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t is well-known that certain organic su-

pramolecules and liquid crystals exhibit

conformational changes under external
stimuli such as temperature, pressure,
stress, solution pH, and electric or mag-
netic fields.' '® Such microscopic changes
can lead to macroscopic structural transfor-
mations which, in turn, result in significant
variation in materials’ properties such as
elastic modulus, thermal conductivity, bio-
activity, and electromagnetic resonance.* ¢
For example, Kim et al. reported thermally
responsive capsule structures with 25 nm
diameter pores in a shell formed by the hi-
erarchical self-assembly of double tethered
rod amphiphiles.” The hydrophilic oligo(et-
hylene oxide) coils at one end of the rods
shrink upon heating or expand upon cool-
ing, resulting in a reversible closed/open
gating motion of the nanopores. Recently,
Lee et al. further demonstrated a reversible
transformation between two-dimensional
sheets and tubular structures assembled by
laterally grafted rod amphiphiles, also upon
heating.’ These transformations, however,
are not between equilibrium states but are
instead strongly pathway-dependent, and
thus the resulting structures depend on the
initial state of the material. The resulting
structures, therefore, may become trapped
in local energy minima and are stable under
thermal fluctuations. Taking advantage of
these kinetic effects, various experimental
studies have progressed in engineering
higher-order structures that are inacces-
sible under self-assembly from isotropic
states. Ciszek et al. demonstrated that two-
dimensional flat sheets assembled by am-
phiphilic rod-like peptides on a template
fold into hollow spheres whose structure
depends on the initial sheet pattern.'® Upon
drying, the polymer tethers attached to
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ABSTRACT Reconfigurable nanostructures represent an exciting new direction for materials. Applications of
reversible transformations between nanostructures induced by molecular conformations under external fields can
be found in a broad range of advanced technologies including smart materials, electromagnetic sensors, and
drug delivery. With recent breakthroughs in synthesis and fabrication techniques, shape-changing nanoparticles
are now possible. Such novel building blocks provide a conceptually new and exciting approach to self-assembly
and phase transformations by providing tunable parameters fundamentally different from the usual
thermodynamic parameters. Here we investigate via molecular simulation a transformation between two
thermodynamically stable structures self-assembled by laterally tethered nanorods whose rod length is switched
between two values. Building blocks with longer rods assemble into a square grid structure, while those with short
rods form bilayer sheets with internal smectic A ordering at the same thermodynamic conditions. By shortening
or lengthening the rods over a short time scale relative to the system equilibration time, we observe a
transformation from the square grid structure into bilayer sheets, and vice versa. We also observe honeycomb
grid and pentagonal grid structures for intermediate rod lengths. The reconfiguration between morphologically
distinct nanostructures induced by dynamically switching the building block shape serves to motivate the
fabrication of shape-changing nanoscale building blocks as a new approach to the self-assembly of reconfigurable

materials.

KEYWORDS: reconfigurable materials’ nanostructures - self-assembly - laterally
tethered nanorods - computer simulation

one end of the rods contract, forcing the
flat sheet to curve to reduce the exposure
of its hydrophobic surfaces. Our previous
simulations predict that flat bilayer sheets
of P, symmetry assembled by laterally teth-
ered rod-like nanoparticles and their molec-
ular analogues'"'? scroll into distinct heli-
cal structures, which can transform from
one morphology to another by switching
the selective solvent conditions.'® Switch-
ing the solvent condition changes the
rod—rod and tether—tether interactions, al-
lowing the sheet to fold or unfold revers-
ibly in most cases. In those studies, solvo-
phobic forces guide the system toward a
certain target structure. However, since the
resulting structures are not necessarily at
equilibrium, the assembly pathway is unre-
liable relative to that between

*Address correspondence to
sglotzer@umich.edu.

Received for review November 29, 2009
and accepted March 30, 2010.

Published online April 21, 2010.
10.1021/nn901725b

© 2010 American Chemical Society

VOL. 4 = NO.5 = 2585-2594 = 2010 A@q%{g) 2585



2586

equilibrium structures because it depends on kinetics
and initial states.

