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Polymers are widely used but they suffer from an apparent bottleneck of inefficient thermal conduction.

Here, using non-equilibrium molecular dynamics, we demonstrate that hydrogen-bonded crystalline

polymer nanofibers may have thermal conductivities 1–2 orders of magnitude higher than that of

engineering polymers. Interchain hydrogen bonds serve as “soft grips” to restrict the torsional motion of

polymer chains, leading to enhanced thermal conductivities. The degree of enhancement can be tuned

by changing the density of hydrogen bonds, and the number of chains comprising the polymer

nanofiber/nanosheet. Further analysis of the dihedral distribution and the phonon dispersion curves

attribute such phenomena to the unique effects of hydrogen bonds in confining structural disorder and

facilitating phonon transport. The study suggests an important way to tune the thermal conductivity of

crystalline polymers.
1. Introduction

Polymers are key materials in many engineering technologies for
their low mass density, high corrosion resistance, excellent
manufacturability, and low costs.1 Despite the many advantages,
the material suffers from an apparent bottleneck. The thermal
conductivities of most bulk polymers are only 0.1–1 W K�1 m�1,2

making them inferior to metals and ceramics for applications
demanding efficient thermal management. In the meanwhile,
however, single polyethylene chains have been reported to be
highly conducting with a thermal conductivity of 350Wm�1 K�1.3

The drastic difference underscores the signicant inuences of
molecular structure on the thermal conductivities of polymers, in
which hydrogen bond may play a key role.

Fundamentally, the thermal conductivity of polymers is
governed by factors including chain morphology, alignment,
and the interchain atomistic interactions. For stand alone
polyethylene chains, nonstraight morphologies including
waviness and torsion negatively impact the along-chain thermal
conduction.4 When multiple chains form a nanober or a bulk
material, chain alignment becomes critical. An ultra-drawn
polyethylene nanober has demonstrated a high thermal
conductivity of 104 W K�1 m�1, mainly due to the enhanced
phonon transport in mechanically aligned polymer chains.5 In
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addition to chain alignment, the strength of the interchain
atomistic interaction also inuences thermal transport
profoundly.6 In general, thermal conductivity is reduced by
weak van der Waals (vdW) interactions, as evidenced in the
studies of carbon nanotube bundles,7 few-layer graphene,8,9 and
polyethylene nanobers.10

10–100 times stronger than the vdW interaction,11 the
hydrogen bonding in polymers can enhance existing thermal
pathways and/or create new ones to more efficiently conduct
heat. In a recent experimental work, two polymers, i.e. poly(N-
acryloyl piperidine) and poly(acrylic acid), were mixed to form
a blend in which the interchain hydrogen bonds exerted forces
to hold the polymer chains, improving both the interchain and
intra-chain heat transfer. Due to this effect, the thermal
conductivity of the blend was measured to be 1.5 W K�1 m�1, an
order of magnitude higher than that of the constituting poly-
mers, i.e. 0.19 and 0.22 W K�1 m�1.12 The experimental study is
consistent with our computational work on protein b-sheets.
Different from bundled carbon nanotubes and few-layer gra-
phene, b-sheets showed increased thermal conductivities when
formed by more constituting units (i.e. b-strands).13,14 The
unusual trend was attributed to the interchain hydrogen bonds,
which blueshi and broaden the low-frequency phonon bands
leading to enhanced thermal conduction. Similar effects have
also been demonstrated in a-helices, where hydrogen bonds
create new thermal pathways to enhance thermal diffusion.15

Inspired by these ndings, hydrogen bond engineering has
opened a new avenue to tune the thermal properties of poly-
mers. Nevertheless, a fundamental understanding of the effects
of hydrogen bond location, density, and orientation is still
lacking. In this work, we use crystalline nylon as a model
material to investigate the effects of hydrogen bond density on
RSC Adv., 2015, 5, 87981–87986 | 87981

http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra18519j&domain=pdf&date_stamp=2015-10-15
http://dx.doi.org/10.1039/c5ra18519j
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA005107


