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ABSTRACT: We report the synthesis and dielectric characterization of novel
polyvinylidene fluoride−trifluoroethylene P(VDF−TrFE) composite films containing
[(CH3)2NH2][Mg(HCOO)3] (DMAMg) and [NH4][Zn(HCOO)3] (AmZn) dense
metal−organic frameworks (MOFs). The optical camera and Raman microscopies are
used to map the distribution of the MOF fillers in the prepared films. The dielectric
spectroscopy experiments of the DMAMg/P(VDF−TrFE) composite performed in a
broad temperature range demonstrate rich dielectric behavior originating from the
dipolar dynamics of the (CH3)2NH2

+ molecular cations and glassy behavior of the
copolymer matrix. An anomalous behavior of the complex dielectric permittivity is
also observed because of the structural phase transition of DMAMg fillers. The
dielectric properties of the AmZn/P(VDF−TrFE) composite film are mainly
determined by the dipolar glass relaxation of the P(VDF−TrFE) polymer. The
frequency-dependent dielectric spectra of both composites allow us to characterize
the observed dipolar relaxation processes. The (CH3)2NH2

+ cation dynamics follows the Arrhenius law, whereas the glassy
behavior of P(VDF−TrFE) is described by the Vogel−Fulcher equation. For both composites, we observe a significant increase
of the dielectric permittivity compared with the P(VDF−TrFE) film without MOF fillers.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are an emerging subclass
of hybrid materials composed of metal centers that are joined
together by organic linkers into highly porous structures.1−3

The pronounced MOF porosity can be utilized for gas
adsorption4 and related applications such as gas storage,5,6

separation,7 and drug delivery.8 In addition to the ordinary
frameworks, over the past decade, a new hybrid family of dense
MOFs also received considerable attention.9−14

The most popular dense MOFs are metal−formate frame-
works [A][M(HCOO3)] consisting of transition metal or
magnesium centers linked by formate HCOO− anions into
structures with regular nanocages.10−12,15 Each such pore
contains a single molecular cation A+, which usually shows
dynamic behavior at room temperature.16,17 The majority of
formate frameworks exhibit structural phase transitions, during
which the cation motion ceases and a long-range order is
established.10,15,18 In some cases, the ordered phases are
pyroelectric15,19−21 or even ferroelectric.12,22 The magnetic
analogues of formate frameworks also exhibit magnetic
ordering at temperature below 40 K,23,24 making these

materials potential single structural phase multiferroics,11,15

which is a very rare and highly desirable material property.25

The dimethylammonium metal−formate frameworks
[(CH3)2NH2][M(HCOO)3] (DMAM, where M = Zn, Cu,
Ni, Co, Fe, Mn, and Mg) constitute the most thoroughly
studied family of [A][M(HCOO3)] compounds.10,11,26 All
members except for DMACu27 exhibit a single structural phase
transition, which involves cooperative ordering of the DMA+

cations inside the cuboid metal−formate cages (see Figure
1a).28 In the high-temperature disordered phase, the molecular
cations are constantly hopping between three favorable states,
whereas in the low-temperature phase, they occupy a single
position.18 The phase transition temperature T0 of DMAM
depends on the metal center, and for compounds with the
transition metal ions, it is within the 155−190 K temperature
range.10,11 The DMAMg framework shows exceptionally high
T0 of about 260 K, making this compound more attractive for
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applications concerning its dielectric properties.26,29,30 The
ferroelectric nature of these materials was only demonstrated
for the deuterated DMACo,22 while recent studies raised
doubts about the ferroelectric origin of DMAZn.31,32

A clear ferroelectric behavior below T0 = 191 K was revealed
for chiral ammonium zinc-formate framework [NH4][Zn-
(HCOO)3] (AmZn).12,24 In this compound, the Am+ cations
are situated within the hexagonal channel-like cages and exhibit
a twofold disorder in the high-temperature phase (see Figure
1b). Similar to the DMAM family, in the ordered phase, the
ammonium cations occupy a single position causing the long-
range ferroelectric order.12

