Accepted Manuscript

polymer

Length controlled kinetics of self-assembly of bidisperse nanotubes/nanorods in
polymers

Ali Gooneie, Janak Sapkota, Anuja Shirole, Clemens Holzer

Pll: S0032-3861(17)30477-9
DOI: 10.1016/j.polymer.2017.05.010
Reference: JPOL 19670

To appearin:  Polymer

Received Date: 3 April 2017

Accepted Date: 3 May 2017

Please cite this article as: Gooneie A, Sapkota J, Shirole A, Holzer C, Length controlled kinetics
of self-assembly of bidisperse nanotubes/nanorods in polymers, Polymer (2017), doi: 10.1016/
j-polymer.2017.05.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/


http://dx.doi.org/10.1016/j.polymer.2017.05.010

Nanotubes/nanorods with different aspect ratios

R TN - R

long

bi-modal




Length Controlled Kinetics of Self-Assembly of Bidisperse
Nanotubes/Nanorods in Polymers
Ali Gooneiel’z’*, Janak Sapkotal’*, Anuja Shirole3, Clemens Holzer!

'Chair of Polymer Processing, Department of Polymer Engineering and Science,
Montanuniversitat Leoben, Otto Glockel-Strale 2, Leoben 8700, Austria. Email:

ali.gooneie@unileoben.ac.at, janak.sapkota@unileoben.ac.at.

*Laboratory for Advanced Fibers, Empa, Swiss Federal Laboratories for Materials Science
and Technology, Lerchenfeldstrasse 5, CH-9014 St. Gallen, Switzerland. Email:

ali.gooneie@empa.ch.

*Adolphe Merkle Institute, University of Fribourg, Chemin des Verdiers 4, Fribourg 1700,

Switzerland.

Abstract.

While there is a growing body of work that supports the self-assemblies of nanotubes and
nanorods, little attention has been devoted to understand the relation between their length and
the kinetics of self-assembly in polymer composites. Using dissipative particle dynamics
(DPD) method, we simulated the temporal developments of equilibrium microstructures of
nanotube dispersions with a bimodal length distribution in polymer matrix. The
nanotube/polymer models were developed with different sets of interactions between the
components. The equilibrium morphologies obtained for nanotubes are in good agreement
with those proposed by previous experimental and theoretical studies. We found that long
nanotubes could self-assemble into ordered honeycomb-like bundles as validated with the

structure factor calculations. The self-assembly kinetics was quantitatively estimated at
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different stages and length scales using the variations in the pair-correlation functions. It was
observed that the kinetics slowed down particularly in the initial stages of the self-assembly.
This was mainly ascribed to the spatial interferences of bidisperse nanotubes as evidenced by
laser scanning microscopy and simulated mean-squared-displacements (MSD). Furthermore,
the developed microstructures were assessed in terms of the effective nanotube volume
derived from Monte Carlo (MC) calculations and the frequency of nanotube-nanotube
contacts. The simulations reported herein contribute to a microscopic interpretation of the
literature results, and the findings of this paper contribute meaningfully to the design

strategies aimed at achieving novel nanocomposites with optimal physical properties.

Keywords: nanotubes, nanorods, bidisperse mixtures, self-assembly, kinetics,

nanocomposites, dissipative particle dynamics, cellulose nanocrystals, dispersion

1. Introduction

Nanofillers are attracting a great deal of attention due to their intrinsic characteristics and
broad applicability in the areas such as optics [1], electronics [2] and catalysis [3]. Most of the
nanofillers used are either spherical or isotropic particles mainly due to the ease of synthesis
[4], consequently, leading to isotropic materials. One possible route to the development of the
anisotropic structures for mechanical, electrical and optical applications is to use anisotropic
nanoparticles such as nanotubes and nanorods [5]. In many cases, a pre-requisite for effective
application of nanotubes and nanorods is their stable and homogenous dispersion within the
respective matrix due to the fact that agglomeration cancels out most of the benefits of its
nano dimensions [6,7]. Therefore, for several other applications, a balance between a stable
dispersion and control of the spatial distribution and orientation within the matrix is the key to
exploit their outstanding properties on macroscopic scale [8]. The design and preparation of

aligned or self-assembled nanotubes/nanorods have been actively researched recently [9]



since the emergence of ordered structures can be used in several practical strategies for

designing structural materials [10].

Self-assembly processes which are common in nature are mimicked or utilized as a reference
to many dynamic [11] and multicomponent systems [12—14], from smart materials to self-
healing structures [15,16] to sensors [17] and spontaneous development of patterned
structures [18]. These assemblies are desired due to the modulation of their physical
properties [4,19-23] which can be achieved either by equilibrating between aggregated and
non-aggregated states of nanofiller [23,24], or adjusting their positions relative to one another
in an aggregate [25]. Such spontaneous organization could be directly due to the specific
interactions and/or indirectly through their environment. In this context, understanding the
phenomena of the nanotube/nanorod self-assembly is essential for materials design; however,
it poses many challenges considering the complex thermodynamic and kinetic behavior

involved in the assembling process [26—28].

The increase in nanotubes (or nanorods) concentration in the matrix considerably enhances
the probability of close tube (or rod) encounters and can eventually block each other’s
movements to an extent such that no further reorganization is possible [29,30]. Such
phenomenon is referred to as rigidity percolation [30], or physical gelation, and is related to
the kinetic arrest of the nanotubes/nanorods. For tubular nanoparticles such as carbon
nanotubes (CNT), such a kinetic arrest has been experimentally determined to take place
starting from the isotropic liquid state at extremely low nanotube volume fraction of ~0.003
[31]. As for the rod-like nanoparticles, the corresponding gelation phenomenon of cellulose
nanocrystals (CNCs) typically occurs at higher nanorod concentrations of ~0.08 [30].
However, the length polydispersity and extreme aspect ratio of nanotubes and nanorods have
important roles in triggering the transition before any liquid crystalline ordering. The

monodisperse colloids of rod-shaped fd virus for instance are known to self-assemble in
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cholesteric/chiral and sematic phases [32-34] or even in columnar crystal phases [33],
whereas high polydispersity (55%) of goethite nanorods can also form such ordered structures
[35]. For nanotubes such as CNTs, only nematic phase has been reported thus far, mainly due
to the large size distribution of nanotubes and difficulty in preventing particle aggregation
[36-39]. This implies that, apparently, for the monodisperse systems it is easier to promote
the prevalence of ordered phases [40,41] whereas for high polydispersity the large-scale
rearrangements can be constrained by subsequent phase segregation [42]. Bacterial CNCs
with an aspect ratio in the range of 50-100 [43,44] also show nematic ordering well below
1 wt% of CNC content [43]. For CNC nanorods which show high polydispersity depending
on the source and method of extraction [30,45,46], the influence of the aspect ratio can be
recognized as anisotropic phase for longer CNC nanorods [43] and isotropic fractionation of

shorter nanorods [47].

