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A
variety of regular non-spherical

nanocolloids have been synthe-
sized, such as wires, tubes, disks,

and more exotic structures such as prisms

and branched structures.1–10 These nano-

colloids have been prepared from materi-

als such as CdS, CdSe, CdTe, PbS, PbSe,

ZnSe, MnS, TiO2, Au, etc.11–21 through a

number of synthetic routes. While there is

a lot of excitement in the scientific commu-

nity about the chemical, optical, and elec-

tronic properties of such quantum-confined

structures, governed by their chemical com-

position, size, and shape, many unanswered

questions remain about the mechanisms of

formation of such complex nanoscale sys-

tems. Only for tetrapods9,13 and systems

formed by oriented attachment14,15,19,22–28

have more-detailed pictures of the assem-

bly mechanisms been suggested. Com-

puter modeling of nanoscale self-

organization processes29–31 can provide a

critical link between the experimental ob-

servations and proposed theoretical under-

standing of these mechanisms,32–34 which

can be particularly obscure for particle as-

semblies involving chemical processes at

the interface. Computer modeling also

makes possible quantitative evaluation of

the parameters necessary for self-

organization.

Recently,35 we reported the synthesis of

highly angled, asymmetrically branched Te

nanocrystals (see inset in Figure 1). These

nanoscale V-particles, resembling check-

marks, were formed when the L-cysteine

stabilizer shell on water-soluble CdTe nano-

particles was partially removed in the pres-

ence of ethylenediaminetetraacetic acid to

form Te nanorods. It was found that, start-

ing from short Te nanorods (50 nm), a large
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ABSTRACT Computer modeling of nanoscale processes provides critical quantitative insights into nanoscale

self-organization, which is hard to achieve by other means. Starting from a suspension of Te nanorods, it was

recently found that short nanorods (50 nm) self-organized into checkmark-like V-shaped assemblies over a period

of a few days, whereas long nanorods (2200 nm) did not. This experimental fact was difficult to explain, and so

here we use Brownian dynamics simulations of a dilute suspension of hard spherocylinders to better understand

the process of self-organization. With the assumption that close encounters between nanorod tips result in their

merger into V-particles, it was found that the ratio of the initial rate of nanorod formation for the short and long

rods was 3760. By systematically varying the length and the concentration, we found that the concentration of the

nanorods, rather their length, was primarily instrumental in setting the initial rate of checkmark formation.

Using a simple kinetic model in conjunction with experimental data, we find that approximately 30 000 close

encounters are required on average for a single successful merger. This study gives an important reference point

for understanding the mechanism of the formation of complex nanostructured system by oriented attachment; it

also can be extended to and provides conceptual leads for other self-organized systems.

KEYWORDS: Te nanorods · V-particles · Brownian dynamics ·
self-assembly · oriented attachment · nanoscale assemblies

Figure 1. Scanning electron micrograph (SEM)
of a nanorod suspension showing the presence
of V-particles. The inset shows a close-up of a
nanoscale checkmark.
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number of nanoscale checkmarks were formed that
evolved into moth-like shapes over a period of a few
days. However, starting from long Te nanorods (2200
nm), angled structures were not observed. Unlike other
synthetic routes for building branched nanostructures,
V-particles arise due to collisions of individual nanorods
followed by oriented attachment14,15,19,22–28 along a
(201) or (102) surface of the Te crystal lattice.35 This sys-
tem provides exemplary testing grounds for computer
modeling of the self-organization processes involving
interfacial chemical reactions between particles using
fairly standard methods of molecular simulations.

In this work, we use Brownian dynamics (BD) simula-
tions to model the incidence of V-particle formation and
to attempt to explain experimental observations. We
found that the rate of V-assembly for the short rods was
3 orders of magnitude larger than that for long rods. We
explored the relative contributions of length and concen-
tration and found that it is the concentration of the nan-
orods that largely governs the initial rate of V-particle for-
mation. By comparing calculations with experimental

data, we surmised that approximately 30 000 close en-
counters are required on average for a single successful
merger of the short nanorods into a nanoscale check-
marks. Typically, the self-assembly of nanoscale building
blocks into more complex structures is carried out in solu-
tion at a relatively low concentration due to the lower
transport barriers. This model and the methods devel-
oped here can be applied to a variety of other processes
of self-organization of nanoscale colloids.

