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ABSTRACT 

Block copolymers have a wide range of applications, such as battery electrolytes and nanoscale 

pattern generation. Thermal conductivity is a critical parameter in many of these applications 

(e.g., batteries), which is strongly related to the molecular conformation. In this work, the 

thermal transport in a representative diblock copolymer, polyethylene (PE)-polypropylene (PP), 

at different PE to PP block ratios are studied using molecular dynamics (MD) simulations. Our 

results show that the thermal conductivity of the PE-PP diblock copolymer can be tuned 

continuously by the block ratio, and it is strongly related to the molecular conformation, 

characterized by the radius of gyration (Rg). It is found that increasing the PP portion results in 

an overall decreasing trend in thermal conductivity since the PP block has a more flexible 

backbone, which leads to a smaller spatial extension of the whole PE-PP copolymer molecule. 

Thermal conductivity decompositions show that the bonding contribution is dominant in both the 

PE and PP portions of the block copolymer.  The findings from this study can help understand 

thermal transport in general block copolymers. 
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1. Introduction 

Block copolymers are widely studied in academic research and used in industrial applications, 

such as electrolytes in batteries1-4 and nanoscale patterns for lithography.5-12 For example, ion 

conductivity of the polymer is one of the most critical parameters for application in batteries. The 

copolymer chain conformation is found to be responsible for the increase in ion conductivity. A 

recent report shows that the ion conductivity of block copolymer membranes depends on the 

nanoscale morphology and the macroscopic connectivity conformation of copolymer chains.2 

Thermal conductivity of the polymer is an important parameter that is related to battery safety, 

which is also strongly related to chain conformation.13-15  

 

The exploration of high thermal conductivity polymers has started a few decades ago. However, 

the thermal conductivities of amorphous polymers are mostly in the range of 0.1-0.5 W/mK.27 

Polymer chain alignment is one way of enhancing the thermal conductivity.28-31 It is found that 

chain oriented polythiophene (PT) have a thermal conductivity as high as 4.4 W/mK, which is 20 

times higher than that of the bulk PT.18 Another method that can increase the polymer thermal 

conductivity is blending different polymers.14, 32 In 2014, Kim et. al. reported that a poly(N-

acryloyl piperidine) (PAP) and poly(acrylic acid) (PAA) amorphous blend thin film has a 

thermal conductivity as high as ~ 1.5 W/mK, due to the special chain conformation achieved 

from such blending.32 Will block copolymers, which also display tunable microscopic 

conformations, enable high thermal conductivity?  

 

Molecular dynamics (MD) simulation has been a powerful tool to study the thermal transport in 

polymers.13, 33-35 A recent MD study shows that the hydroxyl groups (-OH) on alcohols can both 

Page 3 of 20 Physical Chemistry Chemical Physics



 4

function as heat paths via coulombic interaction and create new heat paths via van der Waals 

(vdW) interaction.36 Another recent MD study shows that increasing the side chain length on the 

bottlebrush polymers can decrease the thermal conductivity because energy scattering by the side 

chain increases.15 Previously, our studies also show that the thermal conductivity of amorphous 

polymers is strongly related to the polymer conformation, such as the spatial extension of the 

polymer chains as characterized by radius of gyration (Rg) and persistence length (Lp).
13, 14 It is 

found that increasing the dihedral angle energy constant (chain stiffness) can increase Rg, which 

in turn increase the thermal conductivity.13, 37 Meanwhile, increasing the inter-chain vdW 

interaction in polymer blends can also increase the Rg of the bulk polymer, which improves the 

thermal conductivity.13, 14 For a diblock copolymer A-B, the molecule chain can be made of 

block A with a soft backbone and block B with a stiff backbone. The overall chain stiffness may 

be tuned by the block ratio, which may eventually change the copolymer conformation and thus 

thermal conductivity. 

