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Abstract

Cellulose nanocrystals (CNCs), a ubiquitous nano-sized natural biopolymer, have drawn
considerable attention in recent years due to their excellent mechanical and chemical properties.
However, thermal properties of CNCs, which are critical for their potential applications as
structural or functional materials, are less investigated. In this work, their thermal properties
were systematically studied by molecular dynamics (MD) simulations in terms of the effects of
polymorphs, size, temperature, and strain. It was found that the thermal conductivities depend on
the polymorphs of CNCs, but the thermal conductance of unit chain of each polymorph is similar.

Moreover, the strong dependence of the thermal conductivities of CNCs on their length and
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cross-sectional area indicates the existence of remarkable ballistic-diffusive phonon transport.
Single chain CNCs can achieve a thermal conductivity of ~6 W/(m-K), implying their potential
as high thermal conductive polymer. The mechanical strain can enhance the alignment of
cellulose skeleton, which reduces phonon scattering and thus increases thermal conductivity.
Possible underlying mechanism of the varying thermal conductivity was further discussed and
attributed to the shift of phonon frequencies and varied degree of orientation. This study reveals
the sophisticated ballistic-diffusive phonon transport in CNCs, and pave path to future design of

CNC-based materials with desirable thermal properties.

Keywords: cellulose nanocrystal; thermal conductivity; phonon transport; mechanical strain;

molecular dynamics.

Nomenclature

A Cross-sectional area [nm?]
a b, c Crystal unit cell length [A]
D Phonon density of states

e Unit vector

L Chain length [nm]

[ Phonon mean free path [nm]
M Mass [g]

P> Orientational order parameter
(0] Heat flux [eV/ps]

q Heat flux density [W/m?]



R, Radius of gyration [A]

T Temperature [K]

TC Thermal conductance [pW/K]
Greek symbols

o, B,y Crystal unit cell angles [°]

A Thermal conductivity [W/(m-K)]
v Atomic velocity [m/s]

w Frequency (Hz)

Subscripts

cm Center of mass

i Particle number

o Infinite

Abbreviations

CNC Cellulose nanocrystal

MD Molecular dynamics

MFP Mean free path

1. Introduction

Cellulose is the most abundant biopolymer on earth and has been widely used as
engineering materials to produce paper, textiles, etc. for thousands of years [1]. Over the past
several decades, cellulose at nanoscale, also called nanocellulose, has attracted significant

attention. In particular, cellulose nanocrystals (CNCs), which serves as the backbone of
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nanocellulose and can be extracted by removing amorphous region from cellulose chain [1,2],
are emerging renewable nanomaterials due to intrinsic properties, such as high strength and
stiffness, light weight, and biodegradability [3]. With appropriate treatment, the properties of
CNCs shown at nanoscale can also be readily transferred to macroscale, broadening their
potential applications. For example, using flow-assisted assembly, the fabricated macroscale
fibers with highly aligned nanofibrils show exceptional mechanical properties exceeding other
natural and commercial bio-based materials, such as dragline silk [4]. The “super wood”,
obtained by a two-step process enabling the complete densification of natural wood, achieves
strength and toughness comparable to steel, but is much lighter, simpler to process, and more
environmentally friendly [5]. Recently reported “cooling wood” [6], which manifests backscatter
behavior to solar radiation and strong emission in mid-infrared wavelengths, also points to the
fascinating opportunities of CNCs used as structural materials with exceptional thermal
performance. Moreover, CNCs are also explored for other applications, such as biodegradable
electronics [7], batteries [8], and optical films [9]. Thermal design is critical in all the above

applications, which requires a deeper understanding of thermal properties of CNCs.

Cellulose fibers are traditionally used as thermal insulation materials in the form of
loosely filled paper [10], low-density foams [11] and aerogels [12]. These materials typically
exhibit a thermal conductivity close to or lower than air (~0.03 W/(m-K)) [13], which can be
attributed to their sponge-like structures [14]. Besides cellulose, other model bulk polymers, such
as epoxy, Nylon, polyvinyl chloride, rubber, also have very low thermal conductivities in the
order of 0.1~0.5 W/(m-K) [15]. An individual crystalline polyethylene (PE) chain, however,
could achieve very high (~350 W/(m-K)) and possibly divergent thermal conductivity as
predicted by molecular dynamics (MD) simulations [15]. Such drastic increase in thermal

