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ABSTRACT: Polythioureas (PTUs) have been investigated as a
dielectric material for an energy-storable capacitor in both experimental
and computational approaches. However, the effect of dipolar polar-
ization, closely associated with conformational H-bonding arrays, on
dielectric properties under the operating frequency has never been
studied in PTUs. Here, a series of PTUs with different spacers and
additional dipoles are synthesized to explore the influence of
conformations in thiourea units on their dielectric properties. The
additional dipolar substituent (−COOH) contributes to a high dielectric
constant, while accompanying a remarkable dielectric loss. Alternatively, a random copolymer is prepared to adjust the
−COOH content, which displays a high dielectric constant and a suppressed dielectric loss. However, it requires strict control
of the segmental ratio to meet the energy-storage demand. A neat alicyclic PTU with a flexible cyclohexyl spacer also exhibited a
high dielectric constant and a low dielectric loss because of its rich trans/trans conformation, which brings about an increasing
effective dipole moment per unit volume. Meanwhile, it retains high breakdown strength, thus leading to high electric energy
density (Ue ≈ 10 J/cm3). These results suggest that tuning conformational H-bonding arrays based on molecular design is a
more effective way to improve the dielectric properties of PTUs toward a very high energy storable material.

1. INTRODUCTION

Dielectric capacitors with high electric energy density have
been developed and investigated for a number of modern
flexible electronic devices and large-scale electrical power grid
systems.1−7 With advance in miniaturization of these devices
and systems, it is highly desirable to improve the electric
energy density of the dielectric materials. The electric energy
density (Ue) of the material can be obtained using Ue =
0.5ε0εrEb

2, where εr is dielectric constant, that is, electric field
independent, and Eb is the breakdown strength.2,3,5 Recent
years have witnessed extensive efforts to address this issue
through improving these two key performance parameters to
enhance the electric energy density of capacitors. The nonpolar
biaxially oriented polypropylene film with a high breakdown
strength of about 700 MV/m has been commercially utilized,
but its electric energy density is limited to below 5 J/cm3,
owing to its intrinsic low dielectric constant (εr = ca. 2.2).8

Ferroelectric polymers, such as poly(vinylidene fluoride)-based
copolymers, demonstrate a high permittivity (εr > 50) and a
high electric energy density (>25 J/cm3). Nevertheless, it is
still challenging to apply them to capacitors because of the
obvious ferroelectric hysteresis losses at high field and high
temperatures.9−11

Other polar polymers containing cyano,12,13 sulfone,14,15

urea, and thiourea moieties16,17 have been also explored to

improve the dielectric constant. Among them, polythiourea
(PTU) and polyurea (PU) with H-bonding showed superior
dielectric properties and electric energy density.18−21 Zhang, et
al. studied the effect of nanostructure derived from metalinked
PU on its dielectric constant and reported that the disordered
phase exhibited a higher dielectric constant than ordered
phases.17 They also tuned the dipolar density of aromatic
PTUs to improve their properties and thus obtained one of the
para-linked aromatic PTUs via microwave-assisted polycon-
densation that exhibited high breakdown strength and high
electric energy density.20 Besides the empirical experimental
approach, Ramprasad et al. also successfully proposed a
rational codesign strategy and a data-driven fingerprinting
method for designing dielectric polymers, where PTUs
displayed excellent dielectric properties as well.21−23 Besides
electronic and atomic polarizations, the orientation polar-
ization of dipoles in polar polymers can also contribute to the
dielectric constant in the operating frequency below 106 Hz,
which is closely related with their conformations. However,
conformational features and H-bonding interactions in PTUs
have been ignored in both experiments and the above-
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mentioned machine-learning (ML) methods. Hence, it is
essential to detect these characteristics in PTUs, thus providing
more details for ML models to make the dielectric prediction
more precise.
In this report, we investigated the conformational features of

