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Large-scale molecular dynamics simulations of self-assembled alkanethiol monolayer systems have
been carried out using an all-atom model involving a million atoms to investigate their structural
properties as a function of temperature, lattice spacing, and molecular chain length. Our simulations
show that the alkanethiol chains of 13-carbons tilt from the surface normal by a collective angle of
25° along next-nearest-neighbor direction at 300 K. The tilt structure of 13-carbon alkanethiol
system is found to depend strongly on temperature and exhibits hysteresis. At 350 K the 13-carbon
alkanethiol system transforms to a disordered phase characterized by small collective tilt angle,
flexible tilt direction, and random distribution of backbone planes. The tilt structure also depends on
lattice spacing: With increasing lattice spacimghe tilt angle increases rapidly from a nearly zero
value ata=4.7 A to as high as 34° a=5.3 A at 300 K for 13-carbon alkanethiol system. Finally,

the effects of the molecular chain length on the tilt structure are significant at high temperatures.
© 2004 American Institute of Physic§DOI: 10.1063/1.1775779

I. INTRODUCTION +0.05 A with one chain per unit céll’ and subsequent ex-
periments observed superlattice structures, superimposed on
Self-assembled monolayefSAMs) of functionalized  the triangular lattice, such as two-ch&ind four-chain unit
long-chain molecules on the surface of solid substrates haveell C(4x 2) reconstructiond-*? Ulman et al*® used graz-
been the subject of extensive theoretical and experimentahg angle Fourier transform infrared spectroscopy to com-
research due to their broad range of applications in me- pare monolayers on gold and silver surfaces, and the spectra
chanical (e.g., lubricatiof), chemical, electronic, and bio- from silver surface §=4.65+0.15A) suggests that the tilt
technological fields. Self-assembly of organic films are at-angle is much smallef~6°—79 than that on gold. This sug-
tractive in diverse fields due to the possibility of tuning their gests a strong dependence of tilt structure of SAMs on sub-
properties by selectively modifying specific functional strate.
groups(i.e., end groupswithout modifying the entire chain. SAMs exhibit rather complex structural and dynamical
For instance, by changing just the end group of alkanethiolbehaviors, which are not well understood. Although the mo-
based monolaydre.g., $CH,),,CHs] from CH; to OH, the lecular chains show collective tilt away from the surface nor-
property of the resulting chemical surface can be varied fronmal, the atomistic details of tilt structure are not known.
hydrophobic  to  hydrophilic.  Oligo-ethylene-glycol- Computer simulations can provide a theoretical basis for an-
terminated alkanethiol SAMs exhibit interesting protein ad-swering some of the questions as well as interpreting experi-
sorption propertiesand as such are useful for interfacing mental results. Molecular dynami¢sD) and Monte Carlo
biological materials with inorganic surfaces. For example, itmethods were previously used to simulate SAMs of al-
is possible to immobilize a single biomolecule or an array ofkanethiol molecules chemisorbed on gold subst¥tE Al-
biomolecules on the surface of SAMs for biosensor applicathough these studies have given significant insight into vari-
tions. ous properties of SAMs, the simulated system sizes are
SAMs can be formed by spontaneous adsorption of difrelatively small(<5000 atoms or 100 chaipsind many of
ferent types of molecules from solution onto a variety ofthese simulations are based on united-atom models, where
solid substrates, such as gold, silver, and hydroxylated siliCH, and CH; units are treated as single sites. In this paper,
con. Alkanethiols on A(L11) surface are most widely stud- we report a large-scale MD study of alkanethiol SAM with
ied mainly because gold does not have a stable oxide anslstem size up to a million atoms based on an all-atom
hence can be handled in ambient conditions. Infrared speenodel (hydrogen atoms are treated explicitiyWe study
troscopy studies have established that the alkanethiol chairstructural properties of the SAMs as a function of tempera-
tilt on average by 3810°*° Earlier experimental studies ture, lattice spacing, and molecular chain length. Most of the
showed that this system forms a well-ordered/3( results obtained in this paper are for 13-carbon length chain
X \/3)R30° triangular lattice with lattice constaat=4.97  system.
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The paper is organized as follows. In Sec. Il we describg’ABLE I. Force field parameters.
the force field used for simulations of alkanethiols along with—

