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Abstract: The low-temperature processability of molecular ferroelectric (FE) crystals makes them a
potential alternative for perovskite oxide-based ferroelectric thin films. Quinuclidinium perrhenate
(HQReO4) is one such molecular FE crystal that exhibits ferroelectricity when crystallized in an
intermediate temperature phase (ITP). However, bulk HQReO4 crystals exhibit ferroelectricity only
for a narrow temperature window (22 K), above and below which the polar phase transforms to a
non-FE phase. The FE phase or ITP of HQReO4 should be stabilized in a much wider temperature
range for practical applications. Here, to stabilize the FE phase (ITP) in a wider temperature range,
highly oriented thin films of HQReO4 were prepared using a simple solution process. A slow
evaporation method was adapted for drying the HQReO4 thin films to control the morphology and
the temperature window. The temperature window of the intermediate temperature FE phase was
successfully widened up to 35 K by merely varying the film drying temperature between 333 and
353 K. The strategy of stabilizing the FE phase in a wider temperature range can be adapted to other
molecular FE materials to realize flexible electronic devices.

Keywords: quinuclidinium perrhenate; plastic crystals; molecular ferroelectric crystals; ferroelectricity

1. Introduction

Plastic molecular crystals exhibiting switchable polarization are a unique class of
ferroelectric (FE) materials owing to their environmental friendliness, structural tunability,
and mechanical flexibility [1–10]. Compared to inorganic FE materials, the low-temperature
processibility of plastic crystals makes it an attractive choice for FE applications [9,11–22].
The major drawback of molecular ferroelectric crystals are their low spontaneous polariza-
tion, low melting temperature, low Curie temperature, and small dielectric constant, which
needs to be improved for replacing it with the inorganic FE materials [23]. Several molecu-
lar FE compounds have been investigated; however, many practical challenges exist—such
as controlling crystal orientations and polarization directions, making it difficult to manip-
ulate the FE properties [8,12–15,18,21,23]. When compared to bulk FE crystals, inorganic
FE thin films have a much broader impact and applications in microelectronics [24]. It
is highly challenging to realize ferroelectricity in molecular thin-films because most of
the molecular ferroelectrics are monopolar axial. Proper control of crystal orientation is
required for molecular crystals to exhibit switchable polarization [8]. Several experimental
challenges have arisen because to maximize the polarization, the thin films should be grown
with a specific crystallographic orientation. Recently, ferroelectricity has been observed in
several plastic crystals that can overcome this issue of uniaxial polarization in molecular
ferroelectric crystals [13,21]. The high-temperature paraelectric phase of plastic crystals
have cubic symmetry similarly to the inorganic perovskites [13]. The high-temperature
phase also possesses more than three polarization axes, making it suitable to grow FE
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thin films with switchable polarization at low temperatures [13]. Recently, quinuclidine
perrhenate (HQReO4), a molecular FE crystal with a polarization axis that can be rotated
through the rotation of ionic molecules in the crystal, has been investigated for FE applica-
tions [2,5,13,25,26]. HQReO4 crystallizes in three phases, namely room temperature phase
(RTP), intermediate temperature phase (ITP), and high-temperature phase (HTP) [2]. The
HTP is plastic, and when cooled down to ITP, the FE polarization can be controlled in
the as-grown crystals of HQReO4 [2]. The RTP and ITP phases are non-centrosymmetric.
The RTP crystallizes in the orthorhombic crystal system with a space group Pmn21 [2].
The FE phase is ITP, which is only stable for a narrow temperature window, ranging from
345 to 367 K, above and below which no ferroelectricity is observed in bulk crystals [2]. For
standard electronic devices, the operating temperature range is 0–343 K, and specialized
electronic devices that require a higher temperature (e.g., military use) need to operate in
the temperature range of 218 to 398 K [1–3]. Thus, for practical applications, the required
temperature window of 0–398 K should be considered. Therefore, the FE material should
exhibit stable ferroelectricity and operate under a wider temperature window. However, in
the case of the HQReO4 ITP, the range is very small (345–367 K), which is even narrower
than the conventional temperature range of electronic devices. Therefore, it should be
widened for practical applications.

Growing thin films of HQReO4 has been suggested as one feasible way to expand
the narrow temperature window of ITP [5,13]. Compared with bulk crystals, thin films
are widely used in the FE industry due to the flexibility and ease of processability [13].
Moreover, the temperature window in which ITP is stabilized can be controlled by varying
the thin film deposition parameters or post-deposition annealing conditions such as an-
nealing temperature/duration. In this study, we have drop-casted thin films of HQReO4
on ITO/glass substrates and widened the temperature window of ITP by controlling the
drying temperature. A slow evaporation technique was adapted to control the morphology
and microstructure of the thin films. By controlling the drying temperature during the
slow evaporation, we achieved a wide temperature window of the ITP phase up to 35 K
compared to 22 K in HQReO4 bulk crystals.

