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We compare the effectiveness of functionalization on the edge with that on the basal plane of
graphene in enhancing interfacial thermal transport between polyethylene and graphene using an
atomistic Green’s function method. Harmonic interatomic force constants needed for the method
are derived from the density-functional theory to provide a first-principles estimate of thermal conductance comparison. Computations reveal the thermal conductance for the edge functionalization
to be 75% higher relative to the basal plane case at 300 K. Polarization specific transmission calculations are used to provide understanding of these differences. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977433]

Heat exchangers based on polymers such as polyethylene and polypropylene are widely used in applications
including water desalination,1 solar energy harvesting,2
automotive control units,3 and micro-electronics cooling.4
Polymeric materials, however, have much lower intrinsic
thermal conductivity,5 k, (<0.5 W/mK) compared to metals
(>20 W/mK), which limits their more widespread applicability in thermal management technologies. To enhance
thermal conductivity of polymers, addition of high thermal
conductivity filler materials such as graphene (kgraphene
 5000 W/mK)6 has emerged as a promising approach7
with enhancements as large as 29 fold reported over the
base polymer.8 Larger enhancements in k are limited by
thermal interface resistance between the polymer and
graphene. To overcome this, covalent bonding between
carbon nanomaterials and polymer through different functionalization schemes is used to enhance interfacial thermal conductance.9 Accurate prediction of the enhancement
of interface conductance through various functionalization
schemes can accelerate the selection of the optimum functional group. Azide-chemistry10 provides one of the possible functionalization schemes; through this scheme, an
azide (N3) terminated polymer can be covalently bonded
to carbon-nanomaterials. In this work, we use the atomistic
Green’s function (AGF) method11 with inputs derived
from the density-functional theory (DFT) to compare the
relative effectiveness of functionalization on the edge
with that on the basal plane of graphene in enhancing interfacial thermal conductance between graphene and polyethylene through the azide functionalization scheme (shown
in Fig. 1).
The AGF method predicts interfacial thermal conductance through the prediction of phonon transmission. The
method uses both the exact interfacial atomic structure and
the exact harmonic force interactions, providing enhanced
accuracy in conductance predictions. The AGF method has
been used extensively in recent works to predict the effect of
the lattice-mismatch12 on thermal conductance. The AGF
method has also been used to study thermal transport within
0003-6951/2017/110(9)/093112/4/$30.00

graphene nanoribbons13 and in atomic chains.14 The
accuracy of the AGF method can be further increased by
deriving the harmonic interatomic force constants (required
for the AGF method) from DFT. Such a first-principles
approach has been used to study thermal transport in superlattices,15 across metal-graphene interfaces,16 and in molecular junctions.17 In this work, this first-principles driven
AGF approach is used to compare the interfacial thermal
conductance between polyethylene (PE) and graphene nanoribbon (GNR) through the edge versus the basal plane
functionalization.
A typical AGF simulation system for phonon transmission consists of three regions, the interfacial region and two
semi-infinite reservoirs (left and right) made up of bulk crystals 1 and 2 (see Fig. 1). Phonon transmission across the interfacial region is calculated using Green’s functions, which
provide response of the system under a small perturbation.
Under harmonic approximation, the Green’s function G corre11
sponding
to the interfacial
 2
1region can be calculated as Gd;d
¼ x I  Hd;d  RR  RL , where x is the phonon frequency, Hd;d represents the dynamical matrix of the interfacial
region, and RL and RR are the self-energies of the left and right
reservoirs. Self-energies represent the effect of contact reservoirs on the interfacial region. With the knowledge of Green’s
function, the total phonon transmission across the interfacial
region is calculated as NðxÞ ¼ Trace½CL Gd;d CR Gþ
d;d , where
CR and CL describe the rate at which phonons enter and exit

