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ABSTRACT
We report results from a computational study of laterally tethered nanorod “shape amphiphiles”. Our simulations predict that the model
nanorods self-assemble into stepped-ribbon-like micelles, a centered rectangular stepped-ribbon phase, and two structurally different liquid
crystalline bilayer phases: one in which the bilayers have Cmm symmetry and another in which they have P2 symmetry. We provide a possible
explanation for the transition between the two Cmm and P2 liquid crystalline phases.

High-aspect-ratio nanoparticles, for example, nanorods, have
received considerable attention recently.1-14 Their nanometer-
scale dimensions and shape anisotropy make them good
candidates for applications requiring efficient energy transfer.
For example, in recent work by Huynh et al., semiconducting
nanorods dispersed in a polymer matrix were demonstrated
to improve the performance of hybrid solar cells.3 The
direction and local packing of the nanorods and the ability
to form direct conducting pathways may further improve the
performance of these hybrid cells. However, arranging
nanoparticles into ordered arrays or useful devices remains
an important technological challenge.
Recently, computer simulations have been used to inves-

tigate the use of soft-matter tethers, bonded to the surface
of model nanoparticles, to facilitate the self-assembly of
nanoparticles into ordered arrays.15-19 For example, we previ-
ously used computer simulation to study the self-assembly
behavior of nanorods with a single tether attached to the end
of the rod.18 We predicted that the tether could be used to
induce the self-assembly of model nanorods into a phase of
hexagonally packed chiral cylinders, and tetragonally per-
forated, hexagonally perforated, and smectic C lamellar
phases.18 From an experimental perspective, Pan et al.
demonstrated that mercaptoligonucleotide-terminated nano-
rods could be induced to self-assemble into linear arrays in
the presence of highly specific linker molecules.20 In these
studies, the tethers are attached to the rod ends, leading to
phases similar to those seen in rod-coil block copolymers
and surfactant phases. It has been predicted, however, that
the geometry of the tethered nanoscale building block (NBB)
profoundly affects the geometry of the resulting phases.16

One way to control NBB geometry is through the attachment
point of the tether. Here, we present a temperature versus
concentration phase diagram for laterally tethered nanorods.
We demonstrate that a tether attached to a lateral position
equidistant from both ends of the nanorod (see Figure 1)
gives rise to novel structures that are significantly different
than those observed for end-tethered rods.18 Specifically, the
laterally tethered rods self-assemble into elongated step-like
micelles (EM), stepped ribbons that order into a centered
rectangular ribbon phase (RCmm), and bilayer lamallae with
either Cmm or P2 symmetry within the bilayer (LCmm and LP2
respectively). Although the RCmm phase is known for some
surfactant systems,21 the local packing of the rods into a step-
like structure is unusual.
The tethered nanorods we consider (Figure 1) may possess

hundreds to thousands of atoms. To study systems comprised
of many NBBs, it is necessary to use a coarse-grained model
in which many atoms are combined into a single bead,
thereby greatly reducing the number of force calculations
required. Each rod and tether are comprised of Nrb and Ntb
beads, respectively, of diameter !. By placing the centers of
mass of the beads a distance d apart in a linear array, the
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Figure 1. Model of the laterally-tethered nanorod studied in this
work.
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surface roughness of the nanorod can be tuned. As d f 0
and Nrb f ∞ the rods become smooth spherocylinders.
The relative miscibility of the nanorods is implemented

through the interaction potential. Interactions between nano-
rods are treated with a truncated and shifted site-site 12-6
Lennard-Jones (LJ) potential

