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Two-dimensional (2D) polymers are organic analogues of gra-
phene. Compared to graphene, 2D polymers offer a higher degree
of tunability in regards to structure, topology, and physical pro-
perties. The thermal transport properties of 2D polymers play a
crucial role in their applications, yet remain largely unexplored.
Using the equilibrium molecular dynamics method, we study
the in-plane thermal conductivity of dubbed porous graphene that
is comprised of m-conjugated phenyl rings. In contrast to the
conventional notion that n-conjugation leads to high thermal con-
ductivity, we demonstrate, for the first time, that -conjugated 2D
polymers can have either high or low thermal conductivity
depending on their porosity and structural orientation. The under-
lying mechanisms that govern thermal conductivity were illus-
trated through phonon dispersion. The ability to achieve two
orders of magnitude variance in thermal conductivity by altering
porosity opens up exciting opportunities to tune the thermal trans-
port properties of 2D polymers for a diverse array of applications.

1. Introduction

Since the discovery of graphene, there has been interest in
synthesizing an organic analogue as a two-dimensional (2D)
polymer. 2D polymers are flat sheets composed of periodic
networks or repeating organic units, arranged in two orthog-
onal directions." They have the great potential to possess novel
physical properties that are inherited from z-conjugation,
ordered molecular crystals, and 2D confinement. While the
zero bandgap has limited the potential use of graphene as a
semiconductor in electronic devices, 2D polymers possess a
tunable bandgap. They are not limited to the pure sp> hybrid-
ization of graphene, which allows their electrical and optical
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properties to be tuned through alteration of the molecular
structure of their building units and the number of double
and triple bonds.> For example, 2D polymers have displayed
both semiconducting behavior and metallic conductivity.?
Because of this flexibility, 2D polymers have a wide array of
potential applications in molecular and organic electronics,
sensors, catalysis, molecular recognition, optoelectronic
devices, energy storage and conversion, and membrane
separation.* ® The thermal transport properties of 2D polymers
play an important role in these applications, yet, remain
largely unexplored.”

Dubbed porous graphene (DPG), which contains regular 2D
poly(p-phenylene) (PPP) networks with atomic scale pores, is a
graphene-like 2D polymer that has attracted special attention.
Experimentally, DPG has been successfully synthesized using
metal substrates as templates.®® Theoretical research has been
conducted to understand the structural and electronic pro-
perties of DPG.'*™* DPG is a semiconductor with a wide band
gap, which can be potentially applied to nanoelectronics.'?
Also, DPG showed high selectivity for H, permeability because
of its porous structure, providing a great opportunity for hydro-
gen purification and storage.'*'*

In this work, we carried out the first thermal conductivity
study of DPG using equilibrium molecular dynamics (EMD)
simulations. We compared the thermal conductivity of DPG
to graphene and DPG structures with different porosities, elu-
cidated the effects of porosity and structure orientation on
thermal conductivity, and supported our explanation by
detailed calculations of phonon dispersion. We also showed
the temperature dependence of thermal conductivity and
revealed the crystallinity change with porosity. Two high-
lights of our research are that (1) m-conjugation does not
necessarily lead to high thermal conductivity in 2D polymers
and (2) the thermal conductivity of DPG is highly tunable
over two orders of magnitude. Our results provide useful
insights into the fundamental mechanisms that govern the
thermal conductivity of 2D polymers, allowing the rational
design of 2D polymers to achieve desired thermal transport
properties.
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2. Simulation method

All 2D polymers were built in the BIOVIA Materials Studio,"?
and the unit cells'® of DPG are shown in Fig. 1. The area A in
the x-y plane of the supercell for all structures in this study
was kept at 92.4 A x 92.4 A, which is large enough to rule out
size effects. The length of the supercell in the z direction was
set to 40 A to avoid interaction between neighboring layers.
Periodic boundary conditions were applied in the x, y, and z
directions. We optimized all structures using Polymer Consistent
Force-Field (PCFF) within the Materials Studio. PCFF, a class II
potential that includes anharmonic bonding terms,"””'® is
intended for applications in polymers and organic materials.'® >’
EMD simulations®® were performed with the PCFF potential
using LAMMPS.>® EMD simulations do not involve a temperature
gradient, and thermal conductivity (k) is calculated by the auto-
correlation of instantaneous heat flux through the Green-Kubo
formula based on linear response theory.>*?

