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ABSTRACT: In this work, we performed atomistic simulations to study the structural properties of mixed self-assembled
monolayers (SAM) of hydrophilic and hydrophobic alkylthiols, with two diﬀerent chain lengths (C5 and C11), on gold
nanoparticles (NPs) at three diﬀerent arrangements, namely: random, patchy, and Janus domains. In particular, we report the
eﬀect of mixing of thiols with unequal carbon chain lengths (C5 and C11) at three diﬀerent arrangements on the structural
properties and hydration of SAMs. Our simulation study reveals that the arrangement of thiols having unequal carbon chains in
mixed SAMs is a key parameter in deciding the hydrophilicity of the coated gold NPs. Thus, our ﬁndings suggest that the
hydration of the SAMs-protected gold NPs is not only dependent on the molecular composition of the thiols, but also on the
organization of their mixing. In addition, our results show that the bending of longer thiols, when these are mixed with shorter
thiols, depends on the arrangement of thiols as well as the chemical nature of their terminal groups.
length of the alkanethiols. Recently, Lane et al.24 reported that
the terminal groups of the alkanethiols and the solvent play an
important role in determining the properties of SAMs surface
pattern on AuNPs.
SAMs predominantly determine the properties of the
nanoparticles, as each type of alkanethiol in the mixed SAMs
confers the NPs with a certain set of properties.25 Hence,
investigating the structural morphology of mixed SAMs coated
on AuNPs is of great interest. The organization of mixed SAMs
upon adsorption falls into two main categories, namely,
completely mixed (random/stripe/patchy) and demixed
(Janus) formation. Each organization is very important for
the properties and functioning of the NPs. For instance, AuNPs
with completely mixed arrangements lead to structure-dependent properties such as interfacial energy and solubility.26,27 On
the contrary, the demixed Janus particle-type arrangements can
be used for assembling into unique structures.28 Therefore, the
investigation on SAMs of mixed thiols on gold NPs has
attracted particular attention. Various experimental12−20 and

1. INTRODUCTION
Gold nanoparticles (AuNPs) coated with self-assembled
monolayers (SAMs) of thiolates provide many unique features
that make them attractive in multiple potential applications,
including sensing, catalysis, drug delivery, electron transfer
eﬃciency, electrochemical charging, and molecular recognition.1−9 In fact, SAMs serve as a linker between the NPs and
the environment, providing important properties to the
material such as stability and solubility.2,10,11 Therefore,
understanding the structure of thiolate SAMs on AuNPs has
been an active area of research. Many experimental groups have
studied the structure of SAMs coated on nanoparticles using
scanning tunneling microscopy (STM),12−14 infrared spectroscopy (IR),15 electron spin resonance (ESR),16 mass spectroscopy,17 transmission electron microscopy (TEM),18 ﬂuorescence,19 and nuclear magnetic resonance (NMR).20 Luedtke
and Landman21,22 were the ﬁrst to report that the adsorption
site geometries on nanocrystallites diﬀer from those found on
extended ﬂat Au(111) and Au(100) surfaces, using molecular
dynamics simulations. Later, Gorai et al.23 studied the structural
properties of SAMs (SH(CH2)nCH3, n = 4−20) on
AuNPs at low and high temperatures, and they conclude that
the tilt angle depends strongly on the temperature and chain
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Received: December 5, 2014
Revised: January 15, 2015
Published: January 16, 2015
3199

DOI: 10.1021/jp512144g
J. Phys. Chem. C 2015, 119, 3199−3209

Article

The Journal of Physical Chemistry C
theoretical29,30 studies have reported diﬀerent kinds of mixed
arrangements with the same and diﬀerent carbon chain length
of alkanethiols as well as mixture of aliphatic and aromatic
thiols. Recently, Liu et al.20 showed the possibility of three
structural morphologies, namely, random, stripe/patchy, and
Janus particles of mixed SAMs on gold NPs, using NMR.
In a recent paper,31 we have studied and compared the
structural properties of mixed SAMs on gold(111) surface at
three diﬀerent arrangements and inspect their surface hydrophilicity. We found that the surface hydrophilicity does not
change much with diﬀerent SAM arrangement, even though,
thickness of SAMs varied a bit with diﬀerent arrangement.31
However, it is not clear how the SAMs get organized and
hydrated in the case of mixed SAMs coated on curved surfaces
(AuNPs) at three diﬀerent arrangements. To the best of our
knowledge, no previous simulation work has yet been carried
out to address the above comparison study. Thus, with this
motivation and as a continuation of our previous work, here we
present a detailed simulation study of the structural properties
of hydrophobic−hydrophilic mixed SAMs on AuNPs at three
diﬀerent arrangements, namely: random, patchy, and Janus.
Recently, experimental and theoretical studies have shown that
the structural properties of alkanethiols on AuNPs of a ﬁxed
size depend on the carbon chain length of thiols.29,30 Therefore,
in our study, we considered thiols with shorter (C5) and longer
(C11) carbon chain lengths, as well as mixture of C5 and C11.
The rest of the paper is organized as follows: in the next section
we give details of the systems as well as of our molecular
dynamics (MD) simulations; in section 3, we discuss the results
from our MD simulations; ﬁnally, the main conclusions of this
study are summarized in section 4.