where rc is the cutoff radius and is taken to be 2.5!.
Nonbonded interactions between tethers and between tethers
and nanorods are treated with a Weeks-Chandler-Andersen
(WCA) potential.22 The WCA potential is the 12-6 LJ
potential truncated at the minimum and shifted vertically by
!/kBT, giving a purely repulsive potential. Bonded interactions
between consecutive tether beads and between tethers and
nanorods are treated with a finitely extensible nonlinear
elastic (FENE) spring.23 We use commonly accepted values
for the spring constant, k ) 30 and maximum extendible
length R0 ) 1.5!, which preclude chain crossing and ensure
stiff bonds. This choice of interaction potentials results in
the nanorods being miscible with the implicit solvent at high
temperatures and immiscible at low temperatures, while the
tethers are miscible at all temperatures.
We use Brownian dynamics to study the model tethered

nanorods. Although solvent particles are not explicitly
included in this method, certain solvent effects as described
above are treated implicitly. Details of this method can be
found in refs 16 and 18. The length and energy scales of
our model systems are ! and !, respectively. The time step,
t, is in units of ! !m/! and the temperature T is in units of
!/kB. The volume fraction " of the system is NR[("!2Nrb/4)
+ (Ntb)"!3/6]F/N, where NR is the number of rods in the
system, F ) N/V is the number density of the system, N )
NR(Nrb + Ntb) is the total number of beads in the system,
and V is the volume of the simulation cell. All initialization
runs are carried out in a cubic simulation cell with periodic
boundary conditions.
We study systems of NR ) 200, 600, 1000, and 4800 with

each NBB consisting of 10 beads corresponding to N) 2000
to N ) 48000. We study NBBs with Nrb ) Ntb ) 5. A
leapfrog integration algorithm with a time step of !t ) 0.01
is used to integrate the equations of motion. All systems are
initially equilibrated at effectively infinite temperature (!/
kBT ) 0) until they are disordered. The systems are
subsequently cooled using a cooling rate of !T < 0.1, to
avoid kinetically arrested structures. To ensure that the final
self-assembled structures are independent of the cooling rate
history, we perform simulations for several different cooling
rates. Additionally, multiple simulation runs, starting from
different initial configurations and state points, are performed
for each observed phase. These additional simulations start
from both ordered and disordered initial configurations and
exhibit disorder-order and order-order phase transforma-

tions, providing strong evidence that the observed structures
are not kinetically arrested structures but equilibrium struc-
tures. The observed order-order transitions include temper-
ature- and concentration-induced transitions for state points
at low concentration and concentration-induced transitions
for state points at high concentrations. As is the case for
most simulations, finite size effects need to be considered
and avoided. To this end, simulations for several different
system sizes and initial configurations are run. In addition,
the box search algorithm24 is implemented for several runs,
allowing the box to change shape during the simulation.
Results are then compared for cubic and noncubic boxes.
To follow the structural evolution of the system, we take
snapshots of the system at specified time intervals.
We investigate the T versus " phase diagram, presented

in Figure 2, for laterally tethered nanorods to identify the
order-disorder phase boundary, the set of temperatures and
concentrations at which a system goes from a disordered state
to an ordered state. In addition to disordered states, we
observe four distinct liquid crystalline phases: EM, RCmm,
LCmm and LP2 dependent on concentration and temperature.
The details of these phases are discussed in the following
paragraphs. Note that the solid lines in Figure 2 do not
represent calculated thermodynamic phase boundaries but
are presented as guides to the eye to delineate the general
concentrations and temperatures where specific phases are
observed. We use the dashed line to represent the boundary
above which we observe EMs. Although EMs exist in a
disordered phase, because of the structural characteristics of
the micelles it is worth indicating the temperature and
concentration ranges for which they are stable.
Figure 3a is a snapshot of a typical simulation cell for a

system of NR ) 2000, at " ) 0.005 and T ) 0.71 where we
observe elongated micelles. Within the micelles, the rods
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Figure 2. Predicted 1/T vs " phase diagram for laterally tethered
nanorods. The lines represent estimated thermodynamic phase
boundaries. The dashed line in the dilute regime is representative
of the temperatures and concentrations at which micellization
occurs. The open circles, filled squares, open squares, and filled
triangles represent the EM, RCmm, LCmm, and LP2 phases, respectively.
The filled circles represent a disordered state.
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pack parallel to each other into bilayer sheets of width "6-
7!. The individual bilayer sheets subsequently stack together

