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ABSTRACT: We achieved a multiscale description of the
thermal conductivity of cellulose nanocrystals (CNCs) from
single CNCs (∼0.72−5.7 W m−1 K−1) to their organized
nanostructured films (∼0.22−0.53 W m−1 K−1) using
experimental evidence and molecular dynamics (MD)
simulation. The ratio of the approximate phonon mean free
path (∼1.7−5.3 nm) to the lateral dimension of a single CNC
(∼5−20 nm) suggested a contribution of crystal−crystal
interfaces to polydisperse CNC film’s heat transport. Based on this, we modeled the thermal conductivity of CNC films using
MD-predicted single crystal and interface properties along with the degree of CNC alignment in the bulk films using Hermans
order parameter. Film thermal conductivities were strongly correlated to the degree of CNC alignment and the direction of heat
flow relative to the CNC chain axis. The low interfacial barrier to heat transport found for CNCs (∼9.4 to 12.6 m2 K GW−1), and
their versatile alignment capabilities offer unique opportunities in thermal conductivity control.

■ INTRODUCTION

The increasing interest in flexible electronics has pushed
development of new nanomaterials that provide seamless
integrated structure−property interactions required for a
variety of new, efficient configurations in electronic devices
(e.g., organic solar cells, organic light emitting diodes, etc.). Of
particular interest is the development of materials with high
flexibility, impact strength, and transparency with tailored
stiffness, thermal expansion, and thermal conductivity to
minimize stability problems at interfaces within the electronic
architectures. While a broad number of materials are being
investigated in this regard, cellulose derivatives1−4 represent
attractive candidates due to their abundant, renewable, and
sustainable character.5 Particularly, the unique set of properties
exhibited by cellulose nanocrystals (CNCs), rod-like nano-
particles (∼5−20 nm wide, ∼50−500 nm long),6 greatly
expand the range of attainable properties and potential
applications7 due to their intrinsic high anisotropy (Figure
1a) and remarkable organization capabilities.6,8 In the presence
of solvents, CNCs can form chiral nematic mesophases, which
can in turn be transferred to the solid state after evaporation.
The resultant chiral nematic nanostructures (Figure 1b)9,10 can
be distinguished by their in-plane property isotropy and
iridescent structural coloration (Figure 1c).11,12

Although the CNC chiral nematic organization can act at
long-range and so serve as a structural template for other

material types assembly,13,14 external forces (e.g., shear, electric,
magnetic, etc.) can disrupt the organization in order to align the
CNCs in specific directions and obtain different material
responses. For instance, shear-alignment of aqueous CNC
suspensions has been previously explored to reduce the
coefficient of thermal expansion of nanostructured CNC
films, while maintaining film transparency11 (Figure 1d); such
tendency is highly beneficial in the design of organic electronic
devices, especially light emitting diodes.2,4 Thermal conductiv-
ity is also a critical property, where CNC orientation can be
very advantageous to improve heat management and offer a
more efficient integral performance (i.e., device stability and
durability2). Nonetheless, any structural modification per-
formed to enhance optical and thermomechanical properties
will be inherently connected to changes in the films’ heat
transport properties. It is therefore desirable to understand the
potential interplay between thermal conductivity and CNC
organization, enabling further heat control in nanostructured
materials.15,16

Here, we combine molecular dynamics (MD) simulations
with experimental measurements to achieve a multiscale
description of the thermal conductivity from single cellulose
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crystals to their organized nanostructured films having different
degrees of CNC orientation, while highlighting the fundamen-
tal role played by CNC−CNC interfaces in the in-plane heat
transport toward an integral design of nanostructured materials.

■ EXPERIMENTAL METHODS
CNC Film Preparation and CNC Alignment Characterization.