Experiments, theories, and simulations reported in
the literature have shown that for rod—coil
molecules,™ 2° block copolymers,2'~2* and tethered
nanoparticle shape amphiphiles''2*~3> the volume frac-
tion and geometry of the constituent components
play key roles in the morphology of the assembled
structures. For instance, depending on the volume frac-
tion of rod and coil segments, rod—coil molecules in
an aqueous medium form cubic ordered micelles, tet-
ragonally or hexagonally packed columns, or lamellar
structures.” In a solvent good for the tethers and poor
for the rods, end-tethered rods assemble into hexago-
nally packed cylinders with a helical twist if the rod
length is comparable to the tether extended length.2>%
The helical twist is diminished if the rods are shorter
than the tethers due to the entropic effects of the teth-
ers.? In previous self-assembly simulations, transitions
from isotropic states to ordered structures focus prima-
rily on equilibrium structures. The systems are initially
relaxed at high temperature or dilute concentration and
then cooled or compressed gradually. At each temper-
ature or pressure step, the systems are equilibrated un-
til some order parameter, such as the system potential
energy, becomes stable. The influences of volume frac-
tion and shape anisotropy of the constituent compo-
nents on the assembled structures are therefore usu-
ally studied by conducting independent
simulations'"1823734 or experiments'>'%?2 on different
building blocks and molecules. Ryu and co-workers
have reported various hierarchically assembled nano-
structures based on rod—coil molecules with different
topologies.”'> Numerous simulations on polymer-
tethered nanoparticle building blocks?* including
spheres, 263133 rods, 1182529 cybes,?”?® and V-shaped
nanoparticles,*? and recently theoretical treatments,
have also emphasized the significance of shape anisot-
ropy with regards to the phase behavior and local pack-
ing of shape amphiphiles.

However, there have been few studies on how a dy-
namic change in the building block geometry or confor-
mation, particularly at nanometer length scales, would
lead to predictable morphological transformations be-
tween assembled structures.”*1%36~42 polypeptide-
based block copolymers, for example, were shown re-
cently to be potential candidates for stimuli-responsive
building blocks.3~4° Gebhardt et al. demonstrated
that the polypeptide rod segment in poly(butadiene)-
poly(L-lysine) block copolymers undergoes a reversible
conformational a-helix—coil transition in response to a
change in pH and temperature.® Another recently
demonstrated approach is to employ DNA strands as a
reconfigurable linker between particles to toggle be-
tween different states of self-assembled structures.*'*?
For instance, Maye and co-workers showed that inter-
particle distances in superlattices and dimer clusters as-
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Figure 1. Laterally tethered nanorods with (A) a 5¢ rod and
(B) a 30 rod studied computationally in this work. The rods,
drawn as smooth, consist of five spherical beads with diam-
eter o placed at a center—center distance of o for longer
rods and 0.5¢ for shorter ones. The tether consists of three
spherical beads with diameter o, unless otherwise noted.
Rod beads are in yellow, tether beads are in white. Arrows in-

dicate the directions of (A) shortening and (B) lengthening
therods.

sembled by gold nanoparticles with DNA linkers can
be dynamically tuned by adding small “set” or “unset”
DNA strands.*? It has also been shown experimentally
that colloidal gold nanorods can be shortened or mor-
phed into other shapes such as spheres, bent rods,
twisted rods or “d" shapes by using laser pulses with
different wavelengths and widths.**~*> Given the vari-
ety of diverse nanocolloid shapes that is now possible,*
fabricating particles from materials that allow a revers-
ible shape change upon application of an external trig-
ger, such as light, would create enormous possibilities
for a new class of reconfigurable materials. Polymeric
nanorods composed of an anisotropically cross-linked
gel, for example, could be made to swell or contract
lengthwise, lengthening and shortening the rod, re-
spectively. Other more complex geometry changes may
also be envisioned.

Here, using a generic coarse-grained bead—spring
model of laterally tethered nanorods (Figure 1) interact-
ing via empirical pair potentials, we investigate the
spontaneous transformation between two equilibrium
structures that each result from the self-assembly, at
melt densities, of two types of laterally tethered nano-
rods that differ only in their rod length. Attractive inter-
actions that lead to the aggregation of rods and of teth-
ers are modeled by a Lennard-Jones potential with a
short-range cutoff, and the immiscibility between rods
and tethers is modeled by a purely repulsive
Weeks—Chandler—Andersen potential. We find that
the building blocks with longer rods assemble into a
3-D columnar square grid structure, while those with
shorter rods form bilayer sheets at the same number
density and reduced temperature. By shortening or
lengthening the rods of the assembled structures
quickly relative to the system re-equilibration time, we
show that the square grid structure reconfigures rapidly
to bilayer sheets, and vice versa. We show that kinetic ef-
fects do not prevent the system from evolving be-
tween these two structures in either direction, suggest-
ing an experimentally viable approach to nanoparticle
shape-induced reconfigurability in these systems. Or-
dered periodic structures like those we obtain have
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been shown to be useful for a range of applications in-
cluding, but not limited to, optical materials with, for ex-
ample, a photonic band gap, or negative index of
refraction,'>?° or materials with anisotropic mechanical
properties. From this model system of building blocks
with switchable shape, we aim to inspire the fabrication
of reconfigurable nanomaterials from laterally tethered
nanorods and their analogues.

