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ABSTRACT: An enhanced dielectric permittivity of polyethylene and related
polymers, while not overly sacrificing their excellent insulating properties, is highly
desirable for various electrical energy storage applications. In this computational study,
we use density functional theory (DFT) in combination with modified group
additivity based high throughput techniques to identify promising chemical motifs that
can increase the dielectric permittivity of polyethylene. We consider isolated
polyethylene chains and allow the CH, units in the backbone to be replaced by a
number of Group IV halides (viz., SiF,, SiCl,, GeF,, GeCl,, SnF,, or SnCl, units) in a
systematic, progressive, and exhaustive manner. The dielectric permittivity of the
chemically modified polyethylene chains is determined by employing DFT
computations in combination with the effective medium theory for a limited set of
compositions and configurations. The underlying chemical trends in the DFT data are
first rationalized in terms of various tabulated atomic properties of the constituent
atoms. Next, by parametrizing a modified group contribution expansion using the DFT data set, we are able to predict the
dielectric permittivity and bandgap of nearly 30000 systems spanning a much larger part of the configurational and
compositional space. Promising motifs which lead to simultaneously large dielectric constant and band gap in the modified
polyethylene chains have been identified. Our theoretical work is expected to serve as a possible motivation for future
experimental efforts.

I. INTRODUCTION units of polyethylene by the Group IV halides, including SiF,,
SiCl,, GeF,, GeCl,, SnF,, and SnCl,, in a systematic,
progressive, and exhaustive combinatorial manner, subjected
to constraints imposed by the requirements of periodicity,
system size, and stability. The motivation behind substituting C
with the larger Group IV elements (i.e, Si, Ge, and Sn) in the
polymer backbone is to ensure chemical compatibility by
preserving the local chemical environment and bonding as well
as to insert more polarizable units than C in the backbone that
would result in an enhanced dielectric response.’”*°
Furthermore, constraining the side chain pendent groups to
small atoms with high electronegativity such as F and Cl would
provide large dipole moments that would not only contribute
to the orientational part of the dielectric permittivity but are
also expected to preserve the insulating behavior.

We are primarily interested in motifs that would provide a
large dielectric constant in combination with a large bandgap
(for ensuring good insulating properties) upon their incorpo-
ration in polyethylene. We further note that a larger bandgap
generally correlates to a larger intrinsic breakdown field

The rational design of new materials with attractive properties
hinges on our ability to intentionally modify the chemical
structure of materials in ways that could directly impact their
properties. While this discovery process has largely been guided
by experimental efforts in the past, the in silico design of new
materials using electronic-structure calculations is increasingly
being seen as an attractive alternative option.l_6 An important
ingredient in most such successful in silico attempts is the
careful extraction of chemical trends and insights from carefully
planned large-scale high-throughput computations spanning a
diverse range of chemical situations.' >

In this article, we consider chemical modifications of
polyethylene with an intent to enhance its dielectric properties
without overly sacrificing its already remarkable insulating
characteristics. Such an intentional modification may impact
applications where insulators with high dielectric constant are
required, such as in high energy density capacitors where
polyethylene and polypropylene based systems (which have a
low dielectric constant) are currently the standard materi-
als,® 3% as well as in electronic devices.>¢™>®

Our in silico chemical modification of individual poly- Received: January 16, 2013
ethylene chains involves the replacement of the CH, building
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Figure 1. (a) Atomistic model of an all-trans single polyethylene chain containing four independent CH, units. (b) Schematic representation of the
general model that was used to generate 175 systems for DFT computations by independently filling up the three places (i.e, Y;, Y,, Y3) in the
backbone with any of the seven CH,, SiF,, SiCl,, GeF,, GeCl,, SnF,, and SnCl, units. The DFT computed (c) electronic (&) and (d) total (&f,,)
dielectric permittivities as a function of the computed DFT bandgap for the 175 systems.

strength, desirable for many dielectric and electrical applica-
tions. Therefore, our theoretical investigation starts with
computations of the electronic structure and dielectric
permittivities of a limited set of chemically modified and
well-isolated polyethylenelike chains using first principles
methods. To better understand the relative chemical trends
in the DFT data, we search for possible correlations between
the calculated properties and several atomic properties of the
constituent atoms. Interestingly, the electronic and the total
dielectric permittivities can be rationalized, respectively, in
terms of the total atomic polarizability per unit volume and the
magnitude of the local dipole moments that can be easily
reoriented. Inspired by these trends, the DFT data was used to
develop a parametrization based on additive group contribu-
tions™ to explore a larger part of the compositional and
configurational space spanning almost 30000 systems.
Interestingly, our analysis shows that the chemical space of
the systems that provide simultaneously large bandgap and high
dielectric permittivity is mainly composed of fluorides.
Furthermore, we also find that the relative positions of various
units (ie., the chain configuration) has a significant effect on
the properties. For instance, our results suggest that
incorporation of motifs containing contiguous SnF, or GeF,
units in polyethylene (with their number fraction in a suitable
range) is expected to lead to superior dielectric permittivities.

