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The high mechanical stiffness of single-nanoparticle thick membranes is believed to result from
the local structure of ligand coatings that mediate interactions between nanoparticles. These ligand
structures are not directly observable experimentally. We use molecular dynamics simulations to ob-
serve variations in ligand structure and simultaneously measure variations in membrane mechanical
properties. We have shown previously that ligand end group has a large impact on ligand struc-
ture and membrane mechanical properties. Here we introduce and apply quantitative molecular
structure measures to these membranes and extend analysis to multiple nanoparticle core sizes and
ligand lengths. Simulations of nanoparticle membranes with nanoparticle core diameter 4 or 6 nm,
ligand length 11 or 17 methylenes, and either carboxyl (COOH) or methyl (CHs) ligand end groups
are presented. In carboxyl-terminated ligand systems, structure and interactions are dominated
by an end-to-end orientation of ligands. In methyl-terminated ligand systems large ordered ligand
structures form, but nanoparticle interactions are dominated by disordered, partially-interdigitated
ligands. Core size and ligand length also affect both ligand arrangement within the membrane and
the membranes macroscopic mechanical response, but are secondary to the role of the ligand end
group. Moreover, the particular end group (COOH or CHs3) alters the nature of how ligand length,
in turn, affects the membrane properties. The effect of core size does not depend on ligand end
group, with larger cores always leading to stiffer membranes. Asymmetry in the stress and ligand
density is observed in membranes during preparation at a water-vapor interface, with the stress

asymmetry persisting in all membranes after drying.

I. INTRODUCTION

Nanoparticles (NPs) made from metal cores coated
with organic ligands are a common building block in a va-
riety of nanoscale systems [1-3]. Membranes formed from
nanoparticle (NP) monolayers have a number of prop-
erties such as controlled thickness and periodic struc-
ture, and mechanical strength and stiffness that make
them useful in microscale sensor [4] and filtration [5-
7] applications. Experiments have demonstrated a re-
producible method for creating highly-ordered, single-
NP thick membranes with a range of NP sizes and lig-
and types, from alkanethiols [8] to single-stranded DNA
(ssDNA) [9]. Combining these reproducible fabrication
methods with an understanding of the impact of nanos-
tructure on mechanical properties could provide control
over membrane properties. Experiments have studied
variations in NP core and ligand type and their effects
on membrane mechanical properties, but these experi-
ments did not indicate clear nanoscale mechanisms for
their mechanical stiffness [2, 10].

Nanoparticle membranes have been made with NPs
composed of 4 - 13 nm diameter metal cores, commonly
gold, coated with organic oligomers such as oleylamine
or oleic acid [2, 8, 10]. In experiments, NPs are driven
into a monolayer when a NP suspension wets a wa-
ter droplet and the organic suspension fluid evaporates
[10, 11]. Evaporation of the water droplet leaves a sin-
gle NP-thick membrane on a silicon-nitride substrate.
Micrometer size holes cut in the substrate create free-
standing portions of the membrane which are up to tens
of microns in size, and can be used to test the mechan-
ical response. In experiments on ssDNA-coated NPs a
similar but distinct process deposits a monolayer of NPs

across microholes to form a membrane [9].

Mechanical properties of NP membranes are measured
by either bulge or atomic force microscopy indentation
testing. Young’s moduli on the order 1 - 10 GPa have
been measured for NP membranes with oligomer ligands
such as poly allylamine hydrochloride [12], alkanethiol
[2], or ssDNA ligands [9]. Measured elastic moduli vary
with nanoparticle core size and ligand type. Both lig-
and chain interactions [2] and ligand end-group chemistry
[13] are important in strengthening membranes and pro-
viding mechanical stability. Ligand binding strength has
also been identified as determining membrane mechanical
properties [2]. However, it can be difficult to determine
experimentally whether variations in membrane stiffness
are due to variations in controlled NP properties or un-
controlled sample variation. Similarly, it is difficult to
determine the nanoscale mechanisms or structures that
lead to different mechanical properties. Systematic mea-
surements of membrane stiffness due to variation in NP
core size, ligand length or end group have not been per-
formed.

A number of molecular dynamics (MD) simulation
studies have been performed measuring properties of lig-
ands on single NPs and interactions between NPs. Simu-
lations have generally utilized either fully-atomistic [14-
20] or united atom force fields [21-30], and have looked
at the effects of solvent [18, 23-25, 30], ligand end-group
[15, 16, 20], and temperature [20-22] on ligand behav-
ior. These studies show that end-group chemistry can
influence NP solubility, for example end groups with
higher polarity increase NP solubility in water. Simu-
lations have also been used for detailed studies of inter-
actions and ligand structure between two or three in-
teracting NPs [27, 28, 31, 32]. These studies can pro-



vide some intuition about the ligand structure and NP
interactions within many-NP assemblies. Assemblies of
coated NPs and their formation have been studied using
coarse-grained [33] and atomistic [19, 34] simulations in
two and three dimensions.

Properties of three-dimensional NP crystals have been
studied using coarse-grained [14, 35] and atomistic [36]
models. These simulations have measured the super-
lattice mechanical properties [36] and found moduli of
order 1-2 GPa, comparable to experimental results for
three-dimensional nanocrystal supercrystals [1]. Pre-
vious simulations of two-dimensional membranes made
from alkanethiol-coated NPs found membrane mechani-
cal properties comparable to experiments, and indicated
that ligand end-group chemistry can have a large effect
on membrane mechanical properties [13].