Recently, various MOFs have also been embedded in the
polymer matrices to produce functional MOF/polymer
composites.33−37 Among such composites, the so-called
mixed-matrix membranes with various MOF fillers received
exceptional attention because of the enhanced gas separation
properties.36,38,39 Several studies also reported a successful
inclusion of several different MOFs in the ferroelectric
polyvinylidene fluoride (PVDF) polymer matrix.40−43 How-
ever, none of these studies report dielectric characterization of
these composites.
In general, composites based on PVDF or its copolymer with

trifluoroethylene P(VDF−TrFE) with embedded electrically
active inorganic fillers show exceptional promise for
applications in various devices such as capacitors, actuators,
sensors, and contact switches.44−48 The films of the P(VDF−
TrFE) polymer itself offer relatively good mechanical
compliance, ferroelectric, pyroelectric, and piezoelectric
properties compared with other polymers.49 P(VDF−TrFE)
copolymer with the molar ratio of 70/30 is one of the most
studied compositions. It has a high degree of crystallinity and
reversible ferroelectric phase transition at about 380 K on
heating.46

In this study, for the first time, we combine peculiar
dielectric properties of metal−formate frameworks and P-
(VDF−TrFE) copolymer by preparing and characterizing
DMAMg/P(VDF−TrFE) and AmZn/P(VDF−TrFE) compo-
sites. The obtained free-standing films are studied by Raman
and dielectric spectroscopies, revealing rich dielectric behavior
stemming from the respective constituents of both composites.

■ SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Synthesis of DMAMg and AmZn. MgCl2 (98%, Sigma-
Aldrich), ZnCl2 (98%, Fluka), NH4HCOO (99%, Fluka), 2.0
M solution of (CH3)2NH in methanol (Sigma-Aldrich),
methanol (99.8%, Sigma-Aldrich), and formic acid (98%,

Fluka) were commercially available and used without further
purification. DMAMg was obtained by a slow diffusion
method. In a typical experiment, 16 mL of methanol solution
containing 12.8 mmol of (CH3)2NH and 12.8 mmol of formic
acid was placed at the bottom of a glass tube (9 mm inner
diameter). On this solution, 16 mL of methanol solution
containing 2 mmol of MgCl2 was gently added. The tube was
sealed and kept undisturbed. Colorless crystals were harvested
after 5 days.
The same slow diffusion method was used to obtain AmZn,

but the solution placed at the bottom of a glass tube contained
16 mL of methanol, 12.8 mmol of NH4HCOO, and 12.8 mmol
of formic acid, whereas the solution placed above contained 2
mmol of ZnCl2 dissolved in 16 mL of methanol. Colorless
crystals were harvested after 1 week.

Preparation of Composites. DMAMg/P(VDF−TrFE)
film: a polymer solution was prepared by stirring 200 mg of
P(VDF−TrFE) (70/30% mol, Piezotech) in 2 mL of
anhydrous N,N-dimethylformamide (DMF) for 1 h. Ground
crystals of DMAMg (60 mg) were added to the polymer
solution, and the mixture was stirred for additional 80 min.
The vial was then placed in an ultrasonication bath for 20 min,
followed by 10 min of stirring. The suspension was cast on a
glass slide using a doctor blade set to 70 μm. The film was
dried in a vacuum oven at 55 °C for 16 h. The MOF content in
the DMAMg/P(VDF−TrFE) film is 23 wt %, estimated from
the amounts present in the casting suspension.
AmZn/P(VDF−TrFE) film: a polymer solution was

prepared by stirring 200 mg of P(VDF−TrFE) (70/30%
mol, Piezotech) in 2 mL anhydrous DMF for 1 h. Ground
crystals of AmZn (40 mg) were then added to the polymer
solution, and the mixture was stirred for additional 80 min.
The vial was then placed in an ultrasonication bath for 20 min,
followed by 10 min of stirring. The suspension was cast on a
glass slide using a doctor blade set to 60 μm. The freshly cast
film was kept in a closed container with dry silica gel to reduce
exposure to humidity. The film was dried in a vacuum oven at
55 °C for 16 h. The MOF content in the AmZn/P(VDF−
TrFE) film is 17 wt %.
Blank P(VDF−TrFE) film: P(VDF−TrFE) (70/30% mol,

Piezotech) film without inclusions was prepared by dissolving
260 mg of the polymer in 2 mL of DMF and casting with a
doctor blade set to 90 μm. The film was dried in a vacuum
oven at 55 °C for 16 h.

