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Recent simulations have improved our knowledge of the molecular-level structure and hydration
properties of mixed self-assembled monolayers (SAMs) with equal and unequal alkyl thiols at three
different arrangements, namely, random, patchy, and Janus. In our previous work [V. Vasumathi et al.,
J. Phys. Chem. C 119, 3199–3209 (2015)], we showed that the bending of longer thiols over shorter
ones clearly depends on the thiols’ arrangements and chemical nature of their terminal groups. In
addition, such a thiol bending revealed to have a strong impact on the structural and hydration
properties of SAMs coated on gold nanoparticles (AuNPs). In this paper, we extend our previous
atomistic simulation study to investigate the bending of longer thiols by increasing the stripe thickness
of mixed SAMs of equal and unequal lengths coated on AuNPs. We study also the effect of stripe
thickness on the structural morphology and hydration of the coated SAMs. Our results show that
the structural and hydration properties of SAMs are affected by the stripe thickness for mixtures
of alkyl thiols with unequal chain length but not for equal length. Hence, the stability of the stripe
configuration depends on the alkyl’s chain length, the length difference between the thiol mixtures,
and solvent properties. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954980]

I. INTRODUCTION

Gold nanoparticles’ (AuNPs) properties can be fine-tuned
by grafting ligands onto them such that the physicochemical
properties of their surfaces are controlled by the structure
and chemistry of the anchored ligands.1,2 Further, these
ligands serve as linkers between the AuNPs and the
environment and provide a range of interesting properties
to the materials, for example, solubility, stability, and
electrochemical charging.1,3–7 Due to the unique properties
of monolayer coated AuNPs, a powerful class of materials
have emerged for a wide variety of applications, ranging
from sensing to catalysis, including drug delivery, electron
transfer efficiency, electrochemical charging, and molecular
recognition.1,8–13 Significant work has been focused on
the development of monolayer-protected AuNPs, e.g.,
improving the biocompatibility of AuNPs, inhibiting AuNPs
aggregation, and preventing protein adsorption. Furthermore,
monolayer-protected AuNPs enhance favorable interactions
with biological membranes.14–18 However, the referred
properties of monolayer-protected AuNPs can be achieved
more efficiently by grafting multiple ligand species to the NP
surface. Indeed, mixed-ligand monolayer coated AuNPs boost
the preferential interactions between the specific ligands and
their surroundings. For example, the surface charge density of
AuNPs can be adapted by coating with a mixture of charged
and uncharged ligands.19–21 Besides, the mixing of thiols may

a)vasuphy@gmail.com
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lead to a microphase separation of the two ligand species—
forming a Janus pattern, or to a completely mixed phase of the
ligands—forming randomly or patchy/striped patterns.22 It is
apparent that the organization of the ligands can affect also the
overall behavior of NPs. Janus particles preserve the individual
ligand properties, thus possessing bifunctional properties that
have been used in many applications.23 Random arrangements
instead tend to display the average properties of each
ligand molecule. Meanwhile, stripe/patchy arrangements of
ligands give structure-dependent properties such as interfacial
energy and solubility that make them attractive in potential
applications, for instance, in protein inhibition, catalysis,
and molecular recognition.24–27 Experimental studies have
confirmed the possibility of the three structural morphologies
of AuNPs coated with aromatic and aliphatic compounds,
namely, random, patchy/stripe, and Janus particles.22 In a
recent paper,28 we have studied and compared the structural
and hydration properties of mixed self-assembled monolayers
(SAMs) with equal and unequal carbon chains on AuNPs
at three different arrangements. We have observed that the
organization of thiol mixtures affects the hydration of the
SAMs as well as the structural properties of SAMs.28 Among
the three nanoscale morphologies (i.e., Janus, random, and
stripe/patchy), the striped morphology can have significant
consequences for particle behavior, as the striped particles
were shown to non-disruptively penetrate into cells whereas
similar particles with other morphologies were unable to
penetrate.29,30 Over the last decade or so, a series of
papers have been published by Stellacci and co-workers31–34

on striped nanoparticles, these being probed by various
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experimental methods. Moreover using numerical simulations,
Singh et al.35 showed that the formation of stripes is due to the
entropic gains and the length mismatch between the ligands.
Later on, Ghorai and Glotzer36 investigate also through
numerical simulations which are the model parameters that
control the stripe thickness on 7 nm size AuNPs. The authors
showed that the stripe thickness might depend on parameters
like the head group’s charges, the relative length difference of
the tails, and the strength of repulsions. However, the effect
of the above parameters on the structural properties of stripe
pattern is lacking. Indeed, though past studies have focused on
the understanding of the formation of the stripe morphology
on NPs and controlling parameters, the microscopic picture
of such morphology is still unclear. Nonetheless the latter is
crucial for a better design and handling of nanomaterials in
a biological environment. To the best of our knowledge, no
previous simulation work has yet been carried to address the
effect of stripe thickness on the microscopic structural and
hydration properties of striped AuNPs.

In this work, we carried out a detailed atomistic simulation
study of mixed monolayer protected AuNPs with various stripe
thicknesses. The monolayer consists of a binary mixture
of thiols with longer and shorter lengths. For comparison
purposes, we also performed the simulation of mixed SAMs
of thiols with equal lengths. The rest of the paper is organized
as follows: in Sec. II, we give details of the systems as well as
of the applied simulation conditions; the results from our MD
simulations are then presented and discussed in Section III,
and finally, in Section IV, the main summary and conclusions
of this study are given.