Self-organized films exhibiting the typical iridescent reflection and
isotropic 2D-XRD response (Figure 1c) were prepared by slowly
evaporating diluted aqueous CNC suspensions under ambient
conditions. Shear-oriented films were obtained by shear casting
concentrated, pH adjusted CNC suspensions under different shear
rates (Table S1) followed by undisturbed ambient evaporation to lock
in the CNC alignment within the film (Figure 1d). Increasing the
shear rate increased the degree of CNC in-plane alignment. Further
details regarding film fabrication can be obtained in our previous
work.11 To estimate the average CNC in-plane alignment within the
bulk films, the Hermans order parameter17 (S) was calculated by
integrating the intensity of the (200) crystalline plane as a function of
the azimuthal angle using the 2D-XRD signals obtained for all films in
transmission mode (equations S1−S3). In films with S = 0 there is no
preferential in-plane CNC alignment, whereas S = 1 suggests perfect
CNC alignment.
MD Simulations. Models of cellulose Iβ crystals were constructed

using Materials Studio software with unit cell parameters from X-ray
diffraction18 and simulations were performed using LAMMPS
simulation software.19 Three different systems were modeled (see
Figures 1 and 2): a single crystal (3.65 × 3.36 × 10.80 nm3) and two
adjacent crystals (each crystal 3.65 × 3.36 × 5.40 nm3) aligned in three
different orientations. Atoms at the two ends of both single-crystal and
two-crystal systems were treated as rigid bodies. First, the temperature
of the model system was set to 300 K and the structures were allowed
to relax. Then, a constant heat flux was applied to the atoms adjacent
to one of the rigid bodies and extracted at the other end. Simulations
were run long enough to ensure the temperature distribution along the
crystal or crystals was stable, ignoring phonon scattering effects.
Thermal conductivity of the system was calculated using Fourier’s law

based on the slope of the linear temperature distribution and the
imposed heat flux; changing the heat flux by a factor of 10 resulted in a
relatively small change (6%) in thermal conductivity. Four
independent simulations were run for each case; values of thermal
conductivity and associated error reported are the average and
standard deviation from the four simulations. Other details about the
cellulose Iβ model used here can be found in our previous work.11

Thermal Conductivity Measurement. The in-plane thermal
conductivity (k) of the CNC films near room temperature were
measured using a steady state bridge method with an aluminum
radiation shield and vacuum enclosure setup that minimized radiative
and convective heat losses, <6% total. Rectangular sections (25 mm ×
3 mm) were first cut from the CNC film under study either
perpendicular or parallel to the direction of crystal alignment. These
sections were then stacked together and mounted within the
measurement setup (see Figure S1) by attaching the longer
(25 mm) edges to two suspended four-probe resistance thermometers
of the same 25 mm length using thermal epoxy. The number of
sections comprising the sample stack varied between one and four
depending on the amount of parent material available, with a larger
number of sections generally desirable so as to maximize signal
strength versus background while maintaining a measurable temper-
ature difference across the sample. The thickness of the parent material
was measured with a precision micrometer and digital calipers prior to
cutting and the total thickness of the stack taken as the average parent
material thickness multiplied by the number of stacked sections. The
parent material thickness values ranged from 0.030 mm for the
thinnest material to 0.186 mm for the thickest. No interface material
was used between stacked sections; however, care was taken during
preparation to keep stacked components in close contact. In addition,
the application of a vacuum prior to and during measurement
combined with the flexible nature of the material facilitates the removal
and closing of any air gaps that might still be present after sample
mounting. By these means, any errors associated with interlayer gaps
are minimized and expected to be negligible. The resistance
thermometers and their supporting leads were all made of the same
thin stainless steel wire (0.25 mm diameter). Prior to measurement, an
aluminum radiation shield was placed around the sample/thermom-
eter area (not shown in Figure S1) and the small vacuum enclosure
was evacuated to about 10−1 Torr to minimize convection heat loss. A
known DC heating current was then passed through the outer two
probes of one resistance thermometer (heater line) while a much
smaller sensing current was used for the opposing resistance
thermometer (sensor line). The inner probes of each were used to

Figure 1. (a) Atomistic illustration of a monoclinic single cellulose Iβ
nanocrystal employed in MD simulations; spheres represent atoms
with black carbon, blue oxygen, and yellow hydrogen. (b) Chiral
nematic organization of individual CNCs following the helical
direction (h), half pitch shown. Photographs of ∼3 cm long, iridescent
chiral nematic (c) and transparent shear oriented (d) cellulose
nanostructured films. Insets in c and d show the typical 2D-XRD
responses in transmission mode.