their periodic images. The periodic boundary conditions were
applied in all Cartesian directions. The CHARMM27 force
ﬁeld32 was used to describe the all-atom intermolecular
interactions for SAMs, which has already been successfully
applied in MD simulations of SAMs on gold surface in previous
studies.31,33−35 The Lennard−Jones (LJ) intermolecular
potential was used to model the gold atoms36 of NPs and
the gold−sulfur interactions. The LJ cross-interaction parameters were calculated from the standard Lorentz−Berthelot37
combining rules. Harmonic bond stretching, angle bending and
dihedral angle terms were taken from the CHARMM27 force
ﬁeld.
All MD simulations were carried out using the LAMMPS
package38 on the isothermal−isobaric (NpT) ensemble 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 barostat39,40
with a relaxation constant of 0.1 ps. The Particle−Particle
Particle-Mesh (PPPM) method41 was used to handle the longrange 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 algorithm42 was used to
constraints the bonds in water molecules. All the analyses
presented in this paper were performed by averaging over the
last 2 ns of the 4−5 ns NpT MD-trajectories, and the VMD
software43 was used for visualization of the trajectories and
taking snapshots.

3. RESULTS AND DISCUSSION
3.1. Size of the SAMs-Coated AuNPs. We start our
discussion with the size of the SAMs coated AuNPs formed in
our simulations. We have analyzed the size of the SAMs coated
AuNPs by calculating their radius of gyration (Rg) for all the
cases, which are presented in Table 1. The obtained Rg values

2. SIMULATION DETAILS
The alkanethiols coated on AuNPs were modeled with an all
atom representation. We built up icosahedral AuNPs with a
diameter of 4 nm, containing 1985 Au atoms, using Material
Studio 6.0. Although these icosahedral AuNPs have multiple
faces such as (111) and (100), the overall structure looks
almost spherical. Thus, the alkanethiols were grafted radially
away from the NPs with a distance between the sulfur atoms of
SAMs and the AuNPs surface of 2.38 Å. From our recent
adsorption study, we found 370 thiols are adsorbed on AuNPs
of 4 nm size which is quite reasonable number compared to
156 and 258 thiols for 2.4 and 3.2 nm in the previous
adsorption study.21,22 Hence, in the present work, 370 alkyl
thiols were placed randomly on the AuNPs. Since AuNPs
weakly interact with the alkanethiol coating and solvent, these
were ﬁxed during the simulations. In addition, since we aim to
study the hydration and structural properties of SAMs at three
diﬀerent arrangements, we also ﬁx the sulfur atoms. Four types
of SAMs were considered for coating the AuNPs built, namely:
(i) S(CH 2 ) 11 CH 3 and S(CH 2 ) 11 COOH, (ii)
S ( C H 2 ) 5  CH 3 a n d S  ( C H 2 ) 5 C O O H , ( i ii )
S(CH 2 ) 5 CH 3 and S(CH 2) 11 COOH, plus (iv)
S(CH2)11CH3 and S(CH2)5COOH, which hereafter
will be denoted as C11−C11COOH, C5−C5COOH, C5−
C11COOH, and C11−C5COOH, respectively. Further, for
convenience, the random, patchy, and Janus type of arrangements will be called from now on as ran, pat, and Jan,
respectively. Finally, all the coated AuNPs were placed at the
center of a cubic box of dimensions of about 140 × 140 × 140
Å3 and surrounded by a suﬃcient number of water molecules
(ca. 67 100) to avoid the interactions between the SAMs and

Table 1. Radius of Gyration for the AuNPs Coated with
Mixed SAMs for All the Studied Cases
ran
C5−C5COOH
C11−C11COOH
C5−C11COOH
C11−C5COOH