We believe that the insights and knowledge drawn from our
systematic theoretical exploration would serve as a possible
motivation for synthesis efforts involving Group IV fluoride
motifs in organic polymers, thereby adding to the already rich
literature on organo-silicon, or%ino-germanium, and organo-tin
based molecular chemistries.”*™* Below we describe our
theoretical analysis in greater detail.

Il. MODEL AND METHODS

Our computations were performed within the DF
framework using a generalized gradient approximation
(GGA) functional parametrized by Perdew Burke and
Ernzerhof (PBE).>' The Vienna ab initio software package
(VASP)** was used with the projector augmented wave (PAW)
pseudopotentials,” and plane-wave basis functions up to a
kinetic energy cutoff of 500 eV.

Infinitely long isolated all-trans polyethylene chains contain-
ing four independent CH, units (c.f Figure la) in a supercell
were simulated using periodic boundary conditions. While at
least one CH, unit was always retained in the backbone to

48—50
T

break the extent of o-conjugation along the backbone (and to
preserve some semblance of polyethylene), three places in the
backbone schematically depicted as Y}, Y,, and Y; in Figure 1b,
were filled by drawing from the following “pool” of seven
possibilities: CH,, SiF,, SiCl,, GeF,, GeCl,, SnF,, and SnCl,.
This scheme resulted in 175 symmetry unique systems after
accounting for translational periodicity. A vacuum of at least 20
A normal to a polymer chain (i.e., along the x and y directions)
was used to minimize spurious unphysical interactions between
the periodic images. A Monkhorst—Pack k-point mesh of 1 X 1
X k (with kc > S0) produced converged results for a supercell of
length ¢ A along the chain direction (i.e., the z direction). The
supercells were relaxed using a conjugate gradient algorithm
until the forces on all atoms were <0.02 eV/A, and the stress
component along the z direction was <1.0 X 107> GPa.
Sufficiently large grids were used to avoid so-called “wrap-
around” errors in fast Fourier transforms.

Although accurate dielectric properties of materials are
readily accessible today through density functional perturbation
theory (DFPT),>*** such a conventional approach requires a
priori knowledge of the appropriate crystal structure for all
material candidates to be investigated. If one is interested in a
large part of the chemical space, determination of a global
minimum on the potential energy surface for each of the new
systems to be investigated may not be a practically feasible
solution. Toward this end, here we use our newly developed
method***® to estimate the dielectric permittivity of pristine
and chemically modified polyethylene. This approach requires
only a knowledge of the individual chain structure, but not the
manner in which the chains are packed together. The dielectric
permittivity of an isolated polymer chain placed in a large
supercell with a total volume V is first computed using DFPT
and includes contributions from the polymer as well as from
the surrounding vacuum region of the supercell. Next, treating
the supercell as a vacuum—polymer composite, effective
medium theory®” is used to estimate the dielectric constant
of just the polymer.

According to the Maxwell—Garnett equation, the principal
components of dielectric constant of a vacuum-filler composite
(£;) containing a volume fraction #, of polarizable fillers
(polymer chain in this case with dielectric constant, £2°™) can
be written as>’

€ — 1 Silpolymer -1

- ;711 0. T
1+ (g — 1)P 1+ (gf™ — 1)P (1)

1
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Figure 2. Correlations between the DFT computed data (abscissas) and various atomic properties of the constituent atoms (ordinates). (a)
Correlation between the electronic part of the dielectric constant and the sum of the atomic polarizabilities of all the atoms () P;) in the system
divided by the van der Waals volume (V,qy) of the polymer chains. (b and c) Dependence of of the ionic part of the dielectric constant on the bond
dipole moments of the side chain pendent groups (Y u) and their relative ease of reorientation around the backbone. Please see text for details.