Figure 2. Atomistic model configurations studied for interfacial
thermal resistance: (a) chain, (b) transverse perpendicular, and (c)
transverse parallel; color scheme same as in Figure 1a with the
interface regions highlighted in red.
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measure the voltage drop across the thermometer sections. The
change in four-probe electrical resistance with temperature for the
thermometers was determined beforehand by placing each on a heated
platform with integrated thermocouple and varying the temperature.
Thus, by monitoring the change in four-probe electrical resistance for
each thermometer section during the measurement the average
temperature rise of the heater line and sensor line can be determined,
respectively. Combined with the known amounts of Joule heat being
dissipated in the thermometer region and leads of the heating line,
these temperatures allow for the in-plane thermal conductance and,
hence, in-plane k of the film sample to be determined via conduction
analysis of the setup’s thermal circuit (see Supporting Information for
further experimental details).

■ RESULTS AND DISCUSSION

Thermal Conductivity of Single CNCs. In order to
estimate the individual contributions of single crystals to the
thermal conductivity of a bulk film, we calculated the thermal
conductivity of a single cellulose Iβ crystal using MD
simulations (Figure 1a). Although electrons are not included
in the model, we assume predictions are reasonable since
electronic contributions to thermal conductivity are small in
electrically insulating materials.16,20 Thermal conductivities in
the chain (c-axis) and transverse (a- and b-axes) directions were
obtained from the slope of the linear temperature distribution
and the imposed heat flux by using Fourier’s law.
The thermal conductivity in the chain direction was

predicted to be ∼5.7 ± 0.9 W m−1 K−1, whereas the transverse
directions exhibited lower values ∼0.72 ± 0.12 Wm−1K−1. The
10-fold increase in the chain direction can be directly correlated
to the intrinsic crystalline anisotropy, where weaker inter-
molecular interactions in the transverse directions18 (i.e.,
hydrogen bonding in transverse directions as compared to
covalent in the axial direction) can reduce phonon propagation.
Materials with small unit cells, low thermal expansion, and
average sound velocity (∼high elastic modulus to density ratio)
are expected to have high thermal conductivity at high
temperatures (i.e., above Debye temperature).21 Except for
their relatively large22 unit cells, ∼0.658 nm3,18 these properties
are exhibited by the chain direction of a single cellulose Iβ
crystal,6,11 therefore, yielding a thermal conductivity that is
almost five times larger than that previously reported for
cellulose fiber/epoxy composites in the in-plane direction2

(∼1.1 W m−1 K−1) and close to an order of magnitude larger
than that exhibited by lingo-cellulosic specimens23 (birch
hardwood ∼0.25 W m−1 K−1) and by other types of materials
like amorphous polymers24,25 ∼0.2 W m−1 K−1, as well as liquid
crystal composites ∼0.7 W m−1 K−1 26 at room temperature.
Phonon Mean Free Path in Single CNCs. The range of

phonon relaxation times and average phonon mean free paths
for a single cellulose Iβ crystal in the transverse (∼0.3−2.1 ps
and ∼1.7−5.3 nm) and axial directions (∼0.6−1.5 ps and
∼6.5−12.6 nm) were roughly estimated (eq S4) assuming that
the heat transport is carried out only by acoustic phonons (i.e.,
electronic contribution to heat transport is minimal in
electrically insulating materials and although heteroatom unit
cells allow the presence of optical phonons, they contribute
slightly to the transport of heat due to low group velocities22).
The approximated phonon mean free paths found in CNCs,
keeping in mind that phonon mean free paths exhibit broad
distributions,25 were on the same order of magnitude as that
calculated for highly aligned polyethylene,24,25,27 higher than
that reported for vitreous silica above 200 K ∼7 Å,24 but lower
than that calculated for a nanotube rope, ∼ 1 μm at 30 K.28