RESULTS AND DISCUSSION
a. Simulation System. In the experimental system re-

ported, nanoscale checkmarks, or “V-particles”, were
observed for short nanorods (Figure 1), where the
length and diameter of the nanorods varied over the
ranges L � 12– 80 nm and b � 7–9 nm, respectively.35

For the long nanorods (Figure 2B), the length and diam-
eter varied over L � 400 – 4000 nm and b � 16 –18
nm, respectively. The concentration of the precursor so-
lution, cprecursor, was 8.836 mM. The volume of an indi-
vidual Te spherocylinder is calculated as

Figure 2. SEM images of (A) short and (B) long nanorods. The short and long rods have size distributions of L � 12– 80 nm
and L � 400 – 4000 nm, respectively. Snapshots corresponding to monodisperse model systems with (C) L � 46 nm and (D)
L � 2200 nm are also shown.
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V ) πb3

4 [ L
b
+ 2

3] (1)

In this study, we ignored the polydispersity and as-

sumed a monodisperse sample of L � 46 nm and b �

8 nm for the short rods, corresponding to the average

length and diameter found in the polydisperse experi-

mental sample. Similarly, we assumed L � 2200 nm and

b � 17 nm for the long nanorods. The concentration

of the nanorods can be computed from stoichiometry

and eq1 as c � �TeVNA/MTe, where �Te � 6.24 g/cm3

and MTe � 127.6 Da are respectively the bulk density

and molecular weight of Te, and NA � 6.022 � 1023 is

Avogadro’s constant. The volume of the simulation sys-

tem was chosen to ensure that about 1000 rods were

represented in each simulation box. Therefore, the

range of V was approximately 10 –3000 �m3. Thus, the

concentrations of the short and long rods are c(L�46) �

1.3 � 10�7 M and c(L�2200) � 6.01 � 10�10 M, corre-

sponding to number densities �(L�46) � 7.83 � 10�8

rods/nm3 and �(L�2200) � 3.62 � 10�10 rods/nm3. For

short rods, � � 1/L3, which implies that the solution is

dilute.38 For the long rods, 1/L3 � � � 1/bL2, which in-

dicates that the solution is semidilute and there is inter-

ference in the rotational and translational motions of

these nanorods (see Figure 2).

b. Comparison with Experiment. Figure 3 depicts the

number of close encounters per milliliter of nanoparti-

cle suspension, Nce(r*), for L � 46 nm and L � 2200 nm

as r*, the radius of the sphere of interaction (SOI; see

Figure 4), is varied. At a given r*, Nce(r*) for the short

rods is more than 3 orders of magnitude larger than

Nce(r*) for the long rods. As expected, Nce(r*) increases

as the radius of the SOI r* increases, since there is

greater chance for a neighboring nanorod to pervade

a larger unit of volume. We observe that the ratio

Nce(L�46)/Nce(L�2200) varies weakly with r*, increas-

ing from about 4330 to 5010 as r* increases from 2b to

4b. The large magnitude of this ratio explains why the

occurrence of nanocheckmarks is observed far more

frequently in short rods (L � 46 nm) than in long rods

(L � 2200 nm).

It is likely that the formation of V-particles from short

rods is further enhanced due to their mobility. Using a

simple scaling relationship for diffusivity of rigid rods, the

ratio of the diffusivities of the short and long rods is43

Ds

Dl
≈

ln(Ls ⁄ bs)

ln(Ll ⁄ bl) (Ll

Ls
)) 17.20 (2)

This additional mobility is perhaps instrumental in or-

chestrating the approach of nanorods so that energeti-

cally unfavorable (102) crystal faces are brought to-

gether. If we employ a naïve scaling argument for the

frequency of collisions, f � c2, which is strictly valid only

for dilute spherical colloidal suspensions, then one ob-

tains (fs/fl) � (cs/cl)
2 	 46 800, which is an order of mag-

nitude larger than the value obtained from simulation.

Further, we monitored the relative orientation of the

nanorods as they approach each other. To quantify the

relative orientation, we employed the order parameter,

S ) 1.5〈cos2θ〉 - 0.5 (3)

where 
 is the angle between the axes of the two

nanorods. Thus, S � 1 when the rods are parallel to

each other and perfectly aligned. When S � 0, the dis-

tribution is isotropic and there is no correlation be-

tween nanorod orientations. In eq 3, for a given r*, the

ensemble average, �*�, runs over pairs of nanorods, i

and j, whose tips are separated by a distance d*(i,j) �

r*. The results for the short and long nanorods are tabu-

lated in Table 1.