Raman Spectroscopy. Raman spectra were measured in
the 50−3500 cm−1 range using a Renishaw inVia Raman
microscope equipped with a confocal DM 2500 Leica optical
microscope, a thermoelectrically cooled CCD as a detector,
and an argon laser operating at 488 nm. A 20×/0.4 microscope
magnification lens was used, spectra were collected using five
accumulations and acquisition time of 25 s. A composite film
was placed between two microscope glass slides to focus the
laser beam on the surface of the film and perform mapping.
Maps were generated using Wire 3.4 (Renishaw) by analyzing
the intensity (height after subtraction of a linear baseline) of
peaks at 2868 cm−1 (DMAMg/P(VDF−TrFE) film) and 1370
cm−1 (AmZn/P(VDF−TrFE) film). Maps were collected by
taking the Raman spectra in the 2700−3240 cm−1 DMAMg/
P(VDF−TrFE) and 1010−1700 cm−1 AmZn/P(VDF−TrFE)
ranges measured with 5 μm step in both x and y directions
over 300 μm × 350 μm area. A 20×/0.4 microscope
magnification lens was used, and spectra were collected using

Figure 1. Crystal structures of (a) DMAMg28 and (b) AmZn12

frameworks in the high-temperature phases. The dashed atoms mark
equivalent positions of the molecular cations. Hydrogen atoms of the
DMA+ cation are omitted for clarity.
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one accumulation and acquisition time of 3 s. The laser spot
diameter was about 0.75 μm.
Dielectric Spectroscopy. Dielectric spectroscopy meas-

urements of DMAMg/P(VDF−TrFE), AmZn/P(VDF−
TrFE), and P(VDF−TrFE) films were performed in a parallel
plate capacitor geometry in the 200 Hz to 1 MHz frequency
range using a HP 4284A precision LCR meter. The
experiments were carried out during cooling at a rate of 1
K/min. Silver electrodes were evaporated on films to ensure
good electrical contact. Dielectric properties of DMAMg and
AmZn powders were determined using the same LCR meter
connected to a custom-made cryostat designed for the powder
measurements.

■ RESULTS AND DISCUSSION
DMAMg/P(VDF−TrFE) Composite. First, we character-

ized the DMAMg/P(VDF−TrFE) composite film using
Raman microscopy. The obtained optical image and
corresponding Raman map of a randomly selected area on
the composite are presented in Figure 2a,b, respectively. The

mapping was performed by measuring the intensity of 2868
cm−1 Raman line (Figure 2c), which corresponds to the
DMAMg compound. The imaging indicates rather moderate
homogeneity of the DMAMg filler distribution in the
copolymer matrix with the average size of about 20 μm, and
size of the biggest crystallites being less than 50 μm. The
Raman spectrum of a single DMAMg inclusion agrees perfectly
with the expected spectrum of DMAMg (Figure 2c).50

We further used dielectric spectroscopy to probe the
dielectric properties of this composite film. The temperature
dependences of the real ε′ and imaginary ε″ parts of the
complex dielectric permittivity ε* = ε′ − iε″ of DMAMg/
P(VDF−TrFE) are presented in Figure 3. Several partially

overlapping dipolar relaxations can be identified in the broad
temperature range superimposed with the anomalous behavior
of ε* at about 260 K. The low-frequency value of ε′ at room
temperature is 25, while it decreases to about 8 at 140 K. To
separate and identify different relaxation processes of
DMAMg/P(VDF−TrFE) composite, we also performed
dielectric spectroscopy measurements of pure DMAMg
powder and pure P(VDF−TrFE) copolymer film.
Temperature-dependent ε* of DMAMg powder is presented

in Figure 4, revealing a structural phase transition at about 260
K followed by a pronounced dipolar relaxation in a broad
temperature range below T0. The dispersion above the phase
transition point is due to the electrical conductivity. The
obtained low-frequency value of ε′ at room temperature is
about 9. However, this value is obtained for a powder sample
meaning that ε′ of a single crystal should be significantly
higher. For comparison, the dielectric constant of a related
[CH3NH2NH2][Zn(HCOO)3] single crystal is above 15 at
room temperature,51,52 while for DMAZn it is about 30.32

