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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 con-

ductance 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 calcu-

lations 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 polyethyl-

ene 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 applica-

bility 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 func-

tionalization schemes is used to enhance interfacial ther-

mal conductance.9 Accurate prediction of the enhancement

of interface conductance through various functionalization

schemes can accelerate the selection of the optimum func-

tional group. Azide-chemistry10 provides one of the possi-

ble 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 inter-

facial thermal conductance between graphene and polyeth-

ylene through the azide functionalization scheme (shown

in Fig. 1).

The AGF method predicts interfacial thermal conduc-

tance 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

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 super-

lattices,15 across metal-graphene interfaces,16 and in molecu-

lar junctions.17 In this work, this first-principles driven

AGF approach is used to compare the interfacial thermal

conductance between polyethylene (PE) and graphene nano-

ribbon (GNR) through the edge versus the basal plane

functionalization.

A typical AGF simulation system for phonon transmis-

sion consists of three regions, the interfacial region and two

semi-infinite reservoirs (left and right) made up of bulk crys-

tals 1 and 2 (see Fig. 1). Phonon transmission across the inter-

facial 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 corre-

sponding to the interfacial region can be calculated as11 Gd;d

¼ x2I�Hd;d�RR�RL

� ��1
, where x is the phonon fre-

quency, 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 reser-

voirs on the interfacial region. With the knowledge of Green’s

function, the total phonon transmission across the interfacial

region is calculated as N xð Þ ¼ Trace½CLGd;dCRGþd;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 � RþL �,
CR ¼ i½RR � RþR �, and “þ” denotes the conjugate transpose of

the matrix. The interface thermal conductance can then be cal-

culated with Landauer formalism using the total phonon

transmission

J ¼
ð

�hx
2p

� �
N xð Þ dN xð Þ

dT
dx;

where N(x) and T are the Bose-Einstein population and tem-

perature, respectively.

The only inputs needed to compute the various quanti-

ties 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, b¼L, 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 con-

stants /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 gra-

phene nanoribbon with zigzag edges (ZGNR), and the left

contact layer is a single chain of polyethylene. We first dis-

cuss the calculations of harmonic force interactions of bulk

ZGNR ( /½ �RR) and of single PE chain ( /½ �LL) and the associ-

ated phonon dispersions. The calculation of force interac-

tions 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 struc-

ture of the polyethylene chain. Local density approximation

is applied to account for the exchange-correlation function.

Periodic boundary condition is applied in the growth direc-

tion, 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 Monkhorst-

Pack k-grid is chosen for the sampling of the one-

dimensional 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

hCCC¼ 113.5� and hHCH¼ 105.4�. These are in good agree-

ment 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 pho-

non 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 num-

ber 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

nanoribbon (4-ZGNR). The small width allows keeping

the computational cost low. The edges of the ZGNR are pas-

sivated with hydrogen in this study. For computing the pho-

nons 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 previ-

ous 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 configura-

tions 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. 2. (Left panel) Phonon dispersion of a single chain of polyethylene and

(right panel) transmission of PE chain calculated using the AGF method.

FIG. 3. (Left panel) Phonon dispersion of 4-ZGNR and (right panel) trans-

mission of 4-ZGNR calculated using the AGF method.
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(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 interfa-

cial 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 cm�1 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 com-

pared to that of basal plane. Next, the thermal conductances

are compared. For conductance calculations, the cross-

sectional 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 con-

ductivity 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 pho-

non 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 /RCAR/CR, where / are the force interac-

tion matrices as discussed earlier. In these expressions,

matrix A is proportional to the phonon density of states and

can be written in terms of its eigenvectors and eigenvalues

as23 A ¼
P

i kieie
þ
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

as cL ¼ /LCkL;ieL;ie
þ
L;i/CL and cR ¼ /RCkR;ieR;ie

þ
R;i/CR. This

allows phonon transmission from left into specific phonon

polarizations on the right to be written as n xð Þ ¼ Trace
½CLGd;dcRGþd;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

cout
R ¼ /RC

X
i;i2out

kR;ieR;ie
þ
R;i

� �
/CR;

cin
R ¼ /RC

X
i;i2in

kR;ieR;ie
þ
R;i

� �
/CR:

The transmission from polyethylene into the out-of-plane

and in-plane vibration modes in ZGNR can then be com-

puted as nout xð Þ ¼ Trace½CLGd;dcout
R Gþd;d� and nin xð Þ ¼

Trace½CLGd;dcin
R Gþd;d� and is shown in edge and basal plane

FIG. 4. Atomic configurations for the (a) Edge and (b) Basal plane function-

alization schemes. Dashed lines indicate the separation between contact and

interfacial regions for AGF calculations.