For both short and long rods, there appears to be a

strong pressure to align as their tips approach other,

largely due to steric factors. The orientational correla-

tion between approaching rods decays with r*, and

Figure 3. Average number of close encounters per milliliter
of nanorod suspension, Nce, as a function of the radius of the
sphere of interaction, r*. Nce for the short rods (�) is more
than 3 orders of magnitude greater than Nce for L � 2200 nm
(Œ). The ratio of the Nce(r*) values for L � 46 nm and L �
2200 nm is relatively constant at 3760.

Figure 4. A sphere of interaction (SOI), represented by the
transparent sphere, centered on one end of a terminal
sphere of a spherocylindrical nanorod. Here, the radius r*
of the SOI is 2b, where b is the diameter of the nanorod. A
close encounter occurs when the end of an approaching na-
norod enters this SOI.
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when r* � 4b, the rod orientations appear to be al-

most isotropic.

c. Effects of Concentration and Length. In order to study

the effects of concentration and length on the number

of close encounters between nanorods, we considered

two cases, as shown in Table 2. The diameter of the rod

was held fixed at b �10 nm, and for each case the length

of the rod was varied between 50 and 1000 nm. For Case

(I), the concentration of the rods was held fixed at 10�8

M. This was to isolate the effect of the length of the

nanorod. The total volume fraction of a nanorod suspen-

sion, , is equal to �V, where V is the volume of a nanorod,

given by eq 1. For Case (II), � was held constant and the

concentration of the nanorods was varied according to

the expression c(L) � (50/L) � 10�8 M. This corresponds

to a fixed precursor solution concentration, similar to the

experimental system mentioned previously.

For L � 1000 nm in Case(I), 1/L3 � � � 1/bL2, and

these suspensions are semidilute (see Table 2). All the

other systems considered in Table 2 are dilute, since �

� 1/L3. The static properties of semidilute solutions are

almost identical to those of dilute solutions, although

molecular rotations are restricted. Nce(r*) for the differ-

ent cases is shown in Figure 5 as a function of the length

of the nanorods. For Case (I), Nce is independent of the

length of the nanorod and is equal to 0.186 � 106, 3.92

� 106, and 12.78 � 106 cm-3 for r* � 2b, 3b, and 4b, re-

spectively. In dilute and semidilute solutions of rela-

tively small suspension concentration (� �� 1/bL2), the

distribution of nanorod tips is approximately uniform

throughout the simulation volume and is independent

of the length of the nanorod. Consequently, at a given

concentration of nanorods, Nce is independent of L.

While this observation may seem rather surprising, it

must be noted that a close encounter between nano-

rods is only a prerequisite for checkmark formation. To

consummate a close encounter, the nanorods have to

wiggle around until their (102) faces are properly

aligned. The speed with which this process occurs is re-

lated to the diffusivity of the nanorods, given by eq 2

for example, which clearly favors short nanorods. This

fact is made explicit in the kinetic model described in

the next section by a length-dependent rate constant.

For Case (II), Nce decreases as the length of the

nanorod increases. When the BD simulation data were

fit to a power-law expression, Nce � kL�, we obtained (k,

�) � (19.75 � 0.39, �1.96 � 0.07), (22.92 � 0.13, �1.97

� 0.02), and (24.09 � 0.08, �1.99 � 0.01) for r* � 2b,

3b, and 4b, respectively. The observed dependence (�

	 �2) can be explained as follows: for dilute solutions

with a uniform distribution of nanorod tips, Nce � c2. In

Case (II), c � 1/L. Therefore, Nce � c2 � L�2.

For both cases, when r* � 2b, the rods appear to

align, as mentioned previously, and the average order

parameter is 0.58. The orientational correlation decays

as r* increases, and for r* � 4b, the relative conforma-

tions are almost isotropic. From Onsager’s theory, long-

range ordering effects are negligible for � �� �1 �

3.3b/L, which is certainly valid for all the cases consid-

ered in Table 2.34 Statistically, the order parameters S(r*)

for Case (II) are indistinguishable from those for Case

(I) (Figure 6).