Note that Pato-Doldań et al. reported a very similar dielectric
behavior of DMAMg pellets.26

The dielectric behavior of the pure P(VDF−TrFE)
copolymer film is presented in Figure 5, revealing an onset
of the dipolar relaxation above 230 K. The origin of this
process is the dipolar glass dynamics due to the glass transition
of the noncrystalline regions of the copolymer matrix.48,49 The
obtained low-frequency value of ε′ of the P(VDF−TrFE) film
without the inclusions is slightly below 13 at room temperature
in good agreement with other studies.48,49 Note that we also
performed measurements of this film at higher temperature to
detect the ferroelectric phase transition (see Figure S1 in the
Supporting Information). The temperature of this phase
transition is about 383 K on heating and 348 K on cooling,

Figure 2. (a) Optical camera image of the mapped area of DMAMg/
P(VDF−TrFE) composite. (b) Raman map of the same region
generated as the intensity of peak at 2868 cm−1 corresponding to the
DMA+ cation. The color scale bar shows a distribution of crystals
(red) in the film (black). (c) Full-range Raman spectrum (cyan) of a
DMAMg crystallite in the polymer matrix together with the narrow-
range spectra taken during the mapping experiment (red and black
colors corresponding to DMAMg crystallite and to the P(VDF−
TrFE) film, respectively). The spectra were collected from the spots
indicated by arrows in the (a) panel. The Raman signal from a cover
glass slide is marked with the asterisks. The area marked with the
green rectangle was used to generate the intensity map of the peak at
2868 cm−1.

Figure 3. Temperature dependence of the real and imaginary parts of
the complex dielectric permittivity of DMAMg/P(VDF−TrFE)
composite film probed at different frequencies. T0 marks the structural
phase transition point of DMAMg.
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indicating huge temperature hysteresis, which is typical for
P(VDF−TrFE) copolymers.49

The obtained results of DMAMg powder and pure P(VDF−
TrFE) copolymer explain the rich dielectric behavior of the
DMAMg/P(VDF−TrFE) composite film presented in Figure
3. The relaxation observed above 260 K clearly originates from
the P(VDF−TrFE) film, whereas the low-temperature
dynamics are mainly related to the DMAMg inclusions. The
anomalous behavior at about 260 K corresponds to the
structural phase transition in DMAMg. The dielectric constant
of the composite is roughly 2 times higher compared with pure
P(VDF−TrFE) film. This enhancement occurs due to the
higher dielectric permittivity of the DMAMg fillers, and it is
frequently observed for other polymer composites.45−48

We further investigated the dipolar relaxation processes in
the DMAMg/P(VDF−TrFE) composite, DMAMg powder,

and pure P(VDF−TrFE) film by analyzing the frequency
dependence of ε* at different temperature (see Figures S2−S4
in the Supporting Information). Each observed relaxation
process was approximated using the empirical Cole−Cole
equation53

ε ω ε ε
ωτ

* = ∞ + Δ
+ α( ) ( )

1 (i ) (1)

Here, ε(∞) denotes the dielectric permittivity in the high-
frequency limit, τ is the mean relaxation time, Δε is the
dielectric strength of the relaxation, and ω = 2πν is the angular
probing frequency. Parameter 0 ≤ α < 1 determines the width
of the relaxation. For α = 1, the given equation reduces to the
Debye model.53

