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Effects of electric field on the structure of p@hylene glycol (PEQ terminated alkanethiol
self-assembled monolayé8AM) on gold have been studied using parallel molecular dynamics
method. An applied electric field triggers a conformational transition frontrafis to a mostly
gaucheconformation. The polarity of the electric field has a significant effect on the surface
structure of PEG leading to a profound effect on the hydrophilicity of the surface. The electric field
applied antiparallel to the surface normal causes a reversible transition to an ordered state in which
the oxygen atoms are exposed. On the other hand, an electric field applied in a direction parallel to
the surface normal introduces considerable disorder in the system and the oxygen atoms are buried
inside. The parallel field affects the overall tilt structure of SAMs more adversely than the
antiparallel field. ©2004 American Institute of Physic§DOI: 10.1063/1.1781120

I. INTRODUCTION Il. METHODOLOGY

Protein resistant surfaces play a significant role in bio- A. Interatomic potential model
technology to stabilize cefts® and to prevent the degenera- In MD simulations the physical system is represented by
tion of the bulk properties of materials upon protein a set ofN atoms. We follow the trajectory, i.e., positions and
adsorptiorﬁ Recently polyethylene glycol (PEG termi- velocities of all the atoms by numerically integrating the
nated self-assembled monolayefSAM) have attracted Newton's equations of motion.

much attention because of their successful ability to resist We use the interatomic potential model in which the con-
protein adsorption-® This surface property is attributed to a formational energy ) of a molecular system is split into
large extent to its unique structure, i.e., helical nateed bonded, nonbonded, surface interaction, and external electric
number of exposed oxygen atoms. The surface structure arig!d terms:

consequently the surface properties are highly sensitive to

externil pargmeters such az tepmperaﬁwlectri% fi)(;lds7 and V=Vhonded'™ Vnonbonded Vsurface’™ Vetecric- @)

types of solverif and substraté! ere Vpongeq Fepresents the bonded interactions that arise
Among these parameters, externally applied electric flelqrorn bond stretching, bending, and torsions:
is technologically most important due to its control over sur-

face properties. Lahann and co-workers have recently dem-

onstrated reversible switching of hydrophilicity in SAMs by bonded‘z k”(r,J -ri) +E ki (@i — afj)®
the application of an electric fieldTo optimize surface prop-

erties, it is important to atomistically understand the depen- 1., 0

dence of surface structures on applied electric field. Unfor- +2> 7 Kija[ 1+ €08 T gijia — @ijia) ], 2

tunately the effect of electric fields on the structure of SAMs
at the atomic level is not well known. Atomistic simulations where two atoms andj define a covalent bond of lengtf) ;
based on molecular dynami¢sID) technique are expected three atoms, j, andk define bond angle;;, , and four atoms
to provide some insight into the behavior of the system. i, j, k, andl define a dihedral angle;;,, . A pair of atomsi

In this paper, we study the effect of external electricandj are considered to be nonbonded if they belong to dif-
fields on the atomistic structure of PEG terminated SAMsferent molecules or are separated by more than three bonds
using molecular dynamics simulations on parallel computersin the same molecule. The resulting nonbonded interactions
The paper is organized as follows. In Sec. Il we describe théi.e., long-range repulsions and van der Waals interactions
force field used for simulations of PEG terminated SAMs,are expressed as
initial setup of the system, and the schedule of the simula-
tion. Section Il describes the results of the simulations in-
cluding the effect of electric field on thgaucheconforma- Vionbonaed™ Vaaw™ Veouont= 24 [Ay X =By )
tions in PEG, the number of oxygen atoms exposed on the

surface, and on the tilt structure of the system. Section IV —C--r-‘-6]+ diq; 3)
. . . I

contains the conclusions of this study. 1 rij
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FIG. 1. Effect of electric field on thgaucheconformation about CC bond ~ FIG. 3. Calculated density profiles along the surface normaefonegative
in PEG (a) for negative field strengths ar() for positive field strengths.  field and(b) positive field are shown.