24.62
28.47
26.88
26.97

±
±
±
±

pat
0.78
0.90
0.85
0.85

24.66
28.50
27.02
27.24

±
±
±
±

Jan
0.78
0.90
0.85
0.86

24.66
28.48
26.63
26.56

±
±
±
±

0.78
0.90
0.84
0.84

can provide a measure of the conformational changes of
alkanethiols when these are adsorbed onto the AuNPs. In other
words, for ﬁxed AuNPs and thiol lengths, a lower R g
corresponds to larger tilting/bending of thiols and vice versa.
From the results given in Table 1, it can be seen that only some
changes in the average size of the SAMs coated on AuNPs at
three diﬀerent arrangements are observed for mixing of thiols
with unequal carbon chain lengths. Particularly, patchy mixing
has a slightly larger size when compared with the other kinds of
mixed arrangements, indicating that its structural morphology is
diﬀerent from the others. This is due to the fact that, unlike ﬂat
coatings, NPs coatings (curvature coatings) of chains have free
volume to explore even when they are densely packed at their
grafting points (see Figure 1).29,44,45 Thus, thiols segregate and
self-assemble and maintains the terminal groups distance at ∼5
Å. In the case of random mixing, organization of the mixed
thiols arises from an average orientation of thiols. Hence, thiols
in random mixing segregate to form general clusters of
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changes in geometric centers for both the C5−C11COOH and
C11−C5COOH Janus mixing, due to the mixing of unequal
carbon chain lengths, gives rise to lower Rg values even when
compared with the corresponding random mixing. Therefore,
in the case of unequal carbon chain length mixing of thiols, a
direct comparison of the radius of gyration of Janus mixing with
the other two kinds of mixing is not possible.
In order to understand the phase segregation of thiols, we
have presented the equilibrated snapshots of all the cases in
Figures 2 and 3. These snapshots give a more qualitative picture
of adsorption of thiols on AuNPs, i.e., certain patterns are
apparent in the images of the SAMs coated on AuNPs. For
instance, in the case of C11−C11COOH mixing, patchy mixing
shows distinct phase segregation for hydrophilic carboxyl
termination, whereas hydrophobic methyl termination groups
do not show such phase segregation. That is, the hydrophobic
thiols are divided and then segregate a nearby hydrophilic
cluster. Whereas in the case of random and Janus C11−
C11COOH mixing, the SAMs segregate to large islands.
However, C5−C5COOH mixing does not show any notable
diﬀerence upon adsorption at three arrangements. Mixture of
unequal carbon chain lengths of thiols shows interesting
patterns. For example, patchy mixing shows formation of small
clusters, random mixing shows more compaction pattern by
bending of C11 thiols over C5 thiols, and Janus mixing shows
an acorn nut like pattern. These interesting observations
suggest that the SAMs get organized diﬀerently upon diﬀerent
mixing arrangements, particularly for C11−C11COOH patchy
and unequal carbon chain length mixing, which can function
diﬀerently.
3.2. Structure of SAMs. Generally, the structure of SAMs
can be characterized mainly through their tilt angles, because

Figure 1. Schematic two-dimensional representation of the decreased
density of thiols at increasing carbon chain length and the free volume
available to the thiols. Green and cyan color cones refer to the free
volume available for shorter and longer thiols, respectively. Here, rt >
rh, rh and rt are the distance between the head groups and the tail
groups, respectively.

hydrophobic and hydrophilic nature. As a result, longer thiols
happened to tilt and bend more to ﬁll the free space provided
by the shorter thiols (see the discussion in the following
sections), giving a more compact structure to C5−C11COOH
and C11−C5COOH random arrangements. Whereas in the
case of patchy mixing, the hydrophilic thiols segregate to form a
small cluster that yields a distinct phase segregation of
hydrophobic thiols. Due to this, the Rg values for C5−
C11COOH and C11−C5COOH random mixing are somewhat smaller than that of the patchy mixing. The expected

Figure 2. Equilibrated structures of the AuNPs coated with mixed SAMs of C5−C5COOH (top row) and C11−C11COOH (bottom row) at
random, patchy and Janus arrangements (from left to right). Color coding: methyl terminated alkanethiols, blue; and carboxyl terminated
alkanethiols, green.
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Figure 3. Equilibrated structures of the AuNPs coated with mixed SAMs of C5−C11COOH (top row) and C11−C5COOH (bottom row) at
random, patchy and Janus arrangements (from left to right). Color-coding as in Figure 2.

