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We present the results of molecular dynamics simulations of monolayers of long-chain alkyl thiol [S(CH2}sCH;] mole-
cules on an air-solid interface using the extended collapsed atom model for the chain-molecule and a gold surface
for the solid surface. Several molecular dynamics simulations have been performed on monolayers with areas per
molecule ranging from 18.30 to 32.10 A%/molecule. It is found that there exist three possible transitions: a continuous
transition characterized by a change in molecular configuration without change in lattice structure, a sudden transition
characterized by the distinct lattice defects and perfect islands, and a third transition characterized by the appearance
of a random, liquid-like state. The analysis of probability distributions of the segments shows that the structure of
the chain-molecules at the air-sotid interface is completely different from that at the air-water interface in the view
of the degree of overlap of the probability distributions of the neighbor segments. The calculated diffusion coefficients
of the chain-molecules on the monolayers seem to be not directly related to any one of the three transitions. However,
the large diffusion of the molecules enhanced by the increment of the area per molecule may induce the second

transition.

Introduction

Self-assembled monolayers of long-chain molecules in a
variety of interfaces have been a popular subject of study
over the years experimentally and theoretically. The prepa-
ration and structural characterization of supported monolayer
assemblies of oriented chain-molecules has broad potential
applications. Examples involve lubrication,' electrochemistry,*®
electronic and vibrational spectroscopy,*® photochemical mecha-
nisms,*® electrical conduction,*” catalysis?® and biological memb-
ranes? There is also an interesting but rather complex body
of investigations of films that have been deposited on solid
supporting surfaces.

Computer simulation methods are useful to investigate com-
plex physical systems, to test theoretical models, and to com-
pare experimental results. Molecular dynamics simulations are
especially suitable for the study of dynamic properties such
as time-correlation functions. There have been many attempts
to use molecular dynamics (MD), Monte Carlo (MC), and Bro-
wnian dynamics (BD) methods to investigate the structure of
Langmuir monolayers over the last few years. These have re-
sulted in a growing understanding of structure and dynamics
of real, complex systems such as Langmuir monolayers and
multilayers, 2  biological membranes** surface adsorbed
chain-molecules™® and molecular/liquid crystals of chain-mole-
cules."'m

Experiments showed that long-chain alkyl thiols form films
that are thermally more stable than films formed from short-
chain alkyl thiols, and that monolayers of alkyl thiol molecules
on gold appear to be stable indefinitely at room temperature
but their constituents desorb when heated.”® To try to under-
stand these experimental results, Hautman and Klein reported
molecular dynamics simulations for the system of alkyl thiol
molecules [S{CH1:CHs] on a gold surface.? Firstly they cal-
culated the structure and dynamics for two different models

at a fixed surface density and room temperature. The principal
difference between the two models is the initial orientation
of the first S-C bond: in one the orientation of the first bond
with respect to the surface normal is unrestricted, while the
other leaves the angle, 0,, between the S-C bond and the sur-
face normal, subject to a harmonic bending potential. The re-
sults calculated by them showed that the thickness of monolay-
ers is not largely dependent on the tilt angle, but there are
striking differences in the chain rotational dynamics of the two
models. In their system, the S-C and C-C hond lengths and
the S-C-C and C-C-C bond angles are kept constant without
considering bond stretching and bond angle bending interac-
tions. Secondly they studied the effect of temperature on a
dense monolayer of [S(CH))sCH;]. It revealed that the orien-
tation of the chain-molecules is entirely dependent on the tem-
perature of the system. Also nonequilibrium molecular dyna-
mics techniques were used to investigate the transition from
the disordered state to the orientationally ordered state.