II. SIMULATION DETAILS

In this work, an all atom representation is employed to
model the AuNPs coated with alkanethiols. Using Material
studio 6.0,37 we built up icosahedral AuNPs with a diameter
of 4 nm, containing 1985 Au atoms. These icosahedral AuNPs
have multiple facets such as {111} and {100} but the overall
structure looks almost spherical. Thus, the alkanethiols were
grafted radially away from the AuNPs with a distance between
the sulfur atoms and AuNPs surface of 2.38 Å with the
surface density of ∼14 Å2/molecule. The striped morphology
with various thicknesses was defined by AuNPs coated with

alternating lines containing one/two/three/four of each ligand
species. Since we aim to study the hydration and structural
properties of SAMs at various stripe thicknesses, the gold
and sulfur atoms were fixed throughout the simulations.
In our recent study,28 we found that the structural and
hydration properties were constant for mixed thiols with
C5 length coated on 4.0 nm AuNPs at three different
arrangements and differ for those with C11 length. Particularly,
the results from the number of water molecules within the
SAMs radius lead us to conclude that the thiols coated on
4.0 nm size AuNPs with C5 length are almost similar to
those of thiols coated on non-curved surfaces. Therefore, we
believe that the stripe thickness may not affect the AuNPs
coated with thiols of C5 carbon chain lengths. Here, we
considered hydrophobic and hydrophilic thiols with C11
carbons [S(CH2)11CH3 and S(CH2)11COOH] and mixtures
of hydrophobic thiols with C5 carbons and hydrophilic thiols
with C11 carbons [S(CH2)5CH3 and S(CH2)11COOH] and
vice versa [S(CH2)11CH3 and S(CH2)5COOH] at the four
different stripe thicknesses. From now on, the above mixing
will be denoted as C11–C11COOH, C5–C11COOH, and
C11–C5COOH, respectively. Initial structures in Figs. 1–3
depict the surface morphologies at the four stripe thicknesses
considered in this work, which in turn will be hereafter
denoted as 1-sam, 2-sam, 3-sam, and 4-sam, respectively.
Note that it is likely that a single stripe morphology would be
thermodynamically preferred based on the ligand properties,
but here, we assume that any given arrangement is possible.
To investigate the effect of length difference of thiols on the
1-sam stripe morphology, we considered also the following
mixings: C2/CnCOOH–Cn/C2COOH (where n = 4, 5, 6, and
7), C5–C8COOH/C9COOH, and C7–C10COOH/C11COOH.
We have considered 1:1 mixture composition for all the
cases.

To compare the effect of stripe thickness on the structure
and hydration properties of mixed SAMs with unequal chains
on curved surfaces with those on non-curved surfaces, we
simulated also mixed SAMs of C5/C11–C11COOH/C5COOH
coating the Au (111) surface. The latter was modeled using
six atomic layers, each layer comprising 1728 atoms with
lateral dimensions of 119.63 × 103.61 Å2 (x = 119.63 Å
and y = 103.61 Å). Based on experimental results,38 the
alkanethiols are bounded to the surface through the S atom

FIG. 1. Snapshots of initial (top row)
and equilibrated (bottom row) struc-
tures of the AuNPs coated with mixed
SAMs of C11–C11COOH at vari-
ous stripe thicknesses, namely: 1-sam,
2-sam, 3-sam, and 4-sam (from left to
right). Blue (methyl terminated alka-
nethiols) spheres and green (carboxyl
terminated alkanethiols) spheres repre-
sent the two species of SAMs.
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FIG. 2. Snapshots of initial (top
row) and equilibrated (bottom row)
structures of the AuNPs coated with
mixed SAMs of C5–C11COOH at
various stripe thicknesses, namely:
1-sam, 2-sam, 3-sam, and 4-sam (from
left to right). Color coding as in Fig. 1.

on-top binding-sites and form a densely (∼21.6 Å2/molecule)
packed layer arranged into a (√3 ×

√
3)R30◦ lattice. Finally,

all the coated AuNPs were solvated with a sufficient number
of water molecules (ca. 67 100) by placing the coated
AuNPs at the center of a cubic box of dimensions of about
140 × 140 × 140 Å3. In the case of coated Au(111) surfaces,
the latter were kept at the bottom of the simulation box and
then a water droplet of ∼9 nm (19 993 molecules) was added
above the SAM surface. Periodic boundary conditions were
applied in all Cartesian directions for AuNPs. However, for
the case of coated surfaces, periodic boundary conditions were
applied only in the xy plane parallel to the surface. In doing so,
a water liquid/vapor interface is created along the z direction.
Thus, a reflecting wall was placed in the xy plane at just
above the water droplet to prevent evaporation of the water
molecules and to maintain a fixed vapor pressure. The all-atom
intermolecular interactions for SAMs were described by the
CHARMM2739 force field that has already been successfully
applied in MD simulations of SAMs on gold surface in
previous studies.28,40–43 The interactions between gold atoms44

of the NPs and those between gold and sulfur atoms
were modeled by the Lennard–Jones (LJ) intermolecular
potential. Standard Lorentz–Berthelot45 combining rules were

applied for calculating the LJ cross-interaction parameters.
Harmonic bond stretching, angle bending, and dihedral
angle terms were taken from the CHARMM27 force
field.

