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Abstract 11 

Nanocomposites made of magnetite (Fe3O4) nanoparticles (NP)s with different surface 12 

chemistry and Polyvinyl difluoride (PVDF) polymer were investigated using full atom 13 

molecular dynamics (MD) simulation. NPs with hydroxyl (OH), hexanoic, and oleic acid 14 

terminations were considered in this study. The effect of each surface chemistry was 15 

investigated in terms of the mechanical properties, the distribution of the internal energy around 16 

the NP, and the chain polarization gradient from the interface to the bulk. From this 17 

investigation, we find that oleic acid termination although the most popular, is less favorable 18 

for interfacial interaction and local polarization. The OH-terminated NP results in the best 19 

configuration for the properties investigated. The hexanoic acid-grafted NP presents a good 20 

compromise. Hydrogen bonding governs the induced response of the nanocomposites. 21 

Although the hexanoic acid grafted NP presents less hydrogen bonding than the OH-terminated 22 

case, the conformation of the hexanoic acid acts as a mobility flow inhibitor, leading to 23 

performance comparable to the OH-terminated NP composite. This work led to investigating 24 

routes to make nanocomposite materials with optimized properties. These results shed light on 25 



 
 

the multiple combinations offered by nanocomposites that go beyond the conventional effects 26 

of size.  27 

 28 

Introduction 29 

Nano-reinforced polymers have received considerable attention, from both industrial and 30 

academic points of view. In addition to the shape and mechanical properties offered by 31 

nanoparticles, their nano size also contributes to enhancement of the composite mechanical 32 

properties. The high surface-to-volume offered by NP contributes to higher interactions with 33 

the surrounding matrix. This increased surface-to-volume ratio induced by small particles 34 

favored induction of a more ordered structure at the interface, leading to a stiffer interface that 35 

contributes to enhancing the global mechanical properties[1–7]. Interaction at the interface 36 

affects such other properties such as piezoelectricity 8–10. In this specific configuration, 37 

interfacial interactions for PVDF-reinforced polymers affects chain polarization at the interface, 38 

leading to either increased or decreased induced piezoelectric properties of the composite11. 39 

Thus, size effects that were meant for modifying mechanical properties appear not to be 40 

universally beneficial for other properties. Note that NPs come always with chemical 41 

surfactants grafted at their surfaces12–16. The use of surfactants is meant to control the NP 42 

growth and therefore their form and size17. It is through the grafted surfactant at the interface 43 

that the NP-polymer interacts with the environment 18. The nature of these interactions needs 44 

to be fully understood in order to optimize the response of the composite. Controlling such 45 

interactions could allow optimization of more than a single property (mechanical for instance) 46 

to reach multiple optimum properties including electric, thermal, and other properties. Such 47 

interactions occur at a nano-length scale making it impossible to extract such interactions from 48 

experiments. Many different NP-polymer interaction configurations exist. Given the large 49 

number of possibilities, it is hard to cover all possible combinations in a reasonable time. There 50 



 
 

is therefore a need to simulate the NP-Surfactant-Polymer interaction beforehand to help guide 51 

the experiments in the most promising directions. Among various modeling approaches, 52 

atomistic is the most relevant for this case, since it can capture short time and length scales. 53 

Some publications already discuss the effect of surfactants (attached on the NP surface) on 54 

polymeric nanocomposites19–22, however, most publications target the understanding of local 55 

conformation or induced physical properties but not (as far as authors know) how to optimize 56 

combined properties at the macroscale, such as mechanical and piezoelectric properties. 57 

This paper addresses this point, with a particular focus on the case of PVDF with Fe3O4 NPs.  58 

The effect of NP surface chemistry on both mechanical and piezoelectric properties are 59 

investigated to understand the underlying mechanisms of the interfacial interaction between the 60 

NP and the surrounding polymeric matrix. We previously optimized a fixed charge forcefield 61 

11for each component that we will now use to examine local conformation, interfacial 62 

interaction, and mechanical response. Among the different configurations explored, we will 63 

classify them from the best to the worst to help chemist in their NP synthesis choices.  64 

2. Computational procedure 65 

The following procedure was used to build and simulate the interaction of α-PVDF with 66 

functionalized Fe3O4 NPs: 67 

2.1. Construction and functionalization of the magnetite NPs 68 

The unit cell of Fe3O4 crystal (CIF number 1011032) was downloaded from the open 69 

crystallography database (http://www.crystallography.net/)23 and was transformed to a 70 

magnetite NP with a diameter of 2.5 nm using the web-based crystallographic tool NanoCrystal, 71 