" In this paper, we investigate the structures and thermodyna-
mics of monolayers of long-chain alkyl thiol molecules on an
air-solid interface as a function of area per molecule, using
molecular dynamics simulation method, especially, to study the
phase transition in the monolayer, the fraction of #rans forma-
tion, the thickness of the monolayer, monolayer tilting, lattice
defects, and diffusion of the chain molecules. Also additional
studies of how the area per molecule of chain-molecules in
the surface affects the characterization of Langmuir monolayer
is carried out. The solid surface is modeled by the gold surface
as.in the studies of Klein et al.®*' Bareman and Klein already
carried out molecular dynamics calculations to investigate the
collective molecular tilt as a function of area per molecule at
room temperature in substrate-supported monolayers of long-
chain molecules at the air-solid interface.? The results obtained
in their work showed that the collective tilt angle was increased
continuously as the area per molecule was increased without
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any significant effect on the phase transition. However, the
range of areas per molecule studied by them (18-24 A%/mole-
cule% is smaller than the range studied by Toxvaerd ef ol (18
32 A¥/molecule)®#

The monolayer tilt has been a subject of great controversy
over the last few vears, and the role played by the tilt angle
in the phase transition is still unknown. More recently, Tox-

vaerd ¢! al. performed molecular dynamics simulations on La- .

ngmuir monolayers of linear chain surfactants at the air-water
interface, using two different configurations of the solid phase-
a rectangular unit cell monolayer and a hexagonal unit cell
monolayer??* They found two transitions in the monolayer
as a function of area per molecule-a continuous transition cha-
racterized by a change in chain conformation and a first-order
phase transition characterized by a sharp rise in lattice defects
and chain diffusion. They also reported that structure factor
results and other order parameters indicate no significant shape
dependence.

Molecular dynamics simulations of liguid-supported monolay-
ers of perfluorinated and partially fluorinated amphiphiles were
studied by Rice e al.®~% First they teported that the observed
breakup of the homogeneous ordered monolayer into ordered
islands with the same collective tilt of the chain molecules
is correctly predicted but the experimental and simulation. va-
lues of the tilt angles were not in quantitative agreement. Later
the discrepancy between the predicted and observed tilt angles
was removed by including the effect of the azimuthal distribu-
tion of individual melecular tilt angles.

In the present work, we follow the molecular dynamics si-
mulation methods of Toxvaerd ¢t af.%* The main purpose of
this work is three-fold: first, we extend the work done by
Klein ¢ al? to a wide range of area per molecule to see
further changes as a function of area per molecule. Second,
the phase transition ohserved in the monolayer of long-chain
molecules at the air-water interface as a function of area per
molecule®* is examined for monolayer of long-chain molecules
at the air-solid interface. Third, the structure and thermodyna-
mics of monolayers of long-chain alkyl thiol molecules on the
air-solid interface as a function of area per molecule are inves-
tigated. We also consider the bond stretching interaction and
the bond angle bending interaction for the intramolecuiar inte-
ractions.

This paper is organized as follows. In Sec. II, the details
of the molecular model and molecular dynamics simulation me-
thod in a NVT ensemble are presented. We discuss our simu-
lation results of monolayers of long-chain atkyl thiol molecules
in the air-solid interface in Sec. IIl and present the concluding
remarks in Sec. IV,

Molecular Model and Molecular Dynamics
Simulation Methods

Molecular Model. The systems studied in this work con-
sist of 90 surfactant chain-molecules periodically replicated in
the x- and y-directions. The chain-molecules considered here
make up a sulfur head-group, 15 methylene segments, and
a methyl tail-group. The molecular model used for the chain-
molecules is the so-called extended collapsed atom model, de-
veloped by Chynoweth ef af,” in which monomeric units (sulfur

atom, methylene, or methyl) are typically treated as a single .

sphere (or site) with a Lennard-Jones (LJ) potential between
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the spheres. Not only sites on different chain-molecules but
sites more than three apart on the same chain-molecule inte-
ract through a 12-6 LJ potential. In Ryckaert and Bellemans’
original collapsed atom model,® a C-C-C-C torsional rotation
potential is also included.

The interaction between each site and the solid surface is
given by a 12-3 LJ potential which have the form of®*

__Co G
G202 (z-20)?

where z is the distance between each site and the surface,
and Cy, C; and 2, are fitting potential parameters which are
given in Table 1 for the several different sites.