All MD simulations were performed using the LAMMPS
package.46 The AuNPs system simulations were performed in
the NpT ensemble and the gold surface-droplet simulations
in the NVT ensemble. The Verlet leapfrog algorithm47 was
used to integrate the equations of motion, with a time step
of 1.0 fs. The temperature was kept constant at 298 K
and the pressure at 1 atm by means of the Nosé–Hoover
thermostat coupled with the Parrinello–Rahman barostat48,49

with a relaxation constant of 0.1 ps. The Particle–Particle
Particle-Mesh (PPPM) method50 was used to handle the
long-range electrostatic interactions with the real-space cutoff
distance set to 12 Å and the error tolerance to 10−5. The
short-range LJ interactions were smoothly shifted to zero
between 10 and 12 Å. The SHAKE algorithm51 was applied to
constraints of the bonds in water molecules. All the analyses
described in this paper were carried out by averaging over
the last 2 ns of 4–5 ns MD-trajectories. The VMD software52

was employed to visualize the trajectories and collecting the
snapshots.

FIG. 3. Snapshots of initial (top
row) and equilibrated (bottom row)
structures of the AuNPs coated with
mixed SAMs of C11–C5COOH at
various stripe thicknesses, namely:
1-sam, 2-sam, 3-sam, and 4-sam (from
left to right). Color coding as in Fig. 1.
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III. RESULTS AND DISCUSSION

A. Comparison of AuNPs coated with mixed SAMs
of lowest (∆l = 0) and largest (∆l = 6) length difference

Let us first look at the snapshots of the equilibrium
structures from the atomistic simulations of C11–C11COOH,
C5–C11COOH, and C11–C5COOH mixed SAMs on AuNPs
at various stripe thicknesses (see Figs. 1–3). These snapshots
show how the nature of stripe configurations changes upon
the change in stripe thickness for thiols mixtures with equal
and unequal length. As can be seen, in the case of equal-
length mixtures, there is no significant variation on the stripe
configurations at the various thicknesses, though a somewhat
division is observed for the methyl terminated stripe domain
at higher stripe thicknesses. It is known that longer thiol
coating on curved surfaces leads to thiols segregation to
maintain the terminal groups distance at ∼5 Å.28,53 Therefore,
due to the phase segregation of carboxyl terminated thiols,
the methyl terminated thiols are divided and tend to set
apart nearby carboxyl terminated clusters for higher stripe
thicknesses (3-sam and 4-sam). While in the case of mixtures
with unequal chain length, the snapshots show noticeable
changes on the stripe configurations by changing the stripe
thickness. At lower stripe thicknesses (1-sam and 2-sam),
the longer thiols do not have the next nearest longer thiols
for cohesive interactions between hydrocarbon chains. That
causes the longer thiols to bend over shorter ones, leading to
a collapse of the stripe configuration. The stripe configuration
is however stable for 3-sam and 4-sam stripe thicknesses.
Before we move on, however, it is useful to analyze the
position density of C5 and C11 carbon atoms that will
give a clearer microscopic picture of the stripe arrangements
rather than the qualitative one provided by the snapshots.
In Figs. 4–6, we present the average position density of

FIG. 4. Density distributions of C11 carbon atoms from upper half of
C11–C11COOH mixed SAMs coated AuNPs that are projected into the xy
plane at four kinds of stripe thicknesses: 1-sam (upper left), 2-sam (upper
right), 3-sam (lower left), and 4-sam (lower right). The methyl terminated
carbons and carboxyl terminated carbons are shown by blue and green colors,
respectively.

FIG. 5. Density distributions of C5 and C11 carbon atoms from upper half of
C5–C11COOH mixed SAMs coated AuNPs that are projected in the xy plane
at four kinds of stripe thicknesses: 1-sam (upper left), 2-sam (upper right),
3-sam (lower left), and 4-sam (lower right). Color coding as in Fig. 4.

C11 and C5 carbon atoms calculated from the upper half
coated AuNPs and then projected into the xy plane. Notice
that overlapping of the densities of carbon atoms associated
with the terminal groups of thiols indicates a collapse of
the stripe arrangement, whereas distinctly separated carbon
densities provide evidence of stable stripe configurations. In
the case of C11–C11COOH mixing (Fig. 4), although the
thiols form groups, the stripe arrangement appears to be
persisting in all the cases. On the opposite, in the case of
mixing of unequal lengths at lower stripe thicknesses, one can
see that the stripe arrangement collapses for longer thiols (see
Figs. 5 and 6). Furthermore, some of the shorter thiols are seen

FIG. 6. Density distributions of C11 and C5 carbon atoms from upper half
of C11–C5COOH mixed SAMs coated on AuNPs that are projected into the
xy plane at four kinds of stripe thicknesses: 1-sam (upper left), 2-sam (upper
right), 3-sam (lower left), and 4-sam (lower right). Color as coding in Fig. 4.
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to be hidden by the longer thiols, which in turn provide an
indication about the accessibility of the shorter thiols binding
sites for biomolecules and other molecules that are used in
potential applications. That is, at lower stripe thicknesses, the
interactions of shorter thiols with foreign molecules will be
hindered by the longer thiols. However for the higher stripe
thicknesses, one can observe clear phase separated densities,
and hence, shorter thiols do have binding accessibility towards
foreign molecules.