2. Materials and Methods
2.1. Preparation of Quinuclidine Perrhenate Thin Films

The thin films were prepared using the solution process. First, 1-azabicyclo octane
[2.2.2]/quinuclidine (C7H13N) and perrhenic acid (HO4Re) solution (75–80 wt. % in water)
were thoroughly mixed at 500 rpm using a stirrer for 1 h. Water was used as the solvent.
For thin film preparation, 0.2 mL of the solution was drop cast onto ITO/glass substrates.
The ITO/glass substrates were washed using acetone, ethanol, isopropyl alcohol before
deposition of the films. A slow evaporation method was used to dry the water solvent.
The sample was placed in a vacuum oven until the water is dried. Several samples were
prepared by varying the drying temperature. The samples that dried at 60, 70, and 80 ◦C
are labeled as QP-60, QP-70, and QP-80. A higher drying temperature results in a faster
evaporation rate, which seriously impacts the crystalline quality and roughness of the as-
grown films. The XRD spectra of QP-95 film, prepared at 95 ◦C, exhibits inferior crystalline
quality, as shown in Figure S1. We could not obtain any FE characteristics from this film.
Hence, the drying temperatures were chosen to facilitate slow evaporation. The drying
time was fixed at 4 h for all the samples. The top electrode Au was deposited using the
electron beam evaporation technique with a shadow mask.

2.2. Characterizations

The polarization–voltage (P-V) hysteresis loops of fabricated Au/HQReO4/ITO capac-
itor were measured using a FE tester (Radiant Technology, Albuquerque, NM, USA). The
surface morphology and cross-sectional images of HQReO4 thin films were observed using
field emission scanning electron microscopy (FE-SEM) (S-4700, Hitachi, Tokyo, Japan).
From the cross-sectional SEM images, the thickness of our samples was estimated to be
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around 2.5 ± 0.25 µm. Atomic force microscopy (AFM) (XE 100, Park systems, Suwon,
Korea) was used to measure the surface roughness of the films. The crystalline structure
of the films was analyzed using an X-ray diffractometer with Cu Kα radiation (Bruker,
D8 Advance, Bruker, Billerica, MA, USA). The XRD patterns were recorded at various
temperatures to observe the structural variations in HQReO4 thin films. The dielectric
constant was measured using Keysight E4980A LCR Meter (Keysight technologies, Santa
Rosa, CA, USA) (@ 100 KHz).

3. Results and Discussions

A schematic showing the preparation of HQReO4 thin films is shown in Figure 1a.
The thin films were prepared using the solution process. The solution was drop-casted
onto ITO/glass substrate, followed by a slow evaporation technique. For slow evaporation,
the HQReO4/ITO/glass film was kept on an elevated platform with a small amount of
water in the vial. The slow evaporation technique was adapted in our study because fast
evaporation using hotplate led to inferior crystalline and FE characteristics.
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Figure 1. (a) A schematic showing the experimental procedure, with (b) top-view and (c) tilted-view SEM images of QP-80.

The surface morphology of the QP-80 sample observed using SEM is shown in
Figure 1b,c. Figure 2 shows the SEM images of QP-60 and QP-70 samples. The cross-
sectional images of the films are shown in Figure S2. A drastic change in the surface
morphology is observed with an increase in the drying temperature. The QP-60 and
QP-70 samples exhibit inferior morphology and microstructure to the QP-80 film. The
microstructure and morphology have a direct impact on the FE properties.

The FE properties of these Au/HQReO4/ITO capacitors are investigated by recording
the P-V loops. As the FE phase formation of HQReO4 films depends on the ambient
temperature, the temperature-dependent P-V loops are measured and scrutinized. The P-V
loops of QP-60, QP-70, and QP-80 capacitors recorded at several temperatures are studied
and are shown in Figure 3a–c. The P-V loops were measured in the temperature range
from 338 to 398 K at intervals of 5 K. Note that only the P-V loops recorded at specific
temperatures are shown in Figure 3a–c. The FE characteristics were temperature-dependent,
and the nature of this dependence is strongly subjected to the drying temperature. The
nature of temperature dependence is summarized in terms of remnant polarization (2Pr),
as shown in Figure 3d–f.
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There is a specific temperature range in which the samples behave as FE and exhibit
typical FE hysteresis. As the temperature increases, the samples transforms to a polar
phase at a specific temperature. Upon further increase beyond a certain temperature, the
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phase once again transforms to a non-polar phase. Thus, the temperature window in which
the FE behavior exists is controlled by varying the drying temperature. The temperature
window of the polar FE phase in the QP-60 sample is only 15 K (368–383 K). In contrast,
the QP-70 sample has a corresponding window of 30 K (358–388 K). The QP-80 sample
showed FE stability for a temperature window of 35 K range from 353 to 388 K, which is
nearly 1.6 times higher than the temperature window (22 K) of the ITP in bulk crystal. It is
worth mentioning that the drying temperature can directly control the stability of ITP in
a wider temperature range. In some FE materials, the volume of pores or physical defect
concentration changes the intensity of the internal stress. The change in internal stress
causes changes in the phase transition temperature [27]. In our films, a dramatic change in
microstructure with a change in drying temperature is evidenced. Thus, a similar effect
can be expected, which causes the widening of the polar phase temperature window.