Bond stretching interaction between adjacent sites on the
same chain are also considered.® The potential energy associa-
ted with bond stretching between sites ¢/ and j is assumed
to be harmonic and is given by

L X{EARA @

Here, 7; is the bond vector, 7. is the equilibrium distance and
ks is the force constant (the last two are constant parameters
depending upon the type of sites ¢ and j only). Fj is obtained
from the derivative of the potential with respect to the coordi-
nate of site ¢, and is given by
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Bond angle bending denotes the interaction between three
consecutively bonded sites 7 j and A The potential energy
associated with bond angle bending is also harmonic and is

given by

3
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where @ is C-C-C or S-C-C angle, 6, is the equilibrium bond
angle, and %, are the force constant (the last two are constant
parameters depending upon the type of sites ¢ 5 and % only).
The force on each site is a pseudo-pairwise force obtained
by differentiation® and,
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where ry and ry are the two bond vectors, and dV,/d0 is deri-
ved analytically from Eq. (4).

The changes in the equilibrium dihedral angles are subject
to torsional rotational potential. Torsional rotation abotut a bond
denotes the bonded interaction between four sites ¢ 7 & and
1. The potential energy associated with torsional rotation is rep-
resented by the original Ryckaert-Bellemans potential®

Viw)=ao+arcosty) +axc0sy)
+a%00s’(y)+a4c08'(y) +ascos () )

where y is the dihedral angle. The corresponding forces
are

av;

F=- deosy
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Table 1, Potential parameters for S(CH,):CH; molecule

Bond stretching S.C CC
. {(am). (.182 0.153
&, {kJ/mol-nm? 132600 132600
Bond angle bending SCC CCC
0, (de 109.5 1144
&, (kKl/mol-deg®) 007915 0.07915
L-J 126 potential S CH. CH;
¢ (nm) 0425 0.3905 0.3905
¢ (kJ/mol} - 1.6629 0.4939 0.7325
LJ 12-3 potential S CH, CH,
2z, (nm) 0.0269 0.086 0086
Crz (107 kJ/mol) 3.3998 2.3280 28352
Cs (&J/mol) 15016 - 01422 0.1729
Torsional potential (kJ/mol)
a (773 a3 ay a; s
9279 1215 —13120 —3060 26240 —3149

where dV/dcosw is derived analytically from Eq. (7) and the
Ars are given by®

iy X (rg X mghoosys
Irﬁxﬁ(ﬂ?
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in which ry, vy, ry are the three bond vectors. The potential
parameters,, &, €0, k» Qo @1, % @ 4y and as-used in our
study are given in Table 1.

Molecular dynamics simulation in a canonical ense-
mble. In the present work, a canonical ensemble of fixed
N (=90 chain-molecules), V (=volume of rectangular box), and
T (=29315 K) is chosen for the simulation ensemble. In this
ensemble, 13 monolayers of chain-molecules are selected and
the areas per molecule range from 1830 to 32.10 A%molecule.
The preliminary molecular dynamics simulation of monolayer
of the Ochain-molecules is started from a compressed state at
2139 A¥molecule with the head-group being on the lattice
point of a regular hexagonal structure of the solid surface.
The lengths of the simulation box are XL=4473, YL=4.304,
and fixed ZL=2,023 nm. In order to simulate smaller or larger
area per molecule of monolayers, the box size is periodically
increased or decreased in the x- and y-directions. For the ini-
tial configurations of all the chain-molecules, the orientation
of the first S-C bond with respect to the surface normal is
unrestricted, the sulfur head group is located at the lattice

point of a regular hexagonal structure, 024 nm apart from

the solid surface, and the consecutive methylene and methyl
sites are placed in the z-direction so that the bond length and
the bond angles are kept at 0.153 nm and 109.5° respectively.

Gauss's principle of least constraint™® is used to maintain
the system at the constant temperature. The ordinary periodic
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Table 2. Average potential from our molecular dynamics simu-
lations for monolayers of S(CHy)sCH;

Area/ L-J potential Dihedral C-C bond C-C-C bond
molecule  energy energy  stretching angle bending
1.5} (k)/mol) energy energy
18.30 —-1239 0.995 10.58 1470
19.30 —1235 1.043 16.16 15.72
20.33 -1192 1176 1144 15.82
21.39 —119.0 1.108 7.16 1524
2247 —-1137 1.182 12.72 15.94
23.58 —-1086 1.357 19.76 17.38
2472 - 1096 1.284 13.67 16.09
25.88 —-1054 1.322 16.69 16.75
27907 -1054 1372 10.60 16.22
28.29 —-1034 1.394 12.25 16.28
29.53 —105.2 1319 973 15.63
30.80 —-102.0 1.392 20.60 17.32
32.10 —99.5 1.547 1132 1645

boundary condition in the x- and y-directions only and mini-
mum image convention for the LJ potential are applied with
a spherical cut-off distance of radius 09808 nm. Gear's fifth
order predictor-corrector method™ is employed for time integ-
ration algotithm with time step of 0.5 fs (femto second). Each
simulation is equilibrated for approximately 200,000 time steps
(100 ps), and followed by 10,000 time steps (50 ps) for sampling,
The trajectories {configurations and orientations) of the chain-
molecules are stored every ten time steps (5 fs).