B. Bending of thiols

Generally, longer thiols tend to bend over the shorter ones
when there is a sufficient relative length difference between
them since that imparts greater flexibility.28,34 To investigate
the possibility of such a bending in the various striped patterns,
we have calculated the end-to-end distance (R) of the longer
thiols that affords a measurement of their bending. Fig. 7
shows the probability distributions of R/R0, P(R/R0), for
C5–C11COOH and C11–C5COOH mixing at various stripe
thicknesses, where R being the end-to-end distance, i.e., the
distance between the C1 and C11 carbon atoms, and R0
the geometric length of the carbon chain. The two distinct
peaks observed at R/R0 = 1 and at R/R0 < 1 correspond
to thiols without bending and with bending, respectively.
At lower stripe thicknesses, owing to the lack of cohesive
interactions between the hydrocarbon chains of longer thiols,
these bend over the shorter ones. As seen, AuNPs with
1-sam and 2-sam striped patterns show higher probability
of bending, whereas a less bending is observed for thicker
stripes. Among these 1-sam and 2-sam stripped patterns,
1-sam shows the maximum bending. In addition, due to the
force of attraction between water molecules and the carboxyl
terminal groups, the probability of bending is higher for
C5–C11COOH mixing compared to the bending observed for
the C11–C5COOH mixtures. The next step is to probe the

FIG. 7. Probability distributions of the end-to-end (C1 to C11) distance for
C5–C11COOH and C11–C5COOH mixing at four kinds of stripe thicknesses,
namely: 1-sam (black color), 2-sam (red color), 3-sam (blue color), and 4-sam
(pink color).

effect of stripe thickness on other structural parameters of the
SAMs.

C. Radius of gyration and tilt angles

To infer the conformational changes of adsorbed thiols
with the stripe thickness, we have examined the size of the
SAMs coated AuNPs by computing their radius of gyration
(Rg) for the four stripe thicknesses (Table I). The Rg values of
C11–C11COOH are higher when compared to those of SAMs
of mixed thiols with unequal lengths, just as we have reported
for diverse coating arrangements in our earlier study.28 From
Table I, one can clearly notice that the size of the SAM-coated
AuNPs does not change with respect to the stripe thickness
for C11–C11COOH but it varies for unequal-length mixtures.
Indeed in the latter, the unequal length of chains favors
bending of longer thiols over the shorter thiols, and hence, the
sizes of coated AuNPs are smaller. However, thinner stripes
allow higher bending of longer thiols over shorter ones, and
thus, the Rg values of thinner stripes (1-sam and 2-sam) are
lower than those of the corresponding thicker stripes (3-sam
and 4-sam). That is, the Rg values increase as the stripe
thickness increases for mixing of thiols with unequal lengths.
The observed difference in the probability of bending of
longer thiols among the C5–C11COOH and C11–C5COOH
mixtures follows however an opposite trend to that displayed
by the Rg values (Table I), since these are slightly higher for
C11–C5COOH than for C5–C11COOH.

Another important structural property to judge the effect
of the stripe thickness is the tilt angle of alkanethiols
when adsorbed on the NP surface. The tilt angle of thiols
coated on AuNPs can be calculated by finding the angle
between the vector joining the sulfur head-group and the
odd carbons of the alkyl chain and the vector perpendicular
to the surface of the sphere and passing through the sulfur
head-group.38,53 The calculated tilt angles for all cases are
presented in Table II. In accordance with the independency
of the size of the coated AuNPs with the stripe thickness
for C11–C11COOH mixing, here also, the average tilt angles
(30 ± 13, 31 ± 14, 29 ± 13, and 31 ± 12) from both kinds of
thiols follow the same independency. However, the average
tilt angles corresponding to the individual types of thiols
show variations with respect to the stripe thickness. At lower
stripe thicknesses, the phase segregation is more widespread,
and thus, the tilt angles do not show variations among the
methyl and carboxyl terminated thiols. Whereas, in the case
of thicker stripes, due to the hydrogen bonding interactions
between the carboxyl groups, the carboxyl-terminated groups
are phase segregated and that lowers their tilt angles. For
mixing of thiols with unequal lengths, longer thiols exhibit

TABLE I. Radius of gyration (Å) for the AuNPs coated with mixed SAMs
for all the studied cases.

CH3–COOH 1-sam 2-sam 3-sam 4-sam

C11–C11 28.52 ± 0.90 28.47 ± 0.90 28.53 ± 0.90 28.40 ± 0.90
C5–C11 26.82 ± 0.85 26.90 ± 0.85 27.12 ± 0.86 27.20 ± 0.86
C11–C5 26.84 ± 0.85 27.02 ± 0.86 27.25 ± 0.86 27.26 ± 0.86
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TABLE II. Average tilt angle (degree) of the mixed SAMs for all the studied cases.

1-sam 2-sam 3-sam 4-sam

CH3–COOH CH3 COOH CH3 COOH CH3 COOH CH3 COOH

C11–C11 30 ± 13 30 ± 13 31 ± 14 31 ± 14 31 ± 13 28 ± 13 36 ± 12 26 ± 12
C5–C11 21 ± 11 36 ± 14 21 ± 12 36 ± 13 22 ± 12 32 ± 14 22 ± 12 29 ± 12
C11–C5 35 ± 14 19 ± 11 31 ± 14 20 ± 11 28 ± 14 22 ± 11 25 ± 12 23 ± 12

larger tilt angles than the ones corresponding to shorter thiols,
which goes in line with previous computational results.28,36