With the increasing difficulties in the way of realizing the underlying mechanisms in
dispersions of such anisotropic nanoparticles, modelling and simulation techniques have
raised tremendous attention [48]. Among various methods, mesoscopic approaches, which
define a coarse-grained model of the material, have been extensively used to study the
microstructure developments under equilibrium due to their feasibility to access longer time
scales [49-55]. Detailed atomistic simulations, on the other hand, have been also applied to
characterize the fundamental thermodynamic properties of such dispersions [52,56,57]. While
there is a growing body of work that supports the self-assemblies of nanotubes and nanorods,
little attention has been devoted to understand their length-controlled assemblies in polymer
composites. In order to investigate the length effects, He et al. [58] report the impact of
bidisperse nanorod mixtures on their self-assembled morphologies in block copolymers in
terms of enthalpy (originated from nanorod-polymer interactions) and entropy (governed by
the inherent anisotropy as well as translational entropy of shorter nanorods). However, there is

no indication of how the length polydispersity might influence the evolutions of self-
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assembled structures with time. This is a relevant question since dissipative particle dynamics
(DPD) simulations of Hore and Laradji [59] showed in particular how important it is to
consider the length effects of nanorods on the kinetics of phase separation phenomena in

immiscible polymer blends.

Here, we present a systematic study of the self-assembly of generalized nanotubes and
nanorods with two different aspect ratios, exploring the length effect and the influence of the
bimodal length distribution of nanofillers. To do this, we employ the well-credited DPD
method to simulate the developments of equilibrium microstructures of such dispersions. We
observe that under certain conditions, these nanotubes self-assemble into ordered honeycomb-
like bundles. More importantly, the kinetics of this self-assembly was quantitatively described
in terms of the variations in the pair-correlation profiles. The results show a reduced self-
assembly kinetics particularly in early stages for bidisperse mixtures. Possible correlation of
such behavior is also studied with the help of cellulose nanorods where the length induced
aggregation/dispersion and its influence on mechanical properties is observed. The detailed
understanding of length controlled kinetics of self-assembly for a mixed system with varying
aspect ratio of nanotubes, to the best of our knowledge, is the first of its kind. Taken together,
the findings of this paper provide a valuable tool that opens innovative ways to implement

new routes to design and produce novel composite materials with optimal physical properties.

2. Simulation Details

2.1. Dissipative Particle Dynamics

DPD is a coarse-grained numerical method in which the degrees of freedom of the system are

reduced by lumping a number of atoms into the so-called beads [60,61]. These beads interact

c

with each other through three pairwise forces: (i) the conservative force Fy;, (ii) the dissipative



D

force Fj;, and (iii) the random force FE For any pair of i and j beads within the force cutoff

radius r,, these forces are given by

F§=a; (1-2) ;. (1)
Fjp = -&,0° (1)1 (vi-v)) 518 . )
Fjj = 0,0% (1), €, % - ®)

In these equations, r;; is the distance between the beads with the corresponding unit vector of
t; which points from bead j to bead i. v; and v; are the velocity vectors of beads i and j,
respectively. The model parameters used in DPD include the maximum repulsion coefficient

a;;, the friction coefficient &ij, the noise amplitude 6, and a Gaussian random number Cl.j. In

DPD formulation, wD(rij) and wR(rij) are the dissipative and random weight functions,
respectively, which are often defined as

P () = o) = (1-2)'. @

Te

DPD is an efficient mesoscopic method to study the phenomena on longer time scales than the
classical molecular dynamics [62]. This is mainly due to its coarse-grained representation of
the system as well as the soft potential functions that it incorporates. For these reasons, DPD
has been widely used to investigate multicomponent systems such as polymer/layered silicates
[60,63] and polymer/CNTs [49,64]. Here, we employ DPD in order to simulate dispersions of
nanotubes in a polymer matrix under thermodynamic equilibrium. In the developed model all
parameters are in reduced DPD units unless mentioned otherwise. The selected DPD units are

explained later in the context.

2.1.1. Polymer Model

In order to represent a flexible polymer chain, 10 DPD beads were linked by finitely

extensible nonlinear elastic (FENE) springs with the potential of
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in which k; is the FENE spring constant, and r, is the maximum extent of the bond. Here
these values were set to 50 kzT /72 and 0.7 r,, respectively, which ensures that no unphysical
bond crossings are present in the system [65,66]. Each two consecutive bonds were allowed to

have any angle in order to preserve the flexibility of the chain.

2.1.2. Nanotube Model

To incorporate a realistic model rather than a generic representation for the nanotubes, we
used the model of Liba et al. [67] who developed a coarse-grained model of CNTs by lumping
carbon atoms into DPD beads which interact with each other through pair and triplet forces.
As shown in Figure 1, each CNT tube is composed of a series of triple-bead rings connected

by harmonic bonds with the potential of

2
Uharmonic(rij) = kh(rij - rO) ’ (6)

where k;, is the harmonic spring constant. Following Liba et al. [67], k;, was 2675.8 kT /#>
and ry was 0.6239 r... The authors also defined angular forces in order to correctly capture the

stiffness of the CNTs. The potential function of these forces is given by

Uangle(e) = ka( cos0 - cos e0 )2 ’ (7)

with k,, 0, and 0, as the angular potential constant, the angle of triplets of neighboring beads,
and the equilibrium angle, respectively. In the present model, k, and 6, were set to 38.9 kzT
and 180°, respectively. To model the long nanotubes, 60 beads were included in each tube in
the form of 20 triplet rings. For the short nanotubes, on the other hand, 18 beads were used in

each tube in 6 triplet rings.



Figure 1. Coarse-grained nanotube structure after equilibration: (a) side view, and (b) cross-
sectional view.