The fits of the data using eq 1 allowed us to obtain the
inverse temperature dependence of ln τ for the main dipolar
relaxations in DMAMg/P(VDF−TrFE), DMAMg, and P-
(VDF−TrFE) (see Figure 6). The observed linear behavior for

the relaxation of the DMAMg framework indicates the
Arrhenius process

τ τ= E kTexp( / )0 a (2)

where Ea and τ0 denote the activation energy and attempt time,
respectively, and k is the Boltzmann constant. For DMAMg
powder, we obtained Ea = 273(4) meV and τ0 = 1.7(2) × 10−11

s, while for DMAMg in the composite these values are 222(6)
meV and τ0 = 1.3(3) × 10−10 s. This suggests the effect of the
copolymer matrix on the dipolar relaxation of the DMAMg
fillers. However, this difference might also originate because of
the inability to fully separate the overlapping relaxations of
DMAMg and P(VDF−TrFE) copolymer matrix in this
temperature region.
Our analysis of the frequency-dependent data also allowed

us to study the origin of the dipolar relaxation of DMAMg
below T0. The obtained activation energy of this process is
close to the value of 235 meV determined by the 1H NMR
spectroscopy for the DMA+ cation hopping motion in
DMAMg.29 The same NMR investigation also revealed that
a substantial fraction of the supercooled disordered phase
coexists with the ordered phase down to 220 K, whereas
another X-ray diffraction study detected the presence of such a
phase even at 170 K.26 Thus, the likely origin of the dipolar
relaxation observed in DMAMg is the DMA+ cation hopping

Figure 4. Temperature dependence of the real and imaginary parts of
the complex dielectric permittivity of DMAMg powder probed at
different frequencies. T0 marks the structural phase transition point of
DMAMg.

Figure 5. Temperature dependence of the real and imaginary parts of
the complex dielectric permittivity of the P(VDF−TrFE) copolymer
film probed at different frequencies.

Figure 6. Inverse temperature dependence of the mean relaxation
time of different processes in (a) DMAMg framework and pure
P(VDF−TrFE) film and (b) both composites. The solid curves are
the best fits to the Arrhenius and Vogel−Fulcher equations.
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dynamics in the disordered fraction of the framework below
T0. Note that in agreement with previous study,26 we also did
not observe DMA+ dynamics above T0, as such a process likely
becomes too fast in the high-temperature phase to be probed
by our frequency range.
The inverse temperature dependence of ln τ for the main

relaxation process of P(VDF−TrFE) film significantly deviates
from a straight line behavior (Figure 6a). This indicates
freezing of the dipolar glass dynamics described by the Vogel−
Fulcher law54

τ τ= −E k T Texp( / ( ))0 VF VF (3)

where TVF denotes the freezing temperature and EVF has a
meaning of energy. The obtained freezing temperature for pure
P(VDF−TrFE) copolymer is TVF = 222(2) K, which is in good
agreement with previous studies.45,48 The relaxation process
due to the dipolar glass freezing is also observed for the
DMAMg/P(VDF−TrFE) composite (see Figure 3). However,
because of the overlapping relaxations, a reliable determination
of τ is only possible in a relatively narrow temperature range,
which is not sufficient to identify the Vogel−Fulcher behavior
(not shown).
AmZn/P(VDF−TrFE) Composite. The optical camera

image and Raman microscopy map of AmZn/P(VDF−TrFE)
film also revealed a moderate homogeneity of AmZn filler
distribution in the copolymer matrix, though the average size
of the crystallites is slightly bigger than that in DMAMg/
P(VDF−TrFE) (see Figure 7). The obtained Raman spectrum
from a single AmZn inclusion is in a perfect agreement with
the expected pattern for the AmZn framework (Figure 7c).55

The temperature dependence of ε* of the AmZn/P(VDF−
TrFE) composite film is presented in Figure 8, revealing the

same dipolar relaxation above 230 K as observed for pure
P(VDF−TrFE) copolymer (compare with Figure 5). The
dielectric permittivity of the composite is about four times
higher, indicating fillers of relatively high ε′. In addition, a
small anomaly of ε* is observed at about 188 K (see inset in
Figure 8).
To elucidate the dielectric behavior of the AmZn/P(VDF−