RESULTS AND DISCUSSION

We observe upon cooling at fixed volume fraction
the formation of a square grid structure and bilayer
sheets from the thermodynamic self-assembly of later-
ally tethered nanorods for longer and shorter rods, re-
spectively. Our results are in good agreement with pre-
viously reported experiments on geometrically
analogous rod—coil molecules, which observe both of
these phases.'®'” Since we ascertain that the simulated
structures are equilibrium structures, this suggests the
experimental structures are likewise thermodynamically
stable. Starting from an equilibrium assembled struc-
ture (either square grid or bilayers), we shorten or
lengthen the rods, respectively, to the target length
and monitor the morphological transformation to the
other structure. We compare the time scale of the
order—order transformation induced by rod shorten-
ing and lengthening with that of the self-assembly from
isotropic states.

Self-Assembly of Longer Rods. At a number density of
0.8, we observe that laterally tethered nanorods in
which the rod has a length of 5.00 undergo a
disorder—order transition from a disordered state to a
3-D square grid structure at T = 2.2e/kg (Figure 2A,B).
This morphology may also be called the tetragonal co-
lumnar phase because the tethers aggregate into col-
umns, which are separated by a square grid of rods.
Similar tetragonal morphologies have been observed
computationally in systems of ditethered
nanospheres®'3? and experimentally with amphiphilic
dumbbell-like and rod—coil molecules with a compa-
rable aspect ratio of rod—coil segments; however, in
the latter, the structure of the stacked rods between
tether columns was not known.'®'” The formation of co-
lumnar structures stems from the lateral constraint be-
tween the tether and the rigid part of the building block
and their relative lengths according to a geometrical
packing analysis.?"%

Simulation snapshots reveal how the rods arranged
into a square grid pack into bilayer ribbons as the struc-
ture extends into the third dimension to maximize
their contacts and offset randomly along the axial direc-
tion (Figure 2B) to mitigate the conformational en-
tropy loss of the adjacent tethers. The structure can be
characterized by the radial rod—rod correlation distri-
bution gr_g(r) given in Figure 2C, in which the sharp first
peak at 1.00 indicates the side-by-side rod separation
and the small second peak in the vicinity of 2.0c shows
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Figure 2. (A) Simulation snapshot of a columnar square grid
structure formed by laterally tethered nanorods with a 50
long rod. Rods are visualized as smooth for clarity of local
packing of the rods. (B) Portion of a bilayer ribbon extracted
from the structure shown in (A). (C) Radial rod—rod correla-
tion function averaged over 10 snapshots taken every 1 mil-
lion time steps. Error bars indicate the standard deviation
from the average values.

the rod packing in linear bilayer ribbons. The two broad
peaks at 5.00 and 10.00 represent the distances be-
tween parallel ribbons, respectively.

Self-Assembly of Shorter Rods. Laterally tethered nano-
rods for which the rod has a length of 3.0 assemble
into bilayer sheets for T < 2.0e/kg at a number density
of 0.8 (Figure 3A). Sheet-like (lamellar) structures have
been shown to be thermodynamically stable for block
copolymers and shape amphiphiles at a sufficiently
high concentration and certain relative volume frac-
tions of the immiscible constituents.”'” The formation
of sheet-like structures again can be explained by a
geometrical packing analysis based on the relative
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Figure 3. (A) Simulation snapshot of bilayer sheets formed
by laterally tethered nanorods with a (short) 3o rod. Rods
are visualized as smooth for clarity of local packing of the
rods. (B) Top view of a single bilayer sheet extracted from
the structure shown in (A). The tethers are removed for clar-
ity. (C) Radial rod—rod correlation function averaged over
10 snapshots taken every 1 million time steps. Error bars in-
dicate the standard deviation from the average values.