d. Kinetics. Since the formation of checkmarks is not

modeled explicitly, it is the initial rate of formation of

checkmarks that is assumed to be proportional to the

number of close encounters, i.e., rCM(t�0) � Nce. As

checkmarks are formed, rods are depleted from the sys-

tem, and consequently the rate of checkmark forma-

TABLE 1. Order Parameter S as a Function of r* for the
Experimental Systems Depicted in Figure 2

L � 46 nm L � 2200 nm

r* � 2b 0.58 � 0.01 0.68 � 0.05
r* � 3b 0.06 � 0.00 0.08 � 0.03
r* � 4b 0.03 � 0.00 0.01 � 0.02

TABLE 2. Effects of Concentration and Length on the
Number of Close Encounters between Nanorodsa

L (nm) C (nM) 1/L3 (nm�3) 1/bL2 (nm�3) � (rods/nm3) �

Case (I)

50 10 8.00 � 10�6 4.00 � 10�5 6.02 � 10�9 2.68 � 10�5

100 10 1.00 � 10�6 1.00 � 10�5 6.02 � 10�9 5.05 � 10�5

250 10 6.40 � 10�8 1.60 � 10�6 6.02 � 10�9 1.21 � 10�4

500 10 8.00 � 10�9 4.00 � 10�7 6.02 � 10�9 2.40 � 10�4

1000 10 1.00 � 10�9 1.00 � 10�7 6.02 � 10�9 4.76 � 10�4

Case (II)

100 5 1.00 � 10�6 1.00 � 10�5 3.01 � 10�9 2.68 � 10�5

250 2 6.40 � 10�8 1.60 � 10�6 1.20 � 10�9 2.68 � 10�5

500 1 8.00 � 10�9 4.00 � 10�7 6.02 � 10�10 2.68 � 10�5

1000 0.5 1.00 � 10�9 1.00 � 10�7 3.01 � 10�10 2.68 � 10�5

aIn Case (I), the concentration is held fixed, while in Case (II), which corresponds to
a fixed concentration of precursor solution, � is held fixed.

Figure 5. Variation in the number of close encounters/cm-3

Nce for Case (I) (circles) and Case (II) (triangles) reported in
Table 2. Nce(r*) is depicted for r* � 2b (black), r* � 3b (red),
and r* � 4b (green). Symbols are results from BD simula-
tions. For Case (I), lines represent the average Nce, which is
equal to 0.186 � 106, 3.92 � 106, and 12.78 � 106/cm-3 for
r* � 2b, 3b, and 4b, respectively. For Case (II), lines represent
best-fits to the expression Nce(r*) � kL�, where k � k(r*)
and � 	 2.
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tion decreases at later times. We considered the kinet-
ics of checkmark formation for the experimental system
of short rods (L � 46 nm) in which these superstruc-
tures were observed. As shown above, for dilute sus-
pensions, Nce � c2. Consider the reaction R � R ¡ CM,
where R and CM denote rods and checkmarks, respec-
tively. Assuming second-order kinetics, we have

dcCM

dt
) rCM ) λ(L)c(t)2 (4)

where cCM(t) and c(t) are the concentrations of
V-assemblies and rods at time t, respectively, and �(L)
is a rate constant that depends on the length of the na-
norod. From stoichiometry, the concentration of the
rods evolves via

dc
dt

)-2
dcCM

dt
(5)

Equations 4 and 5 can be solved using the initial condi-
tions cCM(t�0) � 0 and c(t�0) � c0. They yield the fol-
lowing expressions for concentrations:

c(t) )
c0

1 + 2λ(L)tc0
(6)

cCM(t) )
λ(L)tc0

2

1 + 2λ(L)tc0
(7)

Experimentally,35 it appears that, for L � 46 nm, ap-
proximately three-fourths of the rods are converted to
V-particles over a period of 2 days. If we set c(t � 2 days)
� 0.25c0 in eq 5, �(L�46 nm) � 5.77 � 106 M�1 day�1.
The concentration profiles are shown in Figure 7. Fur-
ther, if we assume that Nce remains unchanged over the
elemental time interval �, given by eq 12 in Methods,
then the fraction of close encounters that culminate in
checkmark formation may be estimated as

fce ≈
rCM(t)0)τ

Nce
(8)

For L � 46, fce 	 3.08 � 10�5. Therefore, the number

of close encounters that result in one successful

V-assembly on average is 1/fce 	 30 000. When c(t�2

days)/c0 is varied between 0.15 and 0.35 (see Figure 7),

1/fce varies between 17 000 and 52 000.