FIG. 5. Comparison of the phonon transmissions for the edge and basal

plane functionalization schemes.

FIG. 6. Comparison of thermal conductance for the edge and basal plane

functionalization schemes.
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functionalization schemes in Figs. 7(a) and 7(b), respec-

tively. Fig. 7(a) shows that for the case of edge functionaliza-

tion, 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 in-

plane modes contributes almost 71% to total conductance

for the case of edge functionalization. However, for func-

tionalization on the basal plane, transmission to in-plane

phonons drops sharply, almost reaching zero at frequencies

�200 cm�1. 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 ther-

mal 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 func-

tionalization on the edge versus the basal plane in enhancing

interfacial thermal transport between polyethylene and gra-

phene 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

the basal plane case at 300 K. Polarization specific calcula-

tions reveal that this higher thermal conductance for the edge

scheme is due to the improved coupling of polyethylene pho-

nons 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 con-

ductance for this case. The results provide guidance for the

optimum functionalization state to achieve high thermal con-

ductivity polymer-graphene nanocomposites.

1H. T. El-Dessouky and H. M. Ettouney, Desalination 122, 271 (1999).
2W. Liu, J. Davidson, and S. Mantell, J. Sol. Energy Eng. 122, 84 (2000).
3S. Mallik, N. Ekere, C. Best, and R. Bhatti, Appl. Therm. Eng. 31, 355

(2011).
4P. Procter and J. Solc, IEEE Trans. Compon., Hybrids, Manuf. Technol.

14, 708 (1991); X. Lu and G. Xu, J. Appl. Polym. Sci. 65, 2733 (1997);

Z. Lin, Y. Liu, K. Moon, and C. Wong, in Electronic components and
Technology Conference (2013), p. 1692; Z. Lin, Y. Yao, A. Mcnamara, K.

Moon, and C. P. Wong, in Electronic components and Technology
Conference (2012), p. 1437.

5J. Yu, B. Sundqvist, B. Tonpheng, and O. Andersson, Polymer 55, 195

(2014).
6A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao,

and C. N. Lau, Nano Lett. 8(3), 902 (2008); S. Ghosh, W. Bao, D. L. Nika,

S. Subrina, E. P. Pokatilov, C. N. Lau, and A. A. Balandin, Nat. Mater. 9,

555 (2010); G. Fugallo, A. Cepellotti, L. Paulatto, M. Lazzeri, N. Marzari,

and F. Mauri, Nano Lett. 14, 6109 (2014).
7A. A. Balandin and K. M. F. Shahil, Nano Lett. 12, 861 (2012); M. Shtein,

R. Nadiv, M. Buzagio, K. Kahil, and O. Regev, Chem. Mater. 27, 2100

(2015).
8H. S. Kim, H. S. Bae, J. Yu, and S. Y. Kim, Sci. Rep. 6, 26825 (2016).
9Y. Ni, H. Han, S. Volz, and T. Dumitrica, J. Phys. Chem. C 119, 12193

(2015); M. Castelan, G. Martinez, C. Marco, G. Ellis, and H. J.