oo
M) = g |, (0 e+ ) 1)
where k is the thermal conductivity, V is the volume of the
simulated system, kg is the Boltzmann constant, T is the absol-
ute temperature, J is the heat flux, and z is the delay time. Ten
ensembles with different random initial velocities were simu-
lated for each structure at a given temperature, from which the
average k values were calculated. We chose 0.5 fs for the time
step and 10 A for the cutoff distance for the Lennard-Jones
interaction. We first relaxed the system in a canonical ensem-
ble (NVT) and a microcanonical ensemble (NVE), each for
500 ps. Heat flux data were then collected in an NVE ensemble
for another 500 ps. The thicknesses of 2D polymers were calcu-
lated by the maximum difference of atomic coordinates along
the z direction at the equilibrium state.

The spectral energy density (SED) method was used to cal-
culate phonon dispersion.?*”>° Atomic velocities were collected
using MD simulation for 100 ps. SED is defined by

®(q,0) = — Ziﬁjiu L explig - i — i t)dt2
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Fig. 1 The unit cells of 2D DPG: DGP-1, DGP-2, and DGP-3, where
orange represents carbon atoms and blue represents hydrogen
atoms. All the phenyl rings have the same size. The porosity of DPG
is varied by introducing additional same-size phenyl rings in one unit
cell.
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where q is the wave vector, w is the frequency, a represents
integration directions (x, y, z), 7 is the integration time, N is
the total number of unit cells in the simulated supercell, B is
the total number of atoms in a unit cell, m, is the mass of

atom b in the unit cell, #, ( ll] , t) is the a-th component of the vel-

ocity of atom b in cell /, and r; is the equilibrium position of cell L.

3. Results and discussion
3.1 Porosity-dependent thermal conductivity

We first obtained the thermal conductivity of DPG in zigzag
and armchair directions at 300 K as shown in Fig. 2. The poro-
sity of 2D polymers, P, is defined by

() e~ ()
v graphene 14 2D polymers

P= <N) X 100% (3)
4 graphene

where N and V are the total number of atoms and volume in
one unit cell, respectively. We found that thermal conductivity
of DPG-1 is not isotropic, while it is fairly isotropic for DPG-2
and DPG-3 due to their large porosity. Thermal conductivities
of DPG-1 in zigzag and armchair direction are 84.4 + 10.8
Wm ™ K" and 110.8 + 19.6 W m~" K™, respectively. Despite a
small porosity of 3.2%, the thermal conductivities are at least
one order of magnitude smaller than that of graphene with a
porosity of 0%. The much lower thermal conductivity of DPG-1
can be attributed to weak single C-C bonds between phenyl
rings and mass disorder originating from C and H atoms com-
pared to tightly packed carbon atoms and pure, strong
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Fig. 2 Thermal conductivity (k) in zigzag (blue squares) and armchair
(red circles) direction vs. porosity of DPG at 300 K. The solid black line
represents results from the EMD simulation. The dashed black and
orange triangles represent the calculated thermal conductivity trend
due to reduced volumetric heat capacity from increasing porosity based
on eqn (5).
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n-conjugated bonds in graphene. Moreover, the thermal conduc-
tivity of DPG-1 is larger in the armchair direction than that in
zigzag direction, which is opposite to the trend of graphene.*°

To further explain the underlying mechanism, we took a
closer look at the thermal conductivity equation of 2D
materials:

1 .,
k= Ecvvzr (4)