: - X 2(A kS (kcal/mol/A2
a brief description of the MD algorithm used and the initial i i (kealfmol/A)
setup of the system. Section Il describes the results of the-C 153 617.8
simulations including the effect of temperature, lattice con-H-H 1.09 6552
stant, and molecular chain length. Section IV contains thejjk ) (rad) K (kcal/molirad)
conclusions of this study.
c-c-C 1.9373 107.6
C-C-H 1.9106 85.8
Il. METHODOLOGY H-C-H 18832 770
In MD simulations the physical system is.represe'nFed by ijki #% (rad) K. (kcalimolirad)
a set of N atoms. We follow the trajectory, i.e., positions,
ri=1,...N}, and velocities{v;=1,...N}, of all the atoms by ﬁggﬂ 8 ggg gg
numerically integrating the Newton’s equations of motion, ~.c.c.c 0 027792
d’r, - ij A (kcal/mol) Bj; (1/A) Cij (A® kcal/mol)
mi——=Fi, D
dt c-C 14 976.0 3.09 640.8
. . o H-H 2649.6 3.74 27.4
wherem; is the mass of atom and the force on atomis  c-H 4320.0 3.42 138.2
defined as S-S 79937.0 3.18 2002.0
. s-C 34599.7 3.13 1132.6
E__ V({ri}) o S* 14553.4 3.45 234.2
' ar kSF (kcal/mol)  kSF (kcal/mol/A®)  kSF (kcalimol/A®) — 2° (A)
The interatomic potential energy encodes interactions s 10.0 81289 359 0.269
among atoms and therefore is the essential ingredient of M 0.0 55 664 27.4 0.860
simulations.
A. Interatomic potential model
We use the interatomic potential model in w_hich t_hg con- v > E K2+ S k35 - k3
formational energy {) of a molecular system is split into surface 2 s Us _0\12 _ 03]’
. . : s Pa | (Zpg—2Zp) ™ (Zpg—Zp)
bonded, nonbonded, and surface interaction energies: 7
(7
V= Vponded" Vnonbonded Vsurface (3)  where the indess runs over sulfur atoms counts the num-
Here Vipongeq Fepresents the bonded interactions that arisé®r Of chains or moleculegj runs over sulfur and carbon
from bond-stretching, bending, and torsions: atoms on each molecule, adglis the distance of sulfur atom
1 1 from its original position orx-y plane. The first term con-
v = S i —1924+ > kP (e — a0)2 strains the motion of sulfu_r_atoms any surface whereas the
b°”ded_i§j: 2 ki (T i) %:‘ 2 Kk @i i) second term involves positions of sulfur and carbon atoms.
L The model parametefst®?used in our MD simulations are
+% Ekitjk|[1+0053¢ijk| — i) ], (4 9iveninTable .
i
where two atoms andj define a covalent bond of lengtf);  B. Multiple-time-scale molecular dynamics

three atoms, j, andk define bond angle;j , and four atoms In previous MD simulationd?~1® the nearest-neighbor

I, ], k andl define a dihedral anglé;; - A pair of atomsi  istances were fixed, based on an iterative procedure. Be-

andj are considered to be nonbonded if they belong to dif-5;se of the sequential nature of the iterative procedure, par-

ferent molecules or are separated by more than three bondgeyization of this approach is nontrivial and accordingly
in the same molecule. The resulting nonbonded mteractlonaOses difficulty in simulating large systems. To simulate
(i.e., long-range repulsions and van der Waals intera(jtionqarge organic macromolecular systems such as SAMs, we
are expressed as have developed a parallel MD algorithm that uses a divide-
and-conquer strategy based on spatial decomposition and dy-

Vnonbonded_’; [Ajj exp(—Bjjrij) —Cijri; °, (5 namic management of linked-cell lists and bonded-atom
. . _ lists?1?2 Our algorithm uses a penalty function based ap-
which are truncated at a cutoff radius f=9.0 A: proach[see the first term in Eq4)] coupled with multiple

time-scale(MTS) method to impose bond-length constraints.