The nanotube model with this characteristics also qualifies to be an appropriate representative
for a generic nanorod. In order to correctly capture the nanorod, it must be ensured that the
inner core of the nanotube is not accessible to the surrounding beads. By taking the
geometrical as well as the force field parameters into account, it is possible to rule out any
interference of the polymer beads within the nanotubes. We calculate the acting forces on a
random bead approaching the nanotube (from the nanotube beads and other polymer beads)
and show that it is very unlikely for it to pass through the nanotube in the Supporting
Information. A similar approach has also been used before to avoid unphysical bond-crossings
in DPD models of polymer chains [66,68]. As a result of such calculations, one can use our
simulations to verify nanoparticles resembling nanorod characteristics with a comparable
mechanical profile. An example for such nanoparticles is cellulose nanorods which have
received a lot of attention recently due to their superior mechanical properties (comparable to
CNTs) [69], their bio-compatibility [70], and their relatively lower costs [71]. Because of
these reasons, in this paper we also attempt to provide some experimental evidence for
cellulose nanorods in order to persuade future works on their mesoscopic simulation. It should
be noted that in this paper the term “nanotube” is generally preferred over “nanorod” since it
is a more accurate description of the incorporated nanoparticles. Indeed, “nanorod” is also

used in several instances where it is investigated.



2.1.3. DPD Units and Model Parameters

A bisphenol A epoxy resin containing 9 repeating units was selected as the matrix polymer
with a molecular weight of 2895.5 g/mol and the density of 1 g/cm?®. Each chain was coarse-
grained into 10 beads each having a volume of ~480 T3 equal to 24 carbon atoms. Each
nanotube bead was also taken to represent the same number of carbon atoms following Zhou
et al. [64] This choice of coarse-graining degree yields a unit mass m of 4.80x10* kg for
each bead and a length unit », of 1.13x10® m. The energy unit is E=kzT at T=298 K. As a

consequence of this set of units, the time unit 7is 1.22x10™" s.

In the simulations, the degree of dispersion was controlled by adjusting the maximum
repulsion coefficients between different pairs. a; value was set to 25 kzT/r. for all
interactions between beads of the same type in the simulations. For interactions between
different beads, we used Groot and Warren’s approach which relates the excess repulsion

parameter to the Flory-Huggins %;; barameter as [72]

<t
A~ m—i_ aji , (8)

in which Xy is determined using the solubility parameters 6, and §; of the interacting beads by

— Vet {% ‘51')2 (9)
ij kgT ’
with Vs as a reference average bead volume. This reference volume is taken equal to the
average bead volume ~480 J°.The solubility parameter of bisphenol A epoxy was determined
by molecular dynamics simulations to be 19 (J/cm?)'/? [64]. For the nanotubes, different
solubility parameters are calculated using molecular dynamics for various geometries and
model systems. Maiti et al. [73] report a solubility parameter of ~25.9 (J/cm?®)!/? for CNTs

having a diameter similar to this study. Other investigations into this parameter have found

values between 18 to 26 (J/cm?)'/? for a wide range of single-walled, double-walled, and
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multi-walled CNTs [74]. In our models, we chose two values of 19 and 25.9 (J/cm?)'/? in
order to provide results for this range of CNT types. Consequently, the maximum repulsion
coefficients between the polymer-nanotube pair is 25 kzT/r, and 43.2 kzT/r,, respectively.
Indeed, these values should result in different dispersion qualities. Since in the former case all
possible pairs experience equal repulsive forces, we refer to it as the system with the neutral
dispersive interactions, i.e. system-#. In the latter case on the other hand, the repulsive forces
between polymer and nanotube beads should promote a poor dispersion quality. Therefore,
we refer to this setup as the system with the unfavorable dispersive interactions, i.e. system-u.
We also simulated a generic system with the a; values of 32 kgzT/r., 10kszT/7., and
32.8 kzT/r, for the polymer-polymer, polymer-nanotube, and nanotube-nanotube pairs,
respectively, in order to have a system with a fine dispersion quality for the sake of
comparison. This set of repulsion coefficients have been successfully used before to model
fine dispersions of layered silicate nanoparticles in compatibilized polymers [63]. This system
is referred to as the system with the favorable dispersive interactions in this paper, i.e. system-
/- The maximum repulsion coefficients of all systems have been summarized in Table 1. In

this work, & was set to 4.5 (mkyT/ r2)!/2 between all bead types. Finally, the fluctuation-
dissipation theory was used to define the noise amplitude as 0,-j2 = 2§l.jkBT [75]. In all systems,

the force cutoff radius was setto 1 r,.

Table 1. The maximum repulsion coefficients of different systems.

Pair type System-u System-n
Polymer-polymer 25 25 32
Nanotube-nanotube 25 25 32.8
Polymer-nanotube  43.2 25 10
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The simulation box had the dimensions of 22 r.x22 r.x22 r. which represents a cube of real
spatial dimensions of 24.86 nm on each side. A total of 32000 beads of different types were
dispersed in this box producing a bead number density of 3. The simulated systems contain a
nanotube volume fraction of 0.1125 which is equivalent to 3600 nanotube beads out of the
total number of beads. Three different systems were developed in order to investigate the
impact of nanotube length on the microstructure development: (i) a system containing only
short nanotubes with an aspect ratio of 3.5 referred to as the mono-short system, (ii) a system
containing only long nanotubes with an aspect ratio of 13.4 referred to as the mono-long
system, and (iii) a system containing a 50/50 mixture of such short and long nanotubes
referred to as the mixture system. In the mono-short and mono-long systems, 200 and 60
nanotubes were included in the simulation box, respectively. In the mixture system, 100 short

and 30 long nanotubes were incorporated.