4



conductivity can be attributed to the low-dimensional nature of a single chain, where ballistic-
diffusive phonon transport dominates. Further increase in thermal conductivity is also possible
by increasing crystallite orientation and crystallinity at nanoscale [16,17]. Shen et al. reported
that the thermal conductivity of ultra-drawn PE nanofibers reaches as high as ~104 W/(m-K) [18].
The stretching process aligns the atoms in crystalline domain, improves the fiber quality toward
an ‘ideal’ single crystalline fiber, and greatly decreases phonon scattering. Similar to crystalline
domain, recent studies also pointed out that increasing chain alignment in amorphous domain can
also lead to a remarkable increase in thermal conductivity [19,20]. All these studies have
demonstrated that thermal conductivity of polymers can be much enhanced through deliberate
treatments, which can be realized by extracting polymer fibers at nanoscale in the form of low-
dimensional material and further properly stretching and aligning the polymer chains. This
phenomenon inspires much interest considering many key attributes of polymer, such as low cost,
anti-corrosion, light weight, and insulation [21]. Herein, we hypothesize that the similar rules can
also be applied to the thermal conductivity of CNCs, which is the structural unit of biopolymer

cellulose.

There is little research concerning the heat conduction mechanism at nanoscale for CNCs.
The experimental study reported by Uetani et al. [14] revealed the increase of in-plane heat
diffusivity of cellulose nanopaper with crystallinity as a result of the phonon scattering effect
with the grain boundary. They also aligned cellulose nanofibers by stretching bacterial cellulose
hydrogel and found the positive correlation between the thermal conductivity along the drawing
direction and the orientational order parameter [22]. Diaz et al. [23] studied the interfacial
thermal resistance between nanocellulose fibers by MD simulations and found a relatively small

value of 9.4 to 12.6 m>K/GW, which is even lower than that of typical thermoelectric alloys or
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carbon nanotubes. Other studies mainly utilized CNCs as polymer matrix and combined them
with various nanofillers to achieve high heat dissipation efficiency [24]. However, there is a lack
of deeper understanding of the thermal conductivity of CNCs with phonon properties considered.
To enable the use of CNCs as thermal conductive nanomaterials, it is essential to conduct

systematic investigation to deeply understand their heat conduct mechanisms.

In the current work, nonequilibrium MD (NEMD) simulations was used to probe the
thermal conductivity of CNCs. MD simulations have been extensively used to investigate the
effects of various parameters [25] (e.g., temperature [26], bonding/non-bonding contributions
[27], chain length and stiffness [28], crystallinity [29], topology [30], and stretching [31]) on the
thermal properties of model polymer systems, such as PE [26,29], poly(methyl methacrylate)
(PMMA) [27], and polydimethylsiloxane (PDMS) [28]. The dependence of thermal conductivity
on system size and temperature was studied by varying the crystalline type of CNCs. The
correlation between orientational order of CNCs based on tensile strain and thermal conductivity
was also studied. The simulation results were further corroborated by polymer morphology
analyses and calculated phonon density of states. Compared to the previous work by Diaz et al.
[23], we provided a comprehensive and systematic study of various effects on the thermal
conductivity of CNCs at the nanoscale, with the special focus on the ballistic-diffusive behavior
of phonon transport. This study would further the understanding of thermal transport in
nanocrystalline polymer systems, and provide useful information for the rational development of

design strategies for enhanced thermal properties.

2. Methods

Cellulose is a linear chain of 1-4 linked f-D glucopyranose with the repeating unit shown

in Fig. 1a [1]. There are several known polymorphs of crystalline cellulose, including la, 15, II,
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III;, III2, IV and IV2, which can be interconverted [32]. Cellulose I, sometimes referred as the
native cellulose, is the form found in plants (I5), algae and bacteria (Ie) [1]. In this work, four
polymorphs, namely Ia, If, II, III; were chosen to calculate their thermal conductivities while
focusing more on If as it is the most extensively studied form. The crystalline structures of these
CNCs were generated from Cellulose-builder [33], and their unit-cell parameters are summarized
in Table 1. Fig. 1b shows the 2D projection views for all the four CNC polymorphs on the ab
plane (perpendicular to the chain direction) and ac plane. Cellulose 1, 1I, III; crystal structures
belong to the monoclinic P2; spatial group, whereas la crystal structure belongs to the triclinic

P1 spatial group [33].
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Figure 1. (a) Repeating unit of CNCs. (b) 2D projection views on the ab plane and ac plane for
CNC polymorphs 1, Ia, II, III;. The C, H, O atoms are shown in cyan, white, and yellow,

respectively.