That is, the tilt angle normally increases by increasing the
carbon chain length for a fixed NP, just as our tilt angles
for unequal-length mixtures do reveal. In fact, the probability
of bending of longer thiols decreases with increasing stripe
thickness, which essentially leads to a decrease in the average
tilt angles. When comparing the tilt angle of longer thiols
in the C5–C11COOH and C11–C5COOH SAMs, those with
carboxyl terminal groups show higher tilt angles than the other
ones. Due to the strong attractive forces between water and the
COOH groups that bring water molecules closer to C5COOH
in the C11–C5COOH SAM, thus, its longer thiols have lesser
space for tilting. However, in the case of the C5–C11COOH
SAM, there are no such attractive forces between the shorter
thiols and water, and thus, the carboxyl terminated longer
thiols display higher tilt angles. On the other hand, as a result
of the longer thiol bending and the strong interactions between
water and the COOH terminated shorter thiols, the dynamics
of the latter are restrained, and hence, their tilt angles are
lower for C11–C5COOH at thinner stripes. Our results from
the structural properties of SAMs clearly reveal that the stripe
thickness has impact on the structural properties of SAMs.
The next question to be addressed is then what will be the
effect of the stripe thickness on the hydration properties of
SAMs?

D. Hydration of SAMs and hydrogen bonds

To investigate the effect of stripe thicknesses on the
hydration of SAMs, we have calculated the number of water
molecules (Nw) nearby the SAMs. Our recent study28 has
shown that the major changes in the Nw values are observed
only within the radius of SAMs, and thus, we present here the
Nw values within such a radius, excluding the terminal groups
(Table III). In the case of unequal-length mixtures, the radius
of the SAMs was calculated by considering the longer thiols.
From Table III, we can see that the number of water molecules
is independent of the stripe thickness for C11–C11COOH
mixing. Interestingly, a strong dependency of the number

TABLE III. Average number of water molecules (Nw) within the radius of
SAMs (excluding terminal groups).

CH3–COOH 1-sam 2-sam 3-sam 4-sam

C11–C11 479 ± 20 462 ± 22 480 ± 26 411 ± 24
C5–C11 286 ± 30 403 ± 48 858 ± 36 1076 ± 36
C11–C5 488 ± 33 824 ± 31 1237 ± 32 1339 ± 40

of water molecules on the stripe thickness is observed for
unequal-length mixing. Since the interaction strength of water
molecules with carboxyl groups is much stronger than with
methyl groups, a large number of water molecules are found
near to shorter thiols for the C11–C5COOH mixing than for
the C5–C11COOH mixing. At lower stripe thicknesses, the
bended longer thiols with higher tilting cause steric hindrance
to the water molecules that are approaching towards the shorter
thiols, resulting in lower Nw values. Though the number of
water molecules within the radius of SAMs gives information
about the binding ability of shorter thiols towards foreign
molecules, the hydrogen bonds between the carboxyl groups
and waters will give a clearer picture to that ability. Hence,
we have calculated the hydrogen bonds between the latter by
adopting the criterion prescribed by Luzar and Chandler.54

According to this criterion, a hydrogen bond exists if the
distance between the participating oxygen atoms is less than
3.5 Å and simultaneously the O–H · · ·O angle is less than
30◦. The calculated values of number of hydrogen bonds
per carboxyl group (NCO-w) are summarized in Table IV. As
one can infer from Table IV, for all kinds of mixing, the
NCO-w values vary with the stripe thickness. In the case of
C11–C11COOH mixing, the NCO-w value decreases as the
stripe thickness increases, which is found to be true also
for C5–C11COOH. However, an opposite trend is found in
the case of C11–C5COOH mixing. For instance, at thinner
stripes, the C11–C5COOH mixture shows lower values of
NCO-w due to the presence of shorter thiols with carboxyl
terminal groups and the longer thiol bending over these. In
the case of C11–C11COOH and C5–C11COOH mixings, the
increase in the stripe thickness allows some inter-carboxyl
hydrogen bonding that leads to a disruption of some of the
water-carboxyl hydrogen bonding (see Table V). Because of
the length mismatch in C5–C11COOH, the longer carboxyl-
terminated thiols display more orientational freedom to form
hydrogen bonds with waters, and hence, the NCO-w values
are slightly larger than those appearing in C11–C11 mixing.
From the results pertaining to the density of carbon atoms
and longer thiol bending, we hypothesize that the binding
nature of thiols with other molecules in striped AuNPs is

TABLE IV. Average number of water-carboxyl terminal group hydrogen
bond (NCO-w) per carboxyl terminal group.

CH3–COOH 1-sam 2-sam 3-sam 4-sam

C11–C11 2.25 ± 0.08 2.19 ± 0.08 2.16 ± 0.08 2.11 ± 0.07
C5–C11 2.32 ± 0.08 2.35 ± 0.08 2.23 ± 0.08 2.13 ± 0.08
C11–C5 1.92 ± 0.07 2.01 ± 0.07 2.06 ± 0.07 2.10 ± 0.07
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TABLE V. Average total number of carboxyl-carboxyl hydrogen bonds
(NCO-CO) in the mixed SAMs.

