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Abstract 

The self-assembly behavior of polymer on the surface of polymer-inorganic composite films provides 
great opportunities for the design of functional composite materials. However, it is challenging to 
study the formation mechanism of this phenomenon at the molecular level. In this work, we elucidate 
the mechanism of polymer self-assembly on the composite films’ surface via molecular dynamics 
simulation (MDS). Experimental results show that the self-assembly behavior of polymer depends 
strongly on the interaction energy between polymer and water molecules during solution 
evaporation. In addition, we also demonstrate experimentally that polymers self-assembled on the 
surface of composite films affect their electrical conductivity, and reveal it may be a universal 
phenomenon of polymer self-assembly on the surface of polymer-inorganic composites, using a series 
of polymer-inorganic composite films prepared by solution casting. This study offers valuable ideas 
for designing and preparing multifunctional composites such as thermal interface materials (TIMs), 
electronic skins, and flexible wearable materials. 

Keywords: self-assembly behavior; polymer; polymer-inorganic composite films; molecular 
dynamics simulation (MDS) 
 

1. Introduction 

Polymer-inorganic composite films can be fabricated via a variety of methods, such as the sol-
gel method [1], melt blending [2], in-situ polymerization [3,4], and solution casting [5]. Solution 
casting has been widely used because of its simple operation and low cost [6,7]. For example, Chen 
et al. [8] prepared PPA@GNPs/PVA composite film by solution casting, using graphene nanoplates 
(GNPs) as a thermally conductive filler, and the resulting PPA@GNPs/PVA composite film achieved 
high in-plane thermal conductivity of 82.4 W·m-1·K-1. Wang et al. [9] reported a self-healing, highly 
stretchable, and conductive polymer composite by solution casting, which is suitable for electronic 
skin applications. Polymer-inorganic composites obtained by solution casting are usually considered 
to be homogeneous, this is, the inorganic fillers are equally distributed in all parts of the polymer 
matrix from inside to outside. Few studies have focused on what happens to the upper and lower 
surfaces of the polymer-inorganic composites. 

We previously prepared a thermally conductive yet electrically insulating Polyvinyl 
alcohol/reduced graphene oxide (PVA/rGO) composite film by solution casting [10]. Surprisingly, the 
composite film was not uniform, and its good electrical insulation performance was due to the pure 
PVA self-assembled on the upper and lower surfaces of the composite film. It is known that the 
surfaces of polymer-based composites are coated by pure polymer at low filler content. However, it 
is challenging to reveal the formation mechanism of polymer self-assembly on the surfaces of 
polymer-based composites at high filler loading. 
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In this work, we prepared PVA/rGO and alcohol-soluble nylon/rGO (ES/rGO) composite films 
with high filler contains by solution casting, and revealed pure polymer (PVA/ES) accumulated on 
the surface of composite films produce their good electrical insulation performance at high rGO 
content. Subsequently, molecular dynamics simulation was used to elucidate the formation 
mechanism of the phenomenon in two steps. First, we computed the interaction energies ΔE of PVA 
with PVA, H2O, and rGO, and of rGO with itself, in the PVA/rGO composite film system; this allows 
us to judge the motion trend of each component. Next, we observed the self-assembly behavior of the 
polymer on the composite surface at the molecular level. In addition, a series of polymer-inorganic 
composite systems were also prepared by solution casting, varying polymer matrices, solvents, and 
fillers. After plasma etching, changes in the surface morphology of these samples indicated it may be 
a universal phenomenon of polymer self-assembled on the surface of composites. This study can 
provide valuable references for the design and preparation of multifunctional composites. 

2. Experimental 

2.1. Materials 

Waterborne polyurethane (WPU) (pH = 6-9) was purchased from the Anhui Anda Huatai New 
Materials Co., Ltd., Anhui, China. Multiwalled carbon nanotubes (MWCNTs) (diameters: 10-20 nm, 
purity > 98%) were provided by Chengdu Organic Chemistry Co. Ltd., Chinese Academy of Sciences, 
Chengdu, China. Polyvinyl alcohol (PVA, Mw ≈ 1750) with an alcoholysis degree of 88% was 
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China. Graphene oxide (GO) 
dispersion solution (Solid content: 1.0%) was purchased from the Sixth Element (Changzhou) 
Materials Technology Co., Ltd., China. N, N-Dimethylformamide (DMF), glycerol, ascorbic acid, and 
glacial acetic acid were provided by Sinopharm Chemical Reagent Co., Ltd., China. Alcohol-soluble 
nylon (ES) was purchased from the Shanghai Zhenwei Composites Co., Ltd., Shanghai, China. Al2O3 
was provided by Xiya Chemical Technology Co. Ltd., Shandong, China. Thermoplastic polyurethane 
(TPU) was provided by BASF Polyurethanes GmbH, Germany.Research manuscripts reporting large 
datasets that are deposited in a publicly available database should specify where the data have been 
deposited and provide the relevant accession numbers. If the accession numbers have not yet been 
obtained at the time of submission, please state that they will be provided during review. They must 
be provided prior to publication. 