thiourea units and detected their effect on dielectric properties
for PTUs through incorporating different spacers and a
functional polar substituent (−COOH). Based on the previous
reports, we can obtain that H-bonding is important for the
arrangement of polymer chains.24,25 Both PTU and PU prefer
to form strong H-bonding networks, linking the acceptor unit
(CO or CS) and two donor units (N−H). However,
contrary to the linear H-bonded urea array in semi-crystalline
PU, PTU was likely to show the amorphous nature, originating
from the less ordered, zigzag geometries of H-bonded thiourea
units and the coexisting cis/trans and trans/trans conforma-
tions. Recently, it was reported that aliphatic PTUs exhibited
the zigzag H-bonded array and rapidly exchangeable H-bonded
pairs.26 Such unique H-bonded array of thioureas can be
considered to critically affect dielectric properties. It gave us a
further understanding of the structure−property relationship in
PTUs, providing a new material design perspective for high
energy-storable dielectric polymers.

2. RESULTS AND DISCUSSION
2.1. Synthesis. A series of PTUs were synthesized via

polyaddition polymerization between 1,4-phenylene diisothio-
cyanate and various diamines (H2N−R−NH2), as shown in
Scheme 1. PTUs with rigid and flexible spacers were selected

to elucidate the influence of these spacers on their
conformations. In particular, m-linked diamines were selected
to improve processability of the obtained PTUs. Chemical
structures and the molecular weight (Mn) of the obtained

PTUs were characterized by 1H NMR spectroscopy and size
exclusion chromatography, respectively, as shown in Table 1.
The conformations and hydrogen bonding array geometries of
thiourea units in PTUs (more detailed discussion appears in
the following section) were carefully determined by Fourier
transform infrared (FT-IR) spectra (as seen in Supporting
Information), which were correlated with their dielectric
properties.

2.2. Dielectric Property. Broadband dielectric spectra of
PTUs were measured at various temperatures over the whole
frequency range 10−1 to 106 Hz to discuss the polarization
characteristics in them. The dielectric constant of PTU 2
increased slightly with temperatures, as shown in Figure 1a.
Even that, an obvious β transition at around −70 °C, far below
glass transition temperature, was observed at 10 Hz as shown
in Figure 1b, which was assigned to the reorientation of dipolar
thiourea units. It demonstrated that the β transition in PTUs
allowed dipolar thiourea to rotate along the applied electric
field at room temperature at 10 Hz, even in the glassy state.
The same phenomenon was detected in PTU 1 in Figure S1.
Based on the Frohlich model27,28
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where εrs, εr∞, and ε0 are the dielectric constants at low
frequency, optical frequency, and in vacuum, respectively; γ is
the angle between dipole moment vectors, N is the volumetric
dipole density, g is the orientation correlation function for
short-range interactions between dipoles, which is proportional
to the cos γ, u is the dipole moment, k is the Boltzmann
constant, and T is the temperature. According to the Frohlich
model, we can attain that the dielectric constant is proportional
to the volumetric dipole density, the square of the dipole
moment, and the orientation correlation function. Therefore,
increasing the volumetric dipole density, permanent dipole
moment, and the orientation correlation function are the three
potential ways to improve the dielectric constant for materials.
Compared with 1, the smaller spacer molecular size in 2 with a
larger volumetric dipole density only led to a slightly increasing
dielectric constant, corresponding to the previous result.20 It
indicated that increasing the volumetric dipole density through

Scheme 1. PTUs with Different Spacers and a Functional
Polar Substituent

Table 1. Molecular Weight, Thermal Properties, and Dielectric Properties of PTUs

aDetermined from SEC using DMF as the eluant. bDetermined from the second scan of DSC results. cDielectric constant (εr) was measured at
room temperature and 10 Hz. dDielectric loss (tan δ) was measured at room temperature and 10 Hz. eBreakdown strength (Eb).