 

In this study, we use MD simulations to study the thermal conductivity of the most representative 

polyethylene (PE)-polypropylene (PP) diblock copolymers at different block ratios. The 

backbone of the PE block is comparatively stiffer than that of PP. By tuning the block ratio while 

keeping the total molecular length unchanged, the spatial extension of the block polymer is 

adjusted. The relationship between thermal conductivity and the block ratio is studied, which is 

further related to the polymer chain conformation (Rg). We have also decomposed the Rg and the 

heat flux into the PE and PP contributions to explore the mechanism of thermal transport in PP-

PE diblock copolymers.  
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2. Simulation Model and Methods 

All the MD simulations in this study are carried out using the Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS). 38 Single chain PE-PP diblock copolymer models with 

100 monomers on each chain are built by Moltemplate.39, 40 Previous studies show that 50 

monomers on each chain is sufficient to obtain converged thermal conductivity in the amorphous 

PE structure.13, 14 The PP content in the PE-PP diblock copolymer is changed by replacing a 

portion of PE monomers with PP monomers (Fig. 1a-e). For example, when the PE-PP diblock 

copolymer has a PP content of 50%, it means 50 of the total 100 monomers are PP and the rest 

50 monomers are PE. The Optimized Potential for Liquid Simulations of United Atom (OPLS-

UA) is applied to simulate the interaction of the CH3, CH2, and CH groups in the system. 41 The 

OPLS-UA force field has been successfully used to model the thermal transport in amorphous 

PE systems, because the H atoms are at high vibrational frequencies (> 600 cm-1) and have 

negligible contribution to thermal transport.13, 14 The force field parameters are listed in the 

supplementary information (SI) section 1.41 The thermal conductivity of the diblock copolymer 

is calculated as the following: The copolymer single chain is relaxed in the NPT ensemble (1 atm, 

300 K), then it is duplicated to 400 molecules for simulating a bulk copolymer. The simulation 

box with 400 copolymer chains is relaxed in the NVT (600 K) and NPT (1 atm, 600 K) 

ensembles sequentially, until the molecule conformation (Rg) reaches the steady state. In SI 

section 2, we show an example of the copolymer structure relaxation process in the NPT 

ensemble (1 atm, 600 K). After the system is at equilibrium, the NVT ensemble (2 ns) is applied 

to further relax the structure at 600 K. Finally, the NVE ensemble is used with Langevin 

thermostats, which apply a temperature gradient across the simulation domain, to calculated the 

thermal conductivity by the non-equilibrium MD (NEMD) simulation method (Fig. 1).  
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The bulk block copolymer model has 400 chains in the cubic simulation box (length ~15 nm). 

Our results show that 400 chains are sufficient to eliminate the size effect of the calculated 

thermal conductivity of a bulk block copolymer (SI section 3, Fig. S4). The amorphous bulk 

copolymer structure is shown in Fig. 1f. The Langevin thermostat is applied to establish the heat 

source in the middle (orange box) and heat sink at the two ends (two blue boxes) (Fig. 1f). The 

energy input and output are recorded at both the heat source and the heat sink, which indicate 

that the system reaches the steady state (Fig. 1g). At the steady state, the slope of the energy 

input (or output) divided by the cross-sectional area yields the heat flux (J). The temperature 

profile of the copolymer structure at the steady state is shown in Fig. 1h. The temperature 

gradient (dT/dx) can be calculated by a linear fit of temperature profile (Fig. 1h, the red line). 

The thermal conductivity of the copolymer is calculated by the Fourier’s law (� =
��

��/��
). 

 

In order to have a better understanding of the thermal transport mechanism inside block 

copolymers, the decomposition method is used.13, 14, 42-44 The total heat flux can be attributed to 

the contributions from bonding and non-bonding interactions (Eq. 1).  

	
�
� = 	������� + 	�����������                                           (1) 

The bonding interaction is the sum of the bond, angle and dihedral interactions (Eq. 2). The non-

bonding interaction is the sum of the vdW and Coulombic interactions.  