Here we present MD studies of the ligand structure
and mechanical properties of single-NP thick membranes
for Au NPs with 4 or 6 nm core diameter. The lig-
and molecules investigated were HS(CHs),,—1X, where
X is CH3 or COOH and n = 12 or 18. These stud-
ies extend previous simulations to explore the effects of
equilibration time and high-temperature annealing on
ligand structure, confirming that simulations represent
equilibrium ligand structures. Measurements of ligand
density and stress indicate an asymmetry in dry mem-
branes, imparted by the membrane formation at the wa-
ter /vapor interface. Ligand atom neighbor statistics are
used to quantify ligand structure. Structure measure-
ments indicate that CHs-terminated ligands on each NP
orient to form ordered domains or bundles. Measure-
ments also show that in regions of disorder between NPs
some ligands interpenetrate. Pairwise interactions be-
tween interpenetrating ligand backbone atoms on neigh-
boring NPs resist membrane deformation and increase
membrane stiffness. In contrast to the interpenetration
of CHjs-terminated ligands, COOH-terminated ligands
orient end-to-end, and electrostatic interactions between
end-group atoms increase membrane stiffness. Previous
results showed the large influence of ligand end group
on membrane mechanical properties in the case of 6 nm
core diameter with n = 12 [13]. Measurements presented
here confirm this finding and also show that variations
in NP core diameter and ligand length change the mem-
brane mechanical properties by modulating the extent of
COOH end-end pairing or the CHjs interpenetration. Our
present MD studies allow us both to observe the effects of
NP cores size and ligand length on the amount of ligand
interpenetration and end-end pairing, and to correlate
these effects with membrane mechanical stiffness.

Below we detail the different NP parameters and sim-
ulation methodology for testing mechanical properties
and membrane lattice spacings. Measures of membrane
asymmetry and mechanical properties are presented in
Sec. I1I, as are measures of ligand structure.

II. METHODOLOGY

Nanoparticle preparation followed the procedure out-
lined in previous work [13, 17, 20]. Nanoparticle cores
were either 4 or 6 nm in diameter, corresponding to about
2000 or 6700 Au atoms. [2]. Gold cores were cut from
an FCC lattice, and were initially modeled with an em-
bedded atom method potential [37]. Though we model
the gold core explicitly, our results are consistent with
previous simulations where the gold core was omitted
[17, 34]. The temperature of the NP core was raised to
800 K for 1 ns to allow for some melting and softening
of the NP edges and corners, and was then returned to
300 K. Following the NP core formation, Lennard-Jones
(LJ) particles representing sulfur atoms were added to
the simulation and adsorbed onto the gold core in or-
der to create a random, uniform density of thiol bind-
ing sites. Experimentally, upon physisorption, the alka-
nethiol molecule binds to the Au nanoparticle through
the sulfur head atom and loses the mercaptan hydrogen
atom, transforming itself into an alkanethiolate. The
density of the binding sites is governed by the LJ in-
teraction parameters, which were chosen to match the
experimental alkanethiol surface density of 4.7 /nm? on
a flat gold substrate [38—40]. These parameters produced
515 binding sites for 6 nm diameter and 260 sites on 4
nm diameter cores. Because the ligand surface density
is high, the thiol mobility along the surface is very low.
This allows us to treat the gold and sulfur atoms as a
single rigid body. External forces exerted on each gold
or sulfur atom are transmitted as forces or torques acting
on the entire rigid body. Alkane chains initially oriented
in the all-trans configuration were bonded to the sulfur
atoms on the gold core surface.

Interactions between sulfur, carbon, hydrogen and oxy-
gen atoms were modeled using the Optimized Poten-
tial for Liquid Simulations - All-Atom force field [41].
Atomic charges as well as nonbonded, bond, angle and
dihedral interactions between atoms are all specified in
this fully atomistic force field. Interactions between gold
atoms and ligand atoms were modeled using a Bucking-
ham potential [42]. Long-range electrostatic interactions
were computed using the Particle-Particle-Particle-Mesh
method with precision 3 x 1075 [43]. The RESPA mul-
tistep integrator [44] was used to integrate bond, angle,
dihedral and non-bonded interactions with a 1 fs time
step and to integrate the long-range electrostatics with
a 4 fs time step. Water molecules were simulated us-
ing the TTP4P /2005 model [45, 46] with H-O-H angles
constrained via the SHAKE algorithm [47]. Simulations
were thermostatted using a Langevin thermostat with
time constant 0.1 ps to control the temperature. All sim-
ulations utilized the LAMMPS MD package [48].

Experimentally, NP membranes are formed when NPs
are driven together at the liquid-vapor interface by evap-
orative surface area reduction and interparticle interac-
tions [8]. We reproduce this formation process by repli-
cating NPs in a 6x6 two-dimensional hexagonal lattice



FIG. 1. (Color online) Top row: Configurations of NPs with 6 nm diameter cores and n = 12 COOH terminated ligands
sampled at 10 ns and 50 ns during a free-particle simulation. Nanoparticles are placed at the liquid-vapor interface and are
allowed to diffuse freely. Bottom row: The same NPs at the liquid-vapor interface undergoing isotropic compression. Water

molecules are not shown.

as shown in Fig. 1 (a) and placing the array atop a
60.0 x 60.0v/3/2 x 10 nm water slab. A hexagonal lattice
arrangement was chosen to match the experimentally ob-
served NP configuration [2, 10]. Including outstretched
ligands, the 6 nm NPs can be as much as 8 - 9 nm in di-
ameter. An initial NP spacing ag = 10.0 nm was chosen
so that the largest NPs, with 6 nm diameter and n = 18,
were not touching. Simulations of cores held at large
lattice spacing show the NP behavior in the dilute limit
[17]. The simulation cell was periodic in all three direc-
tions, and the cell size in the z-direction was at least 30.0
nm, allowing for ample vacuum between the NPs and the
second water-vapor interface. For some simulations NPs
were placed on both the +2z and —z air-water interfaces
of the water slab for computational efficiency. The NP
array and water samples combined were approximately
two million atoms in size.