lengths of the rods and the tethers.'"?' By forming bi-
layer sheets, the rods maximize their contacts and allow
the laterally attached tethers to maximize their free vol-
ume. Interestingly, when T < 1.5¢/kg, the rods within
each sheet arrange into smectic sublayers with P, sym-
metry due to stronger side-by-side, as compared to
end-to-end, attractive interactions between rods (Fig-
ure 3B). The P, symmetry packing of the rods within bi-
layer sheets was predicted in previous simulations by
Horsch et al. of a solution of laterally tethered solvopho-
bic rods with the same rod—tether length ratio."" Re-
cently, Hong and co-workers observed the formation of
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scrolled bilayer sheets with similar rod packing pattern
in a solid melt of laterally grafted rod molecules.'? We
thus conclude that two key ingredients for the emer-
gence of the rod bilayers and the crystalline P, symme-
try packing within each bilayer are (i) the immiscibility
between the rods and the tethers and (ii) the attraction
between the rods. In our model, the attraction energy
per unit rod length is greater in the shorter rod than in
the longer rod with the same number of beads, com-
pensating the entropy loss of tightly packed (but attrac-
tive) tethers, and allowing for an almost zero tilt angle
of the rods within the smectic sublayers (i.e., smectic A
ordering). The simulation snapshot (Figure 3A) further
indicates that the average distance between adjacent
bilayers is approximately twice the extended length of
the tethers. Consequently, the coupling between adja-
cent bilayers is weak so that the sublayer axial direc-
tions in bilayers are uncorrelated. We also note that the
cross section of the bilayers is similar to that of the rib-
bons in the columnar square grid structure (Figure 2B);
this will play a role later when we examine the transfor-
mation between the two structures. The radial rod —rod
correlation function in Figure 3C shows a sharp peak
at a distance of 1.0c¢ indicative of the side-by-side rod
packing, a split second peak at 2.00 and 2.3¢ character-
istic of a crystalline packing of the rods in bilayers, and
a third peak at 3.00 corresponding to the distance be-
tween smectic sublayers.

Reconfigurability between Ordered Structures. For the pur-
poses of comparing the self-assembly from initially dis-
ordered states of the ordered structures presented
above with reconfiguration between the ordered struc-
tures, we define an assembled structure as a structure
formed by cooling the system from disordered states
and a transformed structure as one formed from a dif-
ferent ordered structure after the rods are lengthened
or shortened rapidly. At temperature T = 1.4¢/kg, which
is below the disorder—order transition temperatures
for both structures, we shorten and lengthen the rod
both from assembled structures and from transformed
structures to ascertain that the resulting structures are
neither kinetically arrested nor metastable and that the
transformation is reversible. The morphological evolu-
tion from the square grid structures to bilayer sheets
and vice versa is monitored by the change in gg—g(r) and
the system potential energy U. A transformation is con-
sidered complete if the fluctuations in these quantities
are less than 5—10%. We found no significant differ-
ence in the final structures in terms of structural and en-
ergetic characteristics between starting from disor-
dered states versus starting from a transformed
structure, indicating that, like the assembled struc-
tures, the transformed structures are thermodynami-
cally stable and at equilibrium.

Shortening Rods. Starting with the square grid structure
formed by rods of length 50, we shorten the rods to
30 over 10 000 time steps. As shown in Figure 4A (left),
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the system potential energy drops from the value cor-
responding to the square grid structure, that is, (4.67 =
0.01)e per bead, to that corresponding to the bilayer
sheets assembled from short rods, that is, (3.57 = 0.01)e
per bead. Figure 4B (left) shows gg(r), which demon-
strates that the transformation into bilayer sheets com-
pletes within ~20 million steps. After rod shortening,
the square grid structure becomes unstable because
the tether columns are no longer separated by the bi-
layer ribbons, and tethers in adjacent columns are free
to interact with each other. The ribbons, however, re-
main due to the stronger side-by-side attractions be-
tween the rods as indicated by the first sharp peak in gs.
r(r). The ribbons subsequently merge into larger sheets,
becoming smectic sublayers within each sheet. In cer-
tain runs, we observe defects in the transformed bilayer
sheets in which several smectic sublayers (previously
ribbons) misalign with the rest (not shown), presum-
ably due to imperfections in the starting structures.