where £ is in-plane thermal conductivity; c, is volumetric heat
capacity; v is the average phonon group velocity; and 7 is the
phonon lifetime. Because our EMD simulation falls into the
classical limit, the total volumetric heat capacity can be given
by ¢, = 3kgN/V, where kg is the Boltzmann constant, N is the
number of atoms, and V is the volume. Since DPG-1 has
slightly larger porosity than graphene, the ¢, of DPG-1 is
slightly smaller than that for graphene. To evaluate the role of
phonon group velocity and phonon lifetime in thermal con-
ductivity, we calculated the phonon dispersion of graphene
and DPG-1 using the SED method as shown in Fig. 3a and b,
respectively. The phonon dispersion of graphene is in good
agreement with reported results.*"*> There are many more
phonon branches for DPG-1 due to the greater number of
atoms in the unit cell of DPG-1 compared to graphene. The
most striking feature of the dispersion is the suppression of
longitudinal acoustic (LA) and transverse acoustic (TA) modes.
Compared to graphene, whose acoustic modes reach as high
as 36 THz, the frequency of LA and TA modes of DPG-1 are
below approximately 10 THz. The considerably softer acoustic
modes give a much smaller phonon group velocity. Moreover,
the bandwidths of the phonon dispersion curves are related to
phonon lifetime. The larger the broadening of the SED peaks,
the shorter the phonon lifetime.>** Phonon dispersion of
DPG-1 is more broadening than graphene, indicating a smaller
phonon lifetime. Additionally, DPG-1 shows much lower
optical branches and stronger overlapping between optical and
acoustic modes, leading to strong acoustic-optical phonon
scattering and, thus, reduced phonon lifetime. In brief, the
lower phonon velocity and smaller phonon lifetime of DPG-1

(a) Graphene
60
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are essential to generating lower thermal conductivity than
graphene.

Despite the much lower thermal conductivity of DPG-1
compared to graphene, the thermal conductivity of DPG-1 is
considerably high due to n-conjugation, which is higher than
thermal conductivities of half of the pure metals.>® However,
as we increased the porosity of DPG, its thermal conductivity
decreases dramatically (Fig. 2). Assuming that the only cause
of the thermal conductivity reduction with increasing porosity
is from the reduced density and the corresponding volumetric
heat capacity, we can estimate the k of DPG-2 and DPG-3 by
the following equation

N N
kZDpolymers = kppg1 X (—) /(7) (5)
14 2D polymers 14 DPG-1

We expect a decreasing trend as shown by the dashed line in
Fig. 2. However, DPG-2 and DPG-3 have averaged k ((k, + k;)/2) of
8.8+ 07Wm "K' and 3.3 +04 W m ' K, respectively,
which are much smaller than estimated values. Therefore,
there must be other effects dominating the thermal conduc-
tivity reduction.

Further examination of the structures of DPG-1, DPG-2, and
DPG-3 unveils that there are two other major effects besides
density reduction: chain alignment and segmental rotation.
The structures of DPG are shown in Fig. 4. Phenyl rings of
DPG-1 form a weak zigzag along the x direction for heat con-
duction, while DPG-3 has a strong zigzag along the x direction
due to increasing spatial extension between the vertices result-
ing from high porosity (Fig. 4a). Similarly, the heat conduction
path along the y direction in DPG-1 is straighter compared to
that along the y direction in DPG-3. Intuitively, there should be
more impedance in phonon conduction when the conduction
paths are not straight and keep changing directions.
Therefore, the straighter path in DPG-1 is more favorable to
heat conduction. In addition, DPG-1 is totally flat due to its
densely packed structure, while the central phenyl rings
between two vertex rings in DPG-3 can rotate out of the plane
to form an energetically favorable geometry (Fig. 4b). We intro-

(b) DPG-1

Fig. 3 Phonon dispersion calculated by the SED method. (a) graphene; (b) DPG-1.
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Fig. 4 Schematics of DPG-1 and DPG-3 structures; (a) top view, green
denotes a single chain along the x direction. DPG-1 shows high align-
ment, while DPG-3 shows a zigzag shape. (b) Side view. DPG-1 shows a
totally flat structure, while DPG-3 has segmental rotations. (c) Rotation
factor of DPG as a function of porosity at 300 K.

duced a new rotation factor (RF) to quantify the rotation level
of a DPG in an x-y plane:

RF — & > o(z) (6)

where Z denotes z coordinates of all the atoms in a Cartesian
coordinate system, and o(Z) denotes its standard deviation,
i denotes the i™ snapshot from atomic position dump file
during an NVE ensemble, N is the total number of snapshots
from the dump file and N = 40 in this study. Note that this is
the first time RF has been used and the RF is applicable for all
2D structures in an x-y plane. The RF increases with the poro-
sity increases as shown in Fig. 4c. This rotational disorder not
only can introduce more scattering and reduce phonon life-
times but also can reduce bond strength because of the
reduced overlapping of the p-orbital of m-conjugated bonds
among the phenyl rings.