V r=V ry—Vv r
nonbondefi’) = Vionbondefi) ~ Vnonbonefi < The bonded interactions vary much more rapidly than the

dVonbonde nonbonded interactions and the time step of integratidn,
—(r=re) T dr : ®)  needs to be chosen smaller than the smallest time scale. The
=le MTS method reduces the number of force computations sig-
Finally, the interactions of sulfur and carbon atoms with goldnificantly by separating the fagsmall time-scale modes
substrate(i.e., surface interactionsre modeletf by from the slow (large time-scale modes. We use an MTS
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FIG. 1. The scalabilty test result on a system of SAMs of size of 21.6
X 10° atoms on 1024 SP4 processors. FIG. 2. Schematic of the triangular latti¢iattice constanta) of the al-
kanethiol system ixy plane.

algorithm called rRESPA3?*which is reversible since it is
based on the symmetric Trotter expansion of the time evolu-

tion operator. The rRESPA algorithm is also symplectic, .8the backbone planes of all the chains are rotatedpby2°

the phase space volume is a loop invariant, which results 'With next-nearest-neighbor directigiparallel tox axis) to

long time stability of solutions. We use two different time break the s : : : .
. . ymmetry of the triangular lattice, which gives an
steps of 0.3 and 3.0 fs for the bondencluding surfacand initial tilt direction of ~2°. The conformation of each chain

nonbond_ed Interactions, respectively. By computing noNyg o ogen such that, the backbone plane of each chain is in an
bonded interactions less frequently than bonded mteractlon(squ_trans structure

the performance of the code has been sped up by a factor o All the atoms are given random initial velocities, accord-

4 Th(.:" Newton's quat'ops .Of motion are integrated using th(lang to the Maxwell-Boltzmann distribution, corresponding to
velocity Verlet algorithrfi* within the rRESPA scheme: temperature off =300 K. We thermalize the system for 150

. _ . 1 Ei(t) ps during which the molecular chains increasingly tilt away
Ht+HAD=ri(O+vi(OAt+ 5| ——— At? from the surface normal towards one of the next-nearest-

! neighbor directions and the tilt structure finally reaches a

+0O(At])  (i=1,...N), (8) steady statéFig. 4). The statistical averages of potential en-
R - ergies and structural parameters are calculated, after the ther-
Ji(t+At)+Ji(t)+% Fi(HAr;)JFFi(t))At malization stages, over the next 50 ps.
i
+0(At%)  (i=1,...N). 9

We have recently performed scalabilty tests of our parallel
MD algorithn?® on an IBM SP4 computer and achieved 90%
of the perfect speedup on 1024 processeee Fig. 1L

C. Initial setup

The system of self-assembled monolayers consists of a
triangular lattice of sulfur atoms, bonded to a substrate,
which are the head group atoms ofC$l,),CH; chains,
wheren is varied from 7 to 25(Most of the results in the
following sections are fon=13.) The lattice spacing of
the triangular lattice is also varied from 4.7 to 5.3 A. To
study the size effect in our MD simulations, we consider two
lateral system sizes, one comprising ofx28=2288 chains
and the other comprising of 8044=23 040 chains. Tha&
and y dimensions of the MD box corresponding to these

systems are 225.X220 and 692.82720 A, respectively ;

(see Fig. 2. Periodic boundary conditions are applied in the

surface plane. In order to remove interactions between peri- y

odic images ire direction, a vacuum spadénger thanr )

is inserted above the free surface of the SAM. FIG. 3. Schematic representation of a tilted alkanethiol moleauis:the

; ; i ; : tilt angle of the molecule away from the surface normais the precession
A tilted alkanethiol chain is characterized by tilt angle angle about the surface normal that represents the tilt directionpésthe

(9)’ twist angle(¢>),_an(_:l tilt direction(x), see Fig. _3- AN twist (rotation about the molecular axiangle that defines the orientation of
initial angle of 6~2° is given to all the molecular chains, and the chain backbone plane relative to the tilt direction.
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I1l. RESULTS AND DISCUSSION :.g 203_ R
A. Effect of temperature §
We have studied the effect of temperature on the struc- E 10:‘ 2
ture of the alkanethiol system with chain lengthk 13, lat- r ]
tice constanta=5 A, and the number of atoms is 100672 OM ]
(2288 chaing Starting from the initially thermalized system 0 160 2(')0 360 460 560'
(in which the temperature saturated to a value of 150vke Temperature (K)

successively scale the atom velocities to vary the system

temperature from 150 to 500 K in steps of 50 K. For each 5(FIG. 5. (8 Temperature variation of the collective tilt angle: The simulation
. results from heating run and cooling run are shown by circles and diamonds,

K step, ,the temperature Is mcrgas_ed over 30 ps, the,syStemr%sspectively, for the systems of a hundred thous@mén symbolsand a

thermalized for 50 ps, and statistical averages obtained ovefijion atoms (solid symbol$ for n=13. (b) Temperature variation of tilt

another 50 ps. To study possible hysterisis, the temperature @gection: The simulation results from heating run and cooling run are

decreased from 500 to 200 K. We also obtaia €hK system  shown by circles and diamonds, respectively.

by gradually decreasing the temperature from the initially

thermalized system.