2.2. Simulation Method

The simulations were carried out in a cubic box with periodic boundary conditions on all sides
using NVT ensemble. The systems were constructed with a random dispersion of polymer
chains and nanotubes within the box. This configuration was initially allowed to equilibrate
for 10° steps. Afterwards, the data collection was performed for 2x10° steps. The time step
was set to 0.01 7 in all simulations. Therefore, the equilibration and data collection runs
correspond to the real times of 122 ns and 244 ns, respectively. In addition to these
simulations, a separate set of runs were performed on the nanocomposites with a well-
dispersed microstructure after altering their force fields to the neutral dispersive interactions.
These simulations were run for 10 steps corresponding to a real time of 1.22 ps. The
simulations were performed using LAMMPS (large-scale atomic/molecular massively parallel
simulator) [76] code package. The visualization of the simulated trajectories were carried out

in VMD (visual molecular dynamics) [77].
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2.3. Investigation of Effective Volume of Nanotubes

The effective volume of nanotubes in the dispersions is defined as the total volume in the
simulation box which is within a certain radius of at least one nanotube. In order to quantify
the effective volume of nanotubes in the dispersions, we used a Monte Carlo (MC) approach.
For this purpose, each nanotube was replaced with a sphere whose center was the center of
mass of the nanotube in space. The radii of the spheres were selected to match the
corresponding volume fraction of each nanotube in the system. An ideal dispersion of
nanotubes was also developed for each system in which these spheres were uniformly
dispersed in the simulation box. Such a uniform dispersion should correspond to the largest
effective volume due to the minimized overlaps of spheres which occur because of
aggregation of nanotubes in any region of the box. To perform the calculation, 10° random
points were put in the simulation box. If a point was inside any of these spheres, it was
considered as a hit. For the simulated and ideal systems, the number of hits were counted and
the total number of hits in the simulated systems were divided by the total number of hits in
the ideal system to give the dispersion possibility index. This operation was repeated 30 times
for each system. In a non-ideal dispersion, the spheres are more concentrated in certain
regions of the box and also overlap to some extent. Therefore, a larger dispersion possibility
index (with a maximum value of 1 for an ideally-dispersed system) means a better dispersion

quality of the system as well as a larger effective volume of the nanotubes.

3. Experimental Details

Tunicate CNCs (tCNC) were isolated using sulfuric acid hydrolysis from the dry mantles of
tunicates (Styela clava), and cotton cellulose nanocrystals (cCNC) were obtained via sulfuric
acid hydrolysis of filter paper using previously established protocols [6,7,30]. cCNCs and

tCNCs were labelled with fluorescein isothiocyanate and rhodamine isothiocyanate (both
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obtained from Sigma-Aldrich and used as is), respectively, adapting an earlier protocol
[30,78]. Briefly, lyophilized ¢cCNCs or tCNCs (250 mg) were dispersed in dry anhydrous
dimethyl sulfoxide (DMSO, 50 mL, Sigma-Aldrich) by stirring the mixture in a round bottom
flask overnight at room temperature. The dispersion was then sonicated for 3 h in an
ultrasonic bath (45 kHz, 180 W) before adding either fluorescein 5(6)-isothiocyanate (2.5 mg,
Sigma-Aldrich) to the cCNC dispersion or rhodamine isothiocyanate (2.5 mg, Sigma-Aldrich)
to the tCNC dispersion. Both reaction mixtures were stirred at 90 °C for 6 h, allowed to cool
to room temperature, and centrifuged at 3500 rpm for 15 min. The supernatant was decanted,
DMSO was added, and the centrifugation and decanting cycle was repeated. This
washing/centrifugation cycle was repeated with di-methly formamide (DMF, Sigma-Aldrich)
ten times to remove any unreacted dye. The final dispersions were drop cast on the glass slide,
at a concentration of 5 mg/mL, evaporated by drying in an oven at 70 °C for 4 h and were
studied with laser scanning microscopy using an excitation wavelength of 488 nm for

fluorescein and 561 nm for rhodamine to analyze the dispersion and self-assembly behavior.

4. Results and Discussion

4.1. Formation of Self-assembled Microstructures

In order to study the formation of self-assembled microstructures, various mixtures of
nanotubes were simulated by altering the nanotube-nanotube, nanotube-polymer, and
polymer-polymer interactions. Figure 2 shows the corresponding equilibrium microstructures
of the systems. The influence of the dominating interactions on the final microstructure is
significant as observed in the resulting trajectories. In the mono-long system, when the
interactions among the constituents is changed from a favorable dispersive (system-f) to an
unfavorable dispersive situation (system-u), the microstructure is also altered from a random

well-dispersed to a self-assembled state [79]. The same trend is also observed for short
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nanotubes, however, with interesting distinctions. Similar influence of the interactions
between the nanotubes/nanorods and the matrix on the equilibrium morphology has also been
observed before in, for instance, coarse-grained molecular dynamics simulation of dispersed
gold nanorods in lipids [80], generic DPD models of nanorods in polymers [81], and hybrid
particle-field molecular dynamics simulations of CNTs in different polymers [79]. Moreover,
experimental investigations on nanorods dispersed in polymers have also revealed the
importance of energetic contributions from nanorod-polymer and nanorod-nanorod
interactions in the inter-rod ordering and formation of aligned microdomains [82,82]. The
simulations clearly suggest that the small nanotubes do not form a self-assembled
microstructure under any circumstances studied. Even for the unfavorable dispersive
interactions, the short nanotubes develop small disordered aggregates rather than an ordered
self-assembly. In addition to the effective force field, the aspect ratio (or the length in this
case) of the nanotubes also shows to be of prominence. The tendency of long nanotubes to go
into such assemblies is much higher than the short nanotube. This can be readily seen in
system-n where the equilibrium microstructure is controlled by the shape of the particles

rather than the interactions between the components (see parts ¢ and g in Figure 2).

-14-



Figure 2. The equilibrium microstructures of nanotubes in polymer for long (a to d) and short
(e to h) nanotubes: (a, e) the initial microstructure, (b, f) system-f, (c, g) system-n, and (d, h)
system-u. The long and short nanotubes are shown in blue and red, respectively. The
polymers are presented in green in all parts.