Table 2. Average tilt angle of the mixed SAMs for all the studied cases
C5−C11COOH
ran
pat
Jan

C11−C5COOH

C5−C5COOH

C11−C11COOH

CH3 (C5)

COOH (C11)

CH3 (C11)

COOH (C5)

20 ± 11
21 ± 11
21 ± 11

31 ± 14
29 ± 13
30 ± 13

21 ± 11
22 ± 11
21 ± 11

33 ± 14
32 ± 13
30 ± 13

30 ± 14
27 ± 12
31 ± 13

21 ± 11
21 ± 12
21 ± 12

for shorter thiols mixing. Previous computational studies30 on
AuNPs coated with mixed thiols with suﬃcient length variation
showed that longer thiols tend to tilt more to ﬁll the gap
provided by the shorter thiols. Our results also suggest the
same, but only for some cases. For example, in the case of C5−
C11COOH mixing, random and patchy mixing shows more
tilting compared with the equal length mixing case, whereas
Janus mixing shows the same tilt angle as in the case of equal
length mixing. However, in C11−C5COOH mixing, the tilting
of longer thiols can be ordered as follows: Jan < ran < pat. As a
result of the free volume provided by the longer carbon chain
length of thiols, we observe variation in the tilt angles for
diﬀerent mixing arrangements. Adsorption of thiols on ﬂat
surfaces admits the inversely proportional relation between
thickness and tilt angle, that is, the thickness increases or
decreases as the tilt angle decreases or increases, respectively.31,46−49 The behavior of tilt angles and Rg of SAMs coated
AuNPs seen for NPs is akin to the behavior seen for the ﬂat
surfaces.
3.3. Bending of Thiols. Mixing of thiols with unequal
carbon chain lengths provides the extra space for longer thiols
by shorter thiols that not only allows longer thiols to adopt
larger tilt angles, but it also may give a possible bending over
the shorter thiols. Singh et al.29 observed the bending of longer
thiols over the shorter ones when their length substantially
diﬀers. To check the possibility of bending of longer thiols at
three kinds of arrangements, we have calculated the end-to-end
(C1 and C11 carbon) distance (R) which gives a qualitative

alkanethiols are known to tilt when adsorbed onto a metal
surface. Although there are several studies on the structure of
tilted alkanethiol SAMs on ﬂat gold surfaces,46−49 such studies
on the structure of tilted SAMs coated on AuNPs are
scarce.23,30 According to Gorai et al.,23,30 the tilt angle of
SAMs coated on AuNPs can be determined by ﬁnding the
angle between the vector joining the sulfur headgroup and the
odd carbons of the alkyl chain and the vector perpendicular to
the surface of the sphere and passing through the sulfur
headgroup. For a ﬁxed NPs, the tilt angle increases by
increasing the carbon chain length. The calculated tilt angles,
summarized in Table 2, also reveal the same, i.e., the tilt angle
for longer thiols (C11) is higher compared to the shorter thiols
(C5). These tilt angle values are in good agreement with earlier
computed results.23,30 The average tilt angles for C5−
C5COOH mixing are almost constant at three diﬀerent
arrangements. Alternatively, the tilt angle is slightly lower for
the C11−C11COOH patchy mixing when compared to the
other two arrangements. The reason for this lowering of tilt
angle is due to the organization of thiols, that is, the patchy
arrangement of thiols yields small clusters of phase segregation
when compared to the Janus and random arrangements (see
Figure 2). As a consequence of the curvature coating, the
carbon chain density decreases by increasing the carbon chain
lengths as it is schematically depicted in Figure 1.29,44,45 Hence,
longer thiols have more free volume available to tilt and we
observed a smaller variation in the tilt angles for longer thiols
mixing at three diﬀerent arrangements compared to that seen
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distance, i.e., the distance between the C1 and C11 carbon
atoms, and R0 is the geometric length of the carbon chain. In all
cases, two distinct peaks are observed at R/R0 = 1 and at R/R0
< 1 corresponding to thiols without bending and with bending,
respectively. The distribution shows a higher peak at R/R0 < 1
for the C5−C11COOH randomly mixed SAM, clearly
indicating bending of alkyl chains. In the other cases, though
two peaks appear separately, the peak at R/R0 < 1 is less
probable. A higher value for the latter peak implies higher
degree of bending and thus, we can state that the randomly
mixed C5−C11COOH and C11−C5COOH SAMs show the
maximum bending of alkyl chains among all the cases
considered. That is, the random mixing of C5−C11COOH
and C11−C5COOH gives more compact structures compared
to the other two kinds of mixing, just as the sizes showed (see
Table 1). In the case of random mixing, some of the longer
thiols may not have longer thiols in their close vicinity for
strong interactions and hence, the probability of bending of
those is higher in this type of mixing. However, in the case of
C5−C11COOH patchy mixing, even though the longer thiols
will have one or two nearest neighbor thiols of similar kind for
interactions, it shows higher bending probability than that of
the C11−C5COOH patchy. The main reason here is that, due
to the proximity of the three/four carboxyl terminal thiols, the
terminal carboxyl groups have a greater possibility to make
hydrogen bonds with water molecules than within themselves
by bending slightly. This can be easily checked out by looking
at the number of hydrogen bonds per carboxyl group with
water molecules. From the end-to-end distance distributions, it
is clear that, the longer thiols with carboxyl terminal groups are
more intended to bend over onto shorter thiols than the longer
thiols with methyl terminal groups. Further, the distributions
clearly indicate that the adsorption of thiols at three diﬀerent