Fig. 1 (a) Illustration of hydrogen bonds in crystalline polymers. (b) Molecular structure of an extended polymer chain of nylon 4. Silver, blue, white,
and red spheres represent the carbon, nitrogen, hydrogen, and oxygen atoms, respectively. (c) Multiple such chains are interlocked by hydrogen
bonds to form a crystalline nanosheet. (d) Multiple such nanosheets stack to form a nylon crystal. Arrows in (b) and (c) indicate the directions of the
polymer chains defined from NH to CO. Chains with alternating directions indicate the anti-parallel arrangement leading to the a-form crystal. (e)
Computational model of a crystalline nylon nanofiber. Non-equilibriummolecular dynamics simulation is performed to induce a heat flux from the
heat source (red slab) to the heat sink (blue slab). (f) An example temperature profile (solid spheres) along the direction of heat flux (x-direction).
Temperature gradient is evaluated by linear regression of the linear portion (red line), which further leads to the thermal conductivity.
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the nanoscale thermal transport process. We choose nylon
because its amide groups (–NH–CO–) can facilitate the forma-
tion of hydrogen bonds between the neighboring chains
[Fig. 1(a)], leading to stable crystalline structures.16 The non-
equilibrium molecular dynamics study will allow us to reveal
how thermal conductivity is correlated with the density of
hydrogen bonds, and how phonon transport is facilitated by the
interchain hydrogen bonds. The results are expected to guide
a rational design of hydrogen-bonded crystalline polymers for
improved thermal conductivities.
2. Models and methods
2.1. Models

Previous studies have showed that interchain interactions are
critical to determining the thermal properties of polymers. In
crystalline nylon, hydrogen bonding dominates the interaction
within the polymer sheets, while vdW forces govern the interaction
between the sheets. To reveal the effects of both factors on the
thermal conduction process, we performed a systematic study
using nylon nanobers of different sizes, i.e. nylon–n–p–m–q,
where n is the number of carbon atoms in each repeat unit, p is the
number of repeat units per chain, m is the number of chains per
sheet, and q is the number of sheets in the nanober [Fig. 1(e)].
Fig. 1(b–d) illustrates the molecular structure of crystalline nylon.
87982 | RSC Adv., 2015, 5, 87981–87986
As a polyamide, nylon consists of numerous copies of [–NH–CO–
(CH2)n�1–], where n denotes the number of carbon atoms in each
repeat unit. Different numbers of n lead to different nylon mate-
rials. For example, n ¼ 4 gives nylon 4 which has the molecular
structure [–NH–CO–(CH2)3–] [Fig. 1(b)]. When many of such poly-
mer chains are bundled, the chains are interlocked by hydrogen
bonds to form crystalline sheets [Fig. 1(c)], whichmay further stack
to form crystals [Fig. 1(d)]. Here, we note that nylon chains are
directional (from NH to CO). Arranging the chains in the anti-
parallel and parallel patterns would lead to different forms of
the material (i.e. the a and g forms). This work is focused on the a-
form nylon because it is more stable and more conducting.13,14,17
2.2. Structural relaxation

The molecular structures of the nanobers were relaxed by
minimization with the conjugate gradient method, followed by
molecular dynamics equilibration of 5 ns at 300 K using the NVT
ensemble and the time step of 1 fs. All simulations were per-
formed using LAMMPS18 with the OPLSAA force eld.19 OPLSAA
has been shown by a previous comparative study to be the most
effective force eld in describing the hydrogen bonding energy
and in maintaining the stability of several hydrogen-bonded
molecular complexes.20 All force eld parameters used in our
simulations can be found in ESI,† Section 1. Particle–particle
particle–mesh method (PPPM) was adopted to account for the
This journal is © The Royal Society of Chemistry 2015
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long-range Coulomb's interactions. Periodic boundary condition
was applied along all the three directions. Large unit cell sizes
were assumed along the transverses directions to minimize the
articial interactions between the images of a molecular struc-
ture. Nose–Hoover thermostat was employed to maintain
temperature at specied values.
2.3. Non-equilibrium molecular dynamics