As shown in Fig. %), with increasing temperature, the twist angle distribution has two major peakis., the mo-

average tilt anglé6) of the chains initially decreases slowly !ecular backbone pLane:s have two well-defined orientations
and then rapidly until it saturates at a low value for tempera!Vith twist angles at=50° with respect to tilt directionand

tures higher than 350 K. At 300 K the calculated tilt angle™W© minor peaks at=130°. This is consistent with the ex-

: o _ 27 H
(25°) agrees fairly well with experimental tilt angle of 30 Perimental result of 46° at 160 K and for=18"" With
+10° (Refs. 8 and 12 and 33.7-0.8° (Refs. 9 and 1P increasing temperature, the minor peaks grow to some extent

which was measured for= 12 using grazing incidence x-ray but the majpr pelzak's diminish substantially. "I'he. rgsulting uni-
diffraction. The tilt direction is along the next-nearest- form four-_5|te d|str|b_ut|on pattern at 300 K is similar to 'Fhat
neighbor (NNN) direction (y~0) below 300 K and at tem- observed in crystallin@-alkane syste_m%?. Thes_e p_eak_s dl_s- _
peratures above 300 K, it shifts away from the NNN direc-appear above 400 K, and the resulting flat dlanbunpn mdl—_
tion by about 15{see Fig. 8)]. However, the system does cgtes that. the system eyolveg frqm a phase in which indi-
not show any clear precession about the surface normal evéffiual chains are locked in their orientation to a phase where
at very high temperatures. This is in contrast to previous MCFNains are free to rotate about their molecular axes.

studies based on united atom motfet® in which the tilt
direction was no longer locked a>300K. The tilt angle —————
and tilt direction obtained in our studies is similar to the 3 L P 3
values obtained in Ref. 18 where united atom model was E i i n=13 7
employed. Figure &) also shows the results of million atom f T=100K ]
MD simulations, which are nearly identical to hundred thou- 3 \ : E
sand atom system, showing negligible effect of system size. e i
Figure 5a) also shows the presence of a hysterisis between
250 and 350 K. The temperature range over which the order
is lost is small compared to the previous simulatférend -
experiment£® The possible reasons are the use of explicit E AT T AR
hydrogen model, surface potential model used in the simula- -180 90 0 90 180
tions. Twist Angle ¢(°)

The twist angle(¢) distribution is found to change dra- riG. 6. calculated twist angle distribution plotted as a function of twist
matically with temperaturéFig. 6). At low temperatures, the angle atT=100, 300, and 450 K fon=13.

| T 300K

Twist angle distribution

" £

N
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Figure 7 shows the radial distribution function @t kx 10 5 1
=100, 300, and 450 K. The first three peaks correspond to y
C-H, C-C, and S-C bond lengths, respectively, whereas theig. g calculated structure factors @ only odd carbons in a chain are
remaining peaks represent the distances beyond the nearestsideredb) all the atoms in the chain, including sulfur, are considered.
neighbors. With increasing temperature, the positions of the
peaks lying withih 3 A remain essentially unchanged but the ) i .
peaks around 4 ah5 A almost disappear at 450 K. This In Fig. 9, we sh'ow the change in thg struc.ture faptorwﬂh
implies the absence of long-range order at high temperaturel]€ temperature. Figure® showsS(k) with uniform filt, at

which is consistent with the loss of rotational order as seen if€mperature of 0 K, whereas Figgbpand 9c), showS(k)
Fig. 6. at 200 and 400 K, respectively. The peak intensity is a func-

tion of both temperature and tilt angle of chains. In case of
200 K, the peak intensity decreases from zero-temperature
value because of the disorder due to temperature. But in the
case of 400 K, the heights of all the six peaks are almost the
same, because of loss of any directionality of the pldees
1 5 Fig. 6 for the loss of order in twist angle distributior450
S(k)= ﬁ<|P(k)| ) (10 K). The peak heights also increase because of the untilting of
the chains.
wherep(k) is the fourier transform of the local particle den- The line density profile of backbone atoms normal to the
sity, surface gives a measure of the positional order and the cal-
N N culated profiles aT =100, 300, 450 K are shown in Fig. 10.