Lengthening Rods. The rod segments are lengthened
from 30 to 50 over 10 000 time steps starting with
stable bilayer sheet structures. The long rods subse-
quently attempt to rearrange themselves to increase
their contacts, leading to the corruption of the bilayer
sheets. The system potential energy jumps to the value
corresponding to the square grid structure obtained
from self-assembly of long rods, that is, (4.67 = 0.01)e
per bead. The transformation process completes after
approximately 20 million steps as determined by the
small fluctuations in U (Figure 4A, right) and ggr(r) (Fig-
ure 4B, right). During equilibration, the split in the sec-
ond peak and third peak of ggr(r) vanishes, implying
that the smectic sublayers no longer exist; however, the
presence of the first sharp peak indicates that the side-
by-side rod packing persists. The smaller value of ggr(r)
at the first peak indicates a lower probability of finding
side-by-side neighbors and also suggests that the
sheet-like aggregates of the rods disappear. We also
note that the time evolution of gg(r) occurs in the re-
verse direction as compared to when the rods are
shortened.

The driving force for the reconfiguration between
the columnar square grid structure and bilayer sheet
structure originates from the minimization of the sys-
tem free energy, which involves the simultaneous maxi-
mization of energetically favored rod—rod and
tether—tether contacts and conformational entropy of
the flexible tethers. However, unlike self-assembly pro-
cesses in which initial configurations are disordered,
shape-changing induced transformation processes of
the type studied here proceed from ordered states,
which might suffer unfavorable kinetic effects hinder-
ing or preventing the formation of target structures. By
shortening and lengthening the rods on a time scale
much shorter than the system equilibration time, which
is on the order of 40 million steps at T = 1.4¢/kg and
At = 0.002T, we aim at reproducing experimental con-
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Figure 4. (A) Per bead potential energy and (B) radial rod—rod corre-
lation functions during the transformation processes. The rod shorten-

ing and lengthening processes are illustrated by the images
left and right columns, respectively.

ditions to examine if kinetic effects due to rod length-
ening/shortening would prohibit the formation of tar-
get structures in practice. In fact, with different shape-
changing rates (i.e, 2 X 10720, 2 X 10730, 2 X 1070,
and 2 X 107> every 10 time steps), the transformations
all complete within the system relaxation time, and
the system smoothly reconfigures to its new equilib-
rium, ordered state. Such a process is necessary for
shape-induced transformation to be a reliable and pre-
dictable way to reconfigure materials’ structures.
Intermediate Rod Lengths. Since a small change in the rod
length gives rise to such a significant transformation in
the symmetry of the structures, it is reasonable to inves-
tigate whether there may exist an intermediate rod
length between 50 and 3o at which the system under-
goes an order—order transition between structures
with one- (in the case of sheets) and two- (in the case
of grids) dimensional periodicity. We perform indepen-
dent self-assembly simulations with intermediate rod
lengths of 3.25¢, 3.3750, 3.50, 3.750, and 4.0c (Table 1
and Supporting Information). While rods of length
3.250 assemble into bilayer sheets, rods of length
3.3750, 3.50, 3.750, and 4.00 form stretched honey-
comb (not shown), honeycomb (Figure 5A), and pen-
tagonal grids (Figure 5B), respectively. The critical rod
length for the transition from a 1-D periodic (sheets) to
2-D periodic (stretched honeycomb grid) structure
therefore falls inside a small window from 3.25¢ to
3.3750. It is interesting to note the sensitivity of the as-
sembled structure to minute changes in the aspect ra-
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TABLE 1. Assembled Structures Formed with Different Rod
Lengths and the Dimensionality of the Periodicity of the
Structures

rod length, o assembled structure dimensionality of periodicity
3.0 bilayer sheets 1
3.25 bilayer sheets 1
3.375 stretched honeycomb grid 2
35 honeycomb grid 2
375 honeycomb grid 2
4.0 pentagonal grid 2
5.0 square grid 2

tio of the rods. More importantly, this sensitivity sug-
gests the possibility of toggling between not just two
but among multiple structures with only slight changes
in rod length.