To apply the method,21 it is required that the system contains
two copies of the nanober to be analyzed, i.e. the original
structure and an image, both physically connected and
symmetric about their center along the direction of intended
heat ow (x-direction in this study). The entire system was then
divided into N slabs along the x-direction. A heat ux was
generated by continuously swapping the velocities of the “cold-
est” atoms (with the lowest kinetic energy) in the “heat source”
slab and the “hottest” atoms (with the highest kinetic energy) in
the “heat sink” slab. During this velocity-swap process, a virtual
elastic collision model22 was employed to ensure the conserva-
tion of both system energy and momentum equilibrium. By
adjusting the swapping frequency, the temperatures of the hot
and cold regions were controlled to be approximately 300� 15 K
in all cases. Due to the symmetric nature of the system, the
characteristic length, L, of the model equals to half the system
length. The simulations were performed using the NVE
ensemble. The time step was set to be 0.5 fs, small enough to
capture the dynamics of the hydrogen bonds. We note that, to
reach the equilibrium state where a stable temperature prole is
formed,models of different sizes would need different lengths of
simulations (10–30 ns). Only aer equilibrium can we calculate
the temperature in the slabs (based on the production run of 10–
30 ns) and calculate the thermal conductivity.
2.4. Calculation of thermal conductivity

Each non-equilibrium molecular dynamics simulation led to
a temperature prole similar to that shown in Fig. 1(f). The
temperature prole is nonlinear due to the perturbation caused
by the articial velocity swapping. An average was taken
between the temperature proles to the le and right of the heat
source. Line regression was then calculated to obtain the
temperature gradient. On the other hand, the induced heat ux
was evaluated by J ¼ DE/2tA, where t denotes the time interval
between two swaps, DE is the averaged kinetic energy trans-
ferred per swap, A is the cross-sectional area of the material, and
the coefficient “2” reects the two symmetric heat transport
paths from the hot slab to the cold slab. The value of A was
calculated based on the chain-averaged cross-sectional area in
the multilayer nanocrystals. Finally by Fourier's law, thermal

conductivity was calculated by k ¼ �J
�

dT
dx

, where
dT
dx

is the

temperature gradient along the x-direction.
2.5. Phonon dispersion curves

Phonon dispersion curves were calculated based on the nite
displacement method by using the PHONOPY23 and LAMMPS18
This journal is © The Royal Society of Chemistry 2015
packages. In the calculation, each unit cell comprised of two
repeat units along the chain direction to ensure geometric
periodicity. All atoms in the unit cell form a basis. There are 14
atoms in the basis of the single-chain nylon 2, and 28 atoms in
the basis of the double-chain nylon 2. In a supercell of 4 unit
cells, LAMMPS was used to calculate the pairwise force when
one atom was positively or negatively displaced by a small
distance along one of the three Cartesian coordinate directions.
The derived force values were used to calculate the force
constants which form the dynamic matrix. Finally, the phonon
dispersion relations were derived from the eigenvalues of the
dynamical matrix.

3. Results and discussion
3.1. Hydrogen bonding-enhanced thermal conductivity

Fig. 2(a) demonstrates that indeed, the interchain hydrogen
bonds facilitate thermal conduction in crystalline nylon nano-
sheets. We start from monolayer nanosheets because hydrogen
bonding dominates the interchain interaction which allows us
to pinpoint its effects on thermal transport. Four types of nylon
nanosheets were considered, i.e. nylon 2 (glycine), nylon 4,
nylon 8, and nylon 10. For each of them, the number of nylon
chains was varied from 2 to 3, 5, 7, and 9. All nanosheets were
made to have 20 repeat units along the chain direction. Due to
the different numbers of carbon atoms in the repeat units, the
nylon nanosheets have different lengths (see Table 1 for the
lengths of the polymer chains of different types). The thermal
conductivity of each nanosheet was then calculated and
normalized by that of a single polymer chain of the same type
and same length (see Table 1 for the thermal conductivities of
the polymer single chains). The normalized thermal conduc-
tivity provides a means to quantify the change of thermal
conductivity caused by hydrogen bonds. As shown in Fig. 2(a),
the thermal conductivities of all nylon nanosheets increase with
the number of chains. This echoes our previous study on
protein b-sheets, both showing positive contributions of
hydrogen bonds to the nanoscale thermal transport process.

Furthermore, it is discovered that the degree of enhance-
ment in thermal conductivity is controlled by the density of
hydrogen bonds. Fig. 2(b) plots the normalized thermal
conductivity as a function of the number density of hydrogen
bonds in the nanosheet. Five lines are shown, and they corre-
spond to the nanosheets of different widths (or different
numbers of chains, m). In each line, there are four data points
which correspond to the four types of nylon. The type of nylon
and the number of chains both determine the density of
hydrogen bonds in a nanosheet. Overall, we nd that the
normalized thermal conductivity (i.e. the degree of enhance-
ment) increases with the density of hydrogen bonds which,
again, demonstrate the positive contributions of hydrogen
bonds to heat transfer.