The MD simulations were performed using the LAMMPS package [34]. Reactive force
field (ReaxFF) [35,36], which has been used to study the thermal conductivity of 1D octanediol
derivatives [37] and 2D polymeric graphitic carbon nitrides [38], was employed in this work.
ReaxFF force field parameter values were obtained by optimization against a training set that
contained data from quantum mechanical calculations. The intramolecular potential energies are
expressed as a function of bond orders, including both bonded and non-bonded contributions.
The ReaxFF potential was already incorporated in the LAMMPS package and we adopted the
force field parameters from Ref. [36] to describe the interaction between C-H-O in cellulose by
using the “pair_coeff” command. Comparing to other non-reactive force fields, ReaxFF is
expected to offer more realistic depiction of anharmonicity [39], which would be a critical factor

to accurately reproduce the thermal properties of polymer systems.

Table 1. List of unit-cell parameters for CNC polymorphs Ia, 15, II, and III; [33].

a(A) b(A) ¢ (A) a(®) B y (®)
I 6.717 5.962 104 118.08 114.08 80.37
1B 7.784 8.201 10.38 90.0 90.0 96.5
1I 8.10 9.03 10.31 90.0 90.0 117.1
111, 4.45 7.85 10.31 90.0 90.0 r105.1
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Figure 2. (a) Scheme of the simulation system, where the gray region is the fixed part. Heat flux
is applied to the CNCs through a hot (red region) and a cold (blue region) bath. (b) The 3D view
of the disordered CNC after 0.1 ns NVT equilibration. (c) A representative temperature profile
and the linear fitting of I CNC with effective chain length L=11.4 nm and cross-sectional area

A=1.58 nm?.

The time step was set to 0.1 fs for all the simulations with periodic boundary conditions
applied along all the Cartesian directions. At least 10 nm distance between two periodic images
in every direction was left to avoid image-image interference. Systems were first equilibrated

under an NVT ensemble for 0.5 ns, and relaxed under an NVE ensemble for another 0.5 ns. Then
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we imposed thermal gradient along the ¢ axis of CNCs by adding a hot bath and a cold bath
adjacent to the two fixed ends of the system, as shown in Fig. 2a. Similar to our previous work
[38], a fixed amount of energy was added to the hot region by scaling the velocity of each atom
at each time step in order to conserve the total momentum, while the same amount of energy was
subtracted from the cold region in the same manner. The energy exchanging rate g over the
cross-sectional areas (A) of the systems was calculated as g = Q/A, where Q varies from 0.1 to
0.4 eV/ps. After the first 0.2 ns for the system to achieve steady state, we started to collect the
temperature data for another 0.3 ns. The systems, with the exception of the fixed regions, were
divided into 30 segments along the length direction, which is the effective part for temperature

collection.

The thermal conductivity A was calculated according to the Fourier’s law,

A=-q/(dT/dx) (1)
where d7 /dx is the temperature gradient. Here at the nanoscale, the thermal conductivity 4
extracted by using the Fourier’s law should be regarded as an “effective” thermal conductivity
Jett, as ballistic thermal transport becomes important. This definition on one hand is to
distinguish the A value that we are obtaining here from the bulk value, which is the intrinsic
property of the materials. On the other hand, it provides direct comparison between these two
and helps to reveal the nanoscale-induced behavior, e.g. the length dependence. The cross-

sectional area was calculated based on the unit-cell parameters in Table 1 and the number of unit

cells. For instance, the cross section of If in Fig. 1b has an area of A=2.5[d [A[din y=1.58 nmz,

as the five chains occupy 2.5 unit cells. As shown in Fig. 2b, the initial CNC chains with perfect

lattice become disordered after some simulation time. A typical temperature profile of 15 CNC
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with effective chain length L=11.4 nm and cross-sectional area A=1.58 nm?

at system
temperature 300 K is shown in Fig. 2c. Five independent runs were performed and the results

were averaged to obtain each A data point.