TrFE) composite, we also performed temperature-dependent
dielectric measurements of AmZn powder (Figure 9). The
obtained behavior of ε* at higher temperature is mainly

Figure 7. (a) Optical camera image of the mapped area of AmZn/
P(VDF−TrFE) composite. (b) Raman map of the same region
generated as the intensity of peak at 1370 cm−1 corresponding to the
Am+ cation. The color scale bar shows a distribution of crystals (red)
in the film (black). (c) Full-range Raman spectrum (cyan) of AmZn
crystallite in the polymer matrix together with the narrow-range
spectra taken during the mapping experiment (red and black colors
corresponding to AmZn crystallite and to the P(VDF−TrFE) film,
respectively). The spectra were collected from the spots indicated by
arrows in the (a) panel. The Raman signal from a cover glass slide is
marked with the asterisks. The area marked with the green rectangle
was used to generate the intensity map of the peak at 1370 cm−1.

Figure 8. Temperature dependence of the real and imaginary parts of
the complex dielectric permittivity of AmZn/P(VDF−TrFE)
composite film probed at different frequencies. The inset emphasizes
the behavior of ε′ about the phase transition point of AmZn. T0 marks
the structural phase transition point of AmZn.

Figure 9. Temperature dependence of the real and imaginary parts of
the complex dielectric permittivity of AmZn powder probed at
different frequency. T0 marks the structural phase transition point of
AmZn.
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influenced by the electrical conductivity. At low temperature,
the conductivity effects are absent, and the low-frequency value
of ε′ is slightly above 7, which is higher compared to that of
the pure P(VDF−TrFE) copolymer film. The powder nature
of our sample indicates that ε′ of a single crystal must be even
higher, explaining the significant dielectric permittivity
enhancement of AmZn/P(VDF−TrFE) composite. In addi-
tion, the real part of the dielectric permittivity exhibits a clear
anomaly at about 188 K, which is caused by the ferroelectric
phase transition of AmZn. Note that because of the powder
nature of our measurements, the observed value of ε′ at the
phase transition point is significantly smaller compared with
the single-crystal measurements performed along the polar axis
of this compound.12

The suppressed phase transition anomaly observed for
AmZn/P(VDF−TrFE) film can be qualitatively explained
using the Lichtenecker model designed to calculate the
dielectric permittivity of various composites56

ε ε ε′ = − ′ + ′β β βx x( ) (1 )( ) ( )1 2 (4)

Here, x is a filler fraction in the composite and −1 ≤ β ≤ 1
describes the spatial distribution of both phases. In our case, ε1′
and ε2′ denote the dielectric constants of P(VDF−TrFE)
copolymer and AmZn framework, respectively. The positive
value of β indicates percolation of the fillers, whereas β < 0
occurs for nonpercolating composites.57 For a sufficiently
negative value of β, the dielectric permittivity anomalies can be
significantly suppressed, though the overall enhancement of ε′
is maintained. A similar situation is observed for AmZn/
P(VDF−TrFE) and DMAMg/P(VDF−TrFE) composites.
We further used the Cole−Cole relaxation model to

approximate the dipolar glass dynamics of the copolymer
matrix of the AmZn/P(VDF−TrFE) film (see Figure S5). As
for pure P(VDF−TrFE), the inverse temperature dependence
of the mean relaxation time also follows the Vogel−Fulcher law
with TVF = 211(5) K (see Figure 6b). This indicates an almost
negligible effect of the AmZn inclusions on the glassy
properties of P(VDF−TrFE).
The temperature-dependent ε″ of the AmZn/P(VDF−

TrFE) composite also reveals another weakly expressed dipolar
relaxation below the phase transition point. The same process
is clearly visible in the dielectric measurements of AmZn
powder (Figure 9). However, our experimental temperature
range is too narrow to reliably estimate the activation energy of
this relaxation obscuring identification of its origin.