Phonon−phonon scattering supporting diffusive thermal
equilibrium can be expected in the axial direction, as the
phonon mean free path is shorter than the average longitudinal
length of a single CNC, ∼50−500 nm. More interesting, the
fact that the phonon mean free path can exceed the lateral
dimensions of single crystals of cellulose Iβ ∼5−20 nm,6

suggests that phonon scattering at interfaces can play a
significant role in limiting the thermal conductivity in the
bulk films.29 The study of phonon scattering at interfaces offer
unique opportunities for controlling bulk thermal conductivity
as in the case of enhanced thermoelectric materials30 (e.g.,
small grain size in polycrystalline systems).31 We propose an
approach to capture this phenomenon in CNC nanostructured
bulk films by estimating the interfacial thermal resistance or
Kapitza resistance32 between two single cellulose Iβ crystals
using MD simulations, and connecting it to phenomenological
models to predict the bulk CNC response.

CNC−CNC Interfacial Thermal Resistance. We modeled
the heat transport between two adjacent cellulose Iβ crystals in
chain, parallel and perpendicular configurations (Figure 2),
multiple interfacial configurations may be present during the
self-organization of two identical crystals (e.g., 21 nonrepetitive
configurations for six crystalline planes following Euler-
Maclaurin sum formula with f(n) = n, n = 6), following the
same procedure implemented in the analysis of a single crystal,
and assuming serial thermal resistance across the two cellulose
Iβ crystals and the interface between them, where the interface
is modeled as an arbitrary object exhibiting the average
properties between two identical crystals. Thus, the overall
response follows,
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where, Lt is the total length of the two CNC model, Lc1 and Lc2
are the lengths of each cellulose crystal, and Li is the length of
the interface in the heat transfer direction. A similar naming
scheme is used for thermal conductivity, k. The cross-sectional
area, A, is perpendicular to the direction of heat transfer and is
constant for a given configuration (Figure 2). ki in the chain
configuration (Figure 2a) was 0.043 W m−1 K−1, calculated
from eq 1 by using Lc1 = Lc2 = 5.4 nm as the lengths of the
model crystals, Li = 0.44 nm, estimated for all configurations to
be the average distance between two crystals,33 and thermal
conductivities kc1 = kc2 = 5.7 W m−1 K−1 and kt = 0.77 W m−1

K−1 calculated from slope of the linear temperature distribution
and the imposed heat flux as described previously. Using the
same approach, ki for the parallel (Figure 2b) and perpendicular
(Figure 2c) configurations were estimated around 0.045 and
0.033 W m−1 K−1, respectively. All results are summarized in
Table S2.
The thermal conductivity calculated through the modeled

interface was approximately 1 order of magnitude smaller than
the total thermal conductivity of the two cellulose crystals in all
three configurations, which supports the idea that heat
transport in the bulk CNC films is limited by the interfaces
between crystals. Interestingly, the range of thermal resistances
estimated for the modeled interfaces between two cellulose Iβ
single crystals (Li/ki), 9.4 to 12.6 m2 K GW−1, was lower than
that found in some low thermal conductivity thermoelectric
alloys34 (e.g., ∼95 m2 K GW−1 for Si0.7Ge0.3 at 300 K) and even
than that of materials governed by weak van der Waals
interactions35 but exceptionally high thermal conductivity
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(∼6.6 kW m−1 K−1)36 like carbon nanotubes ∼83 m2 K GW−1.
The lower interfacial thermal resistance estimated between
cellulose crystals can be mainly attributed to their strong
surface energy (i.e., van der Waals forces, hydrogen bonds,
hydrophobic interactions37,38), as thermal conductivity across
interfaces scales with interfacial bonding strength.39−41 Further
steps in enhancing heat transport in CNC bulk films could be
achieved by controlling bonding at crystal−crystal interfaces
together with the self-organization of single crystals.
Thermal Conductivity of CNC Films. We explored