Here i represents the Cartesian axes x, y, or z, and P; is a Ill. RESULTS AND DISCUSSION

For the case at

geometry-dependent depolarizing factor.
hand, since the polymer chains are oriented along the z
direction, there are no depolarizing fields along the direction of
periodicity; i.e., P, = 0. This leads to the following formula for
the axial component of the dielectric constant:*"%>

= ) 41 @
In the above equations, 7, (= Violymer/ Vior) is the volume
fraction of the polymer in the supercell, which needs to be
quantified to estimate the dielectric constant of just the
polymer, ie., V™ Here, a procedure based on electronic
charge density cutoffs is used to estimate the volume. While
moving away from the polymer chain in the supercell, a region
is deemed to be occupied by the polymer until the electronic
charge density falls below a cutoff value. Our analysis based on
a number of conventional polymers (for which reliable
experimental densities are available, including polyethylene,
polypropylene, polyacetylene, polythiophene, polypyrole, poly-
dimethylsiloxane) showed that a charge density cutoff between
the 3 X 107 and 7 X 107 e/A’ range is required to reproduce
the experimental densities. We further note that this range of
charge density cutoffs results in a range of volumes, Vimeo
which in turn translates to (rather small) error bars in the
dielectric constants calculated using eq 2. We further note here
that while the dielectric permittivity along the axial direction
can be computed reliably using our single-chain method, the
accuracy of the dielectric constant along the off-axis directions
may be limited by the neglect of interchain interactions
(although qualitative trends are still well-captured by this
approach).** We thus focus mainly on the axial component of
the dielectric constant in the present study.

As the insulating behavior of a dielectric correlates with the
band gap (as does the intrinsic dielectric breakdown
strength*"*?), we also monitor the band gap of our polymeric
chains as a function of chemical modifications. In the present
work, we compute, and present, the band gap computed at the
PBE level of theory. We further note that owing to the well-
known tendency of semilocal DFT to underestimate the
electronic bandgaps,”® the bandgaps presented here are
expected to provide a lower bound for the corresponding real
bandgaps.

A. Chemical Trends in the DFT Data. Table 1 of the
Supporting Information contains the quantities determined
using our DFT computations for all 175 systems, including the
optimized c¢ lattice parameters, the formation energies, the
bandgap, and the dielectric constant values along the chain axis
(electronic, €, and total, &f, contributions). All the 175
systems found to be thermodynamically stable against
decomposition into the respective standard elemental states
and represent a local minimum on the potential energy
hypersurface as confirmed by normal-mode analysis. Figure 1c
portrays the dependence of & on the bandgap. While the
pristine polyethylene chain has the highest calculated bandgap
among all the systems explored, additions of the larger Group
IV elements to the chain lead to a progressive decrease in the
bandgap. A near-perfect inverse Pareto optimal front relation-
ship (indicated as the dashed line) between the &l and the
bandgap can be seen from Figure 1c. This inverse relationship®*
may be understood by realizing that the irreducible polar-
izability matrix of a system can be written as a sum over
electronic transitions from the valence to conduction band
manifolds with the correspondmg transition energies appearing
in the denominator.®® It is thus evident that restrictions exist in
the degree to which the electronic part of the dielectric
constant can be enhanced.

Figure 1d shows the variation of the bandgap with the eg,.
The &, derives its contributions from the electronic polar-
ization as well as the lattice mode vibrations and spans over a
large range between 2.5 to 47, with the smallest and largest
values corresponding to —(CH,),— and —CH,—(SnF,);—
motifs, respectively. In general, it is found that for a given
composition and configuration, as the X in an XY, unit varies
from C to Si to Ge to Sn (while all the other units in the chain
are held fixed), both the £ and &, increase and the bandgap
decreases.

To better understand the DFT data, we attempt to correlate
the observed chemical trends in the data to various tabulated
atomic properties of the constituent units. The results of our
analysis are collected in Figure 2. We find that the electronic
part of the dielectric constant is strongly correlated with the
sum of the polarizabilities of all the atoms in the system (D P;)
and is inversely proportional to van der Waals volume (V,gy)
of the polymer chains, as shown in Figure 2a. This knowledge
leads us to a general conclusion that small (i.e., more compact)
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constituent units with large atomic polarizability lead to a larger
electronic part of the dielectric constant.