CH3–COOH 1-sam 2-sam 3-sam 4-sam

C11–C11 2.92 ± 0.63 6.61 ± 0.96 7.26 ± 1.40 9.13 ± 0.46
C5–C11 9.10 ± 0.94 6.41 ± 0.71 7.94 ± 1.18 11.21 ± 0.63
C11–C5 7.56 ± 1.04 9.26 ± 1.10 11.73 ± 1.57 12.04 ± 1.14

affected by the stripe thickness. These results confirm that the
hydration of SAMs depends on the structural arrangement of
thiols. It should be noticed here that, in close agreement to
these results, the experimental studies25,26 observed that the
ligand shell morphology affects the solubility of the AuNPs
almost as much as the molecular composition. Finally, our
results shed insight into the effect of stripe thickness on the
structural and hydration properties of SAMs. Particularly, the
stripe arrangement was found to collapse for unequal-length
mixtures at the lowest thickness (1-sam). Ghorai and Glotzer36

reported that the length of thiols and the length mismatch are
one of the factors affecting the stripe thickness on 7 nm size
AuNPs. Such findings prompted us to the question: What
could be the relative length difference and length of the thiols
with which the stripe configuration is stable at 1-sam stripe
thickness? We address such a question in Sec. III E.

E. AuNPs coated with mixed SAMs of varying length
difference (∆l = 2, 3, 4, 5)

To investigate the difference in the chain lengths with
which the stripe pattern is stable at the lowest stripe thickness,
we have considered a length difference between the thiols
ranging from two to five CH2 groups, i.e., we tackled the
following mixed SAMs: C2–CnCOOH and Cn–C2COOH,
where n = 4, 5, 6, and 7. The probability distribution of
longer thiols bending and the average position densities of C2
and Cn carbon atoms for all the cases are shown in Figs. 8–10.

FIG. 8. Probability distributions of the end-to-end (C1 to Cn) distance for
C2–CnCOOH and Cn-C2COOH (where n= 4, 5, 6, and 7) mixing at 1-sam
stripe thickness with four kinds of relative length differences, namely: ∆l = 2
(black color), ∆l = 3 (red color), ∆l = 4 (blue color), and ∆l = 5 (cyan color).

FIG. 9. Density distribution of C2 and Cn carbon atoms from upper half of
C2–CnCOOH mixed SAMs coated on AuNPs that are projected in xy plane
at four kinds of relative length differences, namely: ∆l = 2 (upper left), ∆l = 3
(upper right), ∆l = 4 (lower left) and ∆l = 5 (lower right). Color coding:
methyl terminated carbons (C2)—blue, and carboxyl terminated carbons
(Cn)—green.

As seen in these figures, the observed maximum probability
of bending and the overlapping between the densities of C2
and Cn carbon atoms reveals that a relative length difference
of ∆l = 2-4 (two-three CH2 groups) for the thiols shows a
stable stripe pattern but that of ∆l = 5 reveals a collapse
of stripe pattern. The monolayer formation of thiols with
C5 length on 4 nm AuNPs shows almost a similar kind of
packing of thiols on a non-curved surface.28 That is, thiols

FIG. 10. Density distribution of Cn and C2 carbon atoms from upper half of
Cn–C2COOH mixed SAMs coated on AuNPs that are projected into the xy
plane at four kinds of relative length differences, namely: ∆l = 2 (upper left),
∆l = 3 (upper right), ∆l = 4 (lower left), and ∆l = 5 (lower right). Color cod-
ing: methyl terminated carbons (Cn)—blue, and carboxyl terminated carbons
(C2)—green.
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with above five CH2 groups have its own free volume along
with the free volume provided by the shorter thiols that give
adequate flexibility for bending and tilting. Therefore, mixed
SAMs of thiols with a relative length difference of five CH2
groups undergo collapse of stripes but not below this. Let
us now check the nature of the stripe configuration for the
relative length difference of thiols at three-four CH2 groups
by increasing their length. We investigate that by simulating
mixed SAMs of two types, namely, (i) C5–Cn (n = 8, 9),
and (ii) C7–Cm (m = 10, 11). We analyzed that the longer
thiol bending probability distributions as well as the densities
of carbon atoms and the obtained results are presented in
Figs. 11 and 12. The corresponding end-to-end probability
distributions of the two SAMs are shown in Fig. 11. For both
the cases, four CH2 groups favor collapse of stripes, indicated
by the higher probability at R/R0 < 1, whereas three CH2
shows some intermittent behavior with higher probability at
R/R0 = 1. This demonstrates that the persistence of stripe
configuration at 1-sam stripe thickness depends on the length
of thiols as well as on their relative length difference. So
far, we have discussed the effect of stripe thickness on the
structural and hydration properties of SAMs coated on AuNPs.
Thereafter, the interesting question is what will be the effect
of stripe thickness on the properties of SAMs coated on a
non-curved gold surface? Particularly, will it be a similar kind
of effect or a different one? In Sec. III F, we will discuss the
results obtained for the mixed SAMs coating the gold(111)
surface at the four different stripe thicknesses.

F. Au(111) surface coated with mixed SAMs

Our results on the effect of stripe thickness for equal-
length SAM mixtures coating the AuNPs do not show
differences in their properties. Further, longer thiol bending

FIG. 11. Probability distributions of the end-to-end (C5/C7 to Cn/Cm) dis-
tance for C5/C7–CnCOOH/CmCOOH (where n= 8 and 9; m= 10 and 11)
mixing at 1-sam stripe thickness with two kinds of relative length differences,
namely: ∆l = 3 (black color) and ∆l = 4 (red color).