measurement of the bending. Figure 4 shows the probability
distributions of R/R0, P(R/R0), where R is the end-to-end

Figure 4. Probability distributions of the end (C1)-to-end (C11)
distance for C11−C11COOH mixing, C5−C11COOH mixing and
C11−C5COOH mixing at random (black color), patchy (red color),
and Janus (blue color) arrangements.

Figure 5. Radial distribution of water oxygen and carbon atoms of thiols (excluding terminal carbon atoms) from the center of AuNPs for mixing of
equal carbon lengths at random [(a) and (d)], patchy [(b) and (e)] and Janus [(c) and (f)]. The left column is for C5−C5COOH SAMs, and the
right one is for C11−C11COOH SAMs.
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Figure 6. Radial distribution of water oxygens and carbon atoms of thiols (excluding terminal carbon atoms) from the center of AuNPs for mixing of
unequal alkyl thiol lengths at random [(a) and (d)], patchy [(b) and (e)] and Janus [(c) and (f)]. The left column is for C5−C11COOH SAMs, and
the right one is for C11−C5COOH SAMs.

Figure 7. Snapshots taken from the simulations displaying the water molecules entering between the thiols in mixed SAMs of C5−C5COOH (top
row) and C11−C11COOH (bottom row) coated on AuNPs at random, patchy, and Janus arrangements (from left to right). Color coding: methyl
terminated alkanethiols, blue; carboxyl terminated alkanethiols, green; and water molecules, red (oxygen) and white (hydrogen).

ments of thiols onto the AuNPs can have signiﬁcant eﬀects on
their hydration behavior as it will be seen subsequently.
3.4. Radial Distribution Functions and Hydration. The
radial distribution functions (RDFs) of oxygen atoms of water
molecules and carbon atoms (CH2) of the alkyl groups

arrangements yields notable diﬀerent structural morphologies
for the C5−C11COOH mixing and the C11−C5COOH
mixing. To summarize, our results show that the bending of
longer thiols depends on the thiols arrangements as well as the
chemical composition of the terminal groups. The arrange3204
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Figure 8. Snapshots taken from the simulations displaying the water molecules entering between the thiols in mixed SAMs of C5−C11COOH (top
row) and C11−C5COOH (bottom row) coated on AuNPs at random, patchy and Janus arrangements (from left to right). Color-coding as in Figure
7.

Table 3. Average Number of Water Molecules in Two Particular Regions for All the Cases
region Ia
ran
C5−C5COOH
C11−C11COOH
C5−C11COOH
C11−C5COOH

1
489
353
687

±
±
±
±

pat
1
26
32
30

1
489
748
1213

±
±
±
±

region IIb
Jan

1
20
35
30

1
505
978
1102

±
±
±
±

Ran
1
20
28
34

1052
1953
2223
2287

±
±
±
±

Pat
20
23
25
26

1037
1953
2353
2428

±
±
±
±

Jan
21
22
25
24

1024
1941
2416
2365

±
±
±
±

20
24
23
26

a
Considering the water molecules within the radius of SAMs (excluding terminal groups). bConsidering the water molecules from region I to region
I plus 5 Å.

excluding the terminal carbon atoms (CH3 and COOH) from
the center of the AuNP can provide a microscopic picture of
thiol hydration. The spatial arrangement of water and SAMs
from AuNPs reveals the nature of water molecules in the
vicinity of SAMs. Depending on the spatial behavior of water
molecules and carbon atoms of thiols, one can conclude
whether the water molecules stay near the terminal groups or
enter into the SAMs. Furthermore, from this information, one
can also understand whether NPs have free volume to have
water molecules nearby or not. In order to study the above
features, we calculated the RDFs of oxygen atoms of water
molecules and the carbon atoms of thiols from the center of
mass of AuNPs, which are depicted in Figures 5 and 6 for all
the cases. As can be seen, in the case of lower chain lengths, the
overlapping zone of the water RDF and the alkyl RDF is lower
than that of longer chains. This reveals that the hydration of the
SAMs is almost same for equal carbon chain length mixing but
diﬀers for unequal mixing. The RDFs of water oxygen for all
types of mixing exhibit some atomic layering behavior but the
proﬁles are markedly diﬀerent among equal and unequal chain
length mixing even between the C5−C5COOH and C11−
C11COOH mixings. The RDFs of water oxygen for the C5−
C5COOH mixing shows a noticeable two shell atomic layering

