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ABSTRACT: Polyethylene/silicalite nanocomposites potentially represent a class of materials with ex-
tremely interesting mechanical properties. However, in order to outline a strategy for controlling
their properties, a deep understanding of the physical phenomena taking place at an atomistic
scale is required. Ab initio quantum mechanical simulations presented in this work show that by
increasing or decreasing binding energy between the two moieties, the hardness of the material
can be tuned at will. Moreover, residual internal stresses after synthesis significantly deteriorate

mechanical properties, and a way to release them must be found.




Nanocomposite materials with high crystallinity are rising as one of the most promising classes of new
materials.'”” Among them, PolyEthylene-SILicalite (PESIL) has particularly interesting features:® it ex-
hibits hardness comparable to that of quartz despite its considerably lower density, and shows negative
thermal expansion — which makes it ideal for areospace applications. Recently synthesized and charac-
terized by an Italian/French team, the composite can be obtained through polymerization of precursors

inside the cavities of the SiO, framework.

Such an interesting material calls for more attention. In particular, how can one tune and further im-
prove its properties? A deep understanding of the underlying microscopic physico-chemical processes

that trigger the macroscopic features of the material can be key in this direction.

The idea of polymer/silica nanocomposites is definitely not new. For a good review the reader can refer
to Zou et al. * Nevertheless, these materials generally are built from amorphous building blocks or at
least have a low degree of crystallinity. Concerning the mechanical properties of Zeolite frameworks,
some literature is relevant to the present study. A recent systematic computational study by Coudert’ has
unveiled relationships between the zeolite density and sheer modulus/Young modulus but did not focus
on silicalite. Older studies by Astala et al.’ reported computed elastic properties of several frameworks
including silicalite, whose comparison with experimental data was however controversial. Li et al. ’
have investigated experimentally zeolite structures with low dielectric constant and measured elastic

constants as a function of porosity.

In this work show that the hardness of PESIL can be increased both by increasing the polyethylene-
silicalite binding by chemical substitution or by rearrangement of the polymeric chains — that are subject

to mechanical strain originated during in situ polymerization.

Simulations allowed to carry out experiments that are not possible in practice, such as to study the two
moieties of the system separately and as a whole. Despite the wide range of applicability of modern ab

initio methods *° such theoretical studies are not yet common in the study of nanocomposite materials.



Two main reasons for that are the unavailability, until recently, of nanocomposites with high crystallini-

ty, and the relatively high computational costs.

The aim of this work is to answer fundamental questions about PESIL: which are the forces into play?
How can the equilibrium be shifted in one direction or another? Is there a binding between the two moi-
eties, or are they kept together solely by steric constraint? Determination of the coordinates of hydrogen

atoms — which cannot be determined through XRD measurements — is an important goal too.

Figure 1 : The PESIL nanocomposite material is obtained from polymerization of polyethylene (PE) in-

side the cages of a silicalite (SIL) framework.

To answer these questions one can divide the two components of the material, while keeping the geome-
try fixed, and investigate each of them separately through calculations. In Figure 1 the two moieties of
PESIL are depicted, together with the full structure. In the following these will be referred to as “PE”,

“SIL”, and “PESIL”.

As a first step, starting from the structure published in Ref. 3, I obtained the equilibrium position of hy-
drogen atoms. This was done inserting “by hand” hydrogen atoms in the PE (polymer alone) structure,

and optimizing only the position of such atoms (that is, keeping frozen the position of carbons). Then I



re-optimized the whole PESIL structure, obtaining a lattice parameter of a=20.16, b=19.65, c=13.70,
with a cell volume of 5431 A®, extremely close to the experimental one of 5380 A® (at 150 °K). The full

optimized geometry is reported in the supplementary material.

Next, I evaluated the Bulk modulus; to do that, one must compute the total unit cell energy of the struc-
ture relaxed at different volumes,'"” and fit the curve by a given equation of state ( the Poirier-Tarantola
logarithmic formula'' was here adopted). The corresponding curve is reported in panel a) of Figure 2.
The computed bulk modulus is 27.9 GPa — remarkably close to the experimental value of 26.7 GPa —

represents a further evidence that the structural model faithfully represents the real system.