with an offset of Nrb!/2.0, corresponding to the anchor point
of the tether to the rod, to form a step-like structure as
illustrated in Figure 3a. The distribution of the micelles’ sizes
is polydisperse, and with the exception of a few small
micelles the micelles are not spherical. Figure 3b is a typical
aggregate size probability distribution plotted as a function
of the aggregate size for a system of NR ) 4800, " ) 0.005,
and 0.71 < T < 0.91. The number of building blocks, M,
within a micelle is used to characterize the size of micelles.
To calculate the distribution, we performed 12 independent
simulation runs with each run containing 2000-4800 nano-
rods. At temperatures above T # 0.83, the aggregate
distribution decays rapidly with increasing M and only
monomers or small, short-lived aggregates such as dimers
and trimers are observed. As the system temperature is
decreased, the aggregate distribution decays more slowly and
larger but still short-lived aggregates are present. For
temperatures below T # 0.83, aggregates containing only a
few nanorods are immiscible and the aggregate distribution
exhibits a secondary peak (Figure 3b) consistent with
micellization.19,25 For micelles containing more than ap-
proximately 20 nanorods, the micelles appear to grow in a
single dimension (see Figure 3c), maintaining a constant
width as they increase in size.
To quantify the shape of the micelles, we use the radius

of gyration tensor26,27 given by

where # and $ are the x, y, and z coordinates of a bead within
the micelle, and #cm and $cm are the x, y, and z coordinates
of the center of mass of the micelle. Rather than reporting
the complete radius of gyration tensor, we calculate the
eigenvalues of the tensor and plot the three principle radii
of gyration R1, R2, and R3. NBBs are considered to belong
to a specified micelle if the center of mass of the nanorod is
within the LJ cutoff of a nanorod already belonging to that
micelle. Figure 3c shows the radii of gyration for a system
of NR ) 2000 at " ) 0.005 and T ) 0.71. Two of the
principle radii, R2 and R3, appear to be independent of the
micelle size over a broad range of micelles sizes, whereas
the third radius increases with the size of the micelle. The
insets in Figure 3c correspond to micelles of size M ) 60
and M )150 extracted from the simulation cell.
We note that, unlike many amphiphiles, the laterally

tethered nanorods do not exhibit an ordered micelle phase,
for example, a body-centered-cubic (BCC) phase, at low
concentrations. The lack of the BCC phase for the laterally
tethered nanorods is likely the result of the nonuniform size
distribution and the elongated shape of the micelles.
With increasing concentration (0.15 < " < 0.25),

we observe a stepped, centered rectangular ribbon phase
below T ) 1.3 at " ) 0.21. Figure 4a is a snapshot of a
system for NR ) 4800 at " ) 0.21, and T ) 1.3. The phase
transition to infinite ribbons is a result of the repulsive
interactions between aggregates as the system is compressed

Figure 3. (a) Simulation snapshots for a system of NR ) 2000, "
) 0.005, and T ) 0.71, representative of a typical solution of
micelles. A single micelle has been extracted from the simulation
cell to demonstrate the uniform width and the step-like packing of
the nanorods within the micelle. (b) Micelle size distribution
representing 12 independent systems of size Nb ) 2000-4800 for
Nrb ) Ntb ) 5 at a volume fraction of " ) 0.005 and T ) 0.71 -
0.91. (c) Representative principle radii of gyration for a system
size of NR ) 2000, " ) 0.005, and T ) 0.71. The insets are
representative micelles extracted from the simulation box to
demonstrate the uniform width and the growth in a single dimension
as the number of nanorods within a micelle increases. Error bars
are shown when larger than the symbol.
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because of the concomitant confinement of the tethers to
smaller volumes. Figure 4b shows a single ribbon extracted
from the system with tethers removed. Within the stepped-
ribbon, the rods pack as in the elongated micelles with a
constant width of approximately 6-7! and an offset of
Nrb!/2.0.
Of potential importance is the parallel packing of the rods