(http://nanocrystal.vi-seem.eu/)24. After preparation of the magnetite NP, its surface was 72 

modified using the following procedure:  73 

1) Removal of Fe2+ and Fe3+ Iron atoms with less than 4 and 6 bonds, respectively, to eliminate 74 

the crystal defects of the magnetite;  75 



 
 

2) Replaced all oxygen atoms with only one bond at the magnetite surface by OH groups; 76 

3) Replaced 20% of OH groups by hexanoic and oleic acid groups to prepare three different 77 

types of magnetite NPs with different surface chemistries (one sample with 100% of OH-78 

termination and two other samples with 20% of various carboxylic acid modifications 79 

which is equal to about 1.43 chain.nm-2).  80 

Before modification of the magnetite surface, the chemical structures of water, hexanoic acid, 81 

and oleic acid were optimized as in our previous work11 10. Figure 1 represents the final structure 82 

of hexanoic acid and oleic acid functionalized magnetite NPs. 83 

 84 

Figure 1. Magnetite NPs with different surface chemistry: (left) 20% oleic termination and 85 

(right) 20% hexanoic acid termination. 86 

2.2. Construction of Fe3O4-PVDF systems 87 

The known crystal structure of -PVDF was used25 to prepare the structure of the PVDF chain 88 

using Avogadro26. A single chain of PVDF contains 100 monomers and 34 copies of  single 89 

chain PVDF were placed around the NPs randomly to achieve the volume fraction of 4%.  90 

2.3. MD simulation of Fe3O4-PVDF systems 91 

All MD simulations were carried out using the GROMACS version 5.0.7 simulation package 92 

27,28. The force field parameters from our previous work were used for magnetite and PVDF11. 93 

The systems were placed in the center of the cubic box with the minimum distance between the 94 

system and the box surface set to 1.0 nm. The core part of the NPs (NPs excluding their surface 95 

treatments) was geometrically frozen during the simulations to approximate a realistic hard core 96 



 
 

of NPs. Integration of the equations of motion was done using a time step of 0.5 fs with full 97 

periodic boundary conditions (PBC) applied along the three Cartesian directions. The systems 98 

were energy minimized using the steepest descent method, with  10–6 kJ /mol and kJ /mol nm 99 

for energy difference and RMS force, respectively) convergence criteria, and were equilibrated 100 

for 1 ns using an NVT ensemble at 300 K with a Berendsen thermostat29 with a damping 101 

constant of 0.1 ps. After the NVT equilibration step, to be certain that PVDF chains can 102 

overcome the potential barrier and rotate freely, the PVDF chains were heated from 300 K to 103 

600 K over 6 ns and then were cooled down to 300 K at the same rate as the heating step. 104 

Finally, we performed 10 ns of NVT MD simulation at 300 K. During the simulation a we 105 

applied a 1.0 nm cutoff for van der Waals (vdW) and Coulomb interactions and used the particle 106 

mesh Ewald (PME) method30,31 for long-range electrostatics. The LINCS method32 was used 107 

as a constraint algorithm. Three independent replica simulations were conducted for each 108 

system to ensure robustness and reliability of the results. In each replica, the system was 109 

simulated starting from different initial velocities. Following the completion of the simulations, 110 

dipole moments were calculated for each replica, and these values were averaged across the 111 

independent simulations. Averaging dipole moments helps mitigate statistical fluctuations and 112 

provides a more accurate representation of the system's average dipole moment, which is 113 

essential for understanding its electrostatic properties and behavior. 114 

3. Results and discussion  115 

3.1.Chains conformation 116 

As chain cohesiveness from the interface to the bulk seemed to be dependent on the NP surface, 117 

we investigated their conformations.  118 

We investigated the average dipole moment (μ) of the α-PVDF chains, to understand the driving 119 

mechanism of the α- to β-phase transition during the interaction with Fe3O4 NPs. This employed 120 

the "gmd dipoles" module of GROMACS for dipole moment calculations. This module 121 



 
 

calculates the dipole moment of a molecular system based on the positions and charges of 122 

atoms. It reads the atomic coordinates and charges from the trajectory and determines the center 123 

of charge of the system. This center of charge is essentially the weighted average of the atomic 124 

positions, where the weights are given by the atomic charges. Once the center of charge is 125 

computed, the module calculates the dipole moment vector. 126 

After the equilibration process, we carried NVT simulations for 10 ns, averaging and 127 

calculating the dipole moments of PVDF chains at various distances from the interface (figure 128 