fElectric energy
density (Ue) was calculated from Ue = 0.5ε0εrEb

2.
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modifying the molecular size is not an efficient method to
improve the dielectric constant.
Here, we substituted the carboxyl polar group on m-position

of the main chain phenylene, resulting in an increasing
permanent dipole moment. The dielectric constant of 3
significantly increased (εr ≈ 8) than that of nonsubstituted 2
and showed an exponential increase above 70 °C, as shown in
Figure S2a. Different from 1 and 2, the obtained temperature
dependence of dielectric loss (tan δ) for 3 in Figure S2b
illustrated two obvious transitions from −150 to 110 °C. The
introduction of the pendant carboxyl group could enlarge the
interchain space, which allowed more facile orientation of polar
thiourea units in contrast to that in 2. In addition, the carboxyl
substituent, attaching to the main chain directly, can also
reorient associated with the flip motion of the phenyl ring,
which occurred at a higher temperature range compared with
thiourea units. Hence, the β relaxation and β′ relaxation that
occurred at around −80 and −25 °C at 10 Hz were attributed
to the reorientation of thiourea and carboxyl−phenyl units,
respectively, resulting in an increase of the dielectric constant
in comparison with 2. However, the large εr for 3 was at the
cost of dielectric loss owing to the reorientation of the carboxyl
units and segmental motions at low frequency, especially at
high temperatures, where the conduction became dominant

and led to a sharp increase in the dielectric constant, as
observed in Figure S2. It suggests that the excessive permanent
dipole moment through introducing the polar substituent is
not a promising way to design an energy-storable material.
Alternatively, random copolymer 4 with a small number of
polar substituents was designed to adjust both the advantages
of 2 and 3. We prepared the random PTU copolymer 4 in the
similar procedure as of the neat PTU, of which the molar ratio
was PTU 2/PTU 3 = 10/3. The dielectric constant of 4
increased to 5.3 because of the additional carboxyl dipoles (see
in Table 1). It was further confirmed that additional dipoles
could increase the dielectric constant in PTUs. The dielectric
loss of 4 also displayed β and β′ relaxation processes, where the
β relaxation for the thiourea units occurred at lower
temperatures in contrast to 2 because of their easier
orientations. Additionally, the dielectric loss of 4 was
suppressed in comparison with neat 3, although it became
prominent at high temperatures at 10 Hz, as shown in Figure
1b.
It is necessary to improve the dielectric constant and

maintain relative low dielectric loss over a wide range of
temperatures. Apart from the volumetric dipole density and the
permanent dipole moment, the orientation correlation
function associated with the conformational H-bonded

Figure 1. (a) Temperature dependence of the dielectric constant, (b) dielectric loss at 10 Hz of PTUs with different spacers and a carboxyl
functional substituent at 20 °C, 2 (■), 4 (▲), and 5 (○).

Figure 2. Frequency dependence of (a) the real part (ε′), (b) the imaginary part (ε″) of the complex dielectric constant, (c) dielectric loss, and (d)
conductivity of PTUs at 20 °C, 1 (□), 2 (■), 3 (△), 4 (▲), and 5 (○).
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thiourea arrays, which determines the effective dipole moment
per unit volume, is also another way to improve the dielectric
constant. The previous result reported that the aliphatic PTU
contains both trans/trans and cis/trans conformational H-
bonded pairs.26 Therefore, a flexible cyclohexyl spacer was
introduced into PTU 5 instead of the rigid m-phenylene
spacer, without reducing the permanent dipole moment and
volumetric dipole density at the same time.
The real part (ε′) and the imaginary part (ε″) of the

complex dielectric constant, dielectric loss (tan δ), and
conductivity (σ′) of all PTUs were also shown in Figure 2 as
a function of frequency. The frequency-dependent dielectric
spectroscopy showed that all PTUs displayed different
dielectric responses. In contrast to the ε′ of 3 showing an
exponential growth when the frequency was approaching to
10−1 Hz, the ε′ of other PTUs increased slowly with decreasing
frequency, as shown in Figure 2a. Also, the ε′ of 5 was almost
similar with that of 4.
The ε″ of all PTUs in Figure 2b illustrated different