Results

Thermodynamics. Several potential energies calculated
from our molecular dynamics simulations are given in Table
2. Both LJ potential and torsional energies are almost monoto-
nically increased with increasing area per molecule, but C-C
bond stretching and C-C-C bond angle bending energies are
rather constant with large variance. These results do not pro-
vide any clue to the relationship between conformational transi-
tion and the change of area per molecule.

Structure. Chain conformation results from our molecular
dynamics simulations for monolayers of S(CHzhsCHs are listed
in Table 3. First, the values of head-to-end distance and mono-
layer thickness are plotted as a function of area per molecule
in Figure 1. The head-to-end distance is directly related to
the fraction (%) of frans bond and decreases monotonically,
except at 29.53 A%/molecule, as the area per molecule is increa-
sed. The fraction of frans bond shows exactly the same trend
as shown in Figure 2. However, the behavior of monolayer
thickness is rather complicated-it goes up, down, up, and dowm.
Although the monolayer thickness is related to both the fraction
of trans bond and the monolayer tilt angle, it is insensitive
to the fraction of #ans bond since it decreases almost monoto-
nically with very little variance. Hence, the main factor of the
monolayer thickness is the monolayer tilt angle.

The monolayer tilt angle is sensitive to the change of the
area per molecule. It is simply calculated from the monolayer
thickness, {:
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Table 3. Chain conformation results from our molecular dynamics simulations for monolayers of S(CH)sCHs and diffusion coefficients

(10~% cm?/sec) of the chain-molecules

Area/molecule Head-to-tail Monolayer Trans Bond Tilt Angles Diffusion
%) distance thickness Fraction (%) Eq. ) Eq. (10 coefficients
18.30 2011 1.866 9597 2269 21.60 0.0356
1930 2009 1.857 99.74 2334 22.33 00515
20.33 2004 1.847 99.10 2404 2242 0.0814
21.39 2000 1732 9905 3109 2549 0.1049
2247 1997 1.724 98.76 3153 29.91 01129
2358 1.980 1705 97.00 3254 3002 0.1165
24.72 1974 1.714 96.70 3206 2945 05173
25.88 1963 1.720 96.21 3174 26.78 0.5345
2707 1.941 1851 95.11 23.77 1342 06173
2829 1914 1.330 8446 2520 389 (.6801
29.53 1942 1.348 9545 2398 1067 0.7414
30.80 1.900 1321 9457 25,79 861 0.7969
32.10 1.876 1710 9251 32.28 1511 0.9832
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Figure 1. The head-to-tail distance (*) and the monolayer thickness
(+) as a function of area per molecule.

cos0=1/1, &)

where I, is the thickness of a completely #ans and upright
monolayer. Another way to calculate the tilt angle is through
the average of the tilt of all molecules

_15
eosG—N P

where N is the total number of molecules, #; is the vector
that corresponds to the highest eigen value in the moment
of inertia tensor, and #, is the vector normal to the monolayer
interface.

The tilt angles calculated from Eqgs. {9) and (10} as a function
- of area per molecule are shown in Figure 2. Both tilt angles
show the same trend over all the areas per molecule with
large variance after 27.07 A%/molecule and the comparison of
‘these angles indicates that Eq. (9) overestimates the monolayer
tilt since it assumes the absence of any gauche defects in the

iUy
=~
eeil |22,

(10

Figure 2, The fraction (%) of frans bond (+) and the tilt angles
{x and *) calculated from Egs. (9} and (10) as a function of area
per molecule.

chain. That is why the behavior of the tilt angle from Eq.
(9 is more similar to that of the monolayer thickness than
Eq. (10). The tilt angle distribution changes significantly bet-
ween 20.30 and 21.37 A%/molecule and 25.88 and 27.07 A%/mo-
lecule, which implies some kinds of transitions between them.

