfaces are observed in switching processes from Figure 6,hent chains in switching ‘off’ stages, achieving thinner mono-
which are caused by conformational changes of chains andjayers of around 910 A relative to thos€C-4C and 3C™-
effects of external electric fields. Our simulation results indicate 4cm (11-12 A) and broader distributions of the gauche defects
water molecules penetrated into the hydrophilic part of mono- in chains (Figure 4 and Figure S1 and S2). Therefore, the
layers to different extents for surfac#€-4C and1C™-4C™ in flexible space of at least40 A2 and more preferable in the
both switching ‘on’ and ‘off’ states. A rapid decrease in densities range of 76-90 A2 per carboxyalkyl chain that available for
of water molecules is found whetyace is less than~20 A, the conformational change of the surface-confined chains should
which is approximated to be the height of switching ‘on’ be first considered in the design of the carboxyalkyl or mixed
monolayers, for all surface moddl€-4C and1C™-4C™. Going alkyl/carboxyalkyl monolayers modified switching surfaces. In
far from silicon surfacesthurace > 20 A), distributions of water  fact, the reported Au based switching surfaces were realized
molecules are similar to those natural water distributions in with the area o~65 A2 per carboxyalky! chaif.
initial sets, reflecting the hydrophobic essence of inner hydro- 3 2 2 Electrostatic Interactions. Two main effects that
carbon monolayers. aroused by the electrostatic interactions between the negatively
During switching ‘off’ stages, from Figure 6, water molecules charged-COO™ groups and the surrounding polar species (such
move down in accompany with the bending of monolayers. We as the water molecules and the Nians) are responsible for
notice a little amount of water molecules are ‘capttiadhe the observed dependence of conformational switching on the
deeper part of bended hydrophobic monolayers for those evenlystrength of the external electric field. One is the interfacial
distributed—CHy(CH,)16COO~ modified H-Si(111) of1C-4C potential at the monolayer/aqueous solution interface and another
as shown in Figure 6. The effects of interactions between the is the ionic solvation energetics in the interfacial microenvi-
silicon surfaces and the water molecules in surface mddels ronment. Both effects have been invoked to explain the acid/
4C will be discussed later in Section 4. base properties of acid-bearing monolayers at interféc®s.