with the rods aligned along the long axis of the ribbon and
the prediction of identical widths for the micelles and stepped
ribbons over a broad range of concentrations. The constant
width results from a competition between maximizing the
rod-rod contacts and minimizing the elastic strain of the
tethers. We postulate that although wider ribbons have more

rod-rod contacts than narrow ribbons as illustrated in Figure
4c they also have increased elastic strain of the tethers. As
a measure of the elastic strain, the distribution of the squared
end-to-end tether distance R2 for the micelles and stepped-
ribbons is plotted in Figure 4c. This distribution is compared
to the ideal distribution for laterally tethered nanorods. The
ideal distribution was obtained by running a dilute system
of nanorods interacting via a soft sphere repulsive potential,
which disfavors aggregation. We observe a shift in the
squared end-to-end distribution for micelles and ribbons of
width 6-7! to higher values of R2 as compared to the ideal
solution. The shift to larger values of R2 is indicative of an
entropic penalty incurred for packing the rods side by side

Figure 4. (a) Simulation snapshot for a system of NR ) 4800, " ) 0.21, and T ) 0.77 representative of the centered rectangular stepped-
ribbon phase. The boxes demonstrate the rectangular packing of the ribbons. (b) Single ribbon extracted from simulation cell demonstrating
the local packing of the nanorods into stepped ribbons and the uniform width of the ribbons. (c) Number of nearest neighbors per rod as
a function of ribbon width in units of !. (d) Squared end-to-end R2 tether distribution. From left to right, the left-most distribution represents
the ideal R2 distribution for laterally tethered nanorods at " ) 0.005 and NR ) 4800 interacting via a purely repulsive potential thereby
inhibiting aggregation. The middle distribution shows R2 for NR ) 4800, " ) 0.005, and T ) 0.77 for the elongated micelle phase. The
rightmost distribution corresponds to the centered rectangular stepped-ribbon phase at " ) 0.21 and T ) 0.77, for NR ) 4800.
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and the resulting flat interface. The further shift in R2 for
the stepped-ribbon phase is a result of an increase in
concentration resulting in a smaller distance between ag-
gregates. Therefore, by packing in a step-like fashion of
width 6-7!, for either the elongated micelles or the stepped
ribbons, the nanorods achieve a balance between the
energetic gain of packing the nanorods side by side and the
entropic penalty for that packing. We expect the optimum
ribbon width (here 6-7!) to depend on the inter- tether-
tether, nanorod-nanorod, and tether-nanorod interactions,
the intratether interactions, and the size of the nanoparticle
relative to the tether.
The rectangular packing of the ribbons is also of interest

because this packing is less commonly observed than
hexagonal packing common to BCPs, surfactants, liquid
crystalline polymers, and simulations of end-tethered nano-
rods.18 This rectangular packing likely results from the
elongated cross section of the ribbons, allowing for greater
spacing between ribbons, and thus maximizing the entropy
of the tethers.
For " > 0.25, the laterally tethered nanorods self-assemble

into infinite bilayers below T ) 3.3. The bilayers self-
assembled from the nanorods form alternating lamellae of
bilayers of nanorods and layers of tethers. Figure 5a shows
a typical snapshot of a system of NR) 4800 laterally tethered
nanorods at " ) 0.26 and T ) 1.25. Interestingly, our
simulations predict two types of ordering within the bilayer
sheets: crystal-like packing with Cmm symmetry and P2
symmetry, respectively. Figure 5b shows a bilayer sheet
extracted from a simulation cell for NR ) 4800, " ) 0.26,
and T ) 1.25. The tethers have been removed for viewing
ease. The orientational order parameter, Q, indicating the
alignment of the nanorods is calculated from the following
tensor28