These results for the tilt angles are entirely different from
previous studies of Toxvaerd ef al.2* for Langmuir monolayers
of linear chain surfactants at the air-water interface, in which
the calculated tilt angles from Egs. (9) and (10} monotonically
increased from 3° to 22° and from 10° to 38° respectively
with increasing area per molecule (18.5-30 A*/molecule). Notice
however that our system is at the air-solid interface. The ave-
rage fraction (%) of #ans bond over 14 dihedral angles on
the chain molecule decreases monotonically except at 29.53 A?
/molecule as the area per molecule is increased as shown.in
Figure 2.

The snapshots in Figure 3, which are projections of the mo-
lecular configurations onto the xy plane, display the final confi-
guration of each simuiation at six different areas per molecule.
Figure 3(a) and 3(b) show the tilting structure of the chain
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Figure 3. Snapshots (projections onto the xy plane) of the final
configurations of the chain-molecules of each simulation at six diffe-
rent areas per molecule: (a) 18.30, (b) 20.30, (c) 2247, (d) 24.72,
{e)} 27.07, and (f) 2953 A%molecule.

molecules in the monolayer at 18.30 and 2033 A%molecule,
respectively. The head-groups form nearly regular hexagonal
structures, not changed from those of the initial configurations.
These molecules tend .to change the direction of the ilting
in concert without significant change in the thickness or the
tilt angle of the monolayer (see Figures 1 and 2) as the area
per molecule increases from Figure 3(a) to 3(b) because the
molecules reorient toward the more stable configuration in
energetics. In Figure 3(c) and 3(d), the tilting of the molecules
is enhanced by the increment of the area per molecule. This
results in sudden change of the thickness and the tilt angles
from the monolayer at 2033 to that at 21.39 A%molecule as
shown in Figures 1 and 2. However, the snapshots in Figure
3(b) and 3(c) look not much different and the transition from
Figure 3 (b) to {¢) is characterized by a continuous change
in molecular configuration without change in lattice structure.
This kind of transition is already reported by Toxvaerd ef @/ 2%
but the mnterfaces are different, that is, the air-water and the
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Figure 4, The probality distribution of segments, P(z), at seven
different areas per molecule: (2) 18.30, (b} 20.30, (c) 2247, (d) 24.72,
(e) 2707, (f) 2953, and (g) 3210 A¥molecule.

air-solid interfaces.

It is seen in particular, from Figure 3(d) at 24.72 A%/molecule,
that the breakup of the ordered monclayer begins with the
appearance of the lattice defect on the hexagonal structure
at the right bottom corner in the figure. Figures 3(e) and 3(f)
show clearly that the monolayer breaks up into islands. The
interaction between the methylene sites and the solid surface
hecomes important due to blank spaces of the islands, and
the chain-molecules near the islands come closer to the solid
surface. The chain-molecules beyond the islands rather tend
to straighten up. A similar result is found in the other molecu-
lar dynamics simulation of liquid-supported monolayers of perf-
luorinated and partially fluorinated amphiphiles?® Because the
breakup of ordered monolayers is possible through the lattice
defects, the phase of Figure 3(d) is completely different from
that of Figure 3(e). In Figure 3(d) only the lattice defects begin
to appear, but in Figures 3(e) and 3(f) not only the lattice
defects but perfect islands of the monolayer are seen. The
transition from Figure 3(d) to 3(e) is characterized by the disti-
nct lattice defects and the appearance of perfect islands.

In Figure 4, we show the probability distributions of segme-
nts normal to the interface for seven different area per mole-
cule which are the primary measurers of locai structure. The
singlet probability P{z) can be determined directly from our
molecular dynamics simulations by