Figure 6. Plots of the average number density of water molecuigso(

A3) as the function of the vertical distance relative to the silicon surface
(dsurtacd. The statistic of number of water molecules is at interval of 1.2A.
Curves (a)-(d) and (8—(d') represent distributions of water molecules in
surface model$C-4C and1C™-4C™, respectivelyE,, = —0.5 x 10° V/m,
Edown = 4.7 x 10° V/m.
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3.2.2.1. Interfacial Electrical Double Layers. Interfacial hydrophobic ‘off’ state, a key step is to force the carboxylate
electrostatic potentials originating from ionizations of carboxylic groups to transfer their positions from the higher dielectric
acid groups at the monolayers/aqueous solution interface weremedium of the monolayer/aqueous solution interface to the inner
detected and discussed by many grotfd$.5568 By using hydrocarbon part of the monolayer with low dielectric constant.
surface electrostatic models, Lochhead et al. illustrated a picturein such a process, it has to overcome an energy penalty to move
of ion distributions at the charged monolayer/electrolyte solution the carboxylate groups, which is noted as ‘desolvation enéfgy’.
interface, which demonstrated that the interfacial electrical From the solvation point of view, the transfer of carboxylate
double layer was formed in the presence of interfacial electro- anions from the hydration state to the inner part of a monolayer
static potential§® In our simulations of surfacesC-4C and is an energy uphill process due to the need to shed ions’
1Cm-4C™, from Figures 2 and 3, interfacial electrostatic solvation shell and displace the water molecules with the
potentials are also found according to equilibrium distributions hydrophobic methylene groups.
of negatively _cha_rged carb_oxyla_te groups at the monolayer/  p thermodynamics model that proposed by Aydogan et al.
aqueous solution interfaces in switching ‘on” stagiSo-4Con is introduced to estimate the energy changes in the switching
and1C"on-4C"on). Obviously, such interfacial potentials depend  rqcesd0 Here, we manage to derive the desired intensity of
straightly on densities of interfacial-confined carboxylate groups, the external stimulus for driving the switch on the basis of our
which strongly interact with the neighboring Nan solvent MD simulation results and to further elucidate contributions of
layers and consequently induce formations of electrical double | 4 joys factors. In a first-order approximation, we neglect the
!ayers a_t monolayers/water interfaces. Upon formations of these;iaraction of the silicon surface and assume the negatively
interfacial electrical double layers, some Nare strondly charged carboxylate groups act as dynamically mobile acceptors
electfostatlcally .attracted Ey carb.o>.<ylate anions in the “Stern in response to external stimuli such as the electric field, which
layer’ as shown in Scheme! Qregtrlctlng the mobility of those . will cause reorientations of COO -terminated chains. The
bound_ carboxy late groups. _Slmultgneousl_y, the‘ gleqrostanc change in Gibbs free energyGotaicon—ofyy UpON transitions of
attrat?tlons derived from the_d|str|but|on of_Ne_n the dl_ffusmg a system from the switching ‘on’ state to the switching ‘off
layer’ also cognt(_aract partial electrostatic interactions of the state in the aqueous medium is represented as folfows
external electric fields.
As expected, influences of interfacial electrical double layers 5
are much more significant for surfaces with higher concentra-
tions of interfacial-confined carboxylate groupsCt2C and AGpygcon-oify T AGele(on-off) (1)
1Cm-2CM). As seen from Figures 2 and 3, many carboxylate
anions in surface$C-2C and1CM-2C™ are electrostatic bound ~ Where AGeont(ori—of) is the change of Gibbs free energy
by Nat, forming the—COO"Na' ionic pairs in the Stern layer. ~ associated with internal conformational reorientations of the
Under electric fields with moderate intensities, suctEgs= chains (from altrans to mixed trans/gauchp and can be
3.7 x 10° and 2.8x 10° V/m, driving forces resulted from  approximated as 0.8kT with n being the number of gauche-
electric fields are obviously too weak to overcome electrostatic reorientation bonds in the switching ‘off’ state akds the
attractions between theCOO™ group and the Naand hence ~ Boltzmann constarf® AGsuron—ofry reflects interactions of
conformational changes efCOO -terminated surface-confined  hydrocarbon chains in monolayers and their interactions with
chains on surface$C-2C and 1C™-2C™ happen reluctantly.  the surrounding solvent molecules, which is approximately taken
On the contrary, for surfac&C-4C and3CM-4C™ with lower as 1.5nkT, wherem is the number of methylene groups that
densities of-~COO -terminated chains, moderate intensities of exposure to the surrounding aqueous solution when the electric
electric fields, 2.8< 10° V/m < Eyp < 3.7 x 10° V/m are shown field is applied’® AGnyacon—ofr) represents energy penalty for
to be strong enough to caugkbal conformational transitions  the transition of the carboxylate anion from the higher dielectric
of —COO -terminated chains. In fact, theCOO Na" ionic medium (aqueous phase,= 78.0) to the lower dielectric
pairs may be dissociated or reformed along with evolutions of medium of the monolayers surface ¢ 14.0)% which is
systems under external electric fields: they are fully destroyed estimated to be 10kT (25.3 kJ/mol) from the Born modét73
when the strength of the electric field is increaseip= 7.3 AGele(or—offy IS composed of electrostatic contributions from
x 10 V/m (unrealistic) for all surface$C-4C and1C™-4C™. external electric fields and the work performed to transfer the
Thus, the much more difficult occurrence of switching of isolated charges (N dispersed in the bulk solution to the
surfaces1C-2C and 1C™-2C™ in higher densities of surface  charged monolayer surface, which can be approximately
chains may be caused by not only larger steric hindrances (asdescribed byeyo + eym,’® wheree is the electronic chargeyo
addressed in Subsection 3.2.1) but also stronger electrostatiandyn, is the electrode potential and the membrance potential,
interactions than those &C-4C and3C™-4C™. respectively. According to our MD simulations, two gauche-
3.2.2.2. Carboxylate Anion Hydration. The hydration of reorientation bonds are observed on average @, m= 2) in
the carboxylate anion is an essential factor affecting the acidic each conformational changed chain. Approximately, =
dissociation equilibriunt®46().65As assumed in Scheme 2, to —53.0 mV is taken according to previous studies of carboxylic
make a surface switches from the hydrophilic ‘on’ state to the acid-terminated self-assemble monolayéo, theAGioaitori—oir)
defined in eq 1 is evaluated as

Gtotal('on'ﬁ‘off') = AGconf(‘on'ﬁ'oﬁ') + AG'sur('on'——'off‘) +

(64) Goddard, E. DAdv. Collid. Interface Scil1974 4, 45.
(65) Creager, S. E.; Clarke, Dangmuir1994 10, 3675-3683.