behavior (Figure 5d−f). In this C5−C5COOH assembly, the
RDFs of alkyl chains consist of sharp peaks pertaining to a rigid
structure of the monolayer, and their negligible intersection
with the RDFs of water oxygen indicates minor water
penetration into the monolayer, as can be seen in Figure 7
(top row). However, in the C11−C11COOH mixing, the RDF
proﬁles exhibit less pronounced single layer behavior (Figure
5a−c). Due to the higher available free volume, the chains are
grouped together yielding then more free volume for water
penetration. From Figure 7 (bottom row), it can be observed
that there is layering of waters inside the monolayer in this kind
of mixing.
The waters’ RDFs show a very distinct behavior for the cases
of mixing of thiols with unequal carbon chains. In the case of
C5−C11COOH mixing (Figure 6, left column), the waters’
RDFs are not overlapping with the RDFs of hydrophobic thiols,
which mean that waters do not penetrate into the layer;
whereas the hydrophilic thiols show intersection with the water.
In the case of the random mixtures, the bending of longer
chains hinders the water molecules penetration and this leads to
a sharper drop in the RDFs compared to the other two cases.
This hindrance for water penetration can be concluded from
the appearance of a less distinct hump in the RDFs of water
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Table 4. Average Number of Water−Water Hydrogen Bonds (Nw‑w) per Water Molecules at Three Diﬀerent Regions for all the
cases
region Ia
ran
C5−C5COOH
C11−C11COOH
C5−C11COOH
C11−C5COOH

2.94 ± 0.05
2.70 ± 0.06
2.66 ± 0.04

pat
2.95 ± 0.05
3.06 ± 0.03
2.94 ± 0.03

region IIb
Jan
2.98 ± 0.05
2.96 ± 0.04
2.94 ± 0.03

ran
2.84
3.20
3.19
3.34

±
±
±
±

region IIIc

Pat
0.03
0.02
0.02
0.02

2.82
3.19
3.30
3.38

±
±
±
±

Jan
0.03
0.02
0.02
0.02

2.81
3.18
3.27
3.38

±
±
±
±

ran
0.03
0.02
0.02
0.02

3.44
3.42
3.44
3.45

±
±
±
±

pat
0.02
0.02
0.02
0.02

3.44
3.42
3.43
3.44

±
±
±
±

Jan
0.02
0.02
0.02
0.02

3.44
3.42
3.44
3.44

±
±
±
±

0.02
0.02
0.02
0.02

a

Considering the water molecules within the radius of SAMs (excluding terminal groups). bConsidering the water molecules from region I to region
I plus 5 Å. cConsidering the water molecules from region II to region II plus 5 Å.

mixing. From all these observations, we conclude that the
SAMs are hydrated alike for equal chain length mixing but diﬀer
for unequal carbon chain length mixing at three diﬀerent
arrangements.
3.5. Hydrogen Bonding. AuNPs coated with SAMs of
alkanethiols of the entire cases have the same number of
hydrogen bond donor and acceptor polar groups. However, the
RDFs of water oxygen atoms exhibited slightly diﬀerent
distribution proﬁles at three diﬀerent arrangements for unequal
carbon chain length mixing. To probe the above diﬀerence
quantitatively, we have calculated the water−water hydrogen
bonds per water molecule at three diﬀerent regions, namely at
regions I and II, already described in the previous section, as
well as region III deﬁned by considering the water molecules
above region II plus 5 Å. We have used the hydrogen bond
criterion of Luzar and Chandler,50 in which a hydrogen bond
exists if the distance between the participating oxygen atoms is
less than 3.5 Å and simultaneously the OH····O angle is less
than 30°. Table 4 shows the average number of hydrogen
bonds per water molecule (Nw‑w) at three diﬀerent regions for
all the cases. To show the similar behavior of the water RDFs
proﬁles for equal length mixing at three diﬀerent arrangements,
we also calculated Nw‑w for the C5−C5COOH and C11−
C11COOH mixing cases. As expected, the value of Nw‑w in
region III approaches that of bulk water (3.5), and it is lower in
the other two regions. The main reason for this lower Nw‑w
value is the ability of the carboxyl terminal groups to form
hydrogen bonds with the water molecules (see Table 5, which