	������� = 	���� + 	���� + 	�������                                    (2) 

Knowing the heat flux contributions from bonding and non-bonding interactions, the thermal 

conductivity can be decomposed as the following: 

�������� = �
�
� ∗
��������

����� 
                                                    (3) 

Page 6 of 20Physical Chemistry Chemical Physics



 7

������������ = �
�
� ∗
����!�������

����� 
                                      (4) 

 

3. Results and Discussions 

3.1 The Block Ratio Effect on Thermal Conductivity 

The thermal conductivity of amorphous diblock PE-PP copolymer is found to depend on the PP 

block ratio. At 600 K, the pure PE has a thermal conductivity of ~ 0.14 W/m.K, and that of the 

pure PP is ~ 0.07 W/m.K (Fig. 2). When the PP block ratio increases the thermal conductivity 

decreases monotonically (Fig. 2). We note that the temperature is 600 K, since the amorphous 

structure of the copolymer can be more quickly equilibrated at high temperature. At room 

temperature (300 K), our model calculated thermal conductivity values of PE and PP are 0.24 

and 0.12 W/m.K, respectively, which are similar to the published simulation and experimental 

data (PE 0.21-0.33 W/m.K, PP 0.1-0.22 W/m.K).13, 27 Interestingly, when the PP content is below 

10%, the PE-PP diblock copolymer has a thermal conductivity close to that of the pure PE. There 

appears to be a resistance in changing thermal conductivity when the PP block ratio increases 

initially (Fig. 2). A study shows that in graphyne heterojunctions the thermal conductivity 

decrease is related to the decrease in vibration density of states. 45 However, PE and PP have a 

similar chemical structure and the same backbone. We believe that the vibration density of states 

for PE-PP copolymers are similar at different PP block ratios. Previous studies show that in 

amorphous polymers the thermal conductivity is strongly related to the polymer chain 

conformation, such as Rg.
13, 14 In the following sections we will discuss how the block ratio can 

affect the block copolymer chain conformation and how this leads to the change in thermal 

conductivity. 
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3.2 The Conformation and Thermal Conductivity Relation in PE-PP Block Copolymers 

The thermal conductivity and the polymer conformation can have a one-to-one 

relationship.13,14,46 Figure 3a shows that the average molecular Rg of the PE-PP diblock 

copolymer decreases when the PP content increases. The relationship between the thermal 

conductivity and the Rg of the copolymer is plotted in Fig. 3b. It is generally conclusive that the 

thermal conductivity of amorphous block copolymers increases when the Rg increases (Fig. 3b). 

The reason is that the copolymer chain is more spatially extended when the Rg is large. The 

extended chain can make heat transfer more efficient, because the energy transfer along the chain 

is much more efficient than that between chains.13, 14 In the next section we will discuss how the 

PE and PP portions can affect the conformation of the block copolymer chain and the 

corresponding thermal conductivity. 

 

3.3 The Decomposition of Rg and Thermal Conductivity into PE and PP Contributions 

The Rg of the PP portion and the PE portion are calculated separately for each PE-PP diblock 

copolymer molecule and then averaged over the 400 chains in the system (Fig. 4a). In general, as 

the PP content increases, the Rg of the PE portion decreases monotonically and that of the PP 

portion increases monotonically. At the PP content of 50%, the Rg of the PE portion is ~ 2.5 Å 

larger than that of the PP portion (Fig. 4a). This is because the backbone of the PP portion is 

softer than the PE portion, and thus with the same number of monomers the PE portion is more 

extended. For freely joined chains, Rg is known to be proportional to √# (N is the number of 

monomers).47 We use √# to fit the Rg of PE and PP portions in the PE-PP diblock copolymer 

(Fig. 4a, blue-PE and red-PP lines), and both fit very well, which indicates that the PE and PP 

portions are very independent in conformation in the block copolymers.  
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For a block copolymer, the thermal energy transport can go through both the PE and PP portions. 

In the MD simulation, the heat flux can be decomposed into energy transport through the PE and 

PP portions (SI section 4).13, 14, 33, 44, 48 Figure 4b shows the overall thermal conductivity and its 

decomposition into the PE and PP portions (PE-k and PP-k). The trends correlate very well with 

those observed in Rg. When the PP content increases, the thermal conductivity contributed by the 

PE portion decreases monotonically while that from the PP portion increases monotonically.  