■ SUMMARY AND CONCLUSIONS

In summary, we reported the preparation and spectroscopic
characterization of P(VDF−TrFE)-based composite films
containing DMAMg (23 wt %) and AmZn (17 wt %) formate
frameworks. The Raman microscopy was used to map the
morphology of both composites, demonstrating moderate
homogeneity of the MOF filler distribution.
The dielectric spectroscopy experiments of the DMAMg/

P(VDF−TrFE) film revealed rich dielectric behavior in a
broad temperature range. The origin of the observed dipolar
relaxations and dielectric anomaly was elucidated by perform-
ing measurements of the pure P(VDF−TrFE) copolymer film
and DMAMg powder. We found that the relaxation at higher
temperature occurs because of the dipolar glass freezing of the
P(VDF−TrFE) matrix, while the dipolar process detected at
lower temperature can be assigned to the DMA+ cation

dynamics. The anomalous behavior of the dielectric
permittivity at about 260 K was attributed to the structural
phase transition of the DMAMg framework. The determined
activation energy of the DMA+ cation motion is slightly smaller
in DMAMg/P(VDF−TrFE), which may suggest the influence
of the polymer matrix on the formate framework. However, the
overlap of both relaxations in the composite may also account
for this discrepancy. We also observed a substantial increase of
the dielectric permittivity of the composite film compared to
pure P(VDF−TrFE).
We observed that the dielectric properties of AmZn/

P(VDF−TrFE) film are mainly determined by the dipolar
glass freezing dynamics of the copolymer matrix. The
determined freezing temperature is close to that of the pure
P(VDF−TrFE), indicating a negligible effect of the fillers on
the polymer matrix. The small phase transition anomaly of
AmZn was also detected at about 188 K, which is in a perfect
agreement with the AmZn powder measurements. For this
composite, we also detected a significant increase of the
dielectric permittivity upon AmZn filler addition, which can be
qualitatively explained using the Lichtenecker model.
To our knowledge, the presented work is a first report of the

composite films based on the polymer matrix with embedded
metal−formate frameworks. The choice of the components of
the studied composites was mainly driven by their rich
dielectric behavior, though we expect that other polymers (e.g.,
polyvinylidene fluoride−trifluoroethylene−chlorofluoroethy-
lene terpolymer58) and dense MOFs may provide comparable
or even better properties with pronounced synergy effects. We
anticipate that the reported and similar composites might
significantly enhance the stability and potential applicability of
the formate frameworks, which exhibit peculiar dielectric
(ferroelectric) and multiferroic properties. This also demands
further dielectric studies of these composites with different
filler concentrations and measurements of the pyroelectric and
ferroelectric response.
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Mantas Šimeṅas: 0000-0002-2733-2270
Monique A. van der Veen: 0000-0002-0316-4639
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Research Council of Lithuania
(Project TAP LLT-4/2017). The work of A.G.-N. forms part
of the research program of DPI, project #731.015.506.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b04235
J. Phys. Chem. C 2019, 123, 16380−16387

16385

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04235/suppl_file/jp9b04235_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b04235
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04235/suppl_file/jp9b04235_si_001.pdf
mailto:mantas.simenas@ff.vu.lt
http://orcid.org/0000-0002-2733-2270
http://orcid.org/0000-0002-0316-4639
http://dx.doi.org/10.1021/acs.jpcc.9b04235


M.A.v.d.V. thanks the European Research council for ERC-
Starting grant no 759212.