2.2. Preparation of Composite Films 

We prepared the polymer-inorganic composite films by solution casting according to the 
previous study [10]; the water-based polymer PVA and the alcohol-soluble nylon (ES) were chosen 
to prepare polymer/rGO composite films by solution casting, the process is shown in Figure 1. The 
inorganic filler and polymer matrix were first dissolved in their corresponding solvents; the two 
solutions were then mixed. The mixed solution was scraped onto a flat plate and dried at 40 ℃ for 5 
h, then at 60 ℃ for 12 h, to yield the polymer-inorganic composite film. 
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Figure 1. The preparation process of the polymer-inorganic composite films. 

2.3. Preparation of Composite Films 

A plasma etching machine was used to etch the surface of composite films. The surface micro-
morphologies of the composite films both before and after etching were observed by field emission 
scanning electron microscopy (FE-SEM, with an S-4800 (II) microscope from Japan). All SEM images 
were taken with low acceleration voltage (e.g., 3 kV) and high current (e.g., 10 µA). Transmission 
electron microscopy (TEM, performed with a JEOL-2100F at 100 kV) was employed to observe the 
morphology and microstructures of films. The volume/surface resistivity of different composite films 
was obtained using a ZC36 high insulation resistance measuring instrument. 

2.4. Molecular Dynamics Simulation (MDS) 

We first imported the graphene cell and geometrically optimized it using the COMPASS III force 
field, then increased the supercell range to 6 for computations including polymers. We constructed a 
real polymer PVA conformation containing 10 PVA chains and with a density of 1.26 g/cm3 with the 
Amorphous cell module, and from that built an initial atactic polymer chain of 10 repeat units. 
Finally, we built the PVA-graphene model (as shown in Figure 5). We performed geometry 
optimization (≤ 5000 iterations) and dynamics on the layer, followed by a calculation of the interaction 
energies ΔE of the PVA-graphene system. 

We also constructed the MD model in a 3D-periodic 19.2×16.6×51.9 Å simulation cell (as shown 
in Figure 6). This system was equilibrated with COMPASS III at 300 K (controlled by the Nose 
thermostat) in the NPT ensemble for 50 ps in 1 fs time steps. We treated the van der Waals interaction 
with the atom-based method and the electrostatic interaction with the Ewald method. We employed 
a non-bonding cutoff distance of 1.25 nm (with a spline width of 0.1 nm and a buffer width of 0.05 
nm) to evaluate the non-bonding interactions. 

In additon, the molecular formulas employed took into account the ideal scenario (i.e., the 
situation where rGO completely removes all oxygen atoms, it can be represented by graphene) to 
investigate the binding energy between PVA and rGO. Under ideal conditions, the calculated binding 
strength of the PVA - rGO system is lower than that in the actual situation. In reality, rGO has defects, 
which increases the interfacial strength between rGO and PVA [11,12]. The oxygen atoms on the 
surface of rGO can form hydrogen-bonding interactions with PVA, leading to a greater interaction 
strength [13–15]. Nevertheless, this does not affect the specific ranking of the interaction strength and 
the verification and analysis of the self-assembly mechanism. 
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3. Results and Discussion 

3.1. Polymer/rGO Composite Films Prepared from Solution Casting and Their Electrical Properties 

Recently, graphene has been widely used as functional filler to fabricate multifunctional 
polymer/graphene composites due to its excellent properties [16–20]. It is well known that most 
polymers are electrically insulating [21–23]. However, because of its high electrical conductivity (106 
S/cm), even a small amount of graphene content can significantly reduce the electrical insulation 
performance of the polymer, and greatly hindered its application when electrical insulation is 
required [24–29]. It is interesting that different phenomenon is discovered in this work. Photographs 
of the PVA/rGO and ES/rGO composite film we prepared are shown in Figure 2a and Figure 2b, 
respectively. For comparison, the ES/rGO powder sample is also fabricated and shown in Figure 2c,d. 

The experimental results showed that the volume resistivity of PVA/rGO composite films 
generally decreased as the filler content increased (Figure 2e). However, even at 23% rGO (w/w), the 
volume resistivity of the composite film was still as high as 3.92×109 Ω·cm, indicating good electrical 
insulation. When the rGO content was increased to 24% (w/w), the volume resistivity of PVA/rGO 
composite film dropped below the insulation level (109 Ω·cm). Similarly, the surface resistance of 
ES/rGO composite films and ES/rGO composite powder samples decreased with increasing rGO, as 
shown in Figure 2f,g. At 30% rGO (w/w), the surface resistance of the composite films (powder 
samples) was 9.7×109 Ω (1.5×102 Ω). Therefore, we conclude that the polymer/rGO composite films 
we prepared by solution casting method maintain good electrical insulation properties under high 
rGO content, while the powder samples do not. 