To further support these structural effects, we obtained the
phonon dispersion of DPG along the I' to M direction as
shown in Fig. 5. Phonon dispersion curves are significantly
broadened from DPG-1 to DPG-3, indicating decreasing
phonon lifetimes. In addition, the LA and TA branches are
further softened with increasing porosity, which represents
reduced group velocity. The estimation of average phonon
group velocities and average phonon mean free paths as well
as the plots of phonon group velocity and phonon mean free
path as a function of porosity and RF can be found in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Phonon dispersion of DPG-1, DPG-2, and DPG-3 in the I to M
direction calculated by the SED method.

ESL{ In brief, reduced volumetric heat capacity originating
from reduced density, decreased phonon lifetime, and lower
phonon velocity is essential to the unexpectedly fast decreas-
ing trend of thermal conductivity for DPG.

DPG can be viewed as 2D covalently bonded PPP. Single-
chain PPP was reported to have a thermal conductivity of ~50
W m™ K™ at 300 K,** and crystalline PPP (single-chain period-
ically repeating in 3D) gave a thermal conductivity of ~45
W m~' K™ at 300 K.** The relatively large thermal conductivity
was attributed to the rigid backbone of PPP suppressing seg-
mental rotation and, thus, phonon scattering due to overlap of
the p-orbitals in n-conjugated polymers.** Interestingly, DPG-1
shows 2 times higher thermal conductivity than single-chain
or crystalline PPP. The densely packed structure and low poro-
sity of DPG-1 lead to highly aligned chains and less segmental
rotation, which increase overlap of the p-orbitals to form
strong n-conjugated bonds. Moreover, DPG-1 has 2D covalent
bonds, while single-chain and crystalline PPP have covalent
bonding along one direction only. On the other hand, DPG-2
and DPG-3 give much lower thermal conductivity than single-
chain or crystalline PPP due to increased chain alignment dis-
order and higher segmental rotation. Our results demonstrate,
for the first time, that n-conjugated polymers can give high or
low thermal conductivity depending on their structural
orientation.

3.2 Temperature-dependent thermal conductivity

We calculated the temperature dependent thermal conduc-
tivity of DPG as shown in Fig. 6. The in-plane thermal conduc-
tivity is averaged between the zigzag and armchair directions.
Between 100 and 600 K, DPG-1 shows a clear T~ dependence
of thermal conductivity, which is a typical characteristic of
crystalline materials. This T~' dependence results from the
more frequent anharmonic Umklapp process and, hence,
decreased phonon lifetimes as temperature increases.
Interestingly, DPG-2 and DPG-3 show much weaker tempera-
ture dependence of (AT + B + C/T)"", which indicates a combi-
nation of crystalline and glassy phases.*®?” The change of

Nanoscale, 2018, 10, 13924-13929 | 13927
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Fig. 6 Kin-plane as a function of temperature T (K); (a) DPG-1, black line
denotes ~T! fitting. (b) DPG-2 and DPG-3, orange and red lines rep-
resent (AT + B + C/T)~* fitting; A, B and C are constants.

temperature-dependent thermal conductivity reveals a
decrease of crystallinity in DPG with an increase in porosity,
which reiterates the decreased chain alignment and the
increased segmental rotations.

4. Conclusion

We studied in-plane thermal conductivity of n-conjugated DPG
using the EMD method. We found that DPG gives at least one
order of magnitude lower thermal conductivity than graphene.
The thermal conductivity of DPG decreases with increasing
porosity, which is attributed to not only reduced heat capacity
resulting from lower density but also to decreased phonon life-
time and group velocity originating from increased chain dis-
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order and segmental rotation. Moreover, we demonstrated that
the thermal conductivity of low-porosity DPG is two times
higher than that of single-chain or crystalline rn-conjugated
PPP, while high-porosity DPG gives unexpectedly low thermal
conductivity. This highlights, for the first time, that even
n-conjugated 2D polymers can have very low thermal conduc-
tivity. DPG-1 shows T~' temperature-dependent thermal con-
ductivity at 100-600 K, indicating high crystallinity. DPG-2 and
DPG-3 show much weaker temperature dependence than
DPG-1, revealing the decrease in crystallinity of DPG. The
knowledge gained from this study can be applied to tune the
thermal conductivity of 2D polymers for various applications.
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