dielectric relaxation processes. The β relaxation, arising from
the dipolar orientation of thiourea units, occurred in all PTUs
above 105 Hz. An extra broad relaxation process, the β′
relaxation in the mid-frequency-range, was detected in 3 and 4,
originating from the reorientation of carboxyl−phenyl units. It
indicated that the reorientation of thiourea units was easier
than that of carboxyl−phenyl units. With further decreasing
frequency, the ε″ of 3 showed an exponential growth, as
descripted for ε′. It demonstrated that dc conductivity became
dominant at low frequencies, as verified by the conductivity
results in Figure 2d, where an obvious plateau was observed in
3. Even though 3 exhibited an excellent dielectric constant, it
led to a sharp increase of dielectric loss, as seen in Figure 2c.
The dielectric loss and dc conductivity were suppressed in the
copolymer 4 with a small number of polar carboxyl
substituents, while at the cost of the dielectric constant.
These results were consistent with the above-mentioned
results.
Based on these results, we can obtain that 4 and 5 were two

promising energy-storable dielectric materials. However, the
origin of the high dielectric constant in 5 was still unclear.
Therefore, the effect of conformations on the dielectric
constant was explored for further understanding the
structure−property relationship in PTU.
As discussed in earlier studies,25,26 FT-IR spectroscopy is a

powerful tool to estimate the ratio of trans/trans and cis/trans
conformations in PTUs by means of identifying H-bonding

vibrations of N−H stretching. IR spectra of both the as-
prepared powders and the casted film for PTUs were
measured, and typical spectra were given in Figures S3 and
S4. All the typical vibration broad bands of the N−H
stretching at around 3400, 3200, and 3000 cm−1 at film states
red-shifted in comparison with the corresponding powders,
indicating that the H-bonding evolved during the film
formation. The first one was the characteristic of the free
N−H without forming the H-bonding, which diminished after
film formation. The second one was assigned to the N−H
stretching vibration of nonlinear, zigzag H-bonded thiourea
arrays, representing the strained trans/trans conformation,
which is contrary to PU that only adopted linear trans/trans
conformation, as shown in Figure 3a. The last one was caused
by the N−H deformation vibration of H-bonded thiourea
dimers, derived from cis/trans conformation. The trans/trans
and cis/trans conformations coexisted in all PTUs 1−5
because of the close energy gap between the two
conformations, in accordance with the previous papers on
the aliphatic PTU.26 Two conformation (trans/trans and cis/
trans) ratios in PTUs were estimated from the IR absorption
peak, which depended on their primary polymer structures.
More detailed descriptions about the calculating process of two
conformation (trans/trans and cis/trans) ratios in the PTU are
provided in Supporting Information. The IR spectra suggested
that the trans/trans conformation was dominant in 5, while
trans/trans conformation in 2 was almost equivalent to cis/
trans conformation in 2 (see Table 1 and Figure 3b). The
alicyclic flexible spacer in PTU 5 preferably brought about
more trans/trans conformations, where the proportion of
trans/trans conformation in 5 was increased to 0.72 (0.51 for 2
as the control).
It is obviously shown in Figure 1a that PTU 5 with a flexible

cyclohexyl spacer exhibited larger εr than 2. The trans/trans
conformation adopted a nonlinear (zigzag) H-bonded thiourea
array and resulted in an increasing effective dipole moment per
unit volume, whereas the cis/trans conformation was likely to
form a thiourea dimer leading to a mutually offsetting dipole
moments, as illustrated in Figure 2a. The variant dielectric
constants for 5 and 2 (20 °C, 10 Hz) in Figure 1a can be
ascribed to the difference in their trans/trans conformational
proportion, suggesting the trans/trans conformation of
thiourea units played a more important role on the dielectric
constant.
While the large dielectric constant for 5 was comparable to

the data in the previous report,17 the dielectric loss remained

Figure 3. (a) Conformations and H-bonding motifs of urea and thiourea with the arrows representing the dipole moment and (b) IR spectra of
PTU 2 (black line) and 5 (red line).
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low even at high temperatures, as seen in Figure 1b. The same
phenomenon was also observed in PTU 1 with a flexible
methylene spacer. Even though the larger molecular size in 1
led to a reduction in volumetric dipole density in comparison
with 2, the dielectric constants of them were almost similar,
where the more trans/trans conformation in 1 was positive for
increasing the dielectric constant. These results demonstrated
that flexible spacers and accompanying trans/trans conforma-
tion of zigzag H-bonded arrays between thiourea units played
an important role in the increase of the dielectric constant.
Breakdown strengths of PTUs were also carried out at room