It is worth pointing out that the thermal conductivities
revealed by our simulations for crystalline nylon nanobers are
much higher than that reported for bulk nylon materials (typi-
cally 0.25 W m�1 K�1 (ref. 24)). The different thermal conduc-
tivities result from the different structures of these materials. In
RSC Adv., 2015, 5, 87981–87986 | 87983
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Table 1 Length and thermal conductivity of four fully extended nylon
chains. Each of them has 20 repeat units along the chain direction

Nylon 2 Nylon 4 Nylon 8 Nylon 10

Length (nm) 7.7 12.7 22.9 28
Thermal conductivity
(W K�1 m�1)

5.31 5.77 6.48 7.83

Fig. 2 (a) Normalized thermal conductivity of 20 nylon nanosheets
with different types and different widths (characterized by m). The
thermal conductivity of each nanosheet is normalized by that of
a nylon single chain (m ¼ 1) that has the same type. The normalized
thermal conductivity provides a means to quantify the change of
thermal conductivity caused by hydrogen bonds. (b) Normalized
thermal conductivity versus the number density of hydrogen bonds in
the nanosheet.
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bulk nylon, polymer chains are randomly oriented with weakly
coupled chains, and there are numerous impurities and
imperfections. All these factors lead to high phonon scattering,
short phonon mean free path, and hence low thermal conduc-
tivities. In the crystalline nylon nanobers, however, the polymer
chains are highly oriented and defects are reduced, all of which
contribute to the improved thermal conduction. Such high
thermal conductivities of polymer nanobers have been experi-
mentally demonstrated using nylon 11 nanobers with the
thermal conductivities measured to be about 1.6 W m�1 K�1.25

Our work presented in this paper provides a systematic funda-
mental understanding of why thermal conduction is improved
in the nylon polymer nanobers, and how hydrogen bonds
contribute to this improvement.
Fig. 3 (a) Phonon dispersion curves of nylon 2-2-1-1 (left) and nylon
2-2-2-1(right). x is the reduced wave vector defined to be qx/(p/ax),
where qx and ax are the wave vector component and the lattice
constant in the x direction, respectively. For nylon2-2-2-1, frequencies
higher than 55 THz are truncated for visual clarity. (b) Acoustic phonon
branches are compared between nylon2-2-1-1 (black), nylon2-2-2-1
(blue), and nylon2-2-3-1 (red). LA, TA, and ZA refer to the longitudinal,
transverse, and out-of-plane acoustic phonon branches, respectively.
The slope of these phonon dispersion curves indicates the group
velocity. Inset of (b) shows the definition of the average group velocity,
i.e. the slope of a line connecting the origin (G) and the point X (the
intersection between the phonon branch and the line with x ¼ 1).
3.2. Hydrogen bonding increases phonon group velocity

To reveal the phonon physics, dispersion curves were generated
for selected crystalline nylon 2 nanosheets using the nite
displacement method. Fig. 3(a) plots the phonon dispersion
curves of a single-chain and a double-chain nylon 2 nanosheets.
It is readily seen that, phonons at low frequencies are
predominantly excited by the Boltzmann distribution; andmost
optical phonon branches, especially those with higher
frequencies, have a group velocity of zero. Therefore, it is
conrmed that heat is mainly transferred by acoustic phonons.
To further understand the effects of hydrogen bonds, Fig. 3(b)
plots the three acoustic phonon branches for the single-,
double-, and triple-chain nanosheets, respectively. The slope of
87984 | RSC Adv., 2015, 5, 87981–87986
each phonon branch indicates the group velocity at a specic x.
The slope of a line connecting G and X in Fig. 3(b) denes the
average group velocity.

From the single chain to the hydrogen-bonded triple-chain
nanosheet, acoustic phonons of all polarization branches
demonstrate a blueshi owing to the increasing hydrogen
bonds. The blueshi in frequency is directly linked with the
increase of group velocities. Specically, hydrogen bonds
increase the group velocity of longitudinal acoustic (LA)
phonons when x falls in the range of 0.23–0.38; for out-of-plane
acoustic (ZA) and transverse acoustic (TA) phonons, however,
hydrogen bonds increase the group velocity almost throughout
the entire rst Brillouin zone. Therefore, the connement of
chains in a hydrogen bonded environment can, either partially
or entirely, increase the group velocities of acoustic phonons in
all polarization branches. This partially explains the enhanced
thermal conductivities of the hydrogen-bonded crystalline
polymers. By phonon Boltzmann transport equation,26 the
thermal conductivity of a one-dimensional system kx ¼ CvvxL,
where Cv is the heat capacity, vx is the representative group
velocity of phonons, and L is the phonon mean free path.
Higher average group velocity in hydrogen-bonded polymers
contributes to enhancing the thermal conductivities.
3.3. Hydrogen bonding improves inter-chain lattice ordering