Salavagione, Macromolecules 46, 8980 (2013).
10S. H. Qin, D. Q. Qin, W. T. Ford, D. E. Resasco, and J. E. Herrera,

Macromolecules 37(3), 752 (2004).
11W. Zhang, T. S. Fisher, and N. Mingo, Numer. Heat Transfer, Part B 51,

333 (2007).
12X. Li and R. Yang, Phys. Rev. B 86, 054305 (2012).
13Z. Huang, T. S. Fisher, and J. Y. Murthy, J. Appl. Phys. 108, 094319

(2010).
14X. Zhao, J. Li, T. C. Au Yeung, C. H. Kam, Q-Hu. Chen, and C. Q. Sun,

J. Appl. Phys. 107, 094312 (2010).
15Z. Tian, K. Esfarjani, and G. Chen, Phys. Rev. B 89, 235307 (2014).
16Z. Huang, T. S. Fisher, and J. Y. Murthy, J. Appl. Phys. 109, 074305

(2011).
17Q. Li, I. Duchemin, S. Xiong, G. C. Solomon, and D. Donadio, J. Phys.

Chem. C 119, 24636 (2015).
18P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D.

Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. Fabris,

G. Fratesi, S. de Gironcoli, R. Gebauer, U. Gerstmann, C. Gougoussis, A.

Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R.

Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S.

Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R.

M. Wentzcovitch, J. Phys.: Condens. Matter 21, 395502 (2009).
19S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi, Rev. Mod.

Phys. 73, 515 (2001).
20G. Avitabile, R. Napolitano, B. Pirozzi, K. D. Rouse, M. W. Thomas, and

B. T. M. Willis, J. Polym. Sci.: Polym. Lett. Ed. 13, 351 (1975); Y.

Takahashi, Macromolecules 31, 3868 (1998).
21A. Calzolari, T. Jayasekera, K. W. Kim, and M. B. Nardelli, J. Phys.

Condens. Matter 24, 492204 (2012); J. Wang, J. Zhao, K. Zhou, and T.

Rabczuk, J. Appl. Phys. 111, 124304 (2012).
22G. D. Barrera, S. F. Parker, A. J. Ramirez-Cuesta, and P. C. H. Mitchell,

Macromolecules 39, 2683 (2006).
23Z. Huang, J. Y. Murthy, and T. S. Fisher, J. Heat Transfer 133, 114502

(2011).

FIG. 7. Phonon transmissions from polyethylene to in-plane and out-of-

plane vibration modes in ZGNR for the case of the (a) edge and (b) basal

plane functionalization schemes.

093112-4 Jivtesh Garg Appl. Phys. Lett. 110, 093112 (2017)

http://dx.doi.org/10.1016/S0011-9164(99)00048-X
http://dx.doi.org/10.1115/1.1288027
http://dx.doi.org/10.1016/j.applthermaleng.2010.09.023
http://dx.doi.org/10.1109/33.105121
http://dx.doi.org/10.1002/(SICI)1097-4628(19970926)65:13<>1.0.CO;2-Z
http://dx.doi.org/10.1016/j.polymer.2013.12.001
http://dx.doi.org/10.1021/nl0731872
http://dx.doi.org/10.1038/nmat2753
http://dx.doi.org/10.1021/nl502059f
http://dx.doi.org/10.1021/nl203906r
http://dx.doi.org/10.1021/cm504550e
http://dx.doi.org/10.1038/srep26825
http://dx.doi.org/10.1021/acs.jpcc.5b02551
http://dx.doi.org/10.1021/ma401606d
http://dx.doi.org/10.1021/ma035214q
http://dx.doi.org/10.1080/10407790601144755
http://dx.doi.org/10.1103/PhysRevB.86.054305
http://dx.doi.org/10.1063/1.3499347
http://dx.doi.org/10.1063/1.3359708
http://dx.doi.org/10.1103/PhysRevB.89.235307
http://dx.doi.org/10.1063/1.3556454
http://dx.doi.org/10.1021/acs.jpcc.5b07429
http://dx.doi.org/10.1021/acs.jpcc.5b07429
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1002/pol.1975.130130607
http://dx.doi.org/10.1021/ma9706790
http://dx.doi.org/10.1088/0953-8984/24/49/492204
http://dx.doi.org/10.1088/0953-8984/24/49/492204
http://dx.doi.org/10.1063/1.4729489
http://dx.doi.org/10.1021/ma052602e
http://dx.doi.org/10.1115/1.4004400

	f1
	l
	f2
	f3
	l
	f4
	f5
	f6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	f7