The van der Waals potential is smoothly truncated at a cutoff , ) , o
radius ofr .=9.0 A: whereq; is the charge of théh atom,E, is the electric field

strength applied in the direction, andz; is the projection of
the position vector on the axis.
The model parameters used in our MD simulations are

dVvdw
Viaw(r) =Vyaulr) = Vigwl(re) = (r—re) dr. ° (4)

The Coulomb potential is calculated by the Ewald method 9" " the Refs. 12, 15, and 16.
The charges on the PEG atoms are taken from Ref(Tkz  B. Initial setup and simulation schedule
system considered in the Ref. 12 is of the form
H—CH,—(0O—CH,—CH,),,—0—CH;, whereas the
PEG terminated alkanethiol system has the form
S—(CH,),,_ ,H,C—CH,—(0O—CH,—CH,) ;,—0O—CHs.
The atoms in bold are assigned the same charge.

The interactions of sulfur and carbon atoms with gold
substrate(i.e., surface interactionsre modelet¥* by

MD simulations were carried out in NVE ensemble us-
ing multiple time step methot, with the time step in the
inner most loop to be 0.3 fs. The nonbonded computation is
done every 3 fs. The PEG terminated SAM system consists
of 1500 chains, each with chemical composition of
S—(CH,) 13—(0—CH,—CH,)3—0—CHs, on gold sur-
face. To start the simulation, the chains are made in an all-

1 KSF KSF trans configuration, tilted initially by about 15° from the nor-
VSurfacezz Engdisz 120 o 3 03l mal to the surface, and a temperature of 1 K is given to all
s Pa L(Zpq=2Zp) ™" (Zpq—2Zp) the atoms to break the sixfold symmetry. After a thermaliza-

(5 tion run of 90 ps(300 000 MD steps the system attained a
where the indes runs over sulfur atomg counts the num- temperature of~50 K. The system’s temperature is then
ber of chains or molecules) runs over sulfur and carbon raised to 200 K in steps of 25 K, over 200 ps. At 200 K, the
atoms on each molecule, adglis the distance of sulfur atom System has a collective tilt angle 6134° which is similar to
from its original position on thec-y plane. The first term that of methyl-terminated SAME. It has been shown in pre-
constrains the motion of sulfur atoms on tkey surface Vious experiments that the end groups have little effect on
whereas the second term involves theositions of sulfur the tilt structure of film ofn-alkyl thiol monolayers on gold.

and carbon atoms. The system is characterized at this temperature and a series

The external electric field is modeled by of electric fields with varying strengths are applied in the

direction. Henceforth, the field applied parallel and antipar-

Veteetric=GiE2Zi , (6) allel to thez axis will be referred to as negative and positive

fields, respectively. The strength of the electric fields varies
100 from +2 to —2 V/A, in steps of 0.5 V/A. For each value of

v . ' ' the electric field, the system is thermalized over 120 ps. If

" " N,ﬁ:"-":— the final temperatures after thermalization run are higher than

©
&
1

\

200 K, the temperature is decreased to 200 K over a 60 ps
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FIG. 2. Time evolution of thd@rans and gauchebonds for OCCO torsion  FIG. 4. Effect of electric field on tilt structure fdgm) positive field andb)
with the application of+2 V. negative field are shown.
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FIG. 5. (Colon 2D structure factors for PEG-terminated SAMa). Field=0, (b) field=2, (c) field=—2 V/A.

run. To study the reverse transition, the systems with  more pronounced than tigauchepeak~3 A. With the ap-
V/A electric fields, the field is switched off and the system isplication of electric field, there is a dramatic change in the

thermalized over 90 ps. ratio of gaucheto trans peaks. The intensity of thgauche
peaks increases while the intensity of ttians peaks de-

Ill. RESULTS AND DISCUSSION creases with the magnitude of the field applied. For the field