In addition to increasing phonon transport velocity, hydrogen
bonds also improve structural ordering which reduces phonon
scattering. The importance of structural ordering to efficient
thermal conduction has been demonstrated in many previous
studies.4,27 For polymers (even for those with well aligned
chains), there is an important factor that can cause structural
disorder and thereby obstruct thermal conduction – torsion of
the chains. In a recent computational study of polyethylene
nanobers,4 Zhang et al. tuned the torsion of chains by
This journal is © The Royal Society of Chemistry 2015
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adjusting the dihedral parameters in the force eld; the poly-
mers with restricted torsional motion were found to have higher
thermal conductivities. Using the same approach, similar
conclusions have been reached for crystalline nylon polymers
(see ESI, Fig. S1†). It is hypothesized that, in hydrogen-bonded
polymer nanobers, the interchain hydrogen bonds can conne
torsional motion, thereby improving thermal conductivity.

To demonstrate the critical role of hydrogen bonds in
improving structural ordering, we statistically analyzed the
dihedral distribution in the single-chain, double-chain, and
triple-chain nylon 2 nanosheets. Dihedral A–B–C–D is dened
by four successively chemical bonded atoms A, B, C, and D; and
it describes the torsional angle between the A–B–C plane and
B–C–D plane about the axis connecting B and C. There are 12
types of dihedrals in nylon 2. Fig. 4(a) plots the angle distri-
bution of all dihedrals for each of the three nanosheets,
respectively. There are seven peaks identied, centered about
�180�, �122.7�, �57.8�, and 0�. The dihedrals centered about
�180� are C–N–CT–C, CT–N–C–CT, N–C–CT–N, and H–N–C–O
which mainly represent the torsion of the main chain; the
dihedrals centered about �122.7� are H–N–CT–HC and O–C–
CT–HC which describe the torsion involving hydrogen bond
donors (H) and acceptors (O) with respect to HC; the dihedrals
centered about �57.8� are C–N–CT–HC and N–C–CT–HC; the
dihedrals centered about 0� are H–N–CT–C, H–N–C–CT, O–C–
CT–N, and CT–N–C–O which also characterize the torsion
involving hydrogen bond donors and acceptors about the main
chain. The angle distribution of each of these dihedrals can be
found in ESI, Fig. S2.†
Fig. 4 (a) Normalized distribution of all dihedrals in the nylon2-20-m-
1 nanosheets where m is 1, 2, and 3, respectively. (b) The H–N–CT–C
dihedral. (c) Themean of all H–N–CT–C dihedrals versus time. Dashed
lines show the average, upper bound, and lower bound of the dihe-
drals. Inset defines the H–N–CT–C dihedral as the torsional angle
between the H–N–CT plane and the N–CT–C plane. (d) The standard
deviation of all H–N–CT–C dihedrals versus time. Dashed lines show
the average.

This journal is © The Royal Society of Chemistry 2015
Comparing the dihedral distributions, we nd that the
hydrogen-bonded triple-chain nanosheet has the highest and
sharpest peaks among the three nylon 2 nanosheets under
investigation. In other words, the dihedrals in the triple-chain
nanosheet are less deviated from their equilibrium values,
leading to less twisted and more ordered chains. In such crys-
talline polymers, the hydrogen bond donors and acceptors have
higher probabilities to reside on the same plane of the main
chain atoms; and the rotation of all side atoms about the main
chain is strongly restricted. All these factors contribute to an
improved interchain lattice order of the polymers, leading to
enhanced thermal conductivities.