Simulations were run to measure whether NP aggrega-
tion for reasonable membrane sizes could be captured on
the timescale of MD simulations. Simulations were run
with no constraints or imposed deformations while NPs
freely diffused at the water-vapor interface. Some sim-
ulations of this type were run for more than 55 ns. An
example of the evolution of a NP array is shown in the
top sequence of Fig. 1. NP configurations are shown at
10 ns and at 50 ns. NPs exhibit very slow movement after
about 20 ns. Hence this approach to membrane forma-

tion is too slow to follow computationally. However, NPs
exhibiting 2-fold or higher coordination give an initial
estimate of the equilibrium membrane lattice constant.
For 6 nm diameter NPs with n = 12 ligands the average
spacing during free-NP simulations is 7.6 nm for COOH
end groups and 7.5 nm for CHg end groups. Experiments
have been performed for NPs with dodecanethiol ligands,
and for these NPs the equilibrium spacing is in agreement
[2, 10].

It is known from experiment that NPs of this size form
membranes with long-range order with a hexagonal lat-
tice [10]. We use a fixed isotropic compression to repro-
duce this long-range hexagonal order. Using the initial
state with a 10.0 nm-spaced NP array and water, simu-
lations were run with isotropic compression in the plane
of the NPs. NP cores were kept rigid while the center of
mass of each core was displaced to match the isotropic
compression. NP cores were held fixed to a perfect hexag-
onal lattice and did not move in the lattice plane due to
external forces, ie the net force on each NP core in the
plane was set to zero throughout the isotropic compres-
sion. Atoms within the ligand and water molecules were
displaced to match the imposed deformation. This pro-
cedure creates membrane configurations with a range of
lattice constants. Ending states for the compressed ar-
ray were chosen so that the NP spacing in the membranes
matched the spacing determined from free-NP runs.
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FIG. 2. (Color online) A 5x5 array of NPs with open bound-
ary conditions for 6 nm diameter NPs with n = 12 CHs-
terminated ligands viewed from the vapor side. Dashed red
lines show interior NPs used to determine lattice spacings.

After compression, dry NP membranes were formed via
evaporation of the water. Following evaporation, mem-
brane samples were equilibrated in vacuum for 5 - 20 ns.
For some simulations the dried membrane configuration
was replicated in the x or y directions (or both) in order
to test for finite size effects. Previous results indicated
negligible finite size effects for 6nm diameter cores with
CHj3 and COOH-terminated ligands [13]. Dry membrane
configurations can be made non-periodic by deleting NPs
that span the periodic boundary and extending the simu-
lation size in the membrane plane. This creates dry 5x5
NP membranes with open boundaries. All results be-
low correspond to dry 6x6 periodic membrane samples
except where explicitly stated.

The equilibrium lattice spacing for the dry mem-
branes was measured using 5x5 NP membranes with
open boundaries as shown in Fig. 2. Lattice spacings
were calculated for NPs that have 6-fold coordination, ie
not at the edges. Simulations of membranes with free
boundaries began from well-equilibrated periodic sam-
ples that were simulated for at least 5 ns. The open sam-
ples started at lattice spacing near the final measured
spacing, differing by up to 2% from the final determined
lattice spacing. Measurements of NP lattice spacings are
reported in Table I.

Dry periodic 6x6 NP membranes were then com-

pressed to the lattice spacings found from simulations
of free-edge samples for mechanical testing. Ultimately,
the lattice spacings used for mechanical testing for all
NP parameters were chosen to be at or near the free-
edge membrane spacing result, and within a range where
measurements of elastic constants were independent of
the exact lattice spacing. Mechanical properties were
measured by performing uniaxial extension and compres-
sion, biaxial extension and compression as well as pure
shear on the dried membrane samples. Strain tests were
performed at strain rates é = 5 x 105 s71 or 5 x 10°
s~! corresponding to maximum velocities of about 0.3 -
3 m/s. For certain configurations results were compared
with strain rate ¢ = 5 x 10* s71.

An annealing sequence was implemented for the 6 nm
NPs covered with (CH3);;COOH and (CHsy);;CHs lig-
ands. This annealing was used to check that the states
for mechanical testing are not history dependent. The
membrane sample atop water was heated at constant
area from 300 K to 400 K over 1 ns, held at 400 K for
2 ns, and then cooled from 400 K to 300 K over 1 ns.
During the high temperature phase the ligands lose their
local packing, which is restored as the temperature is re-
duced back to 300 K. Following the temperature cycle
the water slab in the sample was removed to leave a dry,
temperature-annealed sample. These dry temperature-
annealed samples were then equilibrated for more than
10 ns for comparison with dry samples that were not an-
nealed. We characterize the properties of dry membranes
at elevated temperatures elsewhere [49].

Long equilibration runs were carried out for dry mem-
branes with 6 nm core diameter and n = 12 COOH and
CHs-terminated ligands. These simulations ran for 20
ns and were used to estimate the time scale of ligand
equilibration reported below. This in turn established
the equilibration protocol for the other membrane sam-
ples. The samples reported in the results section were all
equilibrated for at least 8 ns before mechanical testing.
Measures of ligand interdigitation and end-group affin-
ity near saturation over this period, indicating that the
membranes are well equilibrated.