A. Electric field effect on gauche conformations st.rengths of=2 V/A, the trans peaks almost d.isappésiee

in PEG Figs. 1@ and Xb)]. The allgaucheconformation at high

electric fields corresponds to a complete helical structure in

We calculate oxygen-oxygen partial radial distribution peG. Thus the electric field causes a transition from a mixed
(9o-0) function in PEG to study theansto-gauchetransi-  transhelical state to a complete helical state.
tion in the presence of an applied electric field. In the ab-  The power of MD is to be able to predict quantitatively
sence of fieldgo.o has two significant peaks corresponding the change in the number tfains andgauchebonds. In Fig.
to gauche(~3 A) andtrans (~3.8 A) conformations about 2 e show the change in percentagegaficheand trans
C—C bond (O—C—C—0) (see dashed curve in Fig).1 ponds with the application of 2 V to OCCO torsion. Before
With no field applied, only the terminal oxygen atom is in the application of electric field, the percentagetrains con-

gaucheconformation, with most of the PEG in nearly all- figyration for the OCCO is 66.5%. With the application of
trans configuration. Accordingly, therans peak at~3.8 A is

200 (@) Fletd = OV/A

1.0
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FIG. 6. 2D surface plots of the tilt direction of all the chains(@ E,=0, FIG. 7. Surface layel A below the highest for (a) field=0.5, (b) field=1,
(b) E,=+2 VIA, (c) 2D surface plot of polarity of chains i¥ direction. (c) field=1.5, (d) field=2 V/A.
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Field = 0V/A

FIG. 8. (Color) The atomic configuration color coded by charges: oxyged), hydrogen(white), methyl terminal carbofyellow) and carbon in PEGgreen
in top 6 A layer of the system(a) E,=0, (b) E,= +2, (c) E,=—2 VIA.

electric field, within 30 ps, thdrans configuration almost which can be seen by the complete disappearance of doublet
disappears and the gauche bonds reach almost 100%, whiplattern in the case of negative electric fields.
is also demonstrated in Fig. 1.

We also study the effect of an electric field on the entire
chain(both alkanethiol and PEGusing the line density pro-
file of backbone atoms normal to the surface. The calculated The tilt structure in SAMs is characterized by two
profiles at negative and positive fields are shown in Fig®. 3 angles, viz., the tilt angle, which is the angle made by the
and 3b), respectively. The presence of a doublet pattern irbackbone plane of the chain with respect to the surface nor-
the density plot atE,=0 is an indication of an allrans  mal, and the tilt direction, which is the rotation angle about
configuration(the G—C bond takes an alternate sequence ofsurface normal with respect to theaxis. With the electric
two orientations, nearly parallel and normal, with respect tdield, the tilt angle is affected significantly and the deviation
the surface normalin the alkanethiol part of the chain. As from the initial uniform tilt angle increases with the increase
field strength increases, the doublet pattern becomes less piio- the magnitude of the field strengfsee Figs. &) and
nounced indicating appearancegafuchedefects even in the 4(b)]. The temperature of the system also increases with the
alkanethiol part of the chain. The negative fields affect moreapplication of electric fields because more energy is put into
adversely the alkanethiol structure than the positive fieldsthe system. For negative electric fields, the increase in tem-

B. The effect of electric field on the tilt structure
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FIG. 9. (Color) The top 6 A layer of the systeli@) before the application of positive electric fiel#h) after the application of positive electric field) shows
the same layer after the removal of electric field.

perature is higher than for positive fields, because of the Structural information in theX-Y plane can be probed
increased disorder set in the system with negative fields. Thexperimentally using x-ray diffractiéh and surface x-ray
negative field affects the tilt structure more adversely tharscattering studie%- To elucidate the structure of the system
the positive electric field at high field strengths, which can beunder an electric field, we have computed the structure factor
seem from Figs. @) and 4b). In both cases of-2 V/A, the  S(k),

tilt angle initially decreases, but in the case of a negative

electric field, the system does not recover from the initial 1

loss of order in the systerfsee Fig. 4b)], whereas in the S(k) = N<|P(k)|2>- (7
case of a positive electric field;y75% of the tilt angle is

recoveredsee Fig. 4a)]. This is because the negative field wherep(k) is the Fourier transform of the local particle den-
tends to pull the oxygen atom towards the substrate, thu ity
introducing disorder in the alkanethiol part of the chain,™ ™’