As predicted by theory and simulations and con-
firmed by experiments, the volume fraction of constitu-
ent components of rod—coil molecules,' % block
copolymers,?' 2 and shape amphiphiles'?*~35 deter-
mines the assembled morphology at a given concentra-
tion. Consequently, one may argue that decreasing the
rod length while keeping the tether length fixed is
equivalent to keeping the rod length fixed while in-
creasing the tether length, and vice versa. Although this

Figure 5. (A) Honeycomb grid structure formed by rods with
a length of 3.50. (B) Pentagonal grid structure formed by
rods with a length of 4.0c.
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may hold true for amphiphilic end-tethered rod sys-
tems, the anisotropic nature of the laterally tethered
rods causes an asymmetric phase behavior with respect
to the constituent volume fraction. While a small
change in the rod length can lead to a significant mor-
phological transition, a much larger variation in the
tether length is required for such a transition. Simula-
tions with a rod length of 5¢ indicate that the tether
length should be increased from 3o to 100 to induce a
transformation from the columnar square grid structure
to bilayer sheets. Moreover, since the increase in the
tether length adds more mobility to the system, the
disorder—order temperature is lowered, and thus the
transformation may not occur at constant temperature
as opposed to a small increase in the rod length. We at-
tribute such asymmetric phase behavior to the build-
ing block anisotropy caused by the rigid rod segment.
Since it is evident that the rods form bilayer ribbons in
both structures, we argue that the rod length, which is
related to the ribbon width, helps guide the aggrega-
tion of the ribbons while maximizing the entropy for
the tethers. Meanwhile, the entropic effects of the flex-
ible tethers on ribbon aggregation only become signifi-
cant when the variation in the tether length is suffi-
ciently large. For instance, additional simulations
indicate that, for longer rods, the tether should be as
much as three times longer, that is, consisting of 9
beads, to induce the formation of bilayer sheets. In
their recent simulations of bola-amphiphilic liquid crys-
tals with a lateral flexible chain, an analogue of our
model laterally tethered rod, Crane and co-workers also
showed that while the columnar phases form with a
tether length of 3 beads, the lamellar phases only
emerge when the chain length is greater than 11
beads.'® It is therefore instructive that the responsive-
ness of laterally tethered rod systems to the rod length
is greater than that to the tether length.

We note that, in addition to rod—tether relative vol-
ume fraction, other factors affect the formation of as-
sembled and transformed structures, such as tether at-
tachment point, tether flexibility, and particle shape. For
example, if the point of tether attachment is moved
from the rod center to an end, smectic structures will
be expected to form.3* It will be interesting to investi-
gate in future studies how decreasing the tether flexibil-
ity or anisotropically deforming the rod shape (e.g.,
into a cone-like shape) would lead to further novel
structural transformations.

Time Scales for Self-Assembly versus Transformation. It is in-
teresting to compare the dynamics of the transforma-
tion process to that of the self-assembly process start-
ing from isotropic states to ascertain whether a given
ordered structure forms more easily via transformation
or self-assembly. To do this, in addition to ggs(r) and U,
we use the shape matching algorithms proposed by
Keys et al.*’ to derive an order parameter that distin-
guishes between the bilayer sheet and square grid
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structures. The general procedure for calculating the or-
der parameter is as follows. First, we choose the final
self-assembled structures as reference states. Second,
we extract a pattern representative of each reference
state by choosing a suitable length scale. The cutoff
window of interest is chosen to be [4.00, 5.00] to cap-
ture the distance between the rods belonging to paral-
lel bilayer ribbons in both structures. The bond order
diagrams of the reference structures (Figure 6) show
that within that cutoff window the extracted patterns
of the reference columnar square grid structure and bi-
layer sheets are clearly distinguishable. Subsequently,
the Fourier shape descriptor of the extracted patterns
of the reference states is determined. Similarly, the Fou-
rier shape descriptor of subsequent snapshots during
self-assembly and transformation is determined and
compared with that of the reference states. The match-
ing between the shape descriptors is used as the order
parameter: the closer the order parameter is to unity,
the more the structure approaches the reference state.
As shown in Figure 7, the evolution of the system to-
ward the target structures in the self-assembly process
from isotropic states is compared with that in the coun-
terpart transformation process at T = 1.4¢/kg. The snap-
shots at different times in the right column show that
the transformed systems approach the target states faster
than self-assembly from isotropic states (Figure 8). This is
presumably because of the presence of aligned rod bi-
layer ribbons in both ordered configurations, as indi-
cated by the sharp first and second peaks of ggx(r).
While it takes self-assembly processes a certain amount
of time to form these ribbons starting from isotropic
states, the transformation processes proceed from the
ribbons immediately after the rods change length. Thus
for these particular ordered states, and for this particu-
lar building block, for which there is a common sub-
structure within both target structures (the ribbons),
transformation is more efficient than assembly from a
disordered state. For transformations between other or-
dered states that share no common substructures,
whether self-assembly or reconfiguration is faster is an
open and interesting question to be pursued in subse-
quent work. In the present system, the time scale of the
transformation process is within 20 million steps, which
we estimate is equivalent to several microseconds of
real time considering actual nanoparticle and polymer
tether interactions.