The geometries used for computing the Bulk modulus are not only a by-product of the calculation, but
can be useful in order to have a closer look at what is going on. The binding of PESIL, and the individu-
al contributions to it, computed at each geometry are reported in Figure 2 panel a). Binding energy is

evaluated as:

EBIND — EPESIL _ (EPE + ESIL) (1)
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Figure 2 Energy decomposition of contributions to the total energy of PESIL before (panel a) and after
(panel b) relaxation of strains in the polymeric (PE) moiety, reported as a function of the unit cell vol-
ume. In panels c) and d) changes in the conformation of the polymeric chain, before and after relaxation

respectively, are clearly visible.

The value obtained for PESIL is E®™ =-169.3 kcal/mol per unit cell, at equilibrium geometry, which

shows the interaction between PE and SIL is indeed attractive.

Surprisingly, the PE moiety seems to be longing for an expansion of the lattice, while the SIL moiety
alone is essentially aiming to a slightly more contracted geometry ( the experimental volume of silicalite

is 5325 A%). This finding is surprising since, as already observed, confined PE is highly strained and



should pull towards more compact volumes.’ The binding energy also slightly drives towards more con-

tracted geometry.

It is evident from inspection of Fig. 2a that, at large volumes, stabilization of the polymeric moiety with
respect to the equilibrium geometry is particularly large. By closer inspection of the geometries, it can
be seen that this extra stabilization is due to a rearrangement of the polymer inside the cages; by subse-
quent re-optimization of the whole structure starting from the most expanded geometry of the previous
curve, a new, more stable equilibrium geometry is obtained: it has nearly the same lattice parameters as
before (a=20.00, b=19.74, c= 13.66 Vol= 5396.09 A*> — only slightly more contracted) but relative sta-
bility about 75 kcal/mol (per unit cell) lower. Such structure — relative to the PE moiety — is depicted
in panel d) of Fig. 2 (compared to the previous one, panel c) of the same figure), and its geometry is re-

ported in supplementary material. The geometry of SIL framework is virtually unchanged.

In other words, once channels are large enough, the polymeric chains (that formed after polymerization
of ethylene gas) have enough room to rearrange in a more comfortable configuration, releasing rotation-

al and conformational strains, and this affects the macroscopic properties of the material (vide infra).

In panel b) of Fig. 2 the decomposition of the contributions to the binding for the new geometries is re-
ported. Now both PE and SIL moieties drive towards smaller volumes, while interaction between the
two is maximized at larger lattice parameters. Most importantly, the potential curve due to deformation
is now steeper, leading to a computed bulk modulus of 43.0 GPa. As regards this curve, all points at
small and large volumes have the same conformation, and no further movement of the polymeric chain

is observed.

The new structure is, according to the calculations, harder than the experimentally studied one, while
having the same density. The reason why this structure was not observed, probably lies in the not small
activation barrier (estimated about 15-20 kcal/mol). It is however reasonable to suppose that this barrier

can be overcome through thermal treatment, of mechanical treatment, or a combination of both.



Even more interestingly, in both structures the binding energy drives towards less dense and harder
structures. This is an important indication in the search for new members of this class of nanomaterials
with improved properties: by chemical substitution of some atoms, either in the silicalite framework or
in the polymeric precursors, one might aim at a stronger binding between the two components, leading

to a shift of the curves in Fig. 2b) towards the right hand side.

In summary, calculations indicate that a harder, more stable form of PESIL can be obtained. It can be
concluded that, as far as polymer/zeolite composites are considered, the polymeric conformation ob-
tained right after synthesis might not be the most stable one, but this can be optimized if the polymeric

moiety is given some freedom to rearrange.

The idea to increase the dispersive interaction between the two moieties, for instance through substitu-
tions of ions in the silicalite structure, to obtain a harder material constitutes a stimulating hypothesis to
be verified in future studies. Possibilities of different framework structures or different polymeric chains

are also worth to be investigated in a systematic way.
COMPUTATIONAL METHODS

Calculations at the DFT (Density Functional Theory) level have been performed using the CRYSTAL14
code.”™” A hybrid B3LYP functional corrected for dispersion effects'* was adopted, and a Gaussian ba-
sis set (reported in detail in Supplementary material) was used. Binding energies are corrected for basis
set superposition error by standard counterpoise method. Images have been obtained using the XCryS-

Den software."”

SUPPORTING INFORMATION

Supporting information is available, containing the full information about equilibrium structures, basis

set adopted, and additional pictures of optimized geometries.
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