Thus, the formation of V-particles is a rare event. Fur-

ther, since � (and fce) is inversely related to the length

of the nanorod, the formation of nanoscale checkmarks

for long rods is additionally inhibited.

CONCLUSIONS AND PERSPECTIVE
To study the formation of V-assemblies in nano-

rod suspensions, we employed BD simulations. We

assumed that the incidence of nanoscale checkmark

formation was governed by the frequency of proxi-

mal interactions between nanorod tips for dilute and

semidilute suspensions. On the basis of simulation

results, we were able to explain why V-particles were

observed for short nanorods, while they were ab-

sent for long nanorods.35 By systematically varying

the concentration and the aspect ratio of nanorods,

we discovered that concentration set the rate of

proximal interactions. When we used only static

measurements of dilute nanorod suspensions, the

effect of the rod length was found to be relatively

unimportant. For dynamic properties or for more

concentrated solutions, we expect that the length

of the rods would be important. Experimentally, it

was observed that V-particles were formed via a

merger of nanorods of similar lengths. Thus, it is

likely that the amount of polydispersity plays a non-

trivial role. Directions for future inquiry include elu-

cidating the roles of the dynamics, polydispersity,

and energetic interactions between nanorods, with

the goal of optimizing synthetic procedures.

Figure 6. Order parameters S(r*) for Case (I) (circles) and
Case (II) (triangles) reported in Table 2. S(r*) is depicted for
r* � 2b (black), r* � 3b (red), and r* � 4b (green). For r* � 2b,
there is strong alignment of the approaching nanorods.
However, as r* increases, the relative orientation disap-
pears and isotropy is recovered.

Figure 7. Temporal evolution of the concentration of the
rods, c (thick green line), and checkmarks, cCM (thick blue
line), using � � 5.77 � 106 M�1 day�1 and c0 � 1.3 � 10�7

M in the kinetic model. The value of � was determined by as-
suming that c/c0 � 0.25 at the end of 2 days. The dashed
and dotted lines assume c/c0 � 0.15 and c/c0 � 0.35, respec-
tively, at the end of 2 days.
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METHODS
We adopted a sequential BD scheme in which the nano-

rods were represented as rigid spherocylinders (cylinders
with spherical caps, see Figure 4) of length L and diameter
b.36,37 A system of N such rods in a simulation volume Vsim

were described by their center of mass co-ordinates {rcm,1,
rcm,2, ..., rcm,N} and orientations {�1, �2, ..., �N}, where �i is
a vector of unit magnitude. For symmetrical particles such as
spherical colloids, the concentration or number density, �,
determines the average interparticle distance and hence the
classification of the solution as dilute, semidilute, or concen-
trated. To categorize the concentration regime of asymmet-
ric particles such as liquid crystals or nanorods, we require, in
addition to the number density, geometrical information
such as the length and aspect ratio. A solution of rods is con-
sidered to be dilute if � � 1/L3 and semidilute if 1/L3 � � �
1/bL2.38 All of the nanorod suspensions considered in this pa-
per were in the dilute or semidilute regime. The concen-
trated regime is rarely of interest in creating assemblies of
nanorods, due to severe transport limitations.

For simplicity, we neglected hydrodynamic and long-
range energetic interactions between rods. For charged nan-
orods, this is equivalent to the assumption that the counter-
ions in the solution effectively screen the charge.
Configurations of the system in which rods overlap and thus
violate the excluded volume restriction were forbidden. The
short-time diffusion of rods was described by three diffusion
constants: D� and D�, perpendicular and parallel to the rod
axis, and Dr, a rotational diffusion constant. We used the fol-
lowing analytical expressions for the diffusivities as a func-
tion of the aspect ratio p � L/b:39

D⊥ )
D0

4π(lnp + 0.839 + 0.185
p

+ 0.233

p2 ) (9)

D|| )
D0

2π(lnp - 0.207 + 0.980
p

- 0.133

p2 ) (10)

Dr )
3D0

πL2 (lnp - 0.662 + 0.917
p

- 0.050

p2 ) (11)

where D0 � kBT/�L, where kB is Boltzmann’s constant (1.386 �
10�23 J K�1), T is the absolute temperature, and � � 1 cP is the
viscosity of the solvent. The elemental time scale of a particular
nanorod system is

τ ) b2

D0

(12)

The number of rods in the simulation box, N, was chosen to
be 500 or 1000, and the volume, Vsim, was determined from the
concentration of the nanorods, c. The system was initialized by
generating a random non-overlapping configuration. A rod i was
randomly chosen, and a trial move was proposed as follows.37

1. The center-of-mass of the ith rod, rcm,i, is decomposed into
components parallel and perpendicular to the orientational
vector �i: rcm,i

� � (�i · rcm,i)�i and rcm,i
� � rcm,i � rcm,i

�.
2. Gaussian-distributed random numbers are chosen: �r�, with

mean zero and variance 2D��t, and �r1
� and �r2

�, with mean
zero and variance 2D��t.