between 30 and 35 Å. Moreover, the RDFs of water reach unity
more quickly than for the two other cases. In the case of longer
hydrophobic thiols, the long chains allow space for water
molecules to penetrate and form strips of water molecules
within the monolayer. Water molecules form layering on the
top of the hydrophilic thiols, which are smaller in size. This can
be easily visualized by examining Figure 8 (bottom row), which
shows the arrangement of water molecules on the C11−
C5COOH mixed SAMs.
To gather a quantitative measurement of the hydration of
SAMs, we have calculated the number of water molecules
within the radius of SAMs excluding terminal groups (say,
region I) and from the above region to 5 Å (say, region II).
Table 3 summarizes the number of water molecules in the two
regions. In the case of C5−C11COOH and C11−C5COOH
mixing, the radius of the SAMs was calculated by considering
the longer thiols C11 carbon atoms. From the results in Table
3, we observe that the number of water molecules is the same
for both C11−C11COOH and C5−C5COOH mixings at three
diﬀerent arrangements but diﬀers for C5−C11COOH and
C11−C5COOH mixings. Notice here that in contrast to our
results, Kuna et al.26 predicted that the stripped arrangement
(<2 nm width) shows slightly larger hydrophilicity compared to
the Janus arrangement for binary mixtures of 1-octanethiol and
6-mercaptohexan-1-ol of varying ratios. This disagreement is
likely due to the diﬀerence in the hydrophilic nature of the
terminal groups, the alkyl chain lengths and, most importantly,
the patchy width. As the C5−C5COOH mixing has lesser free
volume per chain,29,30 leading to lower tilt angles, this allows
only 1−2 water molecules between the SAMs. The snapshots
shown in Figures 7 and 8 visualize the water molecules entering
between the thiols for the mixed SAMs coated on AuNPs in all
the cases. Interestingly, a rich response is observed for the cases
of C11−C11COOH, C5−C11COOH, and C11−C5COOH
mixings, with the number of water molecules between the
SAMs ranging from 500 to 1215, which is a quite large number
compared to that seen for the C5−C5COOH mixing. Since
methyl terminal groups repel the water molecules from the
surface, fewer water molecules are found near the SAMs surface
for the C5−C11COOH mixing than that related to the C11−
C5COOH mixing. As in the C5−C11COOH and C11−
C5COOH random mixing cases, the number of water
molecules entering between the SAMs is always lower
compared to the other two kinds of mixing arrangements.
Unlike the other two cases, here the C11 alkanethiols tilted
along with bending (see Figure 4) so as to ﬁll the free volume
provided by the C5 alkanethiols. In the case of C11−C5COOH
mixing, the patchy arrangement shows a lower tilt angle and
hence has more free volume to accommodate more water
molecules. Further, the distribution P(R/R0) also shows a
slightly larger peak at R/R0 =1 for C11−C5COOH patchy

Table 5. Average Number of Water-Carboxyl Terminal
Group Hydrogen Bonds (NCO‑w) per Carboxyl Terminal
Group for All the Cases
ran
C5−C5COOH
C11−C11COOH
C5−C11COOH
C11−C5COOH