_ Cilear1— . . . The presence of a doublet pattern in the density plot at 100 K
”(k)_; exil ik rl]_izl X~ (ki ky iy )] is an indication of all-trans structure in the backbone plane
(11 (the C-C bond takes an alternative sequence of two orienta-

tions, nearly parallel and normal, with respect to the surface
norma). As temperature increases, the doublet pattern be-
omes less pronounced, partly due to increased reorienta-
h | latti hich is th derlving lattice i onal motion of the backbone planes about the molecular
Zlk:r)l(:%ci)glz ?—Etcl)(\:/\?é\\//érlcthles tin(teelrjr?alers}[/rlﬂgtu?glc? én Cal’:engaxes and partly due to decreased tilt angle. Above 300 K, the
formed b the CH unit’s modulates the peaks ,as. s.r;oi\jvn in?)eaks are uniformly spaced and the profiles extend along the
y P z direction as a result of the untilting. The peaks become

Fig. 8@' In F|g. 8a) we consider only odc_j numbered car- broader, indicating a lower degree of positional order of the
bons in all chains, so as to get a nearly linear set of atomBackbone atoms at high temperatures

along the surface norméulfur atoms are not includedwe
see that in this case, all the six peaks are of equal intensitieg, Effect of lattice constant

as expected. This is in contrast to Figbg in which all the '

atoms in a chain are considered and the planes are parallel to To study the effect of lattice spaciraon the tilt struc-

x axis. The shortening of the peakskag= 0, suggest that the ture, we have also performed MD simulations for two addi-
destructive interference due to the plane, reduces the heigtibnal lattice spacings of 4.7 and 5.3 A. Figure 11 shows the
of peaks. There is an overall increase in the intensity of theverage tilt angle as a function of lattice spacing Ter 0,

all the peaks(heigh) because of the increased number of200, and 300 K. The chains do not show any significant tilt
atoms included and also the inclusion of sulfur atoms, whichwhen the nearest-neighbor spacing is less than 5 A. With
contribute heavily to the peaks. increased lattice spacing, the collective tilt angle rapidly in-

Structural information inX-Y plane can be probed ex-
perimentally using x-ray diffractici and surface x-ray scat-
tering studies® The quantity that is measured experimen-
tally in these studies is the structure factor,

and k= (k,,ky,0) represents a two-dimensional scattering
vector.
Six peaks of equal intensity are expected in case of juss
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FIG. 11. The collective tilt angle as a function of lattice spacing. The simu-
lation results are shown by diamonds at 0 K, squares at 200 K, and open
circles at 300 K. The room temperature experimental data for Langmuir
(air/watey monolayer are shown by solid circles. The solid line sha\ys,

[see Eq.(8)]. Shown in the inset is the vdw energy as a function of inter
chain separation where,,=4.7 A.

The effect of lattice spacing on the tilt angle may be
understood as follows. As shown in the inset of Fig. 11, the
van der Waals interactions as a function of interchain sepa-
ration has a minimum &ai,,,=4.7 A. For SAMs with lattice
spacinga, the van der Waals energy can be minimized by
tilting the chains by

3
Oyaw=C0S * \[ ——————, (12
4(a/amin) -1

so that the interchain separation beconags,. The 6,4,
plotted in Fig. 11 qualitatively explains the calculated lattice

FIG. 9. Calculated structure factors for tilted chains@tT=0K (b) T space dependence of the tilt angle.
=200K (c) T=400K.

