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one type is ideal. Polymers are intriguing materials as 
di electrics as they allow for easier processing techniques 
and lower densities versus inorganics leading to the for-
mation of lightweight, fl exible fi lms, and making them 
suitable for devices in which size and space are limited. 

 However, compared to inorganic materials, organic 
polymers exhibit much lower dielectric constants as a 
result of either a minute or nonexistent contribution of 
the ionic component to the total dielectric constant. [ 6 ]  To 
increase the dielectric constant of polymers, two methods 
are commonly employed. The fi rst aims to increase the 
ionic contribution through the addition of permanent 
dipoles (dipolar polarization) either within the polymer 
backbone or as pendant groups. This has led to much 
research into such polymer structures such as polyim-
ides, polyureas, functionalized polyolefi ns, and halogen-
ated homo- and copolymers. [ 7 ]  The increase in dielectric 
constant of these materials can also lead to a reduction in 
band gap and/or breakdown strength or in the case of the 
polyvinylidene fl uoride (PVDF) ferroelectric behavior. [ 8 ]  
The second method incorporates high-dielectric constant 

 High-dielectric constant materials are critical for numerous applications such as photovoltaics, 
photonics, transistors, and capacitors. There are numerous polymers used as dielectric layers 
in these applications but can suffer from having a low dielectric constant, small band gap, 
or ferroelectricity. Here, the structure–property relationship of various poly(dimethyltin 
esters) is described that look to enhance the dipolar and atomic polarization component of the 
dielectric constant. These polymers are also modeled using 
fi rst principles calculations based on density functional 
theory (DFT) to predict such values as the total, electronic, and 
ionic dielectric constant as well as structure. A strong corre-
lation is achieved between the theoretical and experimental 
values with the polymers exhibiting dielectric constants 
>4.5 with dissipation on the order of 10 −3 –10 −2 .    
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  1.     Introduction 

 Research into next-generation dielectric/insulating mate-
rials has grown exponentially due to their use in a plethora 
of applications such as photovoltaics, transistors, photo-
nics, and capacitors. [ 1–5 ]  Consequently, the development of 
a dielectric material that can either fulfi ll the requirements 
across multiple applications or a number of devices within 
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inorganic nanofi llers, such as barium titanate, which 
in addition may also give rise to interfacial polarization 
between the polymer matrix and nanoparticle. [ 9 ]  In order 
to achieve a total increase in dielectric constant, a large 
portion of the higher density nanoparticle needs to be 
added, which can cause detrimental effects to other elec-
tronic properties of the polymer such as reduced break-
down strength. [ 10 ]  Experiments have shown that even the 
dielectric constant of the nanoparticle is related to its size 
and that the smaller the size of the nanoparticle a much 
lower dielectric constant is observed. [ 11 ]  

 Recent computations have shown the benefi t of the 
incorporation of metal atoms, such as tin, covalently 
bonded within a polymer backbone on the dielectric 
properties. [ 12,13 ]  By imbedding the metal atom into the 
polymer, it is expected that undesirable effects due to 
aggregation will be absent and that the metal will be dis-
persed throughout the matrix. Also, creating polymers 
containing tin-heteroatom, such as oxygen, bonds leads 
to an enhancement of the dipolar and atomic polariza-
tion due to the increase in electronegativity difference 
between the two compared with carbon-heteroatom. 
We recently studied the structure–dielectric property 
relationship of aliphatic poly(dimethyltin esters) where 
dimethyltin dicarboxylate groups were joined together 
with methylene groups of varying length. [ 14,15 ]  These 
polymers exhibited dielectric constants ≥5.3, dielectric 
loss for the majority of the systems on the order of 10 −2  
and band gaps ≥4.6 eV. Based on these results, the critical 
amount of tin within a polymer, dependent upon the 
requirements of the application, can be identifi ed. It was 
found theoretically and confi rmed experimentally that 
the coordination complex and polymer structure, and as a 
result the dielectric properties, could be tailored by using 
different processing methods. 

 Here, we investigate a series of poly(dimethyltin 
esters), based on the synthetic method described by 
Zilkha and Carraher, in which the effect of having an 
aromatic ring adjacent to the dimethyltin dicarboxylate 
group or chiral centers on polymer morphology, thermal 
stability, and dielectric properties. [ 16 ]  We employ density 
functional theory (DFT) to model our polymers and cal-
culate the resulting dielectric properties and compare to 
the experimental results. [ 17 ]  We can conclude from these 
results which type of aromatic ring, i.e., electron donating 
or withdrawing, positioning of the dimethytin dicarbo-
xylate group on the aromatic ring and the level of crys-
tallinity needed to optimize the dielectric properties of 
these polymers. Furthermore, based on these correlations, 
it is implied that the modelling method is effective in 
the design of dielectric materials and from this a funda-
mental understanding of how to improve these materials, 
possibly incorporating both types of functionalities, for a 
second generation can be achieved.  