(66) Archibald, D. D.; Qadri, S. B.; Gaber, B. Bangmuir 1996 12, 538— (69) For example, see: (a) Hartnig, C.; Koper, M. T. 8.Am. Chem. Soc.
546. 2003 125 9840-9845. (b) Dzubiella, J.; Allen, R. J.; Hansen J3PChem.

(67) Hu, K.; Bard, A. JLangmuir1997 13, 5114-5119. Phys.2004 120, 500+5004.

(68) Lochhead, M. J.; Letellier, S. R.; Vogel, V. Phys. Chem. B997, 101, (70) Aydogan, N.; Gallardo, B. S.; Abbott, N. lLangmuir 1999 15, 722—
10821-10827. 730.
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AGgiiconofry ~ 1.8T + 3.0KT + 10.KT + 2.1KT — ey,

2)
To trigger the switching process, ‘o' off’ (AGotaicor—offy <
0), the required surface potential is estimated tajpe= 0.44
V at 298 K, which may be achievable in experimental conditions
and well correlated with previous studies of Au based switching
surfaces.

3.2.3 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(0).65For example, it was found that interfacial micro-
environments surrounding carboxylic acid groups strongly
affected the solvation energetics of carboxylate anféihese
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 3c™,, 30,
coating solution is thus considered to be a possible way to (b)
decrease the energy penalty of W€nyqcor—orr) (€9 1), hence Figure 7. Simulation snapshots of switching behaviors, ‘on’ and ‘off’, of

lowing the value of theritical intensityof the electric field in mixed —CH(CHz)16CO0/-CHy(CH,)7CH; modified H-Si(111), 3CTs-
the switching process. 4C™s, in the ~26% acetonitrile composed aqueous solution under external

The increase of the ionic strength in the surrounding electric fields ofEy, = 1.8 x 10° V/m andEgown = —0.5 x 10° V/m. The

electrolyte solution may be unfavorable, since much more €dand purple CPK models represei®0O" groups and Na respeciively.
o . " . The blue chains in figures represent short alkyl chains-GHx(CHy)7-
positive ions will be bound to carboxylate anions at the interface cp,

and consequently weaken switching capabilities of surfaces. A
low ionic strength in the coating solution is thus desirable to
facilitate the switching. In present, two series of surface moddl€im-4C™m and1Fm-

In present work, the water-soluble acetonitrile molecules are 4Fm (cf. Table 1), within the frameworks of the UA model
introduced in modelSC™s and4C™s (cf. Table 1), in whicha  and the continuum dielectric approximation are investigated to
~26% acetonitrile molecules composed aqueous solution is qualitatively examine the influence of chains’ rigidity on
employed. The addition of acetonitrile molecules into the conformational behaviors of surface-confined chains. The con-
aqueous solution is expected to destroy strong hydrogen-bondormational properties as well as snapshots of surfaces under
network between water molecules ardCOO™ anions and  electric fields are displayed in Figure 8 and Figures S3 and S4
hence lower hydration effects of carboxylate groups at mono- jn the Supporting Information, respectively. In comparison with
layers/electrolyte solution interfaces. Switching behaviors of those alkyl monolayers modified +8i(111) (LCM-4Cm),
surfaces3Cm-4C™ at By = 1.8 x 10° V/m (the critical conformational transformations of fluorinated chaibE"-4F™)
intensityin the aqueous solution), can be still distinctly observed j, response to the electric field are much more difficult due to
as shown in Figure 7, indicating the hydration effect of he higher trans-gauche torsional barriers -6€F,—CFo—
carboxylate groups is effectively lowered by the accumulation fragments. Moreover, fluorinated monolayers demonstrate much
of the acetonitrile molecules at the monolayers/electrolyte .o order characters, which can seen from Figure 8 that the
interface. The _alternatlon of m_o_lecular comp_onent_s_ of the gauche ratios (0.150.20) of fluorinated monolayers are greatly
electrolyte solution may be an efficient way to adjustdhgcal smaller than those (0.2.32) of alkyl composed monolayers

mtgnZSZyg tge eI?cStncffleldéor ?W'tgrg?'_ F . when surfaces are restricted in the ‘off’ states. This agrees well
.2.4 Rigidity of Surface-Confine ainsFrom previous with our chemical intuitions.