To visualize the ordering of nanotubes in the self-assemblies of long nanotubes in
equilibrium, the two dimensional structure factor of the beads S(k) in a bundle was evaluated

on a plane perpendicular to the bundle using the relation [83]

S(k) = S ([N, cos (ker)]* - [N, sin (ker)] ), (10)

in which N is the total number of beads in the bundle, with position vectors r. The resulting
structure factor is shown in Figure 3a. The long nanotubes are packed in such bundles and
form a honeycomb pattern as evidenced by the structure factor. A similar honeycomb
structure was also reported before in simulations of polymer-tethered nanorods [50] and
bidisperse nanorods in block copolymers [58], and experimentally for alkane-covered CdSe
nanorods in poly(methyl methaacrylate) [84], and CdSe nanorods in copolymer-based
supramolecules [82], and carbon nanotube bundles [85]. It was argued that these structures are
formed due to the interplay between liquid crystal ordering and microphase separation based
on Brownian dynamics simulations. This ordering is observed in all of the self-assembled
bundles of long nanotubes while an irregular aggregation dominates the short nanotubes. The
periodic regularity in the assemblies is extended when the number of participating nanotubes
is larger in that assembly. The distancing of nanotubes from each other is, however, constant
in different assemblies and depends on the excluded volume considerations due to the
conservative forces [81,86]. The pair correlation function g(r) of nanotube beads were
calculated for the long nanotubes in system-u, see Figure 3b. In the calculations of g(r)
throughout this paper, the correlation of each bead is measured only with beads from other
nanotubes. This enabled us to remove the contributions of the bonded beads as well as other
beads within the same nanotube from g(r) and hence provide a more accurate evaluation of

the self-assembly. The g(r) profile shown in Figure 3b corresponds to the equilibrium
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microstructure developed in Figure 2d. As shown in this profile, the beads do not cross each
other and a minimum distance of ~0.6 r,. exists between each pair of beads due to the strong
conservative forces between these beads. Moreover, a notable maximum in the data is
observed at ~1.5 . which can be ascribed to the self-assembled structures within the bundles.
This distance represents the average distance between the outer layer of beads on the surfaces
of two adjacent nanotubes in a bundle describing the periodicity length observed in the
structure factor pattern. Since this maximum distinguishes between the regular assembled
structures versus the irregular dispersions, the value of g(r) at this separation distance can be
taken as a reference point for comparison between different microstructures. Recently, a
similar trend was also observed in generic DPD models of nanorods in a polymer matrix in
which the alignments of neighboring nanorods in the bundle and the periodicity in the

structure were characterized in terms of the first peak in g(r) profile [81].

[
i

Figure 3. (a) 2D-structure factor of a self-assembled bundle of long nanotubes projected onto
its normal cutting plane in system-u. (b) Pair correlation function g(r) of the nanotube-
nanotube beads for the long nanotubes in system-u.

An influencing parameter on the self-assembly of nanotubes is the length of the nanotubes as
evidenced by the system trajectories in Figure 2. As noted before, the long nanotubes tend to
form ordered assemblies while the short ones hardly undergo the aggregation process, and

even when they do, the resulting structures are irregular. An interesting case is when a
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mixture of such short and long nanotubes are allowed to equilibrate together. Recently, the
importance of such mixtures were investigated by Sapkota et al. [30] for crystalline cellulose
nanorods where the mechanical properties showed significant dependence on the dispersion
mechanism. Some other studies have also shown the advantage of mixing geometrically
different fillers to enhance filler dispersion and subsequently enhance mechanical, electrical
or thermal properties [87—-89]. On the other hand, both nanotube and nanorod samples often
have a certain amount of length polydispersity which makes it of more practical relevance to
study such mixtures. Here, we simulated a 50/50 mixture (by volume) of long and short
nanotubes to find the underlying mechanisms involved in their microstructure developments.
The simulated microstructures are shown in Figure 4(a-d). A comparison of the equilibrium
structures in the mixtures with the structures of the mono-length systems suggests that,
apparently, the short and long nanotubes equilibrate separately and each phase (the long
nanotubes phase, and the short nanotubes phase) reaches its equilibrium microstructure very
much the same as their corresponding mono-length systems. However, some interference
from the short nanotubes can already be seen in the trajectories where the short ones appear to
have been incorporated between the self-assembled structures of the long nanotubes. To

investigate this possibility, the average mean-squared-displacements (MSD) of the centers of

mass of the nanotubes were calculated according to MSD = ([ri(t) - ri(O)]z) with r;(t) and
r;(0) representing the position vectors of the center of mass of the ith nanotube at the start of
the simulation and at time t, respectively [60]. In the mixture system, the MSD of short and
long nanotubes were calculated separately so that a better perspective of their relative
differences with the mono systems can be envisioned. The results of such calculations are
plotted in Figure 4 for system-u (part €) and system-f (part f). In the mono systems, the short
nanotubes show much larger displacements in comparison with the long ones regardless of the
effective pair interactions. Indeed, the long nanotubes face stronger topological restrictions

against their movements due to their larger surface area [90]. Moreover, they self-assemble
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and form bundles which makes it even more difficult for the bulky bundles to move in the
simulation box. The short nanotubes, on the other hand, can adopt more random patterns in
their movements and transport faster on larger length scales. They preserve their individuality
to a large extent even in system-u with unfavorable dispersive interactions where dispersed
irregular aggregates are formed instead of a tightly-packed self-assembled bundle. In the
mixture of short and long nanotubes, the displacement patterns of the nanotubes is very close
to the mono-long system regardless of their length. The interesting observation that the short
nanotubes in the mixture move almost as slow as the long nanotubes supports the earlier
statement that the short nanotubes interfere with the self-assembly of the long nanotubes.
Thus, the microstructure development is not merely followed by one nanotube phase
independently from the other phase. Therefore, the length of the nanotubes influences the

development of equilibrium microstructures significantly in such dispersions.

-O-mono-short
-CFmono-long
~/short nanotubes in mixture
/X-long nanotubes in mixture

-O-mono-short
-Fmono-long 102k
~/short nanotubes in mixture 1
- long nanotubes in mixture

102 10° 10* 10° 102 108 10* 10°
t/r t/r

Figure 4. (a-d) The equilibrium microstructures of nanotubes in polymer for the mixture of
long (shown in blue) and short (shown in red) nanotubes: (a) the initial microstructure, (b)
system-f, (c) system-#n, and (d) system-u. The polymers are presented in green in all parts. The
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average mean-squared-displacements (MSD) of the center of mass of nanotubes is plotted
against simulation time for (e) system-u and (f) system-f. The movements of the short and
long nanotubes in the mixtures are evaluated separately.