■ REFERENCES
(1) Kitagawa, S.; Kitaura, R.; Noro, S.-i. Functional Porous
Coordination Polymers. Angew. Chem., Int. Ed. 2004, 43, 2334−2375.
(2) Rosseinsky, M. J. Recent Developments in Metal-Organic
Framework Chemistry: Design, Discovery, Permanent Porosity and
Flexibility. Microporous Mesoporous Mater. 2004, 73, 15−30.
(3) Meek, S. T.; Greathouse, J. A.; Allendorf, M. D. Metal-Organic
Frameworks: A Rapidly Growing Class of Versatile Nanoporous
Materials. Adv. Mater. 2011, 23, 249−267.
(4) Kuppler, R. J.; Timmons, D. J.; Fang, Q.-R.; Li, J.-R.; Makal, T.
A.; Young, M. D.; Yuan, D.; Zhao, D.; Zhuang, W.; Zhou, H.-C.
Potential Applications of Metal-Organic Frameworks. Coord. Chem.
Rev. 2009, 253, 3042−3066.
(5) He, Y.; Zhou, W.; Qian, G.; Chen, B. Methane Storage in Metal-
Organic Frameworks. Chem. Soc. Rev. 2014, 43, 5657−5678.
(6) Murray, L. J.; Dinca,̆ M.; Long, J. R. Hydrogen Storage in Metal-
Organic Frameworks. Chem. Soc. Rev. 2009, 38, 1294−1314.
(7) Li, J.-R.; Sculley, J.; Zhou, H.-C. Metal-Organic Frameworks for
Separations. Chem. Rev. 2012, 112, 869−932.
(8) Wu, M.-X.; Yang, Y.-W. Metal-Organic Framework (MOF)-
Based Drug/Cargo Delivery and Cancer Therapy. Adv. Mater. 2017,
29, 1606134.
(9) Cheetham, A. K.; Rao, C. N. R. There’s Room in the Middle.
Science 2007, 318, 58−59.
(10) Jain, P.; Dalal, N. S.; Toby, B. H.; Kroto, H. W.; Cheetham, A.
K. Order-Disorder Antiferroelectric Phase Transition in a Hybrid
Inorganic-Organic Framework with the Perovskite Architecture. J.
Am. Chem. Soc. 2008, 130, 10450−10451.
(11) Jain, P.; Ramachandran, V.; Clark, R. J.; Zhou, H. D.; Toby, B.
H.; Dalal, N. S.; Kroto, H. W.; Cheetham, A. K. Multiferroic Behavior
Associated with an Order-Disorder Hydrogen Bonding Transition in
Metal-Organic Frameworks (MOFs) with the Perovskite ABX3
Architecture. J. Am. Chem. Soc. 2009, 131, 13625−13627.
(12) Xu, G.-C.; Ma, X.-M.; Zhang, L.; Wang, Z.-M.; Gao, S.
Disorder-Order Ferroelectric Transition in the Metal Formate
Framework of [NH4][Zn(HCOO)3]. J. Am. Chem. Soc. 2010, 132,
9588−9590.
(13) Du, Z.-Y.; Xu, T.-T.; Huang, B.; Su, Y.-J.; Xue, W.; He, C.-T.;
Zhang, W.-X.; Chen, X.-M. Switchable Guest Molecular Dynamics in
a Perovskite-Like Coordination Polymer toward Sensitive Thermor-
esponsive Dielectric Materials. Angew. Chem., Int. Ed. 2015, 54, 914−
918.
(14) Wu, Y.; Shaker, S.; Brivio, F.; Murugavel, R.; Bristowe, P. D.;
Cheetham, A. K. [Am]Mn(H2POO)3: A New Family of Hybrid
Perovskites Based on the Hypophosphite Ligand. J. Am. Chem. Soc.
2017, 139, 16999−17002.
(15) Mączka, M.; Gągor, A.; Ptak, M.; Paraguassu, W.; da Silva, T.
A.; Sieradzki, A.; Pikul, A. Phase Transitions and Coexistence of
Magnetic and Electric Orders in the Methylhydrazinium Metal
Formate Frameworks. Chem. Mater. 2017, 29, 2264−2275.
(16) Asaji, T.; Ashitomi, K. Phase Transition and Cationic Motion in
a Metal-Organic Perovskite, Dimethylammonium Zinc Formate
[(CH3)2NH2][Zn(HCOO)3]. J. Phys. Chem. C 2013, 117, 10185−
10190.
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(30) Szafranśki, M.; Wei, W.-J.; Wang, Z.-M.; Li, W.; Katrusiak, A.
Research Update: Tricritical Point and Large Caloric Effect in a
Hybrid Organic-Inorganic Perovskite. APL Mater. 2018, 6, 100701.
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Electron Paramagnetic Resonance of Dimethylammonium and
Ammonium Hybrid Formate Frameworks: Influence of External
Electric Field. J. Phys. Chem. C 2017, 121, 16533−16540.
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