  2.     Experimental Section 

  2.1.     Theoretical Methodology 

 Our DFT calculations were performed using Vienna Ab initio 
Simulation Package (VASP), employing the Perdew-Burke-Ern-
zerhof (PBE) functional for the exchange-correlation energies and 
the non-local vdW-DF2 for the long-range van der Waals interac-
tions. [ 18–20 ]  To determine the structures of the examined aromatic 
and chiral poly(dimethyltin esters), we used the minima-hopping 
structure prediction method. [ 21 ]  Given that the polymer struc-
tures are predicted, we computed the relevant properties, one of 
which is the band gap at the PBE level. The dielectric constants 
were also calculated within the formalism of density functional 
perturbation theory as implemented in VASP. [ 22 ]   

  2.2.     Materials 

 All diacids (Acros Organics), dimethyltin dichloride (TCI), and 
tetrahydrofuran (J.T. Baker, HPLC grade) were used as received. 
Sodium hydroxide, NaOH, and triethylamine, TEA, were pur-
chased from Fisher Scientifi c. Deionized water was obtained 
from a Millipore purifi cation system.  

  2.3.     Instrumentation 

 Fourier transform infrared (FTIR) spectra were collected using a 
Nicolet Magna 560 FTIR spectrometer (resolution 0.35 cm −1 ) and 
are reported in wavenumbers (cm −1 ). The spectrum was obtained 
from a KBr pellet containing the polymer. Thermogravimetric 
analysis (TGA) was performed using a TA instruments TGA Q500 
with a heating rate of 10 °C min −1  under N 2  atmosphere. Differ-
ential scanning calorimetry (DSC) was performed on a TA instru-
ments DSC Q series with a fi rst heating cycle rate of 40 °C min −1 , 
a cooling cycle of 40 °C min −1 , and a second heating cycle of 
10 °C min −1 . Dielectric data were collected using an IMASS time 
domain dielectric spectrometer (TDS) with measurements done 
in an air-circulating oven at constant temperature. X-ray dif-
fraction (XRD) data were collected on powdered samples using a 
Bruker D2 Phaser with a Cu–Kα ( λ  = 1.54184 Å) radiation source.  

  2.4.     Synthesis 

 Scheme  1  illustrates the general reaction procedure for the 
synthesis of poly(dimethyltin esters). In general, to a round bot-
tomed fl ask is added the diacid(s) and distilled water. To this 
aqueous solution/mixture is added slightly more than two equiv-
alents, versus the diacid, of either NaOH, in the case of the aro-
matic polymers, or TEA, for the tartaric acid systems, to create an 
acid/base equilibrium and allow for carboxylation. The aqueous 
solution is then stirred rapidly. To a second fl ask is added slightly 
lower molar equivalent versus the diacid of dimethyltin dichlo-
ride and dissolved in THF. The organic phase is then rapidly 
added to the aqueous phase. The solution is stirred until the 
polymer precipitates from the interface. The solid is fi ltered 
and washed with equal amounts of THF and water and dried in 
vacuo (30 in. Hg) at 115 °C for 24 h (see Supporting Information 
for synthesis details).    
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  3.     Results and Discussion 

  3.1.     Coordination Complexes of Poly(dimethyltin esters) 

 Tin compounds have been reported to take a coordina-
tion number of four, fi ve, six, or seven. From our calcula-
tions, the poly(dimethyltin esters) are six coordinated, 
forming octahedral complexes, which are grouped into 
three different structural motifs, herein labeled the α-, β-, 
and γ-motif (see Supporting Information for pictorial rep-
resentation for these structures). The α-motif represents 
a 1D, intrachain complex in which the tin atom is cova-
lently bonded to two oxygen atoms from the two carboxy-
late groups and coordinated with two longer bonds to the 
two carbonyl oxygen atoms from the same repeat unit. 
In contrast, the β-motif is a 3D, interchain structure char-
acterized by the same two covalent Sn-O bonds but with 
coordination occurring with carbonyl oxygen atoms from a 
different polymer chain. The γ-motif is the combination of 
the α- and β-motif within the same polymer chain, shown 

to be on the same repeat unit, i.e., one carboxylate being 
intrachain and the other interchain; though in reality, 
the polymer chain is a mixture of both complexes in an 
unknown ratio. 