where the order parameter, S, is taken as the largest
eigenvalue and uR and u% are the x, y, and z components of
a unit vector describing the direction of the nanorod and NRS
is the number of rods within a specified sheet. The rods
within the bilayer pack with a high degree of orientational
order as demonstrated by a nematic order parameter of S )
0.97 ( 0.01. Figure 5c shows a typical snapshot of a system
of NR ) 4800, " ) 0.29, and T ) 1.4. Figure 5d shows a
bilayer sheet extracted from the simulation cell in Figure
5c. Again the tethers have been removed for viewing ease.
In addition to the high level of orientational ordering within
the sheets, indicated by an orientational order parameter of
S ) 0.96 ( 0.014, ordered layers of rods are clearly visible.
The ordered layers within the bilayer are tilted with respect
to the normal vector between the ordered layers. To ensure
that the packing of the rods in the LCmm phase and the tilt of
the rods in the LP2 phase is not an artifact of the roughness
of the rod, we perform simulations of rods with spacing d

) 1.0! and 0.5!. Upon comparison, we observe no apparent
differences in the packing of the rods for the different
roughnesses.
Although the formation of a bilayer phase is unusual in

nanparticle-polymer systems, it is not unusual in surfactant
systems. The emergence of the bilayer structure in our system
can again be explained by the competition between maxi-
mizing the rod-rod contacts and the entropy contributed by
the tethers. Although the stepped structure in the RCmm phase
has more rod-rod contacts, the tethers occupy less room
and incur an entropic penalty. As the concentration is
increased, the repulsive interactions between tethers dominate
and a bilayer structure is formed. By forming bilayers, there
is greater spacing between aggregates as compared to the
RCmm phase at the same concentration and the tethers have
more free volume. This increase in the free volume results
in an increase in entropy, which more than offsets the
energetic penalty of forming bilayer sheets.
The existence of two different bilayer structures is en-

tropically driven. That is, at T ) 0.8, the rod-rod interaction
energy per rod is (-18.92 ( 0.34)kBT and (-18.97 (
0.45)kBT, respectively, for the LCmm and LP2 bilayers, indicat-
ing no energetic difference between the two phases. The
transition from the LCmm to the LP2 phase has similarities to
the nematic-smectic transition observed in liquid crystals in
that a layered structure emerges. Therefore, the commonly
accepted explanation for the nematic-smectic transition in
liquid crystals provides some insight into the LCmm-LP2
transition.29,30 It has been demonstrated for a nematic phase
of hard rods that the centers of mass of neighboring rods
are offset by a random amount along the axial direction of
the rods.29,30 This offset generates voids adjacent to the ends
of the rod, which are accessible only to that rod and not to
neighboring rods. By forming smectic layers, the random
offset along the axial direction is mitigated and the voids
are now accessible to many neighboring rods, resulting in a
net decrease in the excluded volume and a net increase in
entropy of the smectic phase compared to a nematic phase
at the same density.29,30 Rephrased, the decrease in the
excluded volume results in an effective decrease in lateral-
packing density within the layers and an increase in the lateral
mobility of the rods within a layer, which more than
compensates for the additional ordering of forming layers.29,30

However, unlike the studies of the untethered rods,29,30 the
LCmm and LP2 phases presented in this work are restricted to
bilayers and are effectively 2D and not 3D. Also, because
of the attractive interactions between the rods, the rods pack
tightly end to end in the LCmm and LP2 phases, resulting in
the same local rod density for both phases and no voids in
the LCmm phase. Using a rationale similar to that used for the
nematic-smectic transition, we propose a different mechanism
for the formation of the LP2 phase. The entropy of tethered
nanorods in the bilayers can be divided into two parts:
translational and orientational. The orientational entropy is
similar between LCmm and LP2 because the orientational order
parameter, S, is, within numerical error, identical for the two
phases. However, the translational entropy is different. The
LCmm phase has more translational entropy parallel to the long