More statistical analysis was performed to further demon-
strate the variation of the various dihedrals over time. At each
time step, all dihedral angles of the same type were averaged to
give a mean value; and the standard deviation (SD) was evalu-
ated as well to quantify the uctuation. Both the mean and the
standard deviation are shown in Fig. 4(c–d) as functions of time
for the H–N–CT–C dihedral [Fig. 4(b)]. The data of other 11
dihedrals can be found in the ESI, Fig. S3–S4.† Apparently, all
history curves in Fig. 4(c) uctuate about 0� which is the equi-
librium angle of the H–N–CT–C dihedral. Due to the hydrogen
bonds that restrict torsion, the triple-chain nylon 2 nanosheet
demonstrates the most stable H–N–CT–C dihedral (with the
least deviation from 0�). All these results, again, demonstrate
the positive effects of hydrogen bonds in maintaining highly
ordered crystalline polymers for efficient thermal conduction.
3.4. Coupled effects of inter-sheet vdW interaction and intra-
sheet hydrogen bonding

The above analysis is focused on polymer nanosheets to reveal
the critical contributions of hydrogen bonds to the nanoscale
thermal transport. As many of such nanosheets stack to form
nanobers, the vdW interaction takes effect and dominates the
interchain interactions between the nanosheets. While
hydrogen bonding has been shown to facilitate thermal
conduction in crystalline polymer nanosheets, the vdW inter-
action is known to be a factor obstructing thermal conduction
in many other materials.8,28,29 As both of them compete in the
crystalline nanobers, which one will win? To answer this
question, we computed the thermal conductivities of four nylon
2 nanobers, i.e. nylon2-20-m-m with m varied from 2 to 3, 5,
and 7, and the results are shown in Fig. 5(a). As the nanober
grows in both transverse directions, the thermal conductivity
keeps increasing with a tendency to converge. The main
contributor to the increased thermal conductivity is, again, the
intra-sheet hydrogen bonds. Comparing the dihedral distribu-
tions of the single chain and the 2 � 2 nanober in Fig. 5(b), we
nd that the 2 � 2 nanober has sharper peaks implying more
ordered structure.

It is worthwhile to further compare Fig. 5(a) with Fig. 2(a). The
former shows the variation of thermal conductivity from 1D to
3D, while the latter shows the variation of thermal conductivity
from 1D to 2D. Structurally, in the 2D sheets, the polymer chains
are bundled by hydrogen bonds; in the 3D bers, the sheets stack
as facilitated by the inter-sheet vdW interaction. In general, it is
RSC Adv., 2015, 5, 87981–87986 | 87985

http://dx.doi.org/10.1039/c5ra18519j


Fig. 5 (a) Thermal conductivity of multilayer nylon 2 nanofibers,
nylon2-20-m-m, where m is 1, 2, 3, 5, and 7. Here, thermal conduc-
tivity is plotted against the number of chains to show the dependence
of thermal conductivity on the cross-sectional area of the polymer
nanofibers. (b) Normalized dihedral distribution of the nylon2-20-2-2
nanofiber and the nylon2-20-1-1 single chain.
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found that the inter-sheet vdW interaction in the 3D nanobers
adversely affects the improvement caused by the intra-sheet
hydrogen bonds. However, due to the prominent effects of
hydrogen bonds, the thermal conductivity still increases as the
nylon nanobers grow in transverse directions. This trend is
opposite to that previously shown for the polyethylene nano-
bers; due to the nonexistence of hydrogen bonds in poly-
ethylene, the thermal conductivity of the polyethylene nanobers
was shown to decrease from 1D to 2D and from 2D to 3D.10

4. Conclusions

In summary, we have demonstrated that the interchain
hydrogen bonds in crystalline polymers serve as “so grips” to
restrict the torsional motion of polymer chains, leading to
enhanced thermal conductivities. Higher thermal conductivi-
ties can be achieved by increasing the density of hydrogen
bonds, or by increasing the number of chains comprising the
polymer nanobers/nanosheets. This is opposite to the effects
of the vdW interaction. Many previous studies have shown that
the vdW interaction obstructs heat transfer in carbon nano-
structures; as a bundled/layered structure comprises of more
and more carbon nanotubes or graphene layers, thermal
conductivity decreases.8,28 The unique contribution of hydrogen
bonding to heat transfer is linked with its profound effects on
the structural ordering and phonon transport. Suggested by the
analysis of the dihedral distribution and phonon dispersion,
the hydrogen bonds in crystalline polymers restrict torsion,
blueshi acoustic phonon branches, and increase the averages
group velocities of phonons. Such effects of hydrogen bonds
can be applied to rationally design crystalline polymers for
improved thermal conductivities.
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