2). From these calculations, it appears that NP surface chemistry governs the PVDF chain 129 

conformation. Greater access to oxygen and OH termination-rich surfaces favor the TT 130 

conformation as evidenced by the local dipole moment. Indeed, the OH termination system 131 

presents the highest polarization at the interface followed by the hexanoic acid and then the 132 

oleic acid. OH termination is favorable for the PVDF chains to interact with the oxygen-rich 133 

iron oxide surface. For both oxygen and fluorine, the repulsion between the two atoms favors 134 

triggering dihedral rotation to induce a full trans configuration at the interface. Similarly, access 135 

to OH termination favors hydrogen bonding, which could trigger the formation of the full trans 136 

configuration. 137 

Those favorable interaction conditions vanish with oleic acid-grafted NP. Oleic acid has long 138 

chains and the double bond leads to bent molecules which, despite the only 20% grafting 139 

density will act to shade the structure preventing oxygen-fluorine repulsion from one side and 140 

OH – fluorine on the other. Together these conditions inhibit the formation of the full trans 141 

configurations leading to the lowest interfacial polarization. 142 

Hexanoic acid is much shorter than oleic one and has a straighter chain. With a grafting density 143 

of 20%, the linear hexanoic acid structure provides space for the PVDF chain to interact with 144 

the iron oxide surface. Indeed this has been observed on an iron oxide slab grafted with 145 

hexanoic acid and interacting with the PVDF polymeric chain layer10,11. 146 



 
 

 

 

Figure 2: molecular dipole moment from the interface to the bulk for the various grafted 

NP-based composites. 

 147 

3.2.Thermodynamic properties 148 

To analyze the thermodynamic properties of our systems, we applied the two-phase 149 

thermodynamic analysis (2PT)33,34 along the trajectories. The 2PT density of states is obtained 150 

from the Fourier transform of the velocity autocorrelation function35,36, which can used to 151 

derive local entropy and free energy at the atomic scale, or for an ensemble of atoms, or for 152 

molecular chains. From the MD trajectory, we obtain the spectral density of the system, 35 as 153 

follows: 154 

 𝑠𝑗
𝑘(𝜈) =  lim

𝜏→∞
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Where 𝑉𝑗
𝑘(𝑡)  is the k-component of velocity vector of atom j at time t, mj is the mass of atom j, 157 

and N is total number of atoms of the system. The physical significance of S(υ) is that it 158 

represents the density of normal modes of the system at frequency υ. 159 

From the density of states we obtain the canonical partition function Q: 160 

𝑙𝑛(𝑄) =  ∫ 𝑑𝜈𝑆(𝜈)𝐿𝑛(𝑞);
∞

0
  𝑞 =

exp (−
𝛽ℎ𝜈

2
)

1−exp (−
𝛽ℎ𝜈

2
)
  ;  𝛽 = 1/𝑘𝑇                                            (3) 161 

where h represents the Plank constant, k the Boltzmann constant, and T temperature in kelvin. 162 

Integrating the density of states function according to Lin et al 36 leads to a quantitative estimate 163 

of the thermodynamic properties (internal energy, entropy, Helmholtz free energy, etc.) of the 164 

system, as follows: 165 
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 𝐴 = 𝐸0 − 𝛽−1𝐿𝑛(𝑄) = 𝑉0 + 𝛽−1 ∫ 𝑆(𝜈)𝑊𝐴𝑑𝜈
∞

0
    (6) 168 

where 𝐸0 is the potential energy at 0 𝐾, and 𝑊𝐸, 𝑊𝑆 and 𝑊𝐴 are the internal energy, entropy, 169 

and Helmholtz free energy weighting functions,  as in (7)-(9): 170 

 𝑊𝐸(𝜈) =
𝛽ℎ𝜈

2
+
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                                  (7) 171 

𝑊𝑠(𝜈) =
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 𝑊𝐴(𝜈) = 𝑙𝑛[
1−exp(𝛽ℎ𝜈)

exp(−𝛽ℎ𝜈)
]                                  (9) 173 

This 2PT approach gives access to atom-based energy decompositions, based on atomic 174 

velocities, which can be extended to groups of atoms. In our case, atom groups were defined as 175 

for the chain conformation study, namely concentric domains starting from the NP-Polymer 176 

interface toward the bulk. After the 10 ns NPT equilibration, several 20 ps trajectories were 177 

analyzed using 2PT, for all the predefined atom groups; from the interface to the bulk (figure 178 

3). 179 



 
 