FIG. 1. Atomic configuration for atomistic Green’s function calculation of
interfacial thermal conductance.
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the right and left contact leads, respectively, CL ¼ i½RL  Rþ
L ,
,
and
“þ”
denotes
the
conjugate
transpose
of
CR ¼ i½RR  Rþ
R
the matrix. The interface thermal conductance can then be calculated with Landauer formalism using the total phonon
transmission
ð 
hx
dN ðxÞ
N ðx Þ
dx;
J¼
2p
dT
where N(x) and T are the Bose-Einstein population and temperature, respectively.
The only inputs needed to compute the various quantities involved in the calculation of thermal conductance are
the harmonic interatomic force constant (IFC) matrices ½/
(as shown in Fig. 1) and the masses of atoms in the various
layers. The harmonic force constant matrix [/ij]ab, between
two regions a and b (a, b ¼ L, R or C), is comprised of
the interatomic force interaction /ij between any atom i in
region a and another atom j in region b. These force constants /ij are the second derivatives of energy with respect to
the displacements of atoms i and j. In this work, these IFCs
are derived accurately from DFT using open source package
Quantum Espresso.18 The use of DFT has been shown to
yield very accurate IFCs in the past.19
In our calculations, the right contact layer is the graphene nanoribbon with zigzag edges (ZGNR), and the left
contact layer is a single chain of polyethylene. We first discuss the calculations of harmonic force interactions of bulk
ZGNR (½/RR ) and of single PE chain (½/LL ) and the associated phonon dispersions. The calculation of force interactions in the interfacial region is discussed next followed by
conductance calculations.
The single PE chain has a zigzag structure as seen in
Fig. 1 (left contact layer). We use DFT to optimize the structure of the polyethylene chain. Local density approximation
is applied to account for the exchange-correlation function.
Periodic boundary condition is applied in the growth direction, while free boundary conditions are applied in the two
transverse directions by introducing sufficient vacuum space.
In the calculation of the electron and phonon band structures,
a unit cell of C2H4 is used, and a 10  1  1 MonkhorstPack k-grid is chosen for the sampling of the onedimensional Brillouin zone. After energy minimization, the
C-C bond length is estimated to be 1.51 Å, while the C-H
bond length is 1.11 Å. The two angles are estimated to be
hCCC ¼ 113.5 and hHCH ¼ 105.4 . These are in good agreement with measured values.20 Phonons of the single PE
chain are computed, again on a 10  1  1 q-grid, using the
perturbation theory implemented in the DFT package.
Interatomic force constants (IFCs) in real space are derived
from these and used to compute phonons on a finer grid.
These are shown in Fig. 2. It should be noted that a single
PE chain is one-dimensional and therefore has four acoustic
modes (3-translational and 1-rotational).21 Computed phonon transmission for the pure PE system (using the AGF
method) is shown in the right panel of Fig. 2. Transmission
for a pure system at any frequency corresponds to the number of phonon bands at that frequency.
Next, the phonons of ZGNR are considered. The width
of the ZGNR is taken to be 4 zigzag chains across the

FIG. 2. (Left panel) Phonon dispersion of a single chain of polyethylene and
(right panel) transmission of PE chain calculated using the AGF method.

nanoribbon (4-ZGNR). The small width allows keeping
the computational cost low. The edges of the ZGNR are passivated with hydrogen in this study. For computing the phonons of 4-ZGNR, the unit cell of ZGNR was relaxed. 30 k
points along the 1-D direction of the Brillouin zone were
used for DFT calculations of 4-ZGNR. Phonon frequencies
were computed on a 10  1  1 q-point grid, and IFCs were
derived as described above. The computed frequencies and
corresponding transmission of 4-ZGNR are shown in Fig. 3.
The computed frequencies are in good agreement with previous ab initio calculations.22 Once again, 4 acoustic modes
can be observed in the phonon spectrum of the 4-ZGNR. The
IFCs derived for a single PE chain and 4-ZGNR are used for
the left and right contacts, respectively. The calculation of
IFCs related to the interfacial region is discussed next.
For deriving the atomic configurations of edge and basal
plane functionalization, the PE chain can be placed randomly
with respect to the ZGNR. This leads to the possibility of
multiple configurations. For this work, particular configurations were derived by first relaxing the interfacial region
(which contains the functional group) with respect to the
ZGNR (holding the ZGNR to be fixed), then attaching the
PE chain to the other end of the interfacial region, and again
relaxing the interfacial region, this time constraining both
the right contact layer (4-ZGNR) and the left contact layer

FIG. 3. (Left panel) Phonon dispersion of 4-ZGNR and (right panel) transmission of 4-ZGNR calculated using the AGF method.
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FIG. 4. Atomic configurations for the (a) Edge and (b) Basal plane functionalization schemes. Dashed lines indicate the separation between contact and
interfacial regions for AGF calculations.

(PE chain) to be rigid. Ultrasoft pseudopotentials were used
for deriving the configurations. An energy cutoff of 40 Ry
was used for wavefunctions and that of 360 Ry was used
for charge density. The derived configurations for the edge
and basal-plane functionalization schemes are shown in
Figs. 4(a) and 4(b), respectively (the dashed lines show the
separation between the contact layers and the interfacial
region for AGF calculation).
Using these configurations, the IFCs within the interfacial region and between the interfacial region and the left
and right contacts are derived by using a finite-difference
approach. To compute the IFC between an interfacial atom
and any other atom in the system through this approach, the
interfacial atom is displaced by a small amount. The force on
the other atom resulting from this displacement is computed.
The IFC is taken to be the negative of the derivative of the
force on the particular atom in the system with respect to the
displacement of the interfacial atom. This approach allows
computation of IFCs within the interfacial region and those
between the interfacial region and the two contacts (i.e.,
½/CC , ½/CR , and ½/CL , respectively).
The phonon transmissions for both the edge and basal
plane functionalization schemes computed through the AGF
method (using the force constants derived above) are shown
in Fig. 5. We have presented transmissions up to frequencies
of 600 cm1 as these phonons are found to account for more
than 95% of thermal conductance. Fig. 5 shows that phonon
transmission for the edge scheme is significantly higher compared to that of basal plane. Next, the thermal conductances