temperature and analyzed by Weibull distribution, as shown in
Figure S5. The breakdown strengths for PTUs were
summarized in Table 1. X-ray diffraction (XRD) was
performed in order to elucidate the factors for the excellent
breakdown strength in PTUs. XRD profiles of PTUs in Figure
S6 exhibited broad diffraction peaks at around 2θ = 24°, typical
of amorphous material. The nonlinear zigzag H-bonded arrays
in PTUs suppressed crystallization, originating from the
mixture of trans/trans and cis/trans conformations. Randomly
oriented thiourea derived from cis/trans conformation acted as
defects into the zigzag H-bonded arrays, bringing about more
random dipoles. These random dipoles in PTUs could act as
strong scattering centers for conduction electrons to prevent
the premature failure and thereby leading to high breakdown
strength. Given these factors, we assume that more rigid
spacers and the accompanying more random dipoles from the
cis/trans conformation may improve the breakdown strength.
Based on the dielectric constant and breakdown strength,

the corresponding electric energy densities of PTUs were
calculated, as given in Table 1. Among all PTUs, 2 displayed
the highest electric energy density, 14 J/cm3, because of its
superior breakdown strength. On the other hand, the electric
energy density of 3 remained low even though its higher
dielectric constant, which was mainly ascribed to poor
breakdown strength, resulting from its inferior film formability.
The electric energy density, 8.6 J/cm3, was attained in
copolymer 4, about 100 times larger than that of 3 because
its breakdown strength was significantly improved compared
with neat PTU 3. PTU 5 exhibited a higher dielectric constant,
while the decreasing cis/trans conformation in them decreased
the number of random dipoles and reduced scattering centers
for preventing conduction electrons, which led to the lower
breakdown strength than 2. Comprehensively, the electric
energy density of 5 was almost similar with that of copolymer
4.
Different from the dielectric constant, the inherent factor

only depends on the material itself; it should be noted that the
breakdown strength can be influenced by external factors.29,30

Hence, the dielectric constant is more preferred to be
considered than breakdown strength in molecular design to
improve the electric energy density of materials. Both
copolymer 4 and PTU 5 with suitable molecular structures
displayed a high dielectric constant and relatively low dielectric
loss. PTU 5, as a neat polymer, was easy to be synthesized,
while the ratio of two segments in the random copolymer 4
required strict control to meet the energy-storable demand
because more carboxyl dipoles could bring about remarkable
dielectric loss. It gives us an insight that tuning conformational
H-bonded thiourea arrays is a more promising way to improve
the balanced dielectric properties and electric energy density
for designing an energy-storable material.

3. CONCLUSIONS

In summary, the dielectric properties and electric energy
density of PTUs can be improved through tailoring the
conformational H-bonding thiourea arrays by modification of
their molecular structures. Both introducing moderate dipolar
substituents and tuning conformations in PTUs are two
promising ways toward high energy-storable dielectric
materials. The latter one by preparing neat PTUs is more
feasible than the former one by preparing the copolymer owing
to its strict adjustment between two segments to meet the
energy-storable demand. The co-existing trans/trans and cis/
trans conformations in PTUs, deriving from the spacer
molecular design, play an important role on their dielectric
constants and breakdown strengths. The nonlinear zigzag H-
bonding array based on trans/trans conformation-rich PTUs
with flexible spacers enhances the dielectric constant because
of the increasing effective dipole moment per unit volume. On
the other hand, the cis/trans conformation-rich PTUs are
likely to bring about more random dipoles that provides more
scattering centers for conduction electrons to prevent the
breakdown. Hence, tuning conformational H-bonding thiourea
arrays in PTUs is an effective method to design energy-storable
dielectric materials. In addition, we should include the
conformational effect into the ML model to refine the
approximation from the emerging computational approaches.