The interference of the short nanotubes with the self-assembly of the long nanotubes should
particularly influence the kinetics of aggregation. This notion could be engineered in order to
develop desired microstructures in such dispersions optimizing their properties. An example
could be given by studying the developed microstructures in the dispersions of crystalline
cellulose nanorods. Considering the strong topological restrictions against the penetration of
any bead into the inner core of the nanotubes as a result of their design and the employed
force field [68], it was argued to be reasonable to assume that the nanotubes of this study can
also represent a nanorod (see the Supporting Information). In particular, CNC nanorods show
comparable mechanical properties to CNTs [69] which were the basis for the developed
coarse-grained nanotube models in the work of Liba et al. [67] Consequently, the developed
nanotube models can provide, at least, a reasonable generic representation of CNC nanorods.
Due to the increasing interest in the development and applications of bio-based cellulose
nanocomposites, we provide here laser microscopy evidence for the dispersion of short, long,
and mixtures of these two types of CNC nanorods. Figure 5 shows the different aggregation
behavior for different aspect ratios of CNC nanorods. The short cCNC nanorods, show a
homogenously aggregated structure, with denser agglomerates distributed evenly throughout
the macro phase in the nanocomposite. This could be due to the isotropic fractionation of
shorter nanorods [47] as previously observed in the simulations. The long tCNC nanorods,
show some packed structures resembling self-assemblies and some randomly dispersed
pattern. This could be possibly because of the higher aspect ratio which facilitates kinetic
trapping and anisotropic phase fractionation [43] in comparison to the short ones. In addition,
the tendency of nanorods to orient themselves in parallel to each other and cluster into
assembled structures also results from higher lateral capillary forces along the length of a

nanorod in comparison to its width [91]. This anisotropy of interaction between nanorods
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could be one important driving force for the side by side alignment of nanorods rather than
end to end, as also observed in simulations in Figure 2d for instance. The proportion of
smaller or larger ordered domains could be controlled by a balance between hydrodynamic
and lateral capillary forces [91]. Interestingly, the mixture system shows the kinetic trapping
of short nanotubes within the long nanotubes, and a hindered self-assembled structure. Figure
5¢ shows the colocalized cCNCs within tCNCs as seen with the overlapped spectrums of co-
excited rhodamine-labelled tCNCs and fluorescein-labelled cCNCs. Since both the
fluorophores are excited at the same time, instead of seeing a green or red dominant region
which suggests a clear phase separation, a homogenously co-localized region is observed. The
yellow color shows the dominant cCNCs region with tCNCs co-localized in the region,
whereas orange color shows clearly tCNCs dominant region with cCNCs co-localized in the
region. Furthermore, some parts appear with more reddish color suggesting the assembled
tCNCs region. These findings are supported by the recent experimental and modelling studies
which suggest a mixed percolating structure and reduced aggregation of short nanotubes in
mixtures [30]. Such a co-localization supports the simulation results which show the
interferences of the short nanotubes/nanorods within the self-assemblies of the long particles

during the microstructure development.

(a)

Figure 5. Confocal optical microscopy images of nanocomposites containing 10% w/w of (a)
fluorescein-labelled cCNCs (excited at 488 nm), (b) rhodamine-labelled tCNCs (excited at
561 nm), and (c) a 1:1 mixture of these CNC types excited at both wavelengths. Scale bar
corresponds to 200pum.
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4.2. Controlled Kinetics of Self-assembly

The simulations of the development of equilibrium structures in mixtures of short and long
nanotubes indicate the tendency of short nanotubes to incorporate with the self-assembly of
the long nanotubes. This interference should influence the kinetics of self-assembly due to the
different mobilities of the nanotubes. In order to study such effects, the well-dispersed mono
and mixture systems (Figure 2(b, f) and Figure 4b) were simulated to reach a new equilibrium
by altering their force field from a favorable dispersive to a neutral dispersive type. Since the
repulsive forces between all pairs are the same in the neutral dispersive systems, the length of
the incorporated nanotubes is the only playing factor determining the final microstructure.
Furthermore, one can minimize the effects of the spatial starting configuration on the final
structure by this approach because all systems had already reached an equilibrated well-

dispersed dispersion with a steady potential energy from the previous run.

The MSD data were calculated for various systems and are shown in Figure 6. The MSD
profiles further support the previous conclusions that the movements of the short nanotubes in
the mixtures are significantly hindered by the long nanotubes. Hence, the self-assembly
process in such dispersions must be changed due to the interferences of the short nanotubes as
well. To investigate the microstructural evolutions during the simulations, we set three
intermediate control times t; to t; in addition to the first and last measurement times t; and t;,
respectively. The corresponding microstructures at each time are shown in Figure 7 for the
mono-long and mixture systems. The mono-short system was almost well-dispersed during
the entire run as expected from Figure 2g and consequently was not repeated here. A
comparison between the trajectories of the systems during the structure evolution indicates a
relatively slower self-assembly kinetics in the mixture system in comparison with the mono-
long system. At t;, the mono-long system has already initiated the self-assembly process and

some of the long nanotubes are packed together in the assemblies of a few nanotubes. On the
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contrary, the long nanotubes in the mixture do not show any sign of self-assembly yet. The
initiated self-assemblies of long nanotubes grow larger as the time proceeds in t, and t; in the
mono-long system whereas their growth is relatively slower in the mixture system. The
slower initiation and growth of the bundles is ascribed to the increasing difficulty for the long
nanotubes to move in the box and attach to each other in the presence of freely moving small
nanotubes. It should be noted at this point that the structure of the self-assembled bundles
follows the honeycomb structure (Figure 3a) at all stages of the development as it was shown
before by the structure factor analysis. This ordering of long nanotubes prevails in both mono-

long and mixture systems.

1010

-O-mono-short
-+ mono-long

short in mix.
long in mix.
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Figure 6. The average MSD of the center of mass of nanotubes against simulation time for
system-#.




Figure 7. The evolution of microstructure and formation of self-assembled bundles at control
times as described in the text. The corresponding time of each column is above it. The first
and second rows show the simulated trajectories of the mono-long and mixture systems,
respectively. The short and long nanotubes are demonstrated in red and blue, respectively.