Using this analysis, we investigated the three composite samples. The internal energy was 180 

derived for all the concentric layers starting from the interface toward the bulk. The OH-181 

terminated NP appears to lead to internally cohesive layers with the highest internal energy.  182 

The Oleic terminated NP system leads to the opposite trend. The interfacial layer seems to be 183 

the less cohesive with the polymeric layer interacting less with the NP. The long oleic chains 184 

have no specific affinity with PVDF chains so that they acting as disturbers to the chain 185 

interaction.  186 

The hexanoic terminated case leads to intermediate character. These short ligands provide the 187 

possibility of PVDF chains interacting directly with the magnetite surface. The magnetite 188 

surface is covered with hexanoic acid at a density of 20%. The remaining open spots were 189 

terminated with OH. Being much shorter than oleic acid, the hexanoic acid ligand leaves more 190 

space for the PVDF chain to interact with the oxygen and OH-rich NP surface, leading to more 191 

cohesively packed chains, which in turn provide more stable and cohesive layers.  192 

 

Figure 3: Internal energy distribution from the interface to the bulk for the different grafted 

NP based composites. 



 
 

 193 

3.3. Mechanical properties 194 

The polymeric matrix and the three composites were sheared at identical constant shearing 195 

rates. Predefined LAMMPS function (fix deform) was used to perform shearing tests. It 196 

Changes the shape of the simulation box during a dynamics run. In our case, while imposing 197 

deformation on xy, yz or xz, constant pressure was imposed on the non-deformed facets of the 198 

simulation box. The deformation was run under the NPT ensemble. For each deformed system, 199 

the shear modulus was determined as the ratio of the stress shear component on the 200 

correspondent deformation as follows (in the case of xy deformation) 𝐺 =  𝜏𝑥𝑦/𝛾𝑥𝑦. The stress-201 

strain response of the four samples is presented in Figure 4. This result is an average of three 202 

tests along xy, xz, and yz shearing (figure 3). The dashed lines provide polynomial 203 

interpolations to help follow the data. We see that adding nanoparticles enhances drastically the 204 

strength of the polymeric material regardless of which ligand is grafted onto the surface. 205 

However, the longer the chain the less the stiffening effect. This is consistent with internal 206 

energy distribution at the interface. Indeed, less cohesive interfaces tend to deform at low 207 

energy leading to a softer material. 208 



 
 

 

 

Figure 4: Top Mechanical response (shear stress versus strain) of the different grafted NP-

based composites (lines provide fitting curves to help follow the data); Bottom normalized 

shear modulus (Composite modulus/polymer modulus) 

 209 



 
 

The OH-terminated NP provides the largest stiffening with a 72% increase in the composite 210 

shear modulus. The hexanoic acid terminated NP induces a 67% increase while the Oleic acid 211 

terminated NP is much lower with a 42% increase. The three composites have a constant NP 212 

volume fraction.  This result is consistent with the internal energy profile. Indeed, the OH-213 

terminated NP favors hydrogen bonding interaction in addition to the van der Waals 214 

interactions. 215 

A NP surface rich in hydrogen favors hydrogen bonding with the PVDF chains. Thus, the OH-216 

terminated NPs provides the largest hydrogen bonding. These hydrogen bonds seem to be 217 

maintained throughout the stretching as illustrated in figure 5. The hydrogen bonds were 218 

identified in the post-treatment step using VMD software. Hydrogen bonds were defined 219 

between atom donor (Oxygen on the NP surface bonded to hydrogen) and receptor (fluorine 220 

atom in the polymer chain). The OF distance must be less than 3.5 Å and the donor-H-acceptor 221 

angle must be greater than 120 degrees. With 20% hexanoic acid grafting the hydrogen bonding 222 

decreases substantially. Indeed, the presence of grafted molecules prevents PVDF chains from 223 

getting close enough to the surface, therefore decreasing the possibility for hydrogen bonds. 224 

Similarly, the longer chains of oleic acid substantially prevent interactions between the PVDF 225 

chains and the NP surface, with very few hydrogen bonds.  226 

3.4.Discussion 227 

Based on the hydrogen bonding results, we could expect that the mechanical properties of the 228 

OH-terminated NP composites would be substantially higher than the hexanoic-terminated NP 229 

composite but we find that this is not necessarily the case (figure 5). To explore the possible 230 

origin of this unexpected result, we investigated the NP angular velocity during the stretching 231 

for all the composite samples. While shearing the system, the polymeric chains are subject to 232 

material flow. This material flow can induce rotation of the NP. These results suggest that the 233 

oleic acid grafted NP induces more rotation. Indeed, our simulations and previous studies10,11, 234 