3. A trial move is proposed in two steps. First, a trial center-of-
mass, r=cm,i � r=cm,i

� � r=cm,i
�, is attempted. Here, r=cm,i

� � rc-

m,i
� � (�r�)�i, and r=cm,i

� � rcm,i
� � �r1

�)ei1 � (�r2
�)ei2,

where ei1 and ei2 are two vectors orthogonal to �i.
4. Next, �=i � �i � x1ei1 � x2ei2 is proposed, where x1 and x2

are Gaussian random variables with mean zero and variance
2Dr�t.

5. If the new configuration (r=cm,i, �=i) is free from overlaps, the
move is accepted, and time is incremented by �t/N.

A time step �t � 10�4� was used, and the simulation was
carried out for approximately t 	 107�. About 1000 snapshots

of the simulation system were taken at regular intervals (�104�),
and the relative positions and orientations of the nanorods were
examined at each snapshot.

Surface Energy of the (100) and (102) Faces. For a Te nanocrystal in
the trigonal form, the positions of the atoms and the param-
eters describing the unit cell were located.40 The density of at-
oms on the (100) face is 1.97 Te atoms/nm2, where the unit cell
has a � b � 0.428 nm and c � 0.589 nm. In a similar geometry,
the density of atoms on the (102) face is 1.15 Te atoms/nm2. Ac-
cording to the Bravais–Friedel–Donnay–Harker theory as well as
the Hartman–Perdock theory, the stability of a crystal surface is
correlated with the strength of lateral interactions among mol-
ecules on a face, which increases as the surface density of mol-
ecules on that face increases.41 Thus, the low-Miller-index face
(100), with 1.97 atoms/nm2, is energetically more stable than the
(102) face, and hence the formation of nanocheckmarks is
favored.

In the modeling, the short-range energetic interaction be-
tween crystal faces of two nanorods approaching each other to
form a checkmark is greatly simplified. We assume that the num-
ber of nanocheckmarks formed from a nanorod suspension is
proportional to the number of “close encounters” between tips
of approaching nanorods.

At each simulation snapshot, the number of close encoun-
ters is determined according to Figure 4. We define a “sphere of
interaction” (SOI) located at the center of both terminal spheres
on each spherocylindrical nanorod in the system. We denote by
r* the radius of this SOI. A close encounter is said to have oc-
curred when the volume pervaded by this SOI is penetrated by
an approaching nanorod tip, as shown in Figure 4. The distance
of closest approach between the terminal spheres on approach-
ing nanorods is denoted by d*(i,j), where i and j are the indices
of the nanorods. Thus, when d*(i,j) � b, nanorods i and j are in
physical contact.

In this study, we consider three different values for r*, namely
2b, 3b, and 4b, where b is the diameter of the nanorod. At each
simulation snapshot, we survey all pairs of rods probing for close
encounters; i.e., we seek pairs of nanorods (i,j) for which the con-
dition d*(i,j) � r* is satisfied. Hence, for a given value of r*, we
can compute the number of close encounters per milliliter of na-
norod suspension, Nce(r*). Since the fraction of close encounters
that result in checkmark formation is not known a priori, the real-
time evolution of the system is not directly simulated. Instead,
in section d of the Results and Discussion, the kinetics of the sys-
tem are considered using a mean-field approach with empiri-
cally fitted rate constants. It may be noted that generalized
methods to simulate the dynamics of systems consisting of
anisotropic particles using molecular simulations have been re-
ported recently in the literature.42 However, given the inad-
equate knowledge of the energetic interactions between nano-
rods, quantitative ab initio calculations are not feasible. The
presence of residual surfactant stabilizer introduces an addi-
tional layer of complexity. Thus, the enormous computational
load incurred using methods in which complex shapes are de-
composed into elemental spheres is not warranted.
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