The kinetics of self-assembly can be quantified by the development of pair-correlation
profiles during the process. Since only the long nanotubes contribute to the self-assembly of
ordered bundles, the pair-correlation function of the mixture system was only evaluated for

these nanotubes. The kinetics of self-assembly K was monitored by defining

self-assembly

- degm] _ eWly ;- eIy
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which is an approximation of the development of g(r) at all r values between two sequential

control times t; and t;,;. K was calculated for transitions between all control times

self-assembly
and is shown in Figure 8 for the mono-long system and the long nanotubes in the mixture
system. In the early stage of the self-assembly between t; and t;, the nanotubes in the mono
system start forming the ordered bundles faster than in the mixture. This self-assembly mainly
dominates the small length scales, i.e. the nanotubes close to each other come together, as the
there is a distinct maximum at ~1.5 r,.. This length scale is in agreement with the periodicity
of the honeycomb structure observed in the structure factor patterns (Figure 3a). Since no
pronounced assembly is observed at larger r values, one can conclude that the long range
patterns have not started to develop yet. In the mixture, on the other hand, the kinetics is much
slower than in the mono system particularly at small length scales. These explanations are in
agreement with the trajectories of the systems demonstrated in Figure 7 (see control time t,).
As the simulation proceeds in times t, and t3, the self-assembly begins to extend onto larger
length scales. Consequently, the kinetics profile shows a faster growth process than previous
stage at larger r values up to separation distances ~6 », while the self-assembly still proceeds
quite fast on short scales as well. This observation suggests the addition of individual
nanotubes to the ordered bundles, or the coalescence of small bundles with each other at the

intermediate stages of self-assembly. During these stages, the long nanotubes in the mixture
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continue to assemble at an almost constant rate at all length scales which is relatively slower
than the mono system. At the final stage of the equilibration between t, and t, the self-
assembly rate is almost identical for the long nanotubes in both mono and mixture systems.
The long range assembly becomes more pronounced in comparison with the short range
assembly. However, it should be noted that the overall kinetics is slowed down by an order of
magnitude compared to the intermediate assembly stages. This is mainly because the bundles
growth is completed for the most part in the intermediate stages making it a reasonable

outcome that the kinetics is slowed down significantly.
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Figure 8. The kinetics of self-assembly K of long nanotubes in the mono-long

self-assembly
system (shown in blue circles) and the long nanotubes in the mixture system (shown in black
squares). Each part was calculated for two sequential control times as indicated on the
corresponding plot.

The variations in the kinetics of self-assembly during different stages of equilibration show a
relatively slower rate of assembly of long nanotubes when they are mixed with short
nanotubes. This difference is particularly of importance in the early stages of self-assembly
when the initial bundles are formed. Furthermore, the addition of farther located nanotubes to

these bundles, i.e. the long range assembly, is critically more difficult in a mixture including

4.



highly-mobile short nanotubes. These observations become of practical importance where
sonicated dispersions of nanotubes (or nanorods) in a solvent or a low molecular weight
polymer matrix are to be developed for further study by, for instance, microscopy techniques.
If a mixture of short and long nanotubes is dispersed in a solvent, there is more time to
evaporate the solvent and freeze the well-dispersed microstructure before the self-assembly
starts to dominate the dispersion. In other words, for a dispersion of long nanotubes in a
solvent, ordered bundles develop and start to extend to longer length scales much faster than a
mixture of nanotubes with different lengths as the solvent is being removed. Recently, Javita
et al. [92] studied the self-assembly of cellulose nanorods in a shrinking droplet
experimentally where the solvent was removed at different evaporation rates. Their results
were also the same as here that the nematic domains were observed at longer lengths scales as
the solvent was removed more slowly. Dumanli et al. [93] also showed that during water
evaporation, CNCs in solution progressively assembles into ordered chiral structure on top of
the substrate. Indeed, the final microstructure at different length scales is directly linked to the

observed material properties. This issue is discussed in the next section.

4.3. Assessment of the Self-assembled Microstructures

A determining factor in how much the nanotubes can improve the mechanical properties of
the dispersions is indeed the amount of volume of the matrix which is affected by their
presence. In simple words, almost no improvement in the mechanical properties is witnessed
if the nanotubes are strongly aggregated together and do not dominate the matrix volume by
forming networks with each other as well as with the matrix chains. Therefore, it is also
essential to provide insights into the amount of the effective volume in different systems
studied. One way to quantify this volume is by the dispersion possibility index. This index
varies between 0 and 1 indicating the reverse statistical probability of finding a random spatial

point in the box which is not within the effective volume of a random nanotube. Therefore, a
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higher amount of effective volume of nanotubes, and consequently a higher reinforcement

degree, is reached with an increase in this index.

The evaluated values of the dispersion possibility index are given in Table 2. In system-u and
system-#n, the nanotubes in the mono-short and mixture systems influence almost the entire
volume of the box effectively. The mono-long system, however, does not influence but only
half of the available volume as a result of the self-assembled microstructures. In all systems,
the index increases as the unfavorable dispersive interactions are replaced with the neutral and
favorable interactions exhibiting an improvement in the effective volume of nanotubes due to
better dispersion quality. This trend is more pronounced in mono-long system as the self-
assembly process was observed to be strongly dependent on the force field interactions. Even
though the long nanotubes in the mixture still assemble in bundles (with a slower rate than
mono-long systems) and the short nanotubes are almost ideally dispersed in the box (see
Figure 4c), its dispersion possibility index suggests an ideal dispersion quality. This should be
a result of (i) the high amount of nanotubes incorporated in the simulation box, and (ii) the
high amount of small nanotubes in the mixture. Consequently, one should interpret the
dispersion possibility index data considering the microstructures shown before. Still, this
index can provide a meaningful statistical measure of the effective volume of nanotubes as

incorporated in this discussion.

Table 2. The average dispersion possibility index calculated using MC method.

Type of system System-u System-n

Mono-short 0.927 +0.0027 0.979 + 0.0049 0.986 +0.0038
Mono-long 0.495 £ 0.0020 0.523 £0.0027 0.971 £0.0024
Mixture 0.948 +0.0080 0.980 + 0.0048 0.976 = 0.0064
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The amount of effective volume of dispersed nanotubes/nanorods in a nanocomposite system
can be correlated with the percolation concept, which takes into account the interactions
between the nanoparticles within the system [30]. Above a certain volume fraction of
nanotubes, the nanotubes can only interact with each other in an effective way forming a
percolating network. However, in response to the dispersion behavior of nanotubes in
composites, only a portion ¢ of the total volume fraction X, of nanoparticles contributes to the

formation of the percolating network. This can be expressed in the following equation [30]

0 X<y,

B £, X v Y L+, | Lf, Xr_—wde x>y 0D
® 1 1-y, W) O A ! S
0
where, f + f/), =1 correspondmg to the volume fraction of a and f filler, A, and Ay are the

aspect ratios of the o and 8 nanotube, f, and fNﬁ are the length distribution functions of the a
a

and f nanotube, and y (L) is the percolation threshold of the particle with a length of L, and b

is the percolation exponent of power law equal to 0.4 for 3D systems, and p is the filler

density.