experimental and theoretical experiences, the introduction of . . )

the fluorinated parts of- CF2— groups into the hydrocarbon On the other hanql, thelfacne transitions of conformations of

amphiphilic chains can increase the stiffness of the amphiphilic .surfac.e. chains 'mqm'flom and 1F™-4F™ under moderate
intensities of electric fieldsE,, = 2.8 x 10° and 3.7x 10°

chains and greatly affect packing structures and electric proper- i et
ties of monolayers they forméd. 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 (73) Macrus, Y.; Kamlet, M. J.; Taft, R. Wl. Phys. Chem1988 92, 3613.
aqueous solution (phase 1) to the monolayer/water interface (phase 2) can(74) For example, see: (a) Krafft, M. P.; Goldmann,®urr. Opin. In Colloid

be simply estimated from the Born model (ref 72) ti®yans1—» = g & Interface Sci.2003 8, 243-250. (b) Bates, T. W.; Stockmayer, W. H.

8megr (1/e; — 1ley), whereq is ion’s charge andy is the vacuum dielectric Macromoleculesl968 17—24. (c) Pflaum, J.; Bracco, G.; Schreiber, F.;

constant. Substituting value of 1.61 A for the radiusf acetate (ref 73) Colorado, R., Jr.; Shmakova, O. E.; Lee, T. R.; Scoles, G.; Kah8uAace

and 78.0, 14.0 (ref 65) for the relative constanande,, respectively, we Science2002 498 89-104. (d) Weinstein, R. D.; Moriarty, J.; Cushnie,

obtain AGyang1—2 = 10.2 kd/mol. E.; Colorado, R.; Lee, T. R.; Patel, M.; Alesi, W. R.; Jennings, GJK.
(72) Conway, B. EJ. Solution Chem1978 7, 721. Phys. Chem. R003 107, 11626-11632.
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(a) 1C"-4C" (b) 1IF™-4F"

Figure 8. Characterizations of switching behaviors, ‘on’ and ‘off’, of (@CH(CH2)16COO™ (1C™-4C'™) and (b) —CH2CHy(CF)1sCOO0~ (1FM-4Fm)
substituted silicon surfaces in the continuum dielectric approximations. The units are in A for the average distances between theG&®ingloups

and the silicon surfaca¢oo -surfacd @and the average thickness of monolayérsnbiaye). The gauche defect is defined as the torsion angle differs by more
than+60°from that of the all-trans conformation#18C°). The lines are drawn as a guide to the eye.

solvent molecules and the interactions of positive cations within wide ranges of intensities of electric fields2.0 x 10° V/m <
the continuum dielectric approximation. Edgown < 0 andE,, = 1.8 x 10° V/m, both series of surface
models containing uniformly distributee,(CH,)17COOH modi-
fied H=Si(111) (LC-4C, etc.) and the mixed-(CH,)sCHas/—
Although the reversibly switching behaviors of these low (CH,);,COOH modified H-Si(111) (LC™-4C™, etc) exhibit
density—COO -terminated H-Si(111) in response to external  distinct conformational switching. Correspondingly, surfaces
electric fields are demonstrated by our simulations, there are reversibly switch wettabilities from the hydrophilic switching
still some considerations should be addressed when we try to:on’ state to the moderately hydrophobic switching ‘off’ state.

apply these surface designs into practice. Up to now, the 14 jntensity of the applied electric field and coverage of

exlpe_nmgntal Wa]}’ to alch|evehelec_:tr|f f|eId§ n the_aqusoas carboxyalkyl chains significantly affect performances of switches.
solution s to perform electrochemical experiments, in Which, - a' ¢ jtica| intensityof Ey, = 1.8 x 10° V/m is observed in our

tt:e teleé:trlcalfdoublsg m(l?[nolayerls I?hexpe.gtedt_to /for(;n c:n thef simulations to trigger switches in the aqueous solution. The
electrode surtace. simuttaneously, the oxidizallonireduction ot g ig1ence of thecritical intensity of the electric field in the