CONCLUSION

While reconfigurability can easily be found in bio-
logical systems and certain liquid crystals, few examples
are available for traditional synthetic materials, espe-
cially those based on nanoparticles. In this work, the re-
configurability between bilayer sheets and square grid
structures assembled by laterally tethered nanorods
serves to inspire the fabrication of next generation
nanomaterials able to reconfigure in response to a dy-
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Figure 6. Bond order diagram of (A) the square grid structure and
(B) bilayer sheets within the cutoff range of [4.00, 5.00].

namic change in the building block shape. Addition-
ally, the emergence of honeycomb and pentagonal grid
structures at intermediate rod lengths implies that all
reported structures can be reversibly transformed one
to another by tuning the rod length on the fly. We en-
vision that the ordered periodic structures we obtain
can be useful for a range of problems. For example, op-
tical materials with a photonic band gap or negative in-
dex of refraction require particular symmetries or
structures.'>?° By switching between a 2-D (sheets) to
3-D (square grid) structure with 1-D and 2-D periodic-
ity, respectively, where the rods are composed of a high
dielectric material, it may be possible to turn on and
off interesting nonlinear optical properties. The cavi-
ties provided by the square grid structure with the teth-
ers removed post-assembly might also be useful for
waveguide applications. Alternatively, the mechanical
properties of a layered sheet versus 3-D grid structure
should be very different, and thus reconfigurable rods
assembled into these structures could be used to fabri-
cate a material that, for example, flows or is stable un-
der a small shear. The kinetic effects due to rod length-
ening/shortening are shown not to obstruct the
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Figure 7. Comparison of (A) self-assembly of short rods from
disordered states and order—order transformation induced
by shortening rods; and (B) self-assembly of long rods from
disordered states and order—order transformation induced
by lengthening rods.
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Figure 8. (A) System snapshots corresponding to the time slices on the order parameter plot in Figure 7A. (B) System snapshots corre-
sponding to the time slices on the order parameter plot in Figure 7B.

evolution of the system toward equilibrium, but in-
stead expedite the formation of the target structures
over the self-assembly process from disordered states.
Although the experimental viability of a reversible rod
shortening and lengthening procedure has not yet
been demonstrated in the literature, we envision that
such shape-shifting can be controlled at nanometer
scales through the use of, for example, anisotropic

cross-linking within an organic rod made of a polymer
gel, or in a similar manner to tuning the conformation
of polypeptide-based building blocks**3° or melting
nanorods using femtosecond or nanosecond laser
pulses.®*~% Despite the simple shape change consid-
ered here, the approach is applicable to more interest-
ing shape changes that involve changes in symmetry
and/or topology.

METHODS

Simulation Model. We use a minimal model of laterally teth-
ered nanorods similar to one used in our previous work'' '3
that captures the essential physics of the studied systems (Fig-
ure 1) including the geometry of the rods and the flexibility of
the laterally attached tethers. The center bead of a rod is linked
with the tether via a finitely extensible nonlinear elastic (FENE)
spring. The tethers are modeled as linear chains of three spheri-
cal beads with diameter o, bonded via FENE springs. We utilize
empirical potentials?* that are successful in capturing the rel-
evant physics of rod —coil molecules, block copolymers, and sur-
factants.* To model the aggregation of the rods and that of
the tethers, the interactions between the rod beads and be-
tween the tether beads are modeled by the 12—6 Lennard-
Jones potential truncated and shifted to zero at the cutoff dis-
tance of 2.50 to incorporate short-range attraction and excluded
volume interactions. Immiscible species tend to segregate;
therefore, the rod —tether interaction is modeled by the softly re-
pulsive Weeks—Chandler—Andersen (WCA) potential to cap-
ture their immiscibility. In our simulations, the potential energy
well depths, ¢, are chosen to be identical for rod—rod,
tether—tether, and rod—tether interactions: eg_g = er-1 = &gt

W) VOL.4 = NO.5 = NGUYEN AND GLOTZER

= &. The natural units for these systems are the bead diameter,
o, the bead mass, m, and . The time scale is accordingly defined
as T = a(m/e)"2 For block copolymer and nanoparticle sys-
tems, typical values of these parameters are 0 = 5 nm, m =
1072 kg, ¢ = 50 kJ/mol, and 7 = 0.5 ns.