 
 

show that the double bond in the oleic acid chain tends to bend the acid chain, thereby covering 235 

the NP. In this configuration, the difference in inertia of the NP and the surrounding chain leads 236 

the NP to gain momentum and rotate. Since the NP interacts less with the surrounding matrix, 237 

the rotation is facilitated. 238 

For the OH-terminated NP, the strong interaction with the matrix through the hydrogen bonds 239 

limit this rotation (figure 5). This induces more restrictions in the mobility surrounding the NP 240 

resulting in a higher mechanical response. 241 

For the Hexanoic grafted NP, the angular velocity profile is close to the OH terminated NP case 242 

even though there is less hydrogen bonding at the interface (figure 5). The explanation for this 243 

behavior lies in the conformation of the grafted chain on the NP surface. Indeed, in previous 244 

work, we showed that  hexanoic acid remains straight on the surface, unlike oleic acid which 245 

bends toward covering the NP surface. This forms an obstacle for polymeric chains to flow in 246 

the hexanoic case. With less flow on the interface, rotation is inhibited. 247 

 248 

 249 



 
 

 

 

 

 

Figure 5: Top NP angular velocity (the dashed lines are trend curves to help read the data) and 

Bottom hydrogen bonding sites under shearing for the different grafted NP-based composites;  



 
 

Shearing induces chains to slip around the NP. Higher interfacial interaction prohibits this 250 

slipping, leading to higher induced stress as the system is deformed. 251 

The physical picture we can draw from these results is that for nano-reinforced polymers, 252 

factors other than size, matter. Indeed, the nanosize particles exhibit a high interfacial surface 253 

through which the matrix-NP interaction occurs (figure 6). At the interfacial level, the surface 254 

chemistry of the NP plays a paramount role. Indeed, it governs the way the surrounding 255 

polymeric chains will be packed thereby affecting mobility37. Such mobility restrictions will 256 

influence their contributions to the global mechanical response 18. In our case, the OH-257 

terminated NP offers a highly favorable (oxygen and OH termination-rich) surface 258 

configuration for the PVDF chain to interact with the NP leading to a more probable full trans 259 

configuration38. During the deformation, the NP inertia along with the hydrogen bonding 260 

interaction prevents the NP from rotating making it follow the sheared flow. As a result, the 261 

OH-terminated NP-based composite presents a stiffer response along with high polarization at 262 

the interface. The hexanoic acid terminated NP, presents a straight grafted chain providing 263 

sufficient room for the PVDF chains to interact with the available OH termination and with the 264 

oxygen-rich NP surface. These interactions are much less than those available in the OH-265 

terminated NP. Nonetheless, the hexanoic case presents mechanical stiffness and NP rotation 266 

close to the OH termination case. We believe that the straight grafted chain acts as rotation 267 

blockers in a card-like system.  268 

For the Oleic acid grafted NP-based composite, due to the double bond present in the oleic acid 269 

chain, the ligand is naturally bent toward the surface therefore covering the surface and 270 

preventing the polymeric chain from fully interacting with the NP. This results in less hydrogen 271 

bonding, leading to less cohesive energy at the interface. This makes the NP free to follow the 272 

shearing flow as observed through the NP angular rotation.  As a result, there is less stiffness 273 

compared to the two other cases.  274 



 
 

 275 

 

Figure 6: Schematic representation of NP-matrix interaction, the induced chain conformation 

and NP rotation during the shearing deformation. (From left to right: 20% oleic acid, 20% 

hexanoic acid and pure OH terminated NPs.) 

 276 

Conclusion 277 

In summary, we explored the effect of NP surface chemistry on both mechanical macroscopic 278 

composite responses and chain polarization of the surrounding matrix. The commonly used 279 

oleic acid grafted ligand induces lower interfacial interaction, leading to low internal energy at 280 

the interface and therefore lower mechanical properties, when compared to the other 281 

terminations. The best configuration, from our simulation, is the OH-terminated NP. Although 282 

this case may be difficult to synthesize because such a NP may not be compatible with a solvent-283 

based process. Hexanoic acid grafted ligand presents a good compromise since it favors 284 

moderate interaction due to its straight conformation. In addition, this configuration acts as a 285 

shear flow inhibitor leading to better mechanical properties than the oleic case. These results 286 

shed light on mechanisms that are difficult to extract experimentally, opening new possibilities 287 

for improved polymer nanocomposite development through atomistic guided synthesis. 288 
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