Vn\;iﬁz:: ﬁgzlerﬁglesocin? e;Z?OnZteorf rr?gll(;(c):nIessur(;i(:eitlbycc\:\rﬁ;irt. switching process is rationalized by a basic thermodynamical
olecuies may urw w u : y model, from which, the hydration effect of the carboxylate anion
with the silicon surface. . : L
. . . —COQO) is assessed to be an important contribution of the
On the basis of these considerations, the surface pattern tha - L
. . . change of the free energy in a switching process. Other effects
H—Si(111) modified by the mixed-carboxyalkyl/alkyl mono- . o o "
. : . that underlying this kind of carboxylic acid-monolayers modified
layers (such a&¢C™M-4C™) is considered to be a more plausible o S .
. . . ' . switching surface, such as the steric hindrances and the electric
design of silicon surface based switches. The first reason is that .
double layers formed at the monolayers/water interface, are also

the surface pattern of mixed-carboxyalkyl/alkyl modified - - .
H-terminated silicon surfaces has been experimentally character.£lucidated to account for the dependence of switching capabili-

ized“0 Moreover, the short alkyl chains in the mixegicar- ties of surfaces on strengths of electric fields. Simultaneously,

boxyalkyl/alkyl monolayers may exert great protections on the our simulations indicate that it is possible to lower the value of
silicon surface in electrochemical environments. which ef- critical intensity of the electric field (or electric potential) in

fectively prevent contacts between water moIeCI’JIes and theSWitChing processes via aIter_ing_ components of coa_t i_ng elec-
electrode and thus stabling the system in electrochemicaltmlyte solutions. The lower ionic strength and additions of

environments. Taking the steric hindrances and the electrostatic"jlce_t_OnltrIIe mol_ecu_les in the surrounding aqueous solutlo_n_may
interactions into further considerations, the optimum mole facilitate the switching under external electric fields. In addition,

fraction ofN_(cray7coor: N-(crscra= 0.4~0.6 (correspond- the introduction (_)f fluorinated pa_rts of more stiffnes€F,—
ing to 70~90 A2 per carboxyalkyl chain) is suggested to CFk,— fragments into surfage chains makes the bend of surface
facilitate conformational switching of surface chains. molecules much more difficult.
To summarize, these simulations allow us to suggest an
optimum design of the switching surface. In general, to obtain
We theoretically demonstrate switching behaviors of a series the desired switching performance of the charged groups-
of carboxylic acid-terminated monolayers modifiee-5i(111) terminated monolayers modified surface, two most important
in the presence of external electric fields. It has been found in factors, the coverage of surface-confined molecules and the

4. Surface Patterns in Practical Considerations

Conclusions
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component of the coating electrolyte solution should be addition, the development of a polarizable force field to describe
considered. A proper coverage of surface-confined moleculesthe polarization of molecules in response to the external electric
may lower hindrances of steric effects and electrostatic interac- field is of urgent importance, which deserves our efforts toward
tions in the switching process. Our simulation results indicate this direction.

that the area per surface-confined molecu#0 A? is a basic

criterion that permits the constructions of switches. At present,  Acknowledgment. Authors thank two reviewers for their
an optimum surface pattern that+$i(111) modified by the  constructive and pertinent comments. This work is supported
mixedw-carboxyalkyl/alkyl monolayers (such &€™-4C™) in by China NSF (Nos. 20103004, 90303020, and 20420150034).
mole fraction ofN-(cr2)17coon: N-(cHz)scHz0f around 0.4-0.6

(corresponding to 7090 AZ per carboxyalkyl chain) is theoreti- Supporting Information Available: The parameter sets for
cally suggested. On the other hand, the coating solution thatihe ya model and simulation results of continuum dielectric
has low solvation effects for ions and in lower ionic strength 0 4a1s1cm-4Gim and1EM-4EM are available in the Supporting
may facilitate the switching. For example;&6% acetonitrile
composed agueous solution has been demonstrated to be abl
to trigger switches even the intensity of the electric field is lower
than the observedritical intensityof E,p = 1.8 x 10° V/m. In JA045506M
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