To study the dependence of thermal conductivity of CNCs on chain alignment, we
applied mechanical strains uniaxially along the ¢ axis, the same direction as the temperature
gradient is applied. A constant strain rate of 103 s”! was used [38], and the simulations were
performed in an NPT ensemble with constant pressure at 1 atm. During the drawing process, we
extracted the intermediate configurations at different tensile strains and used them as the initial
conditions for thermal conductivity simulations. The above procedures, including system
equilibration with NVT, NVE ensembles, and NEMD simulations with applied thermal gradient,

were repeated in sequence to get the final tensile strain-dependent A results.
3. Results and discussion
3.1 Effect of polymorphs on thermal conductivity of CNCs

We first calculated the thermal conductivities for different polymorphs Ia, 15, 11, I1I;. The
same effective chain length for these polymorphs was used together with the smallest number of
chains to form a crystalline unit cell (Fig. 1b). As summarized in Table 2, these four polymorphs
show thermal conductivities 4 in the range of 3.5~6.2 W/(m-K). The differences in thermal
conductivity may arise from the different stacking of chains to form the crystalline lattices,
especially from the different cross-sectional areas defined by the polymorph parameters (Table
1). By computing the thermal conductance TC, which is only dependent on the transferred

thermal energy Q and temperature difference AT in the form of 7C = Q /AT (excluding the
polymorph parameters of CNCs), we found that a single chain in all these four polymorphs
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yields similar 7C values (around 100 pW/K) (Table 2). This result suggests that heat transfer
capacity of each chain is weakly affected by the polymorphs of CNCs. It gives a convenient way

to estimate the overall thermal conductance of CNCs with various polymorphs.

Table 2. Thermal conductivities 4 of CNCs with polymorphs Ia, 14, 11, III; at 300 K. TC is the

thermal conductance per single chain in these polymorphs.

Ia 18 1 I,

L (nm) 11.4 114 11.4 11.4
A (nm?) 0.79 1.58 1.63 0.67

A (W/(mK)) 5.8 3.6 3.5 6.2
TC (pW/K) 99.8 101.3 100.7 91.1

We also calculated the phonon density of states (PDOS) of these four CNC polymorphs,
which are derived from discrete Fourier transform of the velocity autocorrelation function:

D(w) :_RV(O) EJ’(t)>exp(—iaJ)dz (2)

0
where D(Cu)is the PDOS at a frequency of o and <v(O)EJ’(t)> is the correlation function of

atomic velocities. The velocities were correlated every 0.1 fs in a total integration time of 0.02 ns
in a typical equilibrium MD simulation with an NVT ensemble. Fig. 3 shows the PDOS of C and
O atoms for all the polymorphs with parameters listed in Table 2. These PDOS are not quite
distinguishable from one another, again indicating similar phonon properties for these different

crystalline structures. There is one main peak for O atom centered around 5 THz, while the main
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peaks for C atoms are significantly smaller than that of O atoms and distribute in a broader range
of 0~20 THz. This suggests that the O atoms carry the majority of low frequency phonons. The
disparity between the phonon populations of O and C atoms could induce strong phonon

anharmonic scattering and thus decrease the overall thermal conductivity [40].
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Figure 3. Comparison of phonon density of states (PDOS) of polymorphs la, 15, II, III; with

parameters listed in Table 2 at 300 K. Black and blue curves denote C and O atoms, respectively.

3.2 Effects of system size and temperature on thermal conductivity of CNCs

Using If as a model polymorph, we further studied how the thermal conductivity depends

on the system size. It is well known that the size-dependent thermal conductivity is an indicator
13



of ballistic-diffusive transport, typically occurring in nanosystems [41]. In Fig. 4a, the thermal
conductivities 4 were plotted against different system effective length L, showing the monotonic
increase of 4 with L. The increase of chain length promotes more ballistic transports of the
phonons with an increased phonon mean free path (MFP) along the chain direction, leading to
enhanced thermal conductivity. We should emphasize that the size effect observed here is
prominent and it is exactly the major difference between the nanoscale systems and bulk systems.
The size effect is also used as a tool to measure the ballistic-diffusive transport of phonons, and
to guide how to control the thermal conductivity of nanosystems, as reported in recent
experiments and corresponding MD simulations [42-45]. The values we obtained in Fig. 4, as
defined above, should be interpreted as effective thermal conductivities, and the value should be

referred to only when the nanoscale size parameters are explicitly specified.