The effective volume fraction is crucial in determining mechanical and physical properties,
such as the elastic modulus, or the electric conductivity. Additionally, the presence of an
interacting percolation network at a percolation threshold is clearly dominated by the length
of nanotubes/nanorods. Based on the new insights from our simulations as well as previous
experiments, one can conclude that the percolation threshold of nanotubes/nanorods in the
mono-short system is much higher (e.g. empirically ~5 wt% for CNCs [7,30]) compared to
the mono-long system (e.g. empirically ~0.8 wt % for CNCs [6,30]). This can be correlated
inversely with the dispersion possibility index (see Table 2) and the length of
nanotubes/nanorods. In the mixture system, short nanotubes co-localize together with long

nanotubes (Figure 5c¢). As discussed earlier, in the mixture system the short nanotubes are
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almost ideally dispersed and even if the long nanotubes assemble in some bundles, the
dispersion possibility index would be high since the short ones are bridging the percolation
network of the long nanotubes. This is supported by the experimental results with the
mechanical reinforcing ability of nanotubes, the use of the combination of nanorods with
different lengths resulted in composite materials with similar properties to those of materials

containing only well-dispersed long nanorods [30].

The average number of total nonbonded nanotube-nanotube bead contacts are calculated and
are given in Table 3. In this work, two beads are in contact if they have a separation distance
equal or less than the force cutoff radius. Except for system-f; it is clear that the number of
contacts are higher in the mono-long system in comparison with the mono-short and mixture
systems. This is due to the aggregates that are formed by the long nanotubes leading to the
local ordering of the long nanotubes which yields a high possibility for bead-bead contacts.
As the quality of dispersions is improved, all nanotubes are almost ideally dispersed in the
box. Consequently, the probability of a contact between two nonbonded beads is directly
related to the probability of two nanotubes contacting with each other during their
movements. This phenomena is manifested in the higher number of contacts in the mono-
short system with the highly-mobile nanotubes rather than in the mono-long system with the
nanotubes restricted with their movements. In all cases, the mixture has an average value of
the mono-short and mono-long systems due to the similar contributions of each phase to the
overall number of contacts. As for the electrical properties, it should be noted that the
nanotube-nanotube contacts are crucial in order to transport the electrons between nanotubes
throughout the material. However, the electrical conductivity also necessitates the formation
of a nanotube network throughout the box for the continuous transport of the electrical
charges from side to side [79]. As a result, the self-assembled microstructure cannot yield
high electrical conductivity unless it forms a continuous structure throughout the entire bulk,

for instance, from side to side in a thin film [19]. Such a thin film can be produced for
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example by benefiting from geometric confinements in the supramolecular framework [94].
An optimized system for efficient conductivity could be developed by considering the
effective volume (Table 2) and the number of nanotube-nanotube contacts (Table 3)
simultaneously. In this case, the mixture of short and long nanotubes rather than the mono-
length nanotube systems provides the optimum property profile for efficient conductivity
particularly if the self-assembly of long nanotubes is frozen before completion. Recent studies
on the dependence of the electrical percolation and conductivity of CNTs show that an
increase in their aspect ratio or a decrease in the degree of anisotropy in their dispersion
significantly alters the percolation probability [95]. This can be correlated with the state of
dispersion and/or self-assembly of the nanotubes within the system. The perfectly aligned
nanotubes, as in mono-long system, yields a higher drain current only when the tube lengths
exceed the channel length, whereas the short CNTs require a formation of the percolation
network. In this case, the random dispersion of the mixed system with occasional assembled
structure could be an optimal formulation to obtain better electrical conductivity. It was found
experimentally that the electrical conductivity was increased when the CNT-containing
polyolefinic composites were melt-compounded [96], resulting in reduction in the CNT length
during the compounding and better dispersion in such systems with diverse length distribution

of CNTs.

Table 3. The average number of nanotube-nanotube contacts.

Type of system System-u System-n

Mono-short 3625 961 214
Mono-long 5955 5712 107
Mixture 4658 2630 161
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5. Conclusions

The influence of the aspect ratio of anisotropic nanotube/nanorod dispersions in a polymer
matrix on the development of equilibrium microstructures was investigated in this study
utilizing coarse-grained DPD models. The results indicated the higher tendency of the long
nanotubes to form self-assembled bundles compared with the short nanotubes. The dispersion
of high aspect ratio nanotubes resulted in ordered assemblies with a preserved honeycomb
packing according to the structure factor calculations. This ordered structures were observed
when the dispersive interactions were of a neutral or unfavorable nature while it was absent in
the systems with the generic favorable dispersive interactions. For the dispersion of the low
aspect ratio nanotubes, a randomly dispersed microstructure was dominant. In such
dispersions, the nanotubes formed randomly-structured aggregates rather than ordered

bundles even with the unfavorable dispersive interactions.

From the simulations of mixtures of short and long nanotubes, it was evidenced that the short
nanotubes interfere with the self-assembly process of long nanotubes. This was firstly
deducted from the MSD profiles of the systems. Secondly, laser scanning microscopy of
nanocomposites with CNC dispersions supported this realization empirically, thus, proving an
altered self-assembly process of long nanotubes in the presence of the short nanotubes. The
kinetics of self-assembly was studied in simulations of mono-long and mixture systems with
neutral dispersive interactions to highlight the length distribution effects. The results clearly
showed a slower self-assembly kinetics in the mixtures which was ascribed to the previously
observed interferences of the short nanotubes. The self-assembly kinetics was monitored by
calculating the variations in the pair correlation function at different separation lengths. It was
observed that the initial stage of the self-assembly, i.e. the formation of small bundles from a

few nanotubes, is particularly slower in the mixtures. Moreover, the growth of the bundles on

-30-



the larger length scales in the intermediate stages was also manifested to be slower in the

mixture system.

We finished the discussion by evaluating the final microstructures using the effective volume
from MC calculations, and the number of nanotube-nanotube contacts. These parameters were
linked to the mechanical and electrical properties of the final nanocomposites and showed to
be in good agreement with previous experiments. In sum, the mixture system was shown to be

the viable candidate to show an optimum property profile.
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