 
Figure 2. (a-d): Digital photographs of (a) PVA/rGO composite film, (b) ES/rGO composite film, (c) ES/rGO 
powder sample, (d) disc pressed from ES/rGO powder used for surface resistance testing. (e): Volume resistivity 
of PVA/rGO composite films. (f-g): Surface resistivity of (f) ES/rGO composite films, (g) ES/rGO powder 
samples. 

3.2. Accumulation of PVA and ES on the Surface of Polymer/rGO Composite Films 

To explore why the polymer/rGO composite films we prepared maintained good electrical 
insulation performance at high rGO content, both sides of the PVA/rGO-23 wt.% and ES/rGO-30 wt.% 
composite films were treated by plasma etching [30–34], as shown in Figure 3a. Surprisingly, the 
volume resistivity of the PVA/rGO-23 wt.% composite film after etching for 20 min decreased to 
3.69×108 Ω·cm, lower than that before etching, as shown in Figure 3b. The surface resistivity of 
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ES/rGO-30 wt.% decreased by two orders of magnitude (from 9.7×109 to 1.0×107 Ω) when etched for 
60 min (as shown in Figure 3c). Therefore, we can infer that the polymer/rGO composite films we 
prepared by the solution casting method are not uniform, and the surface layer has an important 
effect on the insulating ability of the entire film. 

 
Figure 3. (a) Schematic diagram of plasma-etched composite film surface. (b) Volume resistivity of PVA/rGO-23 
wt.% composite film before and after etching. (c) The surface resistance of ES/rGO-30 wt.% composite film at 
different etching times. 

To further confirm our conjecture, the surface morphology changes of polymer/rGO composite 
films before and after etching were observed with SEM. Before etching, the surface of PVA/rGO 
composite film was flat and smooth (Figure 4a), but after 20 minutes of etching, the surface of the 
composite film became rough (Figure 4b). The surface of the ES/rGO-30 wt.% composite film behaved 
similarly; it was very smooth, without damage and unevenness, before etching (Figure 4d). As 
etching time increased, the surface of composite film also became rough (Figure 4e–g), and tiny 
defects were already visible on the surface after 10 min of etching (Figure 4f); after 30 min, the surface 
layer was almost completely etched away, and the rGO fillers in the composite film were exposed 
(Figure 4g). SEM results provide further evidence that our polymer/rGO composite films are not 
uniform. It is worth noting that the cross-section microstructures of the polymer/rGO composite films 
all have an obvious sandwich structure, as shown in Figure 4c,h. This structure also indicates the 
nonuniformity of the polymer/rGO composite films we prepared. According to the previous research 
[10,35], the transparent layers distributed above and below the sandwich are composed solely of the 
polymer, while the darker middle layer is a polymer-rGO composite. 

The solution casting method is vital to the self-assembly of the pure polymer layer on the surface 
of the polymer/rGO composite film. Specifically, as the solution dries to form the film, surface tension 
directs the polymer with a lower surface energy to aggregate to the side of the film closest to the air 
[36–38]. Thus, the surface layer of the final composite film will be coated by a layer of pure polymer. 
It is therefore pure PVA and ES accumulated on the surface of PVA/rGO and ES/rGO that produces 
their good electrical insulation performance at high rGO content. 
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Figure 4. SEM images of surface micrograph (a) before etching and (b) after etching of PVA/rGO composite film. 
(c) TEM cross-section morphology of the PVA/rGO composite film. SEM images of ES/rGO-30 wt.% composite 
film etched by plasma cleaner for different times (d) 0min, (e) 10min, (f) 20min, (g) 30min. (h) TEM cross-section 
morphology of the ES/rGO-30 wt.% composite film. 

3.3. Molecular dynamics simulation of PVA assembly on the PVA/rGO surface 

We next investigated the molecular mechanism of the surface layer’s formation computationally, 
choosing to study the PVA/rGO composite film. We ran molecular dynamics simulations with the 
Forcite and Amorphous Cell Module on Materials Studio 2020 software from Accelrys. We computed 
the interaction energy ΔE between PVA and rGO as the following equation: 

∆E = EPVA-rGO - (EPVA + ErGO)  (1)

where EPVA-rGO, EPVA, and ErGO represent the total energy of the PVA-rGO system, optimized rGO, 
and optimized PVA respectively. When the interaction energy ΔE is negative, the composite is more 
stable than the constituents, indicating attraction. On the contrary, the addition of inorganic media 
increases the system energy, indicating repulsion. To judge the attraction or repulsion of each 
component of PVA/rGO, we computed the analogous interaction energies for PVA-PVA, PVA-H2O, 
rGO-rGO and PVA-rGO with the COMPASS III force field (see Figure 5); the results are listed in 
Table 1. We found that the interaction strength follows the order PVA-H2O > PVA-PVA > rGO-rGO 
> PVA-rGO, suggesting that PVA tends to be carried to the surface of the composite film by water 
molecules during solution evaporation. Figure 6 shows one MD trajectory and vividly illustrates the 
aggregation behavior of PVA on the composite surface at the molecular level. 