FIG. 12. Density distribution of C5/C7 and Cn/Cm carbon atoms from up-
per half of mixed SAMs (upper row refers to C5–C8COOH/C9COOH and
bottom row refers to C7–C10COOH/C11COOH) coated on AuNPs that are
projected into the xy plane at two kinds of relative length differences. ∆l = 3
(left column) and ∆l = 4 (right column). Color coding: methyl terminated
carbons (Cn)—blue, and carboxyl terminated carbons (C2)—green.

caused the major changes in the structure and hydration
properties of SAMs at various stripe thicknesses. Moreover,
our recent study28 on mixed SAMs with equal lengths grafting
a gold surface at three different arrangements revealed almost
the same surface hydrophobicity and a slight variation in the
thickness of SAMs. Hence, we believe that there will be no
effect on the properties of SAMs upon change in the stripe
thickness for mixing of thiols with equal lengths on non-curved
surfaces. Thus, we present here the results of the Au(111)
surface coated with mixed SAMs of unequal lengths such
as C5–C11COOH and C11–C5COOH. Figs. 13–15 depict
the bending of longer thiols and the one-dimensional density

FIG. 13. Probability distributions of the end-to-end (C1 to C11) distance for
C5–C11COOH and C11–C5COOH mixing at four kinds of stripe thicknesses,
namely: 1-sam (black color), 2-sam (red color), 3-sam (blue color), and 4-sam
(cyan color).
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FIG. 14. Mass density profile of carbon atoms along the stripe direction
(x axis) of C5–C11COOH mixed SAMs coated on Au surface at four kinds of
stripe thickness. (a) 1-sam, (b) 2-sam, (c) 3-sam, and (d) 4-sam. Color coding:
C5 carbon atom—black color, and C11 carbon atom—red color.

of carbon atoms. The maximum probability of bending is
observed only for C5–C11COOH at 1-sam stripe thickness
(Fig. 13(a)) with a smaller peak at R/R0 < 1 whereas for
other stripe thicknesses, there is no such peak and thus a
negligible bending probability. In Figs. 14 and 15, the two
clear separated distinct crests and cliffs appearing in the
density profiles of carbon atoms of shorter and longer thiols
indicate a stable stripe configuration. In other words, the
minimum and maximum densities of the carbon atoms of
longer thiols should not overlap in the shorter thiols region
for stable stripe configurations. In the case of 1-sam stripe
thickness for C5–C11COOH mixing (Fig. 14(a)), it does
not show zero density for the longer thiols at the shorter
thiols region, implying longer thiol bending and thus the
collapse of the stripe configuration. In contrast, as regards the
C11–C5COOH mixing (Fig. 15(a)), it does not show longer
thiol bending and overlapping densities, and hence, a stable
stripe configuration is observed. However, we found a slight
change in the hydration of SAMs for 1-sam stripe thickness
compared with the other stripe thicknesses. The reason behind
such a small change is due to the less available free space

FIG. 15. Mass density profile of carbon atoms along the stripe direction
(x axis) of C11–C5COOH mixed SAMs coated on Au surface at four kinds of
stripe thickness. (a) 1-sam, (b) 2-sam, (c) 3-sam, and (d) 4-sam. Color coding:
C5 carbon atom—black color, and C11 carbon atom—red color.

(5 Å) provided by the shorter thiols for water molecules
in comparison to the other cases (10 Å, 15 Å, and 20 Å).
Besides, the C5–C11COOH mixing shows major changes on
the hydration of SAMs upon changes in the stripe thickness.
Our results are in line with the computational results obtained
by Centrone et al.,25 pertaining to the wetting behavior on
surfaces with different ordering patterns, using ethanol as
solvent. Indeed these authors reported that the solubility of the
gold surface coated with phase-separated mixtures of ligands
depends critically on the ordering pattern of the ligand shell.
We hypothesize that the observed stable stripe configuration
for C11–C5COOH at 1-sam is due to the occupancy of water
molecules in the free volume provided by the shorter thiols,
which is determined by the difference in water liking and
hating nature of the terminal groups. To test our hypothesis, we
have simulated the C11–C5COOH mixture on the gold surface
at vacuum with 1-sam stripe thickness and have analyzed the
longer thiol bending as well as the one dimensional carbon
densities (see Fig. 16). The observed probability of longer
thiol bending and overlapping densities confirms that the
longer thiols bend over the shorter ones when there are no
water molecules, while no such a bending is seen for the wetted

FIG. 16. Probability distribution of end-to-end distance (a), and mass density profile of carbon atoms along the stripe direction for C11–C5COOH mixed SAMs
coated on Au surface at wetting (b) and vacuum (c). Color coding in (b) and (c): C5 carbon atom—black color, and C11 carbon atom—red color.
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FIG. 17. Mass density profile of carbon atoms along the stripe direc-
tion of mixed SAMs coated on Au surface at 1-sam stripe thickness. (a)
C5–C10COOH and (b) C5–C9COOH. Color coding: C5 carbon atom—black
color, and C10/9 carbon atom—red color.

SAMs. Inspection of these results leads us to conclude that the
stability of the stripe configuration also depends on the size
of the solvent molecules and the interaction strength of these
with the terminal groups of thiols. Additional simulations on
the C5–C10COOH and C5–C9COOH mixtures (five CH2 and
four CH2 groups) coating the Au surface demonstrate that
the stability of stripe configuration depends on the relative
SAMs length difference (Fig. 17 ). In particular, we predict
that a stable stripe configuration occurs on flat surfaces if
the relative difference is ≤ four CH2 groups and above that,
the stripe configuration gets collapsed. Hence, our results
suggest that even on flat surfaces, the stability of the stripe
configuration at 1-sam stripe thickness depends on the length
mismatch but not on the length of thiols per se.