 

3.4 The Decomposition of Thermal Conductivity into Bonding and Non-Bonding 

Contributions 

In polymers, the thermal energy can transport along the molecular chain by bonding interactions 

and between different molecules by non-bonding interactions. Figure 5a shows the thermal 

conductivity decomposition of bonding and non-bonding interactions for the PE-PP diblock 

copolymers. For the PE portion, the bonding contribution is dominant (Fig. 5a, solid green 

triangle), which decreases dramatically with the increase of the PP content. For the PP portion 

(Fig. 5a, brown diamond), the bonding contribution is similar to that from the non-bonding 

interactions, both of which change slowly with the increase of the PP content. The non-bonding 

contribution of the PP portion is larger than that of the PE portion when the PP content is at 50%. 

This is because the PP monomer has more particles than the PE monomer, and thus there are 

more pairs of atoms interacting with the non-bonding interactions. Even though non-bonding 

interaction (vdW) is stronger at high PP content, since its contribution to thermal conductivity is 

small, the total thermal conductivity is still not high.  
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Thermal transport along the polymer chain is strongly related to the molecular conformation (Rg). 

The relationship between the decomposed thermal conductivity and the Rg of the corresponding 

PE (or PP) portion is important to exploring the thermal transport mechanism (Fig. 5b). For the 

PE portion, the bonding contribution is strongly related to the Rg (Fig. 5b, blue line), when the Rg 

is higher than ~ 18 Å (Fig. 5b, black dash line). For the PP portion, the Rg is playing a less 

important role in the bonding contribution (Fig. 5b, red line). Figure 5b also shows that the non-

bonding contribution is less important for both the PE and PP portion when the Rg increases, and 

that when the Rg is the same the non-bonding contribution from the PP portion is larger than that 

from the PE portion. 

 

4. Conclusions 

In this study, we use MD simulations to calculate the thermal conductivity of amorphous PE-PP 

diblock copolymers. Our results show that the thermal conductivity of the PE-PP diblock 

copolymer can be tuned by the PP block ratio. The thermal conductivity of block copolymers is 

found strongly related to the molecular conformation (Rg). The √# fitting of the Rg for both the 

PE and PP portions shows that the PE and PP portions are very independent in conformation in 

the block copolymer. Thermal conductivity decomposition shows that the PE-k contribution 

decrease dramatically and the PP-k contribution increase slightly when the PP content increases. 

we also find that the bonding contribution is dominant in both the PE and PP portions. The non-

bonding interaction is stronger at high PP content, but its contribution to thermal conductivity is 

small, therefore the total thermal conductivity at the high PP content is not high.  
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Figure 1. Structures of a single copolymer chain for (a) pure PE with 200 carbons (100 monomers), 

(b) PE-PP diblock copolymer with 20% PP content, (c) PE-PP diblock copolymer with 50% PP 

content, (d) PE-PP diblock copolymer with 80% PP content, and (e) pure PP with 300 carbons 

(100 monomers) on the chain. (f) The simulation domain with 400 block copolymer chains in the 

amorphous state and the NEMD thermostat setup on the simulation box. (g) The cumulative energy 

input and output in the thermostated regions from the NEMD simulation. (h) Steady state 

temperature profile from the NEMD simulation.  
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Figure 2. The relationship between the thermal conductivity the PP block ratio at 600 K. 
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Figure 3. (a) The Rg of block copolymer as a function of the PP block ratio at 600 K. (b) The 

relationship of the thermal conductivity and the corresponding Rg. 
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Figure 4. (a) The Rg of the PP portion (orange diamond PP-Rg) and the PE portion (green triangle 

PE-Rg) as a function of the PP block ratio. (b) The thermal conductivity contributions from the PP 

portion (orange diamond PP-k) and the PE portion (green triangle PE-k) as a function of the PP 

block ratio. 
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Figure 5. (a) Thermal conductivity contributions from the bonding (closed green triangle) and 

non-bonding (open green triangle) interactions of the PE portion and the bonding (closed orange 

diamond) and non-bonding (open orange diamond) interactions of the PP portion. (b) The 

relationship between the decomposed thermal conductivity and the corresponding Rg of the PE and 

PP portions. 
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