The analysis of the results of the dynamic process is carried out under the condition that the 
model reaches the equilibrium. There are many parameters to judge whether a system has reached 
the equilibrium process, such as the system energy, temperature, density, etc. The most commonly 
used parameters are the energy and temperature of the system. Figure S1a,b showed the system 
temperature change over the MD simulation time. Figure S1c,d displayed the system energy change 
at various simulation times. The simulation results show that the system reaches equilibrium at about 
4ps. It can be seen clearly, driven by the evaporation of water molecules, the polymer tends to move 
up and down sides of the composite, while the graphene sheets tend to slip only horizontally due to 
the stronger interaction energies ΔE (graphene-graphene> PVA-graphene). The simulation results 
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can well explain the aggregation behavior of polymer on the surface of composite materials from the 
molecular level. 

 
Figure 5. Model of (a) H2O-PVA, (b) PVA-PVA, (c) rGO-rGO, and (d) PVA-rGO. 

Table 1. Interaction energies ΔE (kcal/mol) between PVA, H2O and rGO in the PVA/rGO composite film. 

ΔE PVA-PVA H2O-PVA PVA-rGO rGO-rGO 
ΔE(298K) -1599 -6819 -167 -413 
ΔE(373K) -1775 -3089 -173 -408 

 

Figure 6. MD snapshots at various simulation times highlighting the formation mechanism of sandwich-
structured PVA/rGO composite film. PVA molecular chains (water molecules) are represented as lines (ball-and-
stick models) for clarity. 

3.4. Extension to More Polymer/Inorganic Composite Films 

The surface polymer assembly investigated above is promising for the design and preparation 
of multifunctional polymer-inorganic composites. It is therefore worthwhile to extend this 
phenomenon to composite films containing non-water-soluble polymers, non-hydrophilic inorganic 
fillers, and organic solvents. 

Figure 7a–e displayed the SEM images of the PVA/GO, WPU/GO, PVA/CS@MWCNTs, 
TPU/Al2O3 (using dimethylformamide as the solvent), and PVA/rGO/h-BN composite film fabricated 
by solution casting method before etching, and corresponding SEM images after etching were shown 
in Figure 7f–j, respectively. The experimental results show that the surface of composite films all 
became coarser because the surface layer was etched away, and fillers were exposed after etching. In 
particular, the MWCNTs in PVA/CS@MWCNTs and the h-BN nanosheets in PVA/rGO/h-BN 
composite film were completely exposed. Based on the above discussions for PVA/rGO and ES/rGO, 
we can also infer that a layer of pure polymer also accumulates on the surface of these composite 
films, even when organic solvent, insoluble polymer matrices, and non-hydrophilic inorganic fillers 
are used. Thus, we speculate that the self-assembly of a polymer layer on the surface of the 
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composites may be a universal phenomenon for polymer-inorganic composite films fabricated via 
solution casting method. 

 

Figure 7. (a-e) Surface micrographs of (a) PVA/GO, (b) WPU/GO, (c) PVA/CS@MWCNTs, (d) TPU/Al2O3, (e) 
PVA/rGO/C12APG@h-BN composite films before etching. (f-j) Corresponding surface micrographs after 
etching. 

4. Conclusions 

In summary, we prepared the polymer/rGO composite film and investigated the specific 
mechanism of the sandwich structure formation through MDS. The characterization results of the 
experimental samples show that polymer self-assembled on the surface of PVA/rGO (ES/rGO) 
composite film maintain good electrical insulation performance, even at high rGO content. MDS 
results demonstrate that the interaction energy ΔE between each pair of components of the PVA/rGO 
composite film varies; from strongest to weakest interaction energy, PVA-H2O > PVA-PVA > rGO-
rGO > PVA-rGO. We ascribe PVA self-assembly on the surface of PVA/rGO to the stronger interaction 
between PVA and water molecules, which is the key factor for the formation of the sandwich 
structure. The spontaneous assembly of polymers on the surface of polymer-inorganic composite 
films provides a new strategy for designing multiple anisotropic materials; it could be applied to 
many composite materials, allowing the realization of different thermal and electrical properties 
inside the same material. 
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