experimentally the thermal conductivity of freestanding CNC
bulk films that were processed under two different conditions:
self-organization and shear-orientation. Self-organized films
exhibited iridescence and had a S ≈ 0.0, which is consistent
with the typical cholesteric orientations reported for such
films.9−11 In contrast for the shear-oriented films, S ranged
from ∼0.47 to ∼0.76. The in-plane thermal conductivity for
self-organized and shear-oriented CNC films is shown in Figure
3. Self-organized films exhibited in-plane isotropy (0.25 ± 0.04
W m−1 K−1 at S ≈ 0) likely due to the chollesteric organization
present such films.9,10 For the shear-orientated films, the
thermal conductivity was measured in the directions parallel
(k∥), and perpendicular (k⊥) to the shear direction as a function
of CNC alignment. With increased CNC alignment the thermal
conductivity in the direction parallel to shear direction
increased, where at S ≈ 0.76 there was a 2-fold increase
∼0.53 ± 0.05 W m−1 K−1 as compared to self-organized films.
For the direction perpendicular to the shear direction, the
thermal conductivity slightly increased at low orientations as
CNC alignment increased, likely due to an improvement of

phonon propagation due to the random interfacial contacts,
followed by a decrease at high orientations (above S ≈ 0.63),
consistent with the increase of interfaces in the heat flow
direction (Figure 3III). The overall effect of increasing
anisotropy in the thermal conductivity as molecular alignment
increases has been also observed in liquid crystals,42,43

polymers,44 and biomacromolecules45 in which molecular
interactions are typically mediated by strong directional
hydrogen bonds. (Figure 4, Table S2). Figure 4 also shows
how CNC-based materials offer a broad spectrum of design
possibilities as CNC alignment can provide low coefficients of
thermal expansion, as compared to graphene composites, while
controlling thermal conductivity and optical response. Likewise,
factors such as thermally activated intercrystalline motion,11

crystal−crystal interfaces and crystal alignment tend to modify
the thermal expansion and thermal conductivity of bulk
cellulose Iβ films as compared to single cellulose Iβ crystals
in their correspondent directions, yet providing similar
responses (Figure 4).

Modeling Thermal Transport in Nanostructured CNC
Films. The connection between the thermal conductivity of a
single cellulose Iβ crystal and the experimental thermal
conductivity of bulk films can be established by integrating
the critical role of interfacial thermal resistance46 with elements
like single crystal anisotropy and CNC orientation within a
multiscale predictive model. Here, we employ two different
models to describe the chiral nematic-like and nematic-like
response of CNC films based on MD predictions. Such an
approach can be directly extended to other complex nano-
structured materials,16 polycrystalline structures,34 and compo-

Figure 3. Experimental thermal conductivity of CNC films and model predictions as a function of orientation. (I) Isotropic chiral nematic
organization in CNC films, half pitch shown. MD-EMT-CY model in CNCs assuming single crystals embedded in a chiral nematic matrix.
Hypothetical S ≈ 1 where CNCs are aligned parallel (II) and perpendicular (III) to the shear direction (MD-HN model). Bar at S ≈ 0.63 represents
a possible change in the global thermal conductivity behavior, in which the CNC chiral twisting is less predominant.
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site systems35 where interfaces and organization are governing
factors.
Since the in-plane isotropic response observed in self-

organized CNC films is given by a highly organized chiral
nematic structure with a finite number of interactions rather
than by a random distribution,11 we approximate the
description of the system as an effective medium and account
for the distribution of orientations following Choy and Young’s
adaptation47 of Maxwell’s effective medium theory (EMT-CY)
and the Hermans order parameter (eqs S2−S4). The EMT-CY
model has been previously applied to describe the thermal
conductivity response in oriented semicrystalline poly-
mers27,47,48 as the traditional EMT assumptions (i.e.,
anisotropic, noninteracting spherical inclusions embedded in
continuous medium) could be approximated to crystals
embedded in an amorphous polymeric matrix. A similar
approach is adopted here, in which we consider an interface,
as modeled in CNC−CNC Interfacial Thermal Resistance, and
an anisotropic single crystal as a composite unit cell46

expanding throughout the film (Figure 3I), as given by eqs
S5−S9. The scheme agrees with the initial deduction of an
inclusion interacting with the average medium as a whole47

instead of dealing with a multibody interaction and allows the
estimation of thermal conductivity in CNC films by using MD
simulations as the only input parameters.
Figure 3 shows how the MD-EMT-CY model approaches the