The ionic part of the dielectric permittivity is expected to
depend on both the presence of structural units with large
dipole moments and their ability to easily reorient themselves
along the direction of the applied external field. In Figure 2b,
we plot the total bond dipole moments (Y y;), contributed by
the bonds between the backbone atoms and the side-chain
atoms, versus the ionic part of the dielectric permittivity. The
bond dipole moment of an X-Y bond is defined using
Pauling’s electronegativity (y) as follows®®

_()(X - )(Y)Z

u=-ed|ll— exp
4 (3)

where e and d are electronic charge and the X—Y bond length,
respectively. The bond length d was estimated by the sum of
the covalent radii of atoms X and Y. Note that owing to the
small electronegativity differences between the Group IV
elements, the dipole moments arising due to the bonds along
the backbone are expected to be quite small and have been
neglected in our analysis.

It is clear from Figure 2b that systems exhibiting a large value
of the ionic part of the dielectric constant, in general, have large
dipole moments. However, the bond dipole moments alone are
not sufficient to describe the calculated values of the ionic part
of the dielectric constant and one has to also take into account
information about the relative ease of reorientation of the
structural units in a system. To, at least qualitatively, capture
the ability of reorientation of the side chain dipoles around the
backbone axis, we use tabulated energy barriers for rotation
(éxx’) about an X—X’ bond for homonuclear and heteronuclear
homologues of ethane (i.e., XH;—X'H;; where X and X’ € {C,
Si, Ge, Sn}).***” In Figure 2c, we plot 7, as defined below,

I =
Z [gxx/ + §XX/’] (4)

against the ionic part of the dielectric constant, where the
summation extends over all the backbone atoms and the X’ and
X" represent the two nearest backbone neighbors of atom X.

We note that among all the X—Y bonds, Sn—F has the largest
dipole moment; at the same time, the Sn—Sn bond is the
softest. Therefore, the large values of 7 in the Figure 2c are
achieved for systems containing consecutive SnF, units, which
is in agreement with the fact that the —(CH,)—(SnF,);— motif
in Figure 1d shows the highest value of the total dielectric
constant, derived mostly due to a large lattice contribution.
Considering that the distortion polarization and the dipole
moments due to the backbone bonds are completely neglected,
the correlation between the DFT calculations and the simple
model based on just the atomic properties is rather respectable.

Thus, while the electronic part of the dielectric constant is
mainly governed by the atomic polarizability and the vdW
volume of the constituents and diminishes inversely with the
bandgap, the large lattice contributions to the dielectric
permittivity is contingent upon the availability of large and
flexible dipole units in the structure. This elementary analysis
provides us with intuitive “design pathways” for the creation of
insulators with enhanced dielectric properties.

B. High Throughput Screening Strategy. Although the
direct application of DFT methods provides a robust
prescription for the computation of relevant dielectric proper-

ties, it is practically limited to polymer systems with a small
periodic chain length. For longer chains (required to screen a
larger part of the compositional and configurational space), the
computational cost associated with DFT computations rises
quite rapidly. Furthermore, as the system size increases, the
number of candidates to be explored grows exponentially
leading to a combinatorial explosion.

For instance, doubling the supercell size along the chain
direction so as to include 8 distinct building units in a periodic
repeating unit (while retaining every fourth unit to be CH, to
be consistent with the 4-unit structures considered above) leads
to a total of 29 365 different symmetry unique systems. Clearly,
exploration of such a vast chemical space using the present first
principles based approach may be impractical. Here, we
investigate this large class of systems using an extension of
the concept of additive group contributions,*” /68 involving
parameters determined using the DFT results presented above.

According to the additive group contributions approach, a
physical property of a polymer can be predicted by a sum of
contributions made by the building units of the polymer. This
assumption, however, is valid only when the influence of any
one group in a structural unit of a polymer is mostly local. In
other words, the group contribution approach is expected to
work well only when contribution of a given group toward a
certain property is not affected by the nature of the other
groups present in the polymer. If there is mutual interaction
between the units, a reliable prediction strategy requires one to
go beyond the on-site group contributions and to include many
body (i.e., two-body, three-body, etc.) interaction terms as well.
This approach is what we refer to as the modified additive group
contributions approach.