Q )
1

NRS
∑
i)1

NRS 3uRu% - $R%

2
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axis of the rods, whereas the LP2 phase has more translational
entropy parallel to the in-plane layers. At lower concentration
(LCmm phase) the spacing between bilayers is larger, (6.0 (
0.3)! for the LCmm phase versus (5.5( 0.3)! for the LP2 phase,
and the tethers between bilayers have less overlap resulting
in less friction between tethers and increased motion parallel
to the axis of the rod. However, at higher concentration the
spacing between layers is decreased. By forming a layered
liquid crystal, the tethered nanorod has increased mobility
in the direction parallel to the crystal layers. To support this
hypothesis, Figure 6 shows the mean squared displacement

of the center of mass of the tether particles. It can be seen
that in the x direction, the direction of the layer, the tethers
have an increased mobility compared to their mobility in
the LCmm phase. In contrast, the displacement in the y and z
directions for the LP2 phase exhibits a small decrease in
mobility relative to the LCmm phase. Increased mobility in the
x direction compared to that in the y and z directions is also
observed in the LCmm phase. This is not surprising because
the projection of the rods onto the x axis is larger than the
projection onto the other two axes. We postulate that it is
the increase in mobility parallel to the crystalline layers in

Figure 5. Simulation snapshots for systems of NR ) 4800, T ) 0.8, and " ) 0.26 and 0.29, respectively. (a) Bilayers self-assembled from
nanorods into a lamellar phase with 2D crystalline ordering and Cmm symmetry for " ) 0.26. (b) Bilayer sheet extracted from simulation
cell and tethers removed for viewing ease. Sheet possesses long range orientational and positional ordering. (c) Bilayers self-assembled
from nanorods into a lamellar phase with 2D crystalline ordering and P2 symmetry, for " ) 0.29. (d) Bilayer sheet extracted from simulation
cell and tethers removed for viewing ease. The rods pack into ordered layers within a sheet exhibiting two-dimensional crystalline ordering.
The systems in parts b and d are oriented such that their axes correspond and point in the direction shown.
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the LP2 phase that offsets the entropic loss resulting from
the additional ordering.
In summary, the simulations presented here predict the

self-assembly of nanorods into high-aspect-ratio structures
with the long axis of the nanorods parallel to the long axis
of the structure. This may prove to be useful as a means of
increasing the current throughput in organic-inorganic
semiconducting devices, which may consist of spherical
nanoparticles, partially aligned rod-like nanoparticles, or
tetrapods suspended within a polymer matrix. For example,
Huynh et al. demonstrated the increased performance of
hybrid solar-cell devices with partially aligned high-aspect-
ratio nanorods as compared to randomly dispersed spherical
nanoparticles within a polymer matrix.3 One of the challenges
is the difficulty in obtaining highly aligned high-aspect-ratio
nanorods in the polymer matrix. The importance of the
nanorod alignment for efficient electron mobility was
reported recently by Li et al.5 In their work, they demon-
strated that the mobility of electrons through nanorods
supported in a polymer matrix was strongly dependent on
the nanorod alignment5 and that nanorods aligned in the
direction of the electron flow increased the electron mobility
significantly. In addition to the high-aspect-ratio structures,
we also demonstrate that the laterally tethered nanorods can
be induced to self-assemble into structures such as bilayers,
where the long axis of the nanorod is perpendicular to the
bilayer normal, that are not typically observed in self-

assembled structures of rod-like particles. We provide a
possible explanation for the novel transition between the
liquid crystal phases with Cmm symmetry and with P2
symmetry. Combined with previous works,15-19 these simu-
lations demonstrate the potential usefulness of precisely
located tethers as a means of programming nanoparticles to
self-assemble into target structures by sterically limiting the
packing of the nanoparticles and by providing elastic energy
to the system.
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