4. EXPERIMENTAL SECTION
4.1. Materials. 1,4-Phenylene diisothiocyanate, 3,3′-diaminodi-

phenylmethane, 1,3-phenylenediamine, 3,5-diaminobenzoic acid, and
1,3-cyclohexanediamine were purchased from Tokyo Chemical
Industry Co. Ltd, Tokyo, Japan.

4.2. Synthesis. All PTUs with different spacers and functional
units were synthesized through polyaddition polymerization, as
illustrated in Scheme 1. For example, 1,4-phenylene diisothiocyanate
(0.01 mol) was dissolved in 20 mL of anhydrous N,N-
dimethylformamide (DMF). Diamine (0.01 mol) was added and
reacted at room temperature under a N2 atmosphere for 24 h. The
resulting mixture was slowly poured into methanol. The precipitate
was collected by filtration. The crude powder was dissolved in DMF,
reprecipitated into methanol, and dried under vacuum at 80 °C
overnight to yield the corresponding polymer 1−5. 1: 1H NMR (500
MHz, DMSO-d6): δ 9.71, 9.70 (d, 4H, NH), 7.42 (s, 4H, Ar H), 7.39,
7.37 (d, 2H, Ar H), 7.31 (s, 2H, Ar H), 7.241 (t, J = 7.5 Hz, 2H; Ar
H), 7.01, 6.99 (d, 2H, Ar H), 3.91 (s, 2H, CH2). 2:

1H NMR (500
MHz, DMSO-d6): δ 9.85 (s, 2H, NH), 9.73 (s, 2H, NH), 7.70 (s, 1H,
Ar H), 7.45 (s, 4H, Ar H), 7.30 (s, 3H, Ar H). 3: 1H NMR (500
MHz, DMSO-d6): δ 9.99 (s, 2H, NH), 9.87 (s, 2H, NH), 7.95 (s, 1H,
Ar H), 7.91 (s, 2H, Ar H), 7.47 (s, 4H, Ar H). 4: 1H NMR (500
MHz, DMSO-d6): δ 9.73−10.01 (m, 5.2H, NH), 7.95 (s, 0.3H, Ar
H), 7.87 (s, 0.6H, Ar H), 7.69 (s, 1H, Ar H), 7.44 (s, 5.2H, Ar H),
7.29 (s, 3H, Ar H). 5: 1H NMR (500 MHz, DMSO-d6): δ 9.40 (s,
2H, NH), 9.27 (s, 2H, NH), 7.38 (s, 4H, Ar H), 7.44 (s, 1H, Ar H),
4.11 (s, 3H, Ar H).

4.3. Characterization. Chemical structures and the molecular
weight (Mn) of PTUs were characterized by 1H NMR spectroscopy
and size exclusion chromatography, respectively. The more detailed
information was given in the Table 1. The PTU films with the
thickness of 5 μm were prepared by casting from the DMF (1 g)
solution of PTU (10 mg) on a copper substrate, followed by solvent
annealing at 80 °C for 6 h and thermal annealing at 100 °C for 5 d
under vacuum. The copper substrate was immersed in isopropanol,
washed by ultrasonic treatment for 15 min, and further cleaned by
ozone treatment prior to use. Homogeneous and ductile films were
obtained by simple casting from DMF solutions.

Dielectric measurement was carried out by using an impedance
analyzer (Solartron SI26096W) from −150 to 110 °C with
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frequencies of 10−1 to 106 Hz at room temperature under 1 V applied
voltage. The dc breakdown strength at room temperature was
implemented by using an HJC-100kV instrument which was provided
by the Jilin Huayang Instrument and Equipment Company. A brass
spherical electrode (ϕ = 25 mm) was used for the breakdown test,
and the experimental data were analyzed with Weibull distribution
function. Glass transition temperature was determined by differential
scanning calorimetry (DSC) (TA Instruments, Q-200) under the
nitrogen atmosphere at a heating rate of 10 °C/min at the
temperature range from 10 to 180 °C. The conformational H-
bonding thiourea arrays in PTUs were detected by using a JASCO
FTIR-6100FV instrument with the attenuated total reflection mode.
Moreover, XRD with Co Kα radiation was also performed to
characterize their molecular structures.
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