Within the modified additive group contributions approach
(reminiscent of the cluster expansion scheme),”™”! a certain
property { of a given polymer chain can be written as a series of
onsite and interaction contribution terms arising from
interactions between various groups in the chain, as follows:

N
£= 2 A2 nl, af + 2, j)nGi + 1, )8,
i j jii’
+ 20 iy Ini + 1, G+ 2, 7075

Ji'j
joi'f” (5)

where, the outer summation with index i is carried over all the
different possible sites (N) in the backbone, while the index j in
the inner summations runs over all the possible XY, unit types.
Each of the site occupation numbers n(i,j) is allowed to take a
value of either one or zero, corresponding to whether the site i
is occupied with the unit j or not. Furthermore, ) represents
the summation over all the possible symmetry unique pairs or
trios, within the applied periodic boundary conditions. The
various onsite (af), two-body (f#), and three-body (y]é;”)
interaction contribution coefficients are then determined by
fitting to the calculated DFT results. In principle, the above
expression is a truncated version of an infinite series, which will
include higher-order interactions terms. Retaining up to three-
body interaction terms, the above expansion results in 175
different interaction contribution terms for each of the three
properties (i.e., the bandgap, and electronic and total dielectric
constants), which can be determined by fitting exactly to the
results of the DFT calculations for the 175 systems. The 175 &
[fi ., and ;/5 4y interaction coefficients determined here are
collected in Table 2 of the Supporting Information. A
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Figure 3. (a) & and (b) &}, dielectric permittivities as a function of the bandgap predicted by the parametrization based on additive group
contributions approach. In each of the two panels, systems containing three consecutive SnF, or GeF, units are highlighted. The region occupied by
systems with simultaneously large bandgap (>3 eV) and &, (>8) is partially shaded in panel b.
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(a) (CH,),_,—(SiF,),, (b) (CH,),_,—(GeF,),, and (c) (CH,),_,—(SnF,), class of systems as predicted by the property expansion approach. A
composition range corresponding to &g > S and bandgap > 3 has been identified by hatching in each of the three panels.

comparison between the DFT-computed and the cluster
expansion parametrization based predictions is provided in
the Supporting Information and shows a satisfactory agreement
between the two approaches.

We have employed the above parametrization strategy to
compute the bandgaps, €, and &, for the aforementioned 29
365 eight-unit systems, which are plotted in Figure 3
(analogous to the plots shown in Figure 1). As encountered
before, Figure 3a clearly shows that the Pareto optimal value of
&; varies inversely with the bandgap. Therefore, the dielectric
permittivity contributed due to electronic response alone is
limited by the bandgap of the system. On the other hand, there
appears no such limit on the lattice contribution of the
dielectric constant.

In order to identify the “most promising” motifs that
simultaneously exhibit large dielectric constant and bandgap
values, we indicate in Figure 3b the region defined by the
inequalities: bandgap > 3 eV and &, > 8. Interestingly, this
region is mostly constituted by systems containing fluorides in
the backbone (i.e., SiF,, GeF,, and SnF,). Furthermore, our
analysis shows that the motifs with a large value of the &, are
composed of consecutive SnF, or GeF, units in the backbone.
Systems containing three consecutive SnF, or GeF, units are
highlighted in both Figures 3a and b. Furthermore, in addition
to having a large ionic part of the dielectric constant, the
identified systems also lie near the Pareto optimal front of the
electronic part of the dielectric constant versus bandgap plot.

C. Guidelines for Synthesis. As the fluorides have been
identified to be promising candidates thus far, we present a
more focused analysis of the three subclasses of two-
component systems of the type (CH,),_,—(XF,),, with X =
Si, Ge, or Sn. The underlying motivation behind the specific
choice of these systems also lies in their possible relative ease of
synthesizability, as compared to the other complex multi-
component systems considered in the above discussion. The
predicted results of the bandgap and &g, on composition x for
the three subclasses are captured in Figure 4a—c. In each of the
three panels, a composition range (or the recommended design
space) corresponding to &5, > S and bandgap > 3 eV has been
highlighted to understand relative trends exhibited by the three
subclasses of systems. In general, &, (bandgap) increases
(decreases) for a given composition as we go from the Si- to
Ge- to Sn-based systems. Owing to this fact, the composition
range highlighted in Figure 4 broadens and shifts toward the
left as the dipole moments and relative ease of reorientation of
the side chain atoms around the backbone increases. More
importantly, Figure 4 provides further insights regarding the
increasingly dominant role of the configuration in determining
the bandgap and &, as we move from Si- to Sn-based systems.
For instance, for the 50% compositions, the largest value for &,
(and smallest value of bandgap) is achieved when like units are
clustered, while an alternating arrangement of the CH, and XF,
units leads to the lowest value of €, (and largest value of
bandgap) out of the several possible configurations. Further-
more, due to the increased tendency of o-conjugation, the
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difference between the smallest and the largest values of the &,
at x = 0.5 increases dramatically as we move from Si- to Ge- to
Sn-based systems.