III. RESULTS
A. Membrane asymmetry

During membrane formation the membrane top is ex-
posed to vacuum while the bottom is exposed to wa-
ter. We measure the effect of these different environ-
ments on the ligand density and stress state. We mea-
sure the local stress within the dry membrane because a
top-bottom asymmetry in the stress could explain pre-
viously observed spontaneous out-of-plane bending [50].
We also check whether the ligand inhomogeneity previ-
ously observed in the dilute limit [17, 20] persists as a
top-bottom density asymmetry in dry membranes. We
show below that the ligand density exhibits asymmetry
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FIG. 3. (Color online) Stress S..(z) for dry membrane sam-
ples with (a) 6 nm diameter NP cores and (b) 4 nm diameter
NP cores with n = 12 or 18, COOH or CH3 terminated lig-
ands. The top of each membrane sample is oriented away
from the water, in the positive z direction.

only for NPs with high core curvature and long ligands,
all membranes exhibit stress asymmetry.

We measure the stress as a function of height through
the membrane. The stress Sy is given by the kinetic
energy and virial contributions,

N N N
S =V [ Smald S H|
=1

i=1 j=1

where I and J are the direction, v; is the velocity of the
ith particle and Fj; and r;; are the force and distance
between particles ¢ and j [51]. N in the sum of particles
corresponds to the volume V' considered. Here we calcu-
late S7; as a function of height z in slabs of width 0.2
nm which span the system in z and y.

Figure 3 (a) shows the S,, component of stress as a
function of height through the dry membranes with the
equilibrium lattice spacing ag. Positive regions in the
curves demonstrate tension in the ligands while nega-
tive regions demonstrate compression. The figure shows
compression near the membrane middle and tension away
from the middle, with an asymmetry between the top and
the bottom. Similar asymmetry is shown in Fig. 3 (b) for
membranes with 4 nm diameter NP cores. All samples
were equilibrated for 6 ns, and the stress profile changed
little during this time. The top-bottom asymmetry in
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FIG. 4. (Color online) The ligand carbon number density as
a function of height p(z) through dry membrane samples with
(a) 6 nm diameter NP cores and (b) 4 nm diameter cores.

the tension indicates that the membrane would naturally
roll toward the water layer if the edges were released. In-
deed, we observe curvature of this type in our simulations
of dry membranes with free edges, though our samples
are too small to role. This top-bottom asymmetry in the
stress could be related to experimental observations of
out-of-plane bending [50].

One possible explanation for the asymmetric top-
bottom stress state is a difference in ligand density due
to the water/vapor environments. Figure 4 shows the
density of ligand carbon atoms as a function of height
through the membrane p(z) for each of the membrane
samples, with 6 nm core diameter membrane samples
shown in (a) and 4 nm core samples in (b). The mem-
branes show a high degree of top-bottom symmetry, rang-
ing from essentially no asymmetry in the membrane with
6 nm core diameter and n = 12 CHs-terminated ligands,
to about 20% asymmetry in the membrane with 4 nm
core diameter, n = 18, CHs-terminated ligands. The
evolution of the ligand density of these two membranes
from the wet, dilute-NP state to the dry membrane state
is charted in Fig. 5.

Figure 5 (a) shows the density of carbon atoms as a
function of height through the membrane p(z), for the
membrane with 6 nm diameter cores and n = 12 CHjs
terminated ligands. The top-bottom asymmetry in the
ligand density is pronounced for NPs in the dilute limit,
obtained by holding NPs at lattice spacing 10 nm. As



25 J14
20 | 112
_ {10
@15 }
E 18
Y10t 16
[oN
14
57 dry
wet 12
0 dilute
112
30 |
o5 110
R ]
‘c 20 | 8
£
< 15 F 18
=
10 | 14
51 ‘wet 12
0 dilute : 0
-4 -2 0 2 4

z position (nm)

FIG. 5. (Color online) The ligand carbon number density as
a function of height p(z) through NPs with (a) 6 nm diam-
eter core and n = 12 CHjs terminated ligands and (b) 4 nm
diameter core and n = 18 CHj3 terminated ligands. In the
dilute case NPs are not touching and axes for these data are
on the right. Blue dotted and dashed density curves indicate
the water density in the dilute and wet case respectively.

the lattice spacing is reduced the density asymmetry is
also reduced. At the equilibrium lattice spacing there is
a slight asymmetry in the ligand density on water that
disappears when the membrane is dried.

Figure 5 (b) shows p(z) for 4 nm diameter core
NPs with n = 18 CHjs terminated ligands. As has
been found previously, NPs with smaller core diame-
ters and longer ligands display more pronounced ligand
inhomogeneity[17, 19]. For NPs with 4 nm core diameter
and n = 18, CHs-terminated ligands, the density asym-
metry is reduced, but persists in the dry membrane. The
asymmetry in the peak height for this membrane is about
20% and is the largest observed for our dry membranes.
The asymmetry in the dry membrane reflects the larger
inhomogeneity observed in the dilute limit due to larger
NP curvature and stronger local ligand order.

The top-bottom asymmetry in the density and stress
provide an interesting contrast. While the stress asym-
metry persists in the dry membrane for all samples, the
density asymmetry depends on NP parameters. The in-
homogeneity in the ligand density is consistent with pre-
vious studies, where smaller NP cores with longer ligands
exhibit greater inhomogeneity [17, 20]. Independent of
the ligand density, a strong asymmetry is observed in
the membrane stress, imparted by the water-vapor envi-
ronment during formation.