 Experimentally, the presence of these three motifs is 
confi rmed using IR (see Supporting Information for IR 
spectra of the polymers). Though Peruzzo was the fi rst to 
hypothesize that the two complexes could coexist, Car-
raher was the fi rst to report the IR absorption range of 
these complexes. [ 23,24 ]  The complexes are characterized 
by asymmetric and symmetric bridging (interchain), 
1550–1580 cm −1  and 1410–1430 cm −1 , respectively, 
and nonbridging (intrachain), 1635–1660 cm −1  and 
1350–1370 cm −1 , respectively, carbonyl absorptions. Each 
of these absorptions is present in the IR spectra of the 
polymers described here in varying intensities. This con-
fi rms what is expected, that at ambient conditions each 
of the motifs exists in an unknown quantity within the 
polymer chains.  

  3.2.     Aromatic Poly(dimethyltin esters) 

 As stated previously, three different types of aromatic sys-
tems are investigated, electron- withdrawing pyridine, 
electron-donating thiophene, and electron “neutral” 
benzene rings. The effect of the placement of the carbox-
ylic acids in relation to each other on both the pyridine 
and benzene systems on the dielectric properties is also 
evaluated. A second dipole is observed when the car-
boxylic acids are metapositioned to each other versus 
parapositioned. Due to the insolubility in most common 
organic solvents, pellets were pressed to measure the 
dielectric properties. The dielectric properties ( Table 1 ) 
at ambient conditions, ca. 25 °C and 1 atm, illustrated 
in Figure  1 (a and b), show consistent dielectric constants 
over a frequency range of 10 −2 –10 4  Hz. As expected the three 
polymers, poly(dimethyltin isophthalate) (p(DMTIso)), 
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 Scheme 1.    Interfacial polymerization reaction scheme for the 
formation of poly(dimethyltin esters).

  Table 1.    Theoretical and experimental dielectric properties of poly(dimethyltin esters). 

Polymer ε exp.  a) ε DFT  b) tanδ 
[%]

p(DMTIso) 5.52 5.90 0.39

p(DMTTer) 4.71 6.19 3.13

p(DMT 2,6-DPA) 5.64 6.79 1.50

p(DMT 2,5-DPA) 4.81 6.30 1.04

p(DMT 2,5-TDC) 5.08 7.91 3.04

p(DMT D-Tar) 6.18 7.15 3.13

p(DMT 50/50 Glu/D-Tar) 5.31 6.32 1.08

p(DMT 50/50 Glu/L-Tar) 5.55 – 1.95

p(DMT 50/50 Glu/DL-Tar) 4.97 6.52 5.33

    a) Average value over 10 −2 –10 4  Hz;  b) Theoretical values based on density functional theory (DFT).   
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poly(dimethyltin 2,6-dipicolinate) (p(DMT 2,6-DPA)), 
poly(dimethyltin 2,5-thiophenedicarboxylate) (p(DMT 2,5-
TDC)), in which the carboxylic acids are metapositioned 
exhibit higher average dielectric constants ( ε  avg ), 5.52, 5.64, 
and 5.08, respectively. In contrast, poly(dimethyltin tereph-
thalate) (p(DMTTer)) and poly(dimethyltin 2,5-dipicolinate) 
(p(DMT 2,5-DPA)) have  ε  avg  values of 4.71 and 4.81, respec-
tively. The trend in dielectric constant for the metaposi-
tioned polymers, when comparing what type of aromatic 
ring is present, is pyridine > benzene > thiophene. The 
behavior of the experimental dielectric constants reported 
for the metapositioned carboxylate groups is a result of the 
size and electron density/polarity of the aromatic ring. It 
is expected that as the size of the ring system is increased 
the resulting dielectric constant would be lower due to 
larger molecular volume. However, thiophene is electron 
rich and pyridine is electron defi cient, which gives rise 
to differences in electron density within the ring system. 
For example, the electron density of the benzene ring is 
spread evenly, whereas the in the pyridine ring, the elec-
tron density is localized around the nitrogen. As for the 
parapositioned polymers, the benzene containing polymer, 
p(DMTTer), has a higher average dielectric constant versus 
the pyridine, p(DMT 2,5-DPA), though there is an infl ec-
tion point at 3 Hz and the pyridine containing polymer 
exhibits a higher dielectric constant. Again the behavior in 
the data can be attributed to the polarity of the aromatic 
ring system. 