The findings presented above lead us to general recom-
mendations concerning promising candidates that should
exhibit large dielectric permittivity in combination with a
large electronic bandgap. In general, while incorporation of
SiF,, GeF,, and SnF, units in the polyethylene backbone is
desirable to enhance the dielectric permittivity without
sacrificing the excellent insulating properties, the chlorides of
Si, Ge, and Sn lead to relatively lower bandgaps. The order of
relative importance of fluorides in promoting the dielectric
response is predicted to be SiF, < GeF, < SnF,. Furthermore,
owing to the increased tendency of o-conjugation along the
chains which in turn leads to an enhanced dielectric response, it
is more desirable to have several concatenated, rather than well
separated, SnF, or GeF, units (although below a critical
number fraction to prevent drastic reduction of the bandgap)
along a polymer chain in polyethylene. It is apparent from
Figure 4 that to achieve a dielectric constant of S (ie., more
than double that of polyethylene) and a bandgap well above 3
eV, one will need to incorporate just about 17 mol % SnF, units
in polyethylene (the corresponding values if GeF, or SiF, units
are used turn out to be 35 or 5SS mol %, respectively).

IV. CONCLUSIONS

In this first principles based computational study, the impact of
incorporating various chemical motifs based on fluorides and
chlorides of Si, Ge, and Sn on the dielectric permittivity of
polyethylene has been investigated. The underlying trends in
the dielectric constant and band gap computed using DFT for a
manageable combination of polymer chains (totaling 175 cases)
are explained by correlating the results with the tabulated data
of various atomic properties. A much larger part of the of
compositional and configurational space (composed of about
30000 cases) was then investigated using the modified additive
group contributions approach parametrized using the DFT
data. Finally, based on the insights of the study, chemical motifs
that may be incorporated in polyethylene to significantly
enhance its dielectric constant without overly sacrificing its
insulating properties (i.e., its bandgap) have been identified.
The important findings of the present work could be
summarized as follows:

o The electronic part of the dielectric constant is primarily
determined by the sum of the atomic polarizability per
unit van der Waals volume, while the lattice part of the
dielectric constant is controlled by the value of the dipole
moments that make up the system and the ease of their
flexibility.

® Restrictions exist in the degree to which the electronic
part of the dielectric constant can be enhanced. Owing to
the apparent inverse relationship between the electronic
part of the dielectric constant and the bandgap,
improvement in the dielectric permittivity through a
purely electronic response alone tends to degrade the
insulating properties. Although the lattice part of the
dielectric constant is also somewhat inversely correlated
with the bandgap, it varies over a much larger range of
values, and thereby provides more latitude.

e The motifs based on fluorides of Si, Ge, and Sn have
been identified to be promising, in terms of enhancing
the dielectric constant of polyethylene while still

preserving a large enough bandgap. Origins of this
improved dielectric response can be attributed to the
relatively large polarizability per unit volume and
availability of flexible dipole units of the fluoride units.

e Among the fluorides, motifs composed of consecutive
SnF, units are predicted to be the most desirable. In
addition to imparting extra flexibility to the polymer
backbone, such motifs tend to locally enhance the o-
conjugation along the chains, which in turn leads to an
increased dielectric response. However, there appears to
be a minimum limit of about 17% for the mole fraction of
SnF, that needs to be incorporated in polyethylene
before any significant improvement on the dielectric
permittivity is discernible.

Finally, we note that, while a fair amount of past synthesis
work has been devoted to Si based polymers, experimental
studies targeted toward organo-Ge and organo-Sn based
polymers are very scarce in the literature to date. We hope
that our systematic theoretical exploration would serve as a
possible motivation for future experimental efforts along this
direction.

B ASSOCIATED CONTENT

© Supporting Information

The optimized ¢ lattice parameters, formation energies,
bandgaps, the electronic part of the dielectric constant (&),
and the total dielectric constant (&f,,) computed using DFT for
the 175 systems comprising the 4-unit model are provided in
Table 1. Table 2 contains the 175 interaction coefficients (af,
ﬂi, and yf;”) for each of the four properties. The validation
parity plots, comparing DFT-computed and cluster expansion
parametrized bandgaps as well as the electronic and ionic parts
of dielectric permittivities for a limited set of eight-block
systems are also provided. This material is available free of
charge via the Internet at http://pubs.acs.org.
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