It is also possible to extrapolate the MD results to the bulk value, but special care should
be taken. Here, through Boltzmann transport equation and the Matthiessen’s rule, the inverse of
the thermal conductivity /1(L)_1 and the inverse of the sample length L'should have linear

relationship in the form of [38,46]

A(L) =27 (1+1/L) 3)
where A " is the inverse of bulk thermal conductivity and / is the effective phonon MFP. We
attempted to extrapolate the data of a single cellulose chain of Fig. 4a to an infinitely long chain
and obtained A, =6.4 W/(mEK) and phonon MFP /=6.8 nm (inset of Fig. 4a). The value of A,

is about 100 folds higher than that of traditional bulk cellulose polymers reported experimentally.
It implies the potential of enhancing thermal transport by using nanotechnology, and

experimental realizations are required to check its feasibility.
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Figure 4. (a) Size dependence of thermal conductivities of If CNCs at 300K with different length
L and cross-sectional area A. The inset shows the fitting process to Eq. (3) by plotting the inverse
thermal conductivity of single chain CNC against the inverse chain length. (b) Dependence of
thermal conductivities of I CNCs on temperature at effective length L=11.4 nm and 21.8 nm.

Both cases have the cross-sectional area A=1.58 nm?. The radius of gyration R, for L=11.4 nm

CNC:s is also shown.
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A more interesting behavior arises when we changed the cross-sectional area A in Fig. 4a.
We started from one single chain with A=0.32 nm? to I8 crystalline lattice of 25 chains with a
total A=7.93 nm?. While 1 generally decreases with an increase in A due to more interchain
phonon scattering [28], the opposite trend was observed at small effective length and the
crossover in the plot. Plausibly, at small chain length, the ballistic transport may contribute more
significantly to thermal conductivity, which is effectively blocked by the small cross-sectional
area due to the scattering at the boundaries. Therefore, there are two competing effects resulting
from interchain scattering and boundary scattering, which may lead to different dependence of 4
on the cross-sectional area A with different system lengths. Using Eq. 3, we obtained the phonon
MFPs of 2.08, 1.33, and 0.48 nm for A=1.58, 4.12, and 7.93 nm?, respectively, suggesting that
the interchain scattering would strongly undermine the ballistic phonon transport and lead to a
drastically decreased MFP. In this respect, the high thermal conductivity of CNCs is enabled by
the low-dimensional effect, which is similar to what observed with graphene and carbon
nanotubes [47]. The size-dependence crossover behavior indicates the rich tunability of 4 by
utilizing ballistic-diffusive phonon transport in nanoscale. Some existing experimental studies
[14] also reported the thermal conductivity of nanocellulose sheets, but with crystallite sizes
(length: ~300 nm, cross-sectional area: 6.0~64.0 nm?) much larger than our simulations. The
measured in-plane 4 varies from 0.6 to 2.5 W/(m-K), which is in the same magnitude but smaller
than our results of 3.6 W/(m-K) at L=21.8 nm, A=7.93 nm?. Besides the big mismatch of system
sizes between simulations and experiments, the samples in experiments suffer from random fiber
orientation, low crystallinity and interfacial thermal resistance [14]. All these effects might
hinder the effective ballistic phonon transport and lead to a smaller thermal conductivity

compared to our simulation results of a single crystal. Although this is not a direct comparison
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between data points at the exact conditions, it implies the reasonability of our calculated results.
Future efforts are needed to directly compare experiments and simulations with advanced

measurement approach, sample preparation and multiple-scale simulation.

In addition to system size, we also studied the effects of system temperatures on thermal
conductivities of If CNCs. The results are depicted in Fig. 4b. For the two tested lengths L, the
thermal conductivity first increases with temperature 7, and then decreases. The maximum peak
of 4 appears at around 200 K for L=11.4 nm, and at around 350 K for L=21.8 nm. To understand

this temperature dependence, we first calculated the radius of gyration R, of CNCs [28]:

R, = \/ﬁzm [(x,- —xcm)2 +(y, - ycm)z} @

Here, M is the total mass of CNCs, m; is the mass of atom i in the backbone, and x¢m, yem are the
coordinates of the center of mass. It was found that R, shows similar dependence on temperature,
but the curve slightly shifts to higher temperature region compared to that of A. This result is in
agreement with that reported for amorphous PE systems [48]. Moreover, it has been
demonstrated that for crystalline materials, 4 decreases with increasing temperature due to the
stronger phonon Umklapp scattering [49]. The opposite trend at low 7 may arise from the
anharmonicity of the disordered structure of the cellulose chains, with an underlying thermal
transport mechanism of energy hopping among localized modes, which leads to an increased 4
with the increasing temperature [50]. It could be thus inferred that CNCs possess the feature of
both crystalline and disordered structures. Although the observed temperature variation of 4 for
CNC, within 1.0 W/(m'K), is much smaller than that of metals and semiconductors, it may
however have some benefits in cases that prefer a near-constant thermal conductivity under the

condition of large temperature fluctuations.
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3.3 Effect of mechanical strains on thermal conductivity of CNCs