po=-22 an

where N is the total number of molecules, and Nz is the
average over time of the number of segments. ¢ that are found
in a slab of thickness Az with distance z from the z=0 plane.
Az used in all simulations was equal to 0.02 nm.
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The results calculated in this system are completely different
from those by Toxvaerd et al.®* in the view of the large deg-
ree of overlap of distributions of the neighbor segments. This
reflects the main difference between the air-solid and the air-
water interfaces. The translational motion of the chain-molecu-
les at the air-solid interface in the direction normal to the
surface is restricted within very narrow limits since the head
segment always shows the same height and fixed location of
distribution through all the areas per molecule which reflects
a strong interaction between the head group and the solid
surface. The probablity distributions in Figure 4(a) and 4(b)
are similar and are spaced equally on the surface normal with
small changes in the distribution heights. But in Figure 4{c)
and 4(d) almost all the segments show low, varying heights
and bread, unequally spaced distributions with overlap of them.
The figure also shows the continuous change in molecular con-
figuration without change in lattice structure (Figure 4(b) to
4c)) corresponding to the change from Figure 3(h) to 3(c).
Conversely in Figure 4(e) and 4(f), the heights of the peaks
are increased, and the widths become rather equally spaced
and sharp with the disappearance of the overlap of distribu-
tions. This signals a2 sudden change in molecular configuration
with a possible change in lattice structure-the presence of disti-
nct lattice defects and perfect islands. Finally in Figure 4(g),
the probablity distributions have very broad peaks with the
increasing width of the segments closer to the tail. This implies
that there exists a third transition from Figure 4(f) to 4(g)
characterized by the appearance of a random, liquid-like state.

Dynamics. The mean square displacement (MSD) of the
centers-of-mass, the head groups, and the tail groups of the
alkyl thiol molecules at two areas per molecule (24.72 and 29.53
A*molecule) are shown in Figure 5 and the translational diffu-
sion coefficient of the molecule in the monolayer is calculated
for the center-of-mass from the mean square displacement
using the equation

D= lim

=+

a0
pr (12)

where #()=2: ﬁ;ctxicwoﬂ% LOvOD 1

The diffusion coefficients of the centers-of-mass of the alkyl
thiol molecules as a function of area per molecule are given
in Table III and plotted in Figure 6, while those of the head
and tail groups of the molecules are not obtained because of
the non-linear MSD of them. The diffusion coefficients plotted
in Figure 6 show a monotonic increment with increasing area
per molecule with a rapid jump between 2358 and 24.72 A?
/molecule. This region corresponds neither to the continuous
change in molecular configuration without change in lattice st-
ructure (Figure 3(b) to 3(c)) nor to the change caused by the
distinct lattice defects and perfect islands (Figare 3(d) to 3(e)),
but it corresponds to the changes shown from Figure 3(c) to
3Ad).

It is worth noting that the breakup of the ordered monolay-
er begins at 24.72 A%/molecule (Figure 3(d)). The large diffusion
of the molecules enhanced by the increment in the area per
molecule may induce the appearance of the lattice defect on
the hexagonal structure followed by the transition characterized
by the distinct lattice defects and perfect islands. However,
the lnearity of the 34 strands of molecules lying down near
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Figure 5. The mean square displacement (MSD) of the alkyl thiol
molecules at two different areas per molecule: — for 2472 and
- for 2953 A%molecule. H, T, and CM represent the head group,
the tail group, and the center-of-mass of the molecules, respectively.
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Figure 6. The diffusion coefficients of the alkyl thiol molecules
calculated from MSD as a function of area per molecule.

the lattice islands shown in Figure 3(¢) remains unexplained
except perhaps to indicate a metastable structure of the close-
packed monolayer inside the cluster manifested by the very
small tilt angle and small molecular separation of the molecules
lying down on the surface due to the decreased area per mole-
cule.

Conclusion

Molecular dynamics simulations have been applied to the
study the structures and thermodynamics of monolayers of
long-chain alkyl thiol [S(CH)sCH;] molecules on an air-solid
interface as a function of area per molecule. The results reveal
three possible transitions: a continuous transition characterized
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by a change in molecular configuration without change in lattice
structure, a sudden transition characterized by the distinct lat-
tice defects and perfect islands, and a third transition characte-
rized by the appearance of a random, liquid-like state. The
analysis of probability distributions of the segments shows that
the structure of the chain-molecules at the air-solid interface
is completely different from that at the air-water interface in
the view of the high degree of overlap of the probability distri-
butions of the neighbor segments. The calculated diffusion coe-
fficients of the chain-molecules on the monolayers seem to be
not directly related to any one of the three transitions. How-
ever, the large diffusion of the molecules enhanced by the
increment of the area per molecule may induce the second
transition. : :
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