Simulation Method. Brownian dynamics (BD) is used to simu-
late the self-assembly of tethered nanorods in a melt-like condi-
tion in three dimensions. In BD, the random and drag forces in
the equation of motion for each bead serve as a momentum
nonconserving thermostat for the system, and our simulations
sample the NVT ensemble, where N is the total number of beads,
Vis the box volume, and T is temperature. Details of this method
can be found elsewhere.? The friction coefficient vy is set to be
1.0 to limit the ballistic motion of a bead in a time step to be less
than 1.0c. The rotational degrees of freedom of the rods are in-
corporated using the equations for rotation of rigid bodies with
quaternions. We employ the velocity Verlet scheme to integrate
the equation of motion of the tether beads and to advance the
rotational motion of the rod pairs with a time step At = 0.0027.
For self-assembly simulations, we use a similar procedure to that
used in our previous phase diagram mapping simulations'!2>31:32
to sample the system at a number density of N/V = 0.8, which
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is sufficiently high to reproduce a melt-like condition. We cool
the system from an initial temperature of T = 2.5¢/kg, corre-
sponding to a disordered state, by decreasing T step-by-step
with AT = 0.1¢/ks. At each temperature step, we equilibrate the
system until we observe fluctuations in the system potential en-
ergy U of less than 5% and a morphology that does not substan-
tially change over a time scale of ~20 million time steps. A typi-
cal simulation run requires 50— 100 million time steps,
equivalent to microseconds in real time for a typical experimen-
tal system. We also heat and cool the systems with different
schedules to ascertain that the cooling paths do not bias the as-
sembled structures. By following this procedure, we seek to
find equilibrium assembled structures and obtain a consistent
estimate of the disorder—order temperature for our particular
systems. Once the assembled structures are stabilized at temper-
atures lower than the disorder—order transition, we perform
the rod shortening or lengthening by sliding the rod beads along
the rod director while maintaining the rod center of mass. To
simplify our shape-changing procedure in the present study, we
assume that (1) the rod shortening/lengthening rate is uniform
for all building blocks, (2) the building block symmetry is con-
served, and (3) the interactions between rods are fixed during
shortening and lengthening. The rods are shortened or length-
ened every 10 time steps until the target length is reached. We
use different shape-changing rates of 2 X 10720, 2 X 1073, 2 X
1074, and 2 X 10~ %0 every 10 time steps to ascertain whether
any kinetic effects due to rod lengthening/shortening influence
the transformation processes. For example, a rate of 2 X 107 3¢
every 10 time steps means that the rods obtain the target length
after 10 000 simulation steps, equivalent to approximately 10

ns in real time. We note that these transformation rates are suf-
ficiently small that overlaps do not occur during rod lengthening
in the temperature range studied (T = 2.5¢/kg) with the chosen
integration time step At = 0.0027. To ensure that finite size ef-
fects are avoided with regards to assembled structures and
disorder—order temperature, we run test simulations on several
system sizes of Ng = 500, 1000, and 2000 building blocks, corre-
sponding to N = 4000, 8000, and 16 000 beads, respectively. For
each system size, we also run simulations with different ran-
dom number sequences for the thermostat and initial configura-
tion and initial velocity profiles to avoid any artifacts of the ran-
dom number generator. During the simulation, the number of
beads (N), box volume (V), and interaction strengths (&) between
species are held fixed. We choose to show the data for Ng =
2000 and the rod lengthening/shortening rate of 2 X 10 3¢ ev-
ery 10 time steps as our representative results in the main text.
Our simulations are conducted using LAMMPS, an open source
parallel molecular dynamics code,* with a LAMMPS extension
we developed for this work that allows three-dimensional rigid
bodies to change their geometry during simulations.
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