We also attempted to tune the thermal conductivities of CNCs by applying mechanical
strains along the chain direction. Fig. 5 shows the variation of 4 on strains for I CNCs with
different lengths and cross-sections and three other polymorphs la, 11, IlI; with the sizes depicted
in Table 2. As expected, we observed the monotonic increases for all the cases up to the strain of

0.11. Further stretching may cause the bond breakage in the cellulose chains. The CNCs (I CNC)
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Figure 5. Dependence of thermal conductivities on mechanical strains at 300K. (a) If CNCs with
different effective lengths and cross-sectional areas. (b) Different crystalline structures with their

sizes the same with Table 2.

with smaller cross-sectional area (1.58 nm?) obtained about 8% increase of A when the strain is
increased from O to 0.11, while the ones with larger cross-sectional area (7.93 nm?) only have
about 4% increase. Such enhancement of thermal conductivity due to stretching can be correlated
with the morphological change of the polymer chains. We calculated the orientational order
parameter, also known as the Herman’s orientation function, which is a useful indicator for chain

alignment [31]:

P,=15(e[¢,)=05 5)

Here, e; is the unit vector parallel to the applied strain; and e; is the local chain direction at the

selected atom i, which is computed as €, =(I‘i+1 —I}_l)/ I, —r,._l|, where riy1 and ri1 are the

distances to atom i from the two nearest neighbors. We chose the O atom, which connects the
two glucose rings as atom i and the nearest two C atoms as atoms i+1 and i-1 (Fig. 1a). The
stretching of CNCs may also induce the suppression of the wavy motion of chains, which can be
quantified by the radius of gyration R,. The results for P> and R, are shown in Fig. 6, and as
expected, there exists a positive correlation between the strain-tuned thermal conductivity 4 and
P> and a negative correlation between 4 and R,. The enhanced chain alignment can increase the
phonon MFP compared to the more randomly oriented counterparts and thus lead to an enhanced

thermal conductivity.
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Figure 6. Variation of radius of gyration (Rg) and orientational order of If CNC with L=11.4 nm,

A=1.58 nm?on tensile strain.

The effect of tensile strain on the PDOS is shown in Fig. 7, from which we can observe a
very slight shift towards the lower frequency regime in the 0~10 THz of O atoms and 0~20 THz
of C atoms. However, the shift to the lower regime in the relatively high frequency range of
20~80 THz is more pronounced when CNCs are stretched. As the low frequency phonon
vibrations contribute more significantly than high frequency ones to thermal transport, a slight
influence on the thermal conductivity should be expected from the PDOS analyses here, which
actually agrees with our simulation results in Fig. 5. This small effect can be attributed to the fact
that these cellulose chains are already well aligned in the unstrained samples (Fig. 6, P»=0.94),

and the strain up to 0.11 only slightly improves the alignment (Fig. 6, P>=0.98).
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Figure 7. Phonon density of states (PDOS) at different tensile strains for If CNCs with L=11.4

nm, A=1.58 nm? at 300 K. (a) PDOS of C atoms; (b) PDOS of O atoms.

4. Conclusions

In this work, the thermal conductivities of CNCs were calculated by nonequilibrium MD
simulations. We found that the thermal conductivity depends on the crystalline structures of

CNC polymorphs (i.e., la, 15, II, III;), but the thermal conductance of unit chain for each
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polymorph is similar. The extrapolation to an infinitely long single chain yields a thermal
conductivity of ~6 W/(m-K), implying CNCs’ potential as high thermal conductive polymer. We
also studied the effect of the system size by changing the chain length and cross-section of 15
CNCs, and found the monotonic increase of thermal conductivities with chain length due to the
enhancement of ballistic phonon transport. However, the crossover upon the change in the cross-
sectional area at different chain lengths suggests two competing effects from phonon boundary
scattering and interchain scattering. Temperature effects indicate that the CNCs possess the dual
feature of both crystalline and disordered structures, which is reflected by an increase of thermal
conductivity followed by a decrease with increasing temperature. Further investigation of
mechanical strains along the chain direction reveals the increase of the thermal conductivities,
which can be correlated with the increased chain alignment and the slight shift to the lower

frequency regime of the PDOS of C and O atoms.
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