FIG. 5. Comparison of the phonon transmissions for the edge and basal
plane functionalization schemes.
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are compared. For conductance calculations, the crosssectional area is taken to be the product of the width of
ZGNR (9.1 Å) and the spacing between carbon sheets in
graphite (3.54 Å). The much larger phonon transmission for
the edge functionalization causes the thermal conductance
for the edge scheme to be higher compared to the basal plane
(see Fig. 6). At 300 K, the thermal conductance for the edge
scheme is computed to be 7.6  108 W/m2 K, almost 75%
higher compared to the computed conductance for basal
plane functionalization of 4.3  108 W/m2 K. The results
point to the more beneficial effect of functionalization on the
edge of graphene for enhancing nanocomposite thermal conductivity using graphene as a filler material.
To develop an understanding of these differences, we
split the total transmission in terms of transmission from
polyethylene to out-of-plane and in-plane vibration modes in
ZGNR. This is accomplished by a recent extension of the
AGF method to compute transmissions for individual phonon branches.23 To achieve such decomposition, it should be
noted that matrices CL and CR can be written as CL ¼ /LC
AL /CL and CR ¼ /RC AR /CR , where / are the force interaction matrices as discussed earlier. In these expressions,
matrix A is proportional to the phonon density of states and
can be written
P in terms of its eigenvectors and eigenvalues
as23 A ¼ i ki ei eþ
i , where ki and ei are the eignevalues
and eignevectors of matrix A, respectively.23 The above
decomposition of matrix A allows CL and CR to be replaced
with polarization dependent phonon escape rates defined
þ
as cL ¼ /LC kL;i eL;i eþ
L;i /CL and cR ¼ /RC kR;i eR;i eR;i /CR . This
allows phonon transmission from left into specific phonon
polarizations on the right to be written as nðxÞ ¼ Trace
½CL Gd;d cR Gþ
d;d . In this work, we take the phonon escape
rates for out-of-plane and in-plane vibration modes in the
right contact to be
X

kR;i eR;i eþ
cout
R ¼ /RC
R;i /CR ;
i;i2out

cin
R ¼ /RC

X


kR;i eR;i eþ
R;i /CR :

i;i2in

The transmission from polyethylene into the out-of-plane
and in-plane vibration modes in ZGNR can then be comin
þ
puted as nout ðxÞ ¼ Trace½CL Gd;d cout
R Gd;d  and n ðxÞ ¼
in þ
Trace½CL Gd;d cR Gd;d  and is shown in edge and basal plane

FIG. 6. Comparison of thermal conductance for the edge and basal plane
functionalization schemes.
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the basal plane case at 300 K. Polarization specific calculations reveal that this higher thermal conductance for the edge
scheme is due to the improved coupling of polyethylene phonons to in-plane vibration modes in the graphene nanoribbon
for functionalization on the edge. For functionalization on the
basal plane, transmission to in-plane phonons in graphene
drops significantly leading to lower interfacial thermal conductance for this case. The results provide guidance for the
optimum functionalization state to achieve high thermal conductivity polymer-graphene nanocomposites.
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FIG. 7. Phonon transmissions from polyethylene to in-plane and out-ofplane vibration modes in ZGNR for the case of the (a) edge and (b) basal
plane functionalization schemes.

functionalization schemes in Figs. 7(a) and 7(b), respectively. Fig. 7(a) shows that for the case of edge functionalization, transmission from polyethylene to in-plane phonons in
ZGNR is significantly higher compared to transmission to
out-of-plane phonon modes. At 300 K, transmission to inplane modes contributes almost 71% to total conductance
for the case of edge functionalization. However, for functionalization on the basal plane, transmission to in-plane
phonons drops sharply, almost reaching zero at frequencies
200 cm1. Transmission to out-of-plane phonons stays
nearly at the same low values as for edge functionalization.
This causes the overall transmission and therefore the thermal conductance for the functionalization on basal plane
functionalization to become lower than that on the edge of
graphene. For the case of functionalization on the basal
plane, transmission from PE phonons to in-plane phonons in
ZGNR is found to contribute only 28% to overall thermal
conductance.
In summary, we have compared the effectiveness of functionalization on the edge versus the basal plane in enhancing
interfacial thermal transport between polyethylene and graphene nanoribbon using the atomistic Green’s function
method. Harmonic force constants needed for the method are
derived from first-principles. Phonon transmission for edge
functionalization is found to be significantly higher compared
to the basal plane, resulting in the thermal conductance for
edge functionalization to be almost 75% higher compared to