. . . . C. Effect of molecular chain length
creases, consistent with previous simulatifSnsand

experiment$8 Figure 11 shows that the effect of temperature ~ MD simulations are performed for alkanethiol SAMs of
is small fora=4.7 A but is significant fom=5 A. Our re-  different chain lengths between 7 and 25. Figure 12 shows
sults also show that the tilt direction and twist angle distri-the tilt angle as a function af for T= 50, 200, and 300 K. At
bution are insensitive to the lattice spacing. low temperatures, the effect of chain length on tilt angle is
negligible. However, at higher temperatures, the tilt angle is
an increasing function oh, and the effect is most pro-

2_ ; 35 rrrrT 1T T T T T
[ E [ T= 505 - o
zf L 5 S :
£ ] z0[ T=200K h
c T = 300K ] e r ‘ 1
aE E > [ ]
E E % 25 [ T =300 ]
: T= 4;50K 3 s [
g L t MY e 3 - 20 ' ’
0 5 10 15 20
Z(A) s
. . 5 10 15 20 25
FIG. 10. Calculated density profiles along the surface normall fed 00, Number of alkanes
300, and 450 K fom=13. The curves foilf =100 and 300 K are shifted
vertically for clarity. FIG. 12. Tilt angle as a function of chain length b+ 50, 200, and 300 K.
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VDW energy/atom (Kcal/mol)
Torsion angle distribution

5 10 15 20 25 et esnes T T e
Number of alkanes -150 -100 -50 0 50 100
Torsion angle ¢ (°)

i b
150
FIG. 13. The van der Waals energy/atom as a function of chain length for
T=50, 200, and 300 K.

nounced at 300 K. The tilt angle varies with length more for
shorter chains {<15) than it does for longer chains (
=15).

The above results may be understood as follows. The tilt
angle is determined by a competition between potential-
energy and entropy contributions to the free energy. The po-
tential energy contribution favors the tilting as discussed pre- S i
viously, see EQ.(12), whereas the entropy contribution 150 -100 -50 0 50 100 150
favors =0 due to larger available volume for conforma- Torsion angle ¢ (°)
tional changes. The potential energy contribution consists of
van der Waals and surface energy terms. Since the surfa&é®: 14. (@ Torsion angle distribution fon=7 for T=200, 300, and 400

L . - . K. (b) Torsion angle distribution fon= 23 for T=200, 300, and 400 K. The
potentlall In thEZ axis[second term in Eq4)] is S_hort ranged . gauche defects are marked y andg™ and trans configuration by
(5 A which is much less than the shortest simulated chain
length of 13 A forn=7), its contribution to the energy is
almost independent of chain length. On the other hand, the
magnitude of van der Waals potential energy increases, more
negative, as a function of chain length, as shown in Fig. 13.
For shorter chains, the surface term dominates the potential
energy. However because of the short range nature of the
surface term, atoms far from the surface are free to move and
hence the entropic contributions are more important at high
temperatures. This explains the large variation of tilt angle
with temperature for shorter chains as seen in Fig. 12.

We have also observed significant effects of chain length
on the existence of gauche defects, i.e., there are more
gauche defects in shorter chains than in longer chains. This is
seen in Fig. 14, which shows torsion angle distribution of
C-C-C-C atT=200, 300, 400 K in the shortest chain length
[n=7, Fig. 14a)] and in the longest chain lengfm= 23,

Fig. 14b)]. Gauche defectsg( andg™), which can be seen
as peaks att120°, start appearing at 300 K m=7 case,
while significant gauche peaks are seen only at 400 K for
n=23.

We have calculated the chain length dependence of the
twist angle distribution. The twist angle distributions for the
chain lengths oh=7 and 23 forT=0, 200 and 300 K are
plotted in Fig. 15. At 300 K, fon=7 [Fig. 15a)], the twist
angle distribution becomes uniforechains are free to ro-
tate), whereas some structure remainsrier 23 [Fig. 15b)].

The peak positions are also different foe=7 and 23, even FETT TN I DI P TP T
at 0 K. We find that for the shorter chalirig. 15a)], the -150 -100 -50 0 50 100 150
system at 0 K is essentially defect free, with only one peak Twist angle ¢ (°)

~—50°, but for the case of longer chdiRig. 15b)], some i, 15, (a) Twist angle distribution fon=7 for T=0, 200, and 300 K(b)
twist defects appear even at O(Kmall peak~125°). Twist angle distribution fon=23 for T=0, 200, and 300 K.

Torsion angle distribution

Twist angle distribution

PP PSP AP RTINS AATATINE APATEP I
-150 -100 -50 0 50 100
Twist angle ¢ (°)

]
150

Twist angle distribution
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