B. Membrane mechanical properties

Mechanical testing allows us to correlate NP mem-
brane mechanical response with NP properties and lig-
and structural details. Ideally, we would both compare
with the experimental Young’s modulus and use the ex-
perimental deformation geometry [2]. The experimental
deformation geometry is most closely matched in sim-
ulation using biaxial extension, which induces an areal
expansion. However, this deformation geometry does
not uniquely determine the Young’s modulus or Pois-
son ratio. Hence, we also make measurements using uni-
axial extension and compression, and pure-shear defor-
mation geometries. Mechanical testing is performed on
each of the membrane samples, and for dodecanethiol lig-
ands the measured Young’s modulus values are consistent
with those measured in experiment. Measurements of
membrane moduli are consistent with our previous find-
ing that ligand end group can dramatically alter mem-
brane mechanical properties. Further, NP core size also
strongly influences membrane stiffness.

Figure 6 shows the stress-strain response of the 4 nm
and 6 nm diameter n = 12 COOH and CH3 membranes
undergoing pure shear. The stress corresponds to the
stress for the entire system, but has been multiplied by
the simulation box height to produce a two-dimensional
stress [13]. The two-dimensional shear modulus may be
read from the plot as the slope of the stress-strain curve.
The data show two significant features: larger NPs pro-
duce stiffer membranes, as do COOH end groups. The
ligand structural properties related to these features are
explored below.

The Poisson ratio and three-dimensional Young’s mod-
ulus, formed by dividing the two-dimensional modulus by
the membrane height h, are recorded in Table I for each
NP core size and ligand configuration. Values for the
Poisson ratio are calculated from the uniaxial deforma-
tion geometry. In this geometry the sample is deformed
in one dimension, with the other dimension held fixed.
The stress response of the material in each dimension
allows one to calculate both the Young’s modulus and
Poisson ratio. Values for the Young’s modulus recorded
in Table I are calculated from the stress response dur-
ing biaxial extension simulations. This geometry most
closely matches that used in experiments, but measure-
ments of the Poisson ratio from the uniaxial geometry
are required to calculate the Young’s modulus. Young’s
modulus and Poisson ratio calculated from different de-
formation geometries vary by 10-20%, which we take as
the uncertainty in our measurements. All values of the
Poisson ratio fall within this uncertainty around a value
of 0.3, which is common to many materials. This value
matches the one assumed in previous experimental anal-
ysis [2].

We have performed a number of tests to check that
there is no influence of strain-rate or boundary effects in
our results. We confirm that there is no viscous response
by holding a membrane for 0.5 ns after applying a 2%



TABLE I. Equilibrium height h, average and standard devia-

tion of lattice spacing ap and <6a(2)> %, modulus E and Poisson
ratio v for dry membranes as a function of core diameter,
ligand length, and end group.

Diameter Length End h

T

(a0) (bag)2 E v

(nm) n= X= (nm) (nm) (nm) (GPa)
6.0 12 CHs 76 7.5 0.11 1.5 0.34
6.0 18 CHs 87 7.7 0.18 2.3 0.30
4.0 12 CHs 5.8 5.6 0.09 0.8 0.34
4.0 18 CHs 70 6.1 0.25 0.7 0.28
6.0 12 COOH 76 7.6 0.14 3.6 0.27
6.0 18 COOH 86 7.7 0.09 3.5 0.29
4.0 12 COOH 6.2 5.6 0.09 1.8 0.33
4.0 18 COOH 6.3 6.1 0.17 0.9 0.32
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FIG. 6. (Color online) Typical stress-strain curves for samples
undergoing pure shear deformation. Data for 6 nm diameter
cores from Ref. [13] are shown to contrast with the 4 nm
core-diameter data.

strain. Over this period the stress recovers at most 5%
of the applied stress, well within the noise of the data.
We also implemented an alternate deformation protocol
on a membrane with strain applied in one periodic direc-
tion while the transverse direction had a free boundary
condition. For different NP parameters membranes show
a stiffness consistent with the Young’s modulus reported
in Table 1.

The system with n = 12 COOH terminated ligands
shown in Fig. 6 has the highest Young’s modulus of the
systems, £ = 3.6 GPa. The membrane with n = 12
methyl-terminated ligands is substantially weaker with
E = 1.5 GPa. This difference in stiffness is reflected in
Fig. 6. In experiments, Young’s moduli can range from
1 - 14 GPa [2], with an average value E = 4 GPa for 5
nm diameter cores with dodecanethiol ligands. For such
a wide range of measurements error bars are greater than
4 GPa, however these measurements are the same order
of magnitude as ours [52].

30 6nm n=12 COOH
B 6nm n=18 COOH
251 —e—  6nMn=12CH; 1
—=—  6nm n=18 CH,
20

p(r) (nm’3)
5

FIG. 7. (Color online) The radial density function p(r) for
end-group carbon atoms on differing NPs for different chain
length and end group. Curves for different NP diameters are
similar. Data for n = 12 from Ref. [13] are shown to contrast
with the n = 18 case.

C. End-group affinity

The significantly higher moduli for membranes with
COOH-terminated ligands indicate that ligand end group
influences mechanical properties. One important differ-
ence between methyl and carboxyl end groups is the
strength of electrostatic interactions. Charge separation
between oxygen and hydrogen atoms leads to hydrogen
bonding between COOH groups, e.g. dimers of carboxylic
acid. This affinity between COOH end groups influences
ligand structure. We directly contrast ligand structures
for carboxyl and methyl terminated ligands through the
end-carbon radial density function.

To compare the end-group affinity between terminal
groups we measure the radial density function p(r), which
is formed from a histogram of distances between an end-
group carbon on one NP and the end-group carbons on
surrounding NPs. A comparison of p(r) for 6 nm n = 12
and n = 18 COOH and CH3 membranes is shown in
Fig. 7. The most striking feature in Fig. 7 is the contrast
in the density peak for the different end-groups. The elec-
trostatic attraction between charges in the COOH groups
causes ligands to form an end-to-end structure, indicating
very little interdigitation in these systems. In contrast,
CHj3 end-groups do not show a strong affinity for one an-
other. The increased affinity between COOH end groups
relative to CHj is evident in the ligand structure and ac-
counts for the increased stiffness of membranes with these
end groups. It is also clear in Fig. 7 that the end-group
affinity is reduced for longer ligands, possibly explaining
the feature of decreasing stiffness with increasing chain
length observed in Table I for COOH end groups.