2.19
2.21
2.34
1.97

±
±
±
±

pat
0.09
0.08
0.08
0.07

2.10
2.14
2.27
2.07

±
±
±
±

Jan
0.09
0.07
0.08
0.07

2.05
2.12
2.10
2.06

±
±
±
±

0.09
0.07
0.07
0.07

shows the average number of carboxyl-water hydrogen bonds
(Nco‑w) per carboxyl group for all the cases.). In other words, a
competing eﬀect arises between the water−water hydrogen
bonding mechanism and the carboxyl-water hydrogen bonding
one (NCO‑w). Hence, the probability of establishing hydrogen
bonds between the water molecules is reduced. The reduction
in Nw‑w varies among the AuNPs with longer carboxyl terminal
thiols (Nw‑w ≈ 3.20) and the AuNPs with shorter carboxyl
terminal thiols (Nw‑w ≈ 2.85). As a consequence of the free
volume provided by the longer thiols, some free water
molecules exist in the region where the water molecules may
be aﬀected by the carboxyl groups, and thus the value of Nw‑w is
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molecules in the vicinity of SAMs reveal that the hydration of
mixed SAMs is almost constant for equal length of mixing but
varies for unequal length mixing at three diﬀerent arrangements. As a result of the bending of longer thiols over shorter
thiols, less number of water molecules enters between SAMs
for random mixing at unequal carbon chain length mixing of
thiols. Although the number of water molecules, the overlapping area and the end-to-end distance distributions for the
C11−C11COOH mixing were found to be almost identical for
the three diﬀerent arrangements, the organization of thiols is
diﬀerent for patchy mixing compared to the other two kinds of
mixing.
In conclusion, the results from unequal carbon chain length
mixing suggest that the thiols with either shorter or longer
SAMs surface for the patchy and Janus mixing will have a better
aﬃnity toward any other foreign molecule than the random
mixed thiols. We believe that the present study provides a
better understanding of the structure and hydration of SAMs
with equal/unequal mixed carbon chain length of thiols on
AuNPs at three diﬀerent arrangements. Further, the obtained
end-to-end distance distributions show that the bending of
longer thiols (C11) over shorter thiols (C5) exclusively
depends on the arrangements of thiols and on the chemical
composition of terminal groups. Particularly, it seems that the
presence of small regions with ordered (1 CH3 × 1 COOH)
mixing arrangement in random mixtures leads to thiols bending
and thus, another interesting question is whether or not such
bending occurs in a completely ordered arrangement. Another
appealing question is as follows: What is the optimum patchy
width for thiols to be absorbed onto AuNPs without bending?
Therefore, it would also be important to know how both the
structural morphology and hydration of SAMs are aﬀected by
changing the patchy width. Similar kinds of investigations to
target such issues are presently being carried out in our
laboratory.

larger compared to AuNPs with shorter carboxyl thiols. In the
case of C5−C5COOH and C11−C11COOH mixings, the
values of Nw‑w are almost constant in all regions for the three
diﬀerent arrangements. However, the values of Nw‑w are not
constant in region I for the case of mixing of thiols with
unequal chain lengths at the three diﬀerent arrangements. In
the case of C5−C11COOH mixing, the longer thiols are
carboxyl terminated and therefore signiﬁcant variations in the
Nw‑w values appear as well in region II. Particularly, for random
mixing, the longer thiols are bending over shorter thiols that
enforce orientational freedom for the terminal groups. The
above-mentioned terminal groups freedom yields more
possibility to the formation of hydrogen bonds between
carboxyl and water (see Table 5). Hence, the water−water
hydrogen bonds are slightly lesser for the random mixing
compared to the other two kinds of mixing. Further, because of
the bending, the water−water hydrogen bond gets interrupted
and thereby, the random mixing of thiols with unequal carbon
chain lengths exhibits a lower Nw‑w value in region I. Even
though the values of Nw‑w for the C5−C5COOH and C11−
C11COOH mixings are almost similar in all regions, there are
some diﬀerences in the values of NCO‑w. For mixed thiols with
unequal carbon chain length, the C11−C5COOH mixing
shows slightly lower values of NCO‑w compared to the C5−
C11COOH one. The reason behind this is that, the shorter
thiols with carboxyl terminated groups in the C5−C11COOH
mixing structure enforces orientational restrictions on the
carboxyl terminal groups, which in turn aﬀects signiﬁcantly the
carboxyl-water hydrogen bond formation (see Table 5).
Further, due to the formation of small clusters and larger
clusters of thiols, one can notice a larger diﬀerence in the total
number of carboxyl-carboxyl hydrogen bonds (NCO−CO) values
for equal carbon chain length mixing than for the unequal
carbon chain length mixing as shown in Table 6. Our results

■

Table 6. Average Number of Hydrogen Bonds between the
Carboxyl Terminal Groups of SAMs (NCO−CO) for All the
Cases
ran
C5−C5COOH
C11−C11COOH
C5−C11COOH
C11−C5COOH

5
4
8
9

±
±
±
±

pat
1
1
2
1

10
9
7
10

±
±
±
±
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show that, although all the NPs have the same numbers of
hydrogen bond donor and acceptor of the polar groups, due to
the arrangements of the thiols, both the NCO‑w and the NCO−CO
vary for all kinds of mixing (Tables 5 and 6). Variation in Nw‑w
for mixing of thiols with unequal carbon chain lengths is
observed too. All these results suggest that the interaction with
other molecules of SAMs coated onto the AuNPs will be
aﬀected by the organization of the mixed thiols.

4. CONCLUSIONS
In this work, we have investigated the structural morphology of
SAMs with mixture of equal chain lengths and unequal chain
lengths at three diﬀerent arrangements through all-atom MD
simulations. The obtained results for the tilt angles and Rg
values lead us to conclude that the structural morphology of
mixed SAMs on AuNPs depends on the arrangement, the
carbon chain length and the chemical composition of the
terminal groups of thiols. Our results on the number of water

■
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