   The calculated dielectric constants show that p(DMT 
2,5-TDC) has the highest dielectric constant followed 
by the pyridine- and benzene-based polymers. In the 
pyridine polymers, the metapositioned polymer has 
a higher dielectric constant than the parapositioned, 
which is the opposite for the benzene-based systems. 
The lack of correlation in trends can be attributed to the 
calculations being performed on highly crystalline sys-
tems at temperatures below ambient conditions as well 
as complications in the experimental measurements 
with respect to sample preparation and consistency of 
measurements. This also highlights the fact that the 
exact structures of these polymers are quite complex 
versus other systems we have investigated and that 
further experimental data are required to pinpoint fur-
ther details of polymer morphology for input into our 
models. 

 The performance of a dielectric material is also gov-
erned by its dielectric loss/dissipation. Minimal loss is 
ideal as high dissipation in dielectric constant will result 
in energy absorption or in the case of photonic crystals 
a variation in band gap as it is inversely proportional to 
dielectric constant. [ 5 ]  All of the polymers have dissipa-
tion factors at or below 3%, with p(DMTIso) having an 
average dissipation of 0.39%. The high dissipation for the 
polymers can be attributed to presence of residual water, 
which is seen in the TGA analysis (see Supporting Infor-
mation for TGA traces). 
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 Figure 1.    Dielectric properties (a and b) of poly(dimethyltin isophthalate), p(DMTIso); poly(dimethyltin terephthalate), p(DMTTer); 
poly(dimethyltin 2,6-dipicolinate), p(DMT 2,6-DPA); poly(dimethyltin 2,5-dipicolinate), p(DMT 2,5-DPA); and poly(dimethyltin 2,5-thiophen-
edicarboxylate), p(DMT 2,5-TDC), at ambient conditions. Temperature dependence of dielectric properties, c and d, of p(DMTIso).
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 The incorporation of aromatic rings also serves to 
increase the thermal stability of the polymers as a result 
of the increase in the rigidity of the polymer and the 
number of bonds that need to be broken, in the case of 
aromatic systems two 1.5 bonds need to be broken in 
order for scission of the polymer chain to occur. The aro-
matic polymers are all stable to temperatures >250 °C 
with increased degradation rate not occurring until 
ca. 300 °C. As highlighted in the previous paragraph, 
p(DMTIso) exhibits a dielectric constant of 5.52 with 
a dissipation well below 1%. Therefore, temperature 
dependence on the dielectric properties of this polymer 
was looked at further (Figure  1 c,d). As the temperature 
is increased, the dielectric constant is lowered due to the 
removal of residual solvent and at temperatures ≥125 °C, 
the dielectric constant is enhanced as a result of height-
ened thermal energy allowing the dipoles to align faster 
to the applied electric fi eld. As expected, the dissipa-
tion factor increases with temperature due to thermal 
loss resulting from friction caused from the movement 
of polymer chains. Fortunately, the dissipation remains 
below 1% for much of the frequency range. However, at 
elevated temperatures, exposure to air may cause oxida-
tion resulting in electrical breakdown at these tempera-
tures. The conditions of these experiments, therefore, 
were run in order to mimic dielectric materials used in 

applications where they may be exposed oxygen in the 
air and it is expected that this represents the worst case 
scenario and further testing in an inert environment 
would lead to enhancement of the dielectric properties. 
It is hoped that by increasing the maximum operating 
temperature the emphasis on device cooling will be less 
stringent.  