FIG. 8. (Color online) A snapshot of ligands on adjacent
NPs at 300 K for 6 nm diameter NPs with n = 12 CHjs
terminated ligands taken from a 6x6 membrane on water.
Ligand carbon atoms are colored according to the p2 measure
of local order. The left snapshot shows the atoms from the
membrane top-view. On the right the axes have been rotated
by 90° to show the band of disordered ligands corresponding
to the membrane plane.

D. Ligand order

In addition to end group interactions, another possible
source of stiffness or mechanical strength is the interdig-
itation of ordered ligand regions. At room temperature
alkane oligomers on NPs form regions of ordered bundles
due to interaction with a poor solvent [20]. Bundle struc-
tures could form strong bonds between adjacent NPs if
ordered regions interdigitated strongly. We examine lig-
and order and do not find this type of structure.

A comparison of two NPs taken from a 6x6 mem-
brane with CHj terminated ligands atop water at 300
K is shown in Fig. 8. Ligand carbon atoms are colored
according to the local order measure

<3COS291']‘ — 1>j. (2)

N =

p2(i) =

For each carbon atom 4, p2(i) is averaged over carbon
atoms j within a cutoff radius and 6;; is the angle formed
by the vectors between carbon atoms ¢ — 1 and ¢+ 1 and
carbon atoms j — 1 and j + 1. In Fig. 8 the snapshot
on the left views the NPs from above the membrane and
shows large regions of ordered ligands. On the right the
view has been rotated 90° to expose the membrane cross-
section. Regions of disordered ligands coincide with the
positions of neighbor NPs.

These contrasting views indicate that there are large
ordered ligand regions within membranes but that these
regions do not occur between neighboring NPs. Thus, lig-
and atoms that mediate NP interactions are found within
regions with low order or at the boundaries of ordered re-
gions. Ligand structures and interactions in the observed
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FIG. 9. (a) (Color online) The normalized number of neigh-
bors ¢;; with 4 = 1 for dry membranes with different NP di-
ameter and ligand chain length n. (b) The normalized number
of neighbors with ¢ = n for the same NP configurations.

low-order regions are less stable and weaker than within
highly ordered regions. This modifies the previous view
that ordered, interdigitated alkane chains are the source
of high strength and stiffness within membranes.

E. Ligand structure

Previously we used visual analysis and proxy quantities
such as end-group affinity to assess the extent and end-
group dependence of ligand structure [13]. Here we study
ligand structure directly and report results for a number
of different NP parameters as well as for different system
preparation and equilibration protocols. The importance
of end-end interactions for COOH end groups is reiter-
ated. Some interpenetration of CH3 terminated ligands
is observed. Interpenetration of CHs-terminated ligands
and end-group pairing of COOH-terminated ligands are
correlated with membrane stiffness.

One measure of ligand structure is the number of lig-
and atom neighbors from adjacent nanoparticles. In par-
ticular, the position of each atom and its neighbors along
their respective ligands indicates how much ligand atoms
from adjacent NPs contact, and to what extent the lig-
ands interpenetrate. If we label ligand carbon atoms with
an index ¢ from 1 — n, where ¢ = n is the innermost
carbon and ¢ = 1 is in the end-group, then we can mea-



sure ligand structure using the number of neighbors with
backbone index j for all carbons with index ¢

S S 00— [ — ) | 3)

k,l#k m,n

gij = N;*

where 0(z) is the Heaviside step function. The sums on
k and [ are over the NP index while the sums on n and m
are over the ligands on each NP so that the vector 7ixm,
represents the carbon atom in the ith position along the
mth ligand on the kth NP. The normalization factor Ny,
is the total number of ligands. The neighbor radial cutoff
r. = 0.5 nm is chosen, but results are qualitatively insen-
sitive to the cutoff. Indices with particular importance
are ¢ = n and ¢ = 1, since these give information about
the innermost and end-group carbon atoms, respectively.

Figure 9 shows ¢;; for (a) ¢ = 1 and (b) ¢ = n for
different NP diameter, ligand length, and end group in
dry membrane samples. In Fig. 9 (a) for all chain lengths
and NP diameters, the ¢ = j = 1 carbons have about
three times as many neighbors for COOH as for CHs.
This indicates the COOH end groups are paired where
the CHs are not. In contrast, in Fig. 9(b) for i = n, the
peak value at 7 = 1 is much higher for CH3 end groups,
about twice as high as for COOH end groups, albeit at
much lower absolute value than the ¢ = j = 1 case. This
indicates that CHs terminated ligands are more likely to
interpenetrate and not orient end-to-end.

The influence of NP core size on membrane properties
is evident in the ligand structural properties for both
COOH and CHj terminated ligands. For COOH termi-
nated ligands the coincident curves for 4 and 6 nm core
diameters in Fig. 9 (a) explain the variation in mem-
brane stiffness with core size. Since g;; is normalized by
the total number of ligands, the coincident curves indi-
cate that 4 nm diameter NP cores have half as many
COOH-COOH interactions per NP as the 6 nm diameter
NP cores due to the different core surface areas. This
corresponds directly with the ~50% decrease in stiffness
for membranes with 4 nm relative to 6 nm diameter NP
cores. For CHj terminated ligands the same effect oc-
curs, but is weaker. In Fig. 9 (b), ¢;; for ¢ = n shown
shows an increase for the 4 nm core diameter vs the 6
nm diameter, indicating increasing ligand interpenetra-
tion. However the total number of neighbors decreases
due to the normalization. This decrease in ligand inter-
actions corresponds to a reduction in stiffness for 4nm
diameter NP cores as compared to 6 nm core diameters.
Though the effect of NP core size is stronger for COOH
than for CH3 end groups the overall number of ligand in-
teractions, governed by the core-diameter, is important
for both.