G. Non-bonded energetic background

Ghorai and Glotzer36 showed that electrostatic interac-
tions between the tail groups play a role in the stripe formation
by considering tail groups with positive and negative charges
in their simulation. In the present study, the SAM tail groups
are neither positively nor negatively charged but do have
hydrophobic or hydrophilic character. Due to the presence of
different electron affinity of heavy atoms in the hydrophobic
(C) and hydrophilic (C, O) tail groups, the interaction energy
between the methyl and carboxyl tail groups will differ from
those within the same groups. Since there is no chance of
chemical bonding between the methyl and carboxyl groups
during monolayers formation, we therefore only take into
account the interaction energies coming from non-bonded
interaction contributions, i.e., the sum of electrostatic and
van der Waals interactions. To compare the effect of stripe
thickness on the interaction energies among the equal-length
and unequal-length mixtures, we consider the following mixed
SAMs on AuNPs: C11–C11COOH, C5–C11COOH, and
C11–C5COOH. The calculated values are given in Table VI.
As seen, for all the cases, the interaction energy between the
methyl and carboxyl tail groups for 1-sam stripe thickness
is greater than that for the other stripe thicknesses. As the

TABLE VI. Non-bonded interaction energy (kcal/mol) between methyl and
carboxyl terminal groups.

CH3–COOH 1-sam 2-sam 3-sam 4-sam

C11–C11 −93.14 ± 3.55 −55.42 ± 2.87 −37.38 ± 2.61 −29.93 ± 2.10
C5–C11 −47.03 ± 2.80 −32.21 ± 2.52 −17.57 ± 1.82 −8.73 ± 1.44
C11–C5 −35.61 ± 2.61 −16.36 ± 2.10 −6.23 ± 1.00 −2.87 ± 0.68

stripe thickness increases, the methyl and carboxyl tail groups
are more distorted leading to a decrease in the interaction
energy. In the case of C11–C11COOH, the observed greater
interaction energy between the methyl and carboxyl tail
groups for 1-sam stripe thickness suggests that stronger
interaction energies produce a stable stripe pattern. However,
for the unequal-length mixture cases show contrary to the
above, i.e., greater interaction energy between the methyl
and carboxyl tail groups for 1-sam stripe thickness may not
give a perfect stripe pattern; instead, it gives collapsed stripe
pattern. That is, these energetic results suggest that a stronger
interaction energy may lead to striped AuNPs for all the
cases, even though a stable stripe pattern was achieved only
for equal-length mixtures and not for unequal-length ones.
To test the hypothesis of a possible correlation between the
interaction energy and the stable stripe pattern for the case of
unequal-length mixing, we calculated the interaction energy
between the tail groups for the C11–C5COOH mixed SAM at
1-sam stripe thickness on the gold surface in wet condition
and as well as in vacuum. Using the same method, the
interaction energies found were −22.57 ± 1.28 kcal/mol and
−73.34 ± 3.82 kcal/mol for wet and vacuum, respectively.
Our results of longer thiol bending and carbon densities of the
above two cases (see Fig. 16) predicted that the stable stripe
pattern was observed for wet surface and not for vacuum,
which implies greater (−73.34 ± 3.82 kcal/mol) interaction
energy between methyl and carboxyl may not provide perfect
stripe pattern for unequal-length mixtures. This thus led us
to conclude that one cannot decide the stability of the stripe
pattern from the interaction energy between the tail groups
in the case of thiols with unequal-length mixing. In addition,
our results show that the interaction energy between the tail
groups depends on the stripe thickness, the length of the thiols,
and the solvent properties.

IV. SUMMARY AND CONCLUSIONS

In this work, we have carried out all-atom MD simulations
of mixed SAMs on a gold spherical NP and a flat surface to
investigate the effect of stripe thickness on the structural and
hydration properties of SAMs. These simulations enabled us
to probe how the stripe thickness affects such properties for
SAMs of mixed thiols with equal and unequal carbon lengths.
For example, structural properties such as the tilt angle and Rg
values show dependency on the stripe thickness for unequal-
length thiol mixtures. Our results on longer thiol bending
probability distributions and densities of carbon atoms reveal
that the stripe configuration collapses at lower stripe thickness
but persists for higher stripe thickness. Further, we find that
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the stability of stripe configuration on AuNPs at lower stripe
thickness depends on the relative length difference between
the thiols and their lengths as well. That is, the relative
length difference varies with respect to the length of the
thiols for inducing the stable stripe configuration on coated
AuNPs. However, for the gold flat surface, a stable stripe
configuration is observed when the thiol’s length difference is
≤ four CH2 groups collapsing above that. In fact, our results
pertaining to the flat surface reveal that the stability of the
SAM’s stripe configuration not only depends on the relative
lengths but it also depends on the chemical composition
of the terminal groups and solvent. Particularly, the results
from stripped C11–C5COOH SAMs on Au surface at water
and vacuum led us to conclude that the stability of the stripe
configuration depends on the solvent’s size and its interactions
with the thiols. Therefore, it should be possible to obtain
stable striped configurations by the judicious choice of the
solvent and the thiols’ terminal groups. A detailed study on
the stability of striped AuNPs of various terminal groups at
various organic solvents is thus of utmost importance in this
field of research. We believe that the present study provides a
better understanding of the microscopic picture of the stripe
configurations arising from various relative length differences
of thiol tails on 4 nm size AuNPs. Our findings have also
relevant implications for biological processes. For instance,
the findings regarding the hydrogen bonding between water
and thiols show the binding nature of the various stripped
AuNPs with any other foreign molecules that are used for
potential applications.
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