which Adestroys the order. The spacing between the chains N N

(~4.8 A) is not sufficient for the chain to bend completely as _ e l— Y _

was observed in the Ref. 7, where the spacing was3 A or P(k)*; ex —iker] ;1 X~ (ki Ky iy ]
greater. (8)
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323(';_ (ky,ky,0) represents a two-dimensional scattering :Z R E T i T_mf(a)
Figure 5 shows the effect of an electric field on the struc- T 72K i
ture factor of the PEG terminated SAMs. Negative electric ° % |
fields affect the structure factpsee Fig. &c)] more than the 225 ; E
positive fields[see Fig. B)]. The disorder is also more in £ 29 i i
the case of negative electric fields and the peak heights are = i i
increased because of decrease in the tilt angles of the chains i Blectric fleld | Temperature |
- ! scaled to 200K !
[see Fig. 40)]. 10 4 : | 1
We also studied the effect of an electric field on the tilt 5 N R T
direction of chains. Figures(& and Gb) show the two- 0 50 100 T‘if’ne(psz)m 250 300
dimensional(2D) surface plots of tilt direction of all the
chains. FoiE,=0, Fig. §a) shows the uniform tilt direction 20 . :
distribution ~10°. For positive polarity, we observed an al- a5 F 2K Field = -2V/A i ®)
ternating “stripe” pattern in the tilt direction of the system ;
[see Fig. @b)]. We find a correlation between the observed 30 |
pattern in tilt direction and in-plane polarization of the 225 T=309K |
chains. Figure &) shows the polarization of chains S2 1
direction, which has a similar pattern as that of tilt direction F 15 /:
plOt in Flg ab) 10 Temperature i
scaled to 200K !
° ) i | i -
C. Effect of the electric field on the position N T R Ty TR
of the top most oxygen atoms Time(ps)

With the application of a positive electric field more FIG. 10. Plot of the time evolution of tilt angle fae) E,=+2 and (b)
oxygen atoms are exposed near the top of the surface. Thig=—2 V/A
can be seen in Fig. 7, which shows the number of exposed
oxygen atoms(white) for different strengths ofE,. The
thickness of the surface layers shown in Fig. 7 is the top 1 Athe temperature of the system increased when an electric
We see very clearly from Fig. 7 that with the increase of thefield is applied as well as when the field is removed.
field strength, more and more oxygen atoms come to the top The increase in temperature, however, is more pro-
of the layer. This enhanced exposure of oxygen atoms at theounced in the case of negative fields. We decreased the
surface will increase the hydrophilicity of the surface. system temperature after the removal of field to the original

The exposure of oxygen atoms with positive electrictemperature in order to compare the systems. It is found that
field is also seen in Fig. 8, which shows atomic configura-the system to which positive electric field is applied recovers
tions of the top layer of thickness 6 A of the PEG wHen  90% of the tilt angle, whereas the system with negative elec-
=0 and=2 V/A, where atoms are color coded by the charge tric field could recover only 74% of the tilt angle.
Hydrogen and oxygen atoms are represented by white and The trans to gauchetransition induced by the electric
red colors, respectively. Figurés} shows the film with hy- field is reversible with the removal of the electric field,
drogen atomgwhite) exposed and Fig.(B) shows the film  which can be seen in Fig. 11. In Fig. 11, we compare the
with positive electric field where the oxygen atoined) are  partial radial distribution of oxygen-oxygen in PEG before
exposed. Figure(8) shows that with the application of nega- and after the application of the electric field Bt=200 K.
tive electric fields, some chains are depressed leaving behinthe trans peak, which completely disappears with the appli-
“holes” in the top layer of PEG systelfsee Fig. &)].

T =200K

Field OFF
Field = 2V/A

1)

D. Reversible structural transition under an electric
field

We also studied whether the electric field induced struc-
tural transition is reversible. In Fig. 9, the atomic configura-
tion of top 6 A layer of the system is shown before the
application, after application, and after removal of the posi-
tive electric field. The reversible effect can be seen in Fig.
9(c), where after the removal of electric field, the top layers
have more hydrogen than oxygen.

The dynamics of the tilt structure during the application 0 )
and removal of electric fields can be seen in Fig. 10 which
shows the tilt angle as a function of time fB,=+2V/A g 11, Reversible transition d@fans-gaucheconformations with and re-
[Fig. 10@)] andE,= —2 V/A [Fig. 1b)]. In both the cases moval of electric field.

0

Radial distribution g
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