Variations in ligand structure with length n also corre-
late with the membrane mechanical properties for both
end-group types. For COOH end-groups a decrease of
25% in g;; with ¢ = j = 1 for n = 18 ligands relative to
n = 12 is shown in Fig. 9 (a). This matches closely the
decrease in stiffness for membranes with n = 18 vs n = 12

COOH terminated ligands. The effect of ligand length on
membrane stiffness is less clear for CHs terminated lig-
ands. There is a slower, more linear decay with j for g;;
for i = n in Fig. 9 (b) for the 6 nm cores with n = 18
CHj3 terminated ligands. This form indicates higher in-
terpenetration for atoms along the ligand, and correlates
with increased membrane stiffness. For 4 nm cores this
increased interpenetration for longer ligands is not seen,
and the result is the least-stiff membrane measured. This
contrast implies that both NP core curvature and ligand
length influence ligand interpenetration for CHs termi-
nated ligands.

Different physical mechanisms for membrane stability
are highlighted by g¢;; for ligands with COOH vs. CHj
end groups. For ligands with COOH end groups, the im-
portance of COOH-COOH affinity and hydrogen bonding
is confirmed. The number of end-carbon pairs directly
explains the variation in membrane mechanical proper-
ties with NP core size and ligand length. Results for
gi; show that for CHj terminated ligands interpenetra-
tion and interactions between carbon atoms along lig-
ands provide mechanical stability. For CHj3 terminated
ligands 6 nm cores produce stiffer membranes, indicating
that the absolute number of interactions is also important
for these ligands. Interpenetration is highest for longer
CHjs-terminated ligands on 6 nm diameter cores, but is
not increased for n = 18 ligands relative to n = 12 on 4
nm diameter cores. This indicates that ligand length and
core curvature both play a role in determining the inter-
penetration of CH3 terminated ligands. Interpenetration
of CH3 ligands is correlated with membrane stiffness.

F. Ligand structure equilibration and stability

Our aim was to measure equilibrium, static membrane
and ligand properties. The interactions and structures
both along ligands and between end groups evolve during
membrane formation and equilibration. We have quan-
tified this evolution through measures of ¢;; and show
that these quantities do not evolve in the equilibrium
membrane state. Further, through a thermal-annealing
process we have checked that ligand and membrane prop-
erties are independent of thermal history. We compare
a membrane sample that has been heated to 400 K with
one that does not undergo annealing. Both samples have
been equilibrated for 8 ns. Important ligand structural
features are disrupted during thermal annealing, however
each of the important ligand structures measured above,
ligand order, backbone or end-group interactions re-form
or recover after thermal annealing.

The extent of ligand and end-group structural evolu-
tion is illustrated using long-time equilibration of 6 nm
diameter core n = 12 dry membranes. Figure 10 (a)
shows ¢;; for ¢ = j = 1 over 18 ns. After increasing
~40% over 5 ns the quantity saturates over the next 10
ns, increasing by 10%. Figure 10 (b) shows >, ¢;; for
i = 12. Time t = 0 corresponds to the time when wa-
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FIG. 10. (Color online) (a) gi; for i = j = 1 for the 6 nm
diameter n = 12 COOH end group system and (b) >, gi
for i = 12 for the 6 nm n = 12 CHs end group system as a
function of time since membrane formation and drying. Inset
are the full histograms of ¢;; for a) ¢ = 1 and b) ¢ = 12 for
the 6nm diameter n = 12 NP systems taken at 1, 8, and 22
ns.

ter is removed following the compression of the NPs to
the equilibrium membrane lattice spacing. After a rapid
increase of ~20% between 0 - 5 ns the value saturates
between 5 - 10 ns. These results indicate that for both
quantities the majority of structure forms in the first 5 ns
following or during membrane formation, with minor evo-
lution over the next 5 - 10 ns. Histograms of ¢;; for 6nm
n = 12 NP systems taken at 1, 8, and 22 ns shown in the
inset demonstrate that the q;; measure changes dramat-
ically between 1 and 8 ns, with minor changes between 8
and 22 ns. This time scale motivates our choice to mea-
sure ligand structure and membrane mechanical response
after 8 ns of equilibration. Values for both quantities in-
crease slightly after 8 ns, however we choose this time as
a balance between full equilibration and computational
expense.

At increased temperature ligand structures are
changed dramatically, in particular the ps measure of lig-
and ordering. Fig. 11 shows two NPs taken from a 6x6
membrane with CH3 terminated ligands atop water at
300 K (left) and 400 K (middle) and after annealing at
300 K (right). As in Fig. 8, carbon atoms are colored
according to the local order measure ps(i). Not only are
the 300 K samples visually similar, but the distribution

FIG. 11. (Color online) A snapshot of ligands on adjacent
NPs at 300 K before annealing (left), 400 K (middle) and
300 K after annealing (right) for 6 nm diameter NPs with
n = 12 CHs terminated ligands taken from a 6x6 membrane
on water. Ligand carbon atoms are colored according to the
p2 measure of local order.
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FIG. 12. (Color online) The radial density function p(r) for
6 nm diameter n = 12 COOH terminated ligand membranes
that have or have not undergone thermal annealing. In both
cases membranes are dry and have been equilibrated for at
least 8 ns.

of ps values are comparable between the two samples.
Thus, thermal annealing appears to completely reset lig-
and ordering, yet bundle structures reform after thermal
annealing.