  3.3.     Chiral Center Containing Poly(dimethyltin esters) 

 Controlling the crystallinity of polymers has been shown 
both theoretically and experimentally to have effects 
on the electronic properties of polymers. Sun et al. have 
carried out calculations on crystalline and amorphous 
materials that show amorphous polymers have higher 
breakdown strength due to the absence of cavities in which 
charge can accumulate and migrate from and which are 
inherent in highly crystalline materials. [ 25 ]  Wu et al., in 
their paper describing the synthesis and characterization 
of an amorphous polythiourea, relate the improvement in 
conduction loss to random dipoles in the amorphous mate-
rial causing stronger scattering of charge carriers. [ 7i ]  In our 
systems, we can control crystallinity by employing a diacid 
that contains chiral centers, in this case tartaric acid. The 
D- and L- forms of tartaric acid lead to more amorphous 
materials since chain packing is disrupted due to the two 
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 Figure 2.    XRD patterns of homopolymers (a) of poly(dimethyltin esters) based on D-, L-, and a racemic mixture of D- and L-tartaric acid, 
p(DMT D-Tar), p(DMT L-Tar), and p(DMT DL-Tar), respectively. XRD patterns of copolymers (b) of poly(dimethyltin esters) using a 50/50 feed 
ratio of glutaric acid/tartaric acid, p(DMT 50/50 Glu/D-Tar), p(DMT 50/50 Glu/L-Tar), and p(DMT 50/50 Glu/DL-Tar). Dielectric properties 
(c and d) of p(DMT D-Tar), p(DMT 50/50 Glu/D-Tar), p(DMT 50/50 Glu/L-Tar), and p(DMT 50/50 Glu/DL-Tar) at ambient conditions.
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hydroxyl groups being in the same plane. A more crys-
talline polymer can be synthesized by using some mix-
ture of the enantiomers, in this case the racemate, since 
tighter chain packing can be achieved. This is confi rmed 
through XRD, Figure  2 a, which show a broad diffraction 
pattern for poly(dimethyltin D-tartrate) (p(DMT D-Tar)) and 
poly(dimethyltin L-tartrate) (p(DMT L-Tar)) compared to the 
more well-defi ned diffraction pattern of poly(dimethyltin 
DL-tartrate) (p(DMT DL-Tar)). The hydroxyl groups also serve 
to enhance chain–chain interaction as a result of the pos-
sibility for hydrogen bonding between -OH groups or the 
coordination of the electron lone pairs with the tin atom in 
competition with the carbonyl oxygen atom. Copolymers 
of glutaric acid with the various tartaric acid enantiomers 
were also synthesized to see if crystallinity and coordina-
tion complexes could be tailored. The XRD patterns, Figure 
 2 b, of these copolymers show that the polymers using 
50/50 feed ratios of the diacids are crystalline in nature. 

  Pellets were pressed in order to compare the dielec-
tric properties of the polymers (Figure  2 c,d). As expected 
the homopolymer, p(DMT D-Tar), had a higher dielectric 
constant,  ε  avg  of 6.18, compared to the copolymers as a 
result of the higher volume of dipoles per unit. Unfortu-
nately, p(DMT DL-Tar) could not be tested as the pellet 
easily crumbled. This could be due to p(DMT DL-Tar) being 
lower in molecular weight compared to p(DMT D-Tar) 
though this was not confi rmed. Pellets of the copolymers 
showed that the incorporation of the amorphous tartaric 
acid led to a higher dielectric constant, 5.31 and 5.55 for 
D-Tar- and L-Tar-based systems, respectively, versus 4.97 
for the DL-Tar system. The dissipation of the polymers is 
higher than the aromatic systems, >1% for all polymers 
with p(DMT 50/50 Glu/DL-Tar) having a dissipation >5%. 
However, it is shown that using an enantiomerically pure 
tartaric acid, which can impart more amorphous regions 
within the matrix, is more benefi cial as the dissipation/
conduction loss of these copolymers is about fi ve times 
lower than of the copolymer containing the racemic mix-
ture of D- and L-tartaric acid. The theoretical calculations 
also show the p(DMT D-Tar) to have a higher dielectric 
constant versus the copolymers, though the more crys-
talline p(DMT 50/50 Glu/DL-Tar) has a higher dielectric 
constant compared to the other two copolymers. Again 
this can be attributed to the calculations being done on 
fully crystalline systems, whereas it is known that there 
is some semicrystalline nature in these polymers.   

  4.     Conclusion 

 In summary, we have shown the effect of two different 
variables, aromaticity and chirality, on the dielectric prop-
erties of poly(dimethyltin esters), which may be employed 
in a number of applications where a dielectric layer is 

required. All of the polymer systems exhibit dielectric 
constants >4.5 with dissipation between 0.1% and 10%. 
From these results, it is shown that having an aromatic 
ring improves the thermal stability of these polymers and 
that the nature of the ring is not as critical to the dielec-
tric properties as the positioning on the ring of the dimeth-
yltin dicarboxylate is. Also, incorporating diacids that 
can impart a more amorphous nature into the polymer 
chain are benefi cial to the dielectric properties. This work 
included the use of state-of-the-art calculations at the level 
of DFT to model the polymer structures and from these 
confi gurations predict the resulting dielectric constants. 
There is a good correlation between theoretical and experi-
mental results but some work still needs to be done due 
to the highly complex coordination complexes that are 
formed. However, based on these observations, we now 
have the knowledge to improve upon these materials, pos-
sibly having both functionalities present in the polymer 
backbone, for a second generation.  
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