thermal conductivity of films tested in the direction parallel to
shear direction (k∥) as single CNCs align along the shear
direction. Although capturing the slight decrease present in the
experimental data, thermal conductivities in the direction
perpendicular to shear orientation (k⊥) were underestimated, as
the model does not account for possible additional phonon
contributions. A more accurate phenomenological description
can be based on the film processing conditions and crystal
characteristics, involving possible medium discontinuities,
crystalline size distribution, and account for any potential
interaction or spacing generated by electrolytes present in the
precursor suspensions. Although, some of the micromechanical
(e.g., Halpin−Tsai, percolation, etc.), and classical EMT models
could address a few of those effects separately,46,49−51 the

simple MD-EMT-CY approach can closely bound the thermal
conductivity response of CNC films, suggesting that for low
alignments (i.e., below S ≈ 0.63) the nanostructured films will
tend to transport heat in the in-plane direction like a chiral
nematic composite structure (Figure 3I) rather than as a
disorganized system. However, such a generalized approach
(Figure 3I) would be less applicable once the chiral nematic
structure is less predominant (i.e., in Figure 3 MD-EMT-CY
model saturates around S ≈ 0.63) and nanostructured films can
be better seen as CNC clusters pointing out at a specific angle
with respect to the shear direction (Figure 3, cases II and III),
therefore, approaching Henning’s (HN) proposed treatment.52

In Henning’s model (eqns S10−S12), tensor transformations
are employed to account for the influence of orientation and
properties of structural units in the properties of the bulk
films.52 The model, that is in principle based on rotational
symmetric crystals, has also predicted the response of uniaxially
stretched amorphous polymers.52 Although a parallel config-
uration can also be conceived (i.e., assuming a uniform
temperature gradient),24 a series model assuming uniform
heat flux throughout the structure and summing up thermal
resistivities has been shown to describe well the thermal
conductivity of films in the directions parallel and perpendicular
to shear direction.52 The MD-HN model predicts a thermal
conductivity of ∼0.35 W m−1 K−1 for an isotropic film, which is
close to that found by MD-EMT-CY ∼ 0.29 W m−1 K−1, which,
in turn, is closer to that of the self-organized films (∼0.25 ±
0.04 W m−1 K−1) due to the cholesteric structural assumption.
Thus, the MD-HN model can also describe more accurately the
thermal conductivity of CNC films above S ≈ 0.63 as compared
to the MD-ECM-CY model, likely due to the fact that the effect
that inherent polydispersity of CNCs has on thermal
conductivity of bulk films can be reduced in the HN model
as considering crystalline clusters and interfacial contacts are
unbalanced along the film, being minimized parallel and
maximized perpendicular to shear alignment.

■ CONCLUSIONS

We described via MD simulations how the intrinsic anisotropy
of single cellulose crystals produced a thermal conductivity in
the chain direction that is ten times greater than that estimated
in the transverse directions (Table S2, Figure 4). Using an
order of magnitude analysis we determined that the phonon
mean free path can actually exceed the dimensions of the single
crystal, suggesting a significant contribution of interfaces to
phonon scattering. MD simulations confirmed a drastic
decrease in thermal conductivity due to the interface between
two cellulose crystals in several different configurations.
Nonetheless, such inherent thermal transport barrier found
for CNCs was almost an order of magnitude lower than that
exhibited by carbon nanotubes and equal to those present in
low thermal conductivity thermoelectric alloys. Two models
-MD-EMT-CY and MD-HN- that account for CNC orientation
and CNC−CNC interfaces captured the experimental in-plane
thermal conductivity response of bulk CNC films. We also
demonstrated how MD simulations and CNC orientation can
closely describe and potentially control the conductive heat
transport from nanostructured isotropic-chollesteric to aniso-
tropic shear-oriented cellulose films, while keeping an intricate
connection with the broad range of possible optical responses
needed for further material usage in current and future cost-
effective, technological applications.

Figure 4. Ashby plot of thermal response of cellulose Iβ and bulk
CNC films with respect to other engineering materials. Results for
cellulose Iβ and bulk CNC films were based on the MD simulations
and experimental measurements, respectively.
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