The effect of COOH end-group interactions on ligand
structure is strong for membranes that undergo anneal-
ing. Figure 12 shows p(r) for n = 12 chains on 6 nm
diameter NPs, comparing the effects of high-temperature
annealing on end-group structure. The peak densities in
p(r) for COOH-terminated ligands are comparable be-
fore and after annealing. Independent of thermal his-
tory, COOH end-groups form end-to-end structures and
this state represents an equilibrium structure.
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FIG. 13. (a) (Color online) The normalized number of neigh-
bors g;; for backbone index ¢ = 1 for 6 nm diameter, n = 12
dry membrane samples with and without thermal annealing.
(b) The same membrane samples for backbone index i = 12.

Also of interest is the effect of thermal annealing on
gij- We detail elsewhere the weakening of ligand end
group and ligand backbone structure with increased tem-
perature [49]. Here we compare ligand end-group and
backbone structure before and after thermal annealing.
Figure 13 (a) shows ¢;; for ¢ = 1 for both the 6 nm
diameter, n = 12 COOH and CHs; membranes before
and after annealing. The COOH end-groups have a simi-
lar end-to-end structure before and after thermal anneal-
ing, indicating, as before, that high-temperature anneal-
ing does not permanently alter the end-group structures.
The ¢ = 12 case for ¢;; is shown in Fig. 13 (b). The ligand
neighbors of the CHj3 terminated ligands are comparable
before and after the thermal annealing, indicating that
although ligand structures are altered during thermal an-
nealing, these structures fully recover afterward.

IV. CONCLUSIONS

Molecular dynamics simulations provide measurements
of nanoscale structural features within NP membranes
while reproducing macroscopic features. Nanoscale fea-
tures such as ligand order, ligand atom neighbors, ligand
density, local stress and end-group pairing are all acces-
sible through MD. Measurements of these quantities pro-
vide insight into nanoscale details underlying the macro-
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scopic properties measured for these NP membranes.

Both the ligand density and local stress exhibit a mem-
brane top-bottom asymmetry induced by the membrane
formation process at the liquid-vapor interface. In the di-
lute limit the ligand density asymmetry is large for all NP
core-ligand combinations. This asymmetry persists in
the dry membrane state for NPs with high core curvature
and longer ligands, but completely disappears for larger
NP cores with shorter ligands. In contrast, the membrane
stress-asymmetry persists in the dry-membrane state for
all membrane samples.

Ligands display order and bundling at 300 K due to
interactions with water or vacuum. Measurements of the
p2(i) local order parameter indicate that large regions of
ligand order exist on areas of NPs that coincide with the
membrane top and bottom. In contrast, regions of dis-
order occur within the membrane plane, indicating that
regions where ligands from neighboring NPs interact are
largely disordered.

Ligand end-group and backbone structures differ dra-
matically for COOH and CHj end groups. Electrostatic
interactions produce an end-group affinity that is ob-
served in the radial density function p(r) for COOH end
groups but not for CHs end groups. The same COOH
end-group pairing is visible in measures of neighbors for
end-group atoms in g;; for ¢ = 1. In contrast, the CHj
ligands exhibit higher interpenetration, seen in ¢;; for
1 =n.

Molecular dynamics simulations allow simultaneous
measurement of macroscopic quantities such as elastic
constants and nanoscale ligand structural features. Mea-
surements of ligand neighbor statistics for different NP
configurations indicate that increased ligand interpene-
tration (for CHs) or end-end pairing (for COOH) produce
stiffer membranes. Membranes with COOH-terminated
ligands are stiffer due to end-group pairing and electro-
static interactions. Membrane stiffness decreases with
decreasing NP core size for both end groups. Individual
end-group pairs for COOH groups have the same strength
for 4 nm and 6 nm core diameter NPs. However a 50%
decrease in the number of end-group interactions for 4 nm
diameter cores correlates with a 50% decrease in mem-
brane stiffness. A similar but smaller effect exists for CHs
terminated ligands, resulting in a decrease in membrane
stiffness for smaller NP core size.

Variations in ligand structure with ligand length also
correlate with membrane stiffness measurements. For
COOH-terminated ligands, a decrease in membrane stiff-
ness for n = 18 relative to n = 12 corresponds to a de-
crease in COOH pairing measured in both p(r) and g;; for
i = 1. For CHs-terminated ligands, ¢;; for ¢ = n shown
in Fig. 9 shows that longer n = 18 ligands interpenetrate
more relative to n = 12 for 6 nm but not for 4 nm diam-
eter cores, indicating that ligand interdigitation depends
on both NP core curvature as well as ligand length.

Measures of ligand structure during long-time equili-
bration and after thermal annealing indicate that mea-
sured ligand structures represent equilibrium states.



Measures of end-group and ligand structure indicate that
ligand structure is largely formed during or in the first
5 ns after membrane formation and that values reach
steady state between 5 - 10 ns. After thermal annealing
NP ligand structures reform to match those before an-
nealing. Measures of ligand order, interpenetration and
end-group pairing all are indistinguishable before and af-
ter thermal annealing, even though ligand structure is
largely disrupted at 400 K.

Simulations provide the ability to simultaneously
probe nanoscale detail and bulk mechanical proper-
ties. While membrane mechanical properties match those
found in experiments, nanoscale details indicate signifi-
cant differences in ligand structure and interactions that
depend on end-group. These differences account for sig-
nificant variations in bulk mechanical properties. These
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insights could allow for increased control over ligand
conformation and interactions and ultimately membrane
properties.
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