The 2Pr values are also found to vary with the drying temperature. The QP-70 sample
exhibited the highest 2Pr value of 2 µC/cm2. Note that the 2Pr values are much lower than
the reported values in bulk, which can be correlated with the inferior surface morphology
or microstructure of our thin films. The SEM images shown in Figure 2 indicate a rough
surface for the QP-60 sample, which improved with the drying temperatures. The QP-80
sample shows better surface morphology; however, it is still not a smooth surface. There are
several visible cracks on the surface, making the sample leaky. The roughness of the films
was measured using AFM (Figure S3). All samples show high roughness values (>20 nm).
Such high roughness values create discontinuities between the microcrystallites and make
the capacitor a complex assembly of microcapacitors. Thereby, the complex combination
turns the film far away from the electrically continuous medium. Thus, though each
microcrystal may have sufficient polarization, the macroscopic polarization is low due to
discontinuities. In conventional FE materials, the effect of defects (discontinuities, porosity
etc.) on electric properties is well known.

The temperature-dependent dielectric constant-voltage curves of QP-60, QP-70, and
QP-80 capacitors are shown in Figure S3. As shown in Figure S3, when the ITP volume
fraction in the films increases, the films turn FE and exhibit butterfly curves.

To investigate the correlation between the variation observed in the temperature
window and the crystal structure, a detailed temperature-dependent XRD analysis was
carried out. The XRD spectra of QP-60, QP-70, and QP-80 films are shown in Figure 4a–c.

The intensity variations of RTP, ITP, and HTP with temperature are shown in Figure 4d–f,
respectively. Figure 4g–i show the shift in 2θ variations with temperature. Note that the phase
transformation occurs with an increase in temperature, and the crystal structure changes from
orthorhombic (RTP) to rhombohedral (ITP) and then to cubic (HTP). To check the crystalline
nature of the films, the XRD patterns were recorded in a wide range (2θ = 10–50◦) at room
temperature (RTP). The corresponding spectra of the QP-60 sample are shown in Figure S5,
matching well with the reported pattern [2]. It is worth mentioning that all the thin films
are highly oriented. The peak observed near 2θ = 20◦ corresponds to the reflection from the
(111) plane of the orthorhombic RTP. In ITP and HTP, the reflection is from (10−1) and (110)
planes, respectively. To further confirm the crystalline quality and orientation, reciprocal
space maps around the (10−1)/(110) reflection of the QP-60 sample were also recorded
at various temperatures (348–393 K), as shown in Figure S6. The RSMs appear as distinct
spots. The temperature-dependent reciprocal space maps shown in Figure S6 confirm the
highly oriented nature of the as-grown films. The splitting of the peaks and the shift in the
peak positions with an increase in temperature are also clearly visible in the RSMs.
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With an increase in the temperature, the 2θ values shift to lower values, suggesting an
increase in the d-spacing and cell volume. When the phase transforms from RTP to HTP,
the cell volume increases. The ITP crystallizes in a rhombohedral structure with a larger
cell volume than RTP, whereas the cubic HTP has the highest cell volume. The reflections
correspond to (10−1) plane in rhombohedral ITP and (110) plane in cubic HTP. The shift
in 2θ values is also gradual, indicating the thermal energy modifies the crystal structure
from RTP to HTP through ITP. Notably, the temperature window of the ITP has increased
with the drying temperature. For the QP-80 sample, the intensity of RTP drops to zero at a
temperature of 348 K, indicating the phase transforms to ITP, while for QP-60 and QP-70
samples, the RTP is stable up to 353 K. Thus, from the XRD analyses, it is confirmed that
phase transformation and phase stabilization window varies with the drying temperature.

The field cycling stability and retention were tested up to 108 cycles for all the samples.
Figure 5a–c shows the field cycling performance of QP-60, QP-70, and QP-80 samples,
respectively. The variation in 2Pr values with field cycling is shown in Figure 5d. The
capacitors exhibit leaky behavior with field cycling; notably, the QP-80 sample exhibits
more leaky behavior than QP-60 and QP-70 capacitors.
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The origin of fatigue in organic FE capacitors is different from inorganic capacitors. In
P(VDF-TrFE) capacitors, the fatigue is attributed to delamination of the top Au electrode
that occurs from the gases formed during the phase decomposition during field cycling [28].
Even though molecular FE material-based capacitors have a different origin of polarization,
the phase decomposition can be one reason for the observed fatigue. Another reason can
be permanent phase transformation to HTP with the constant application of the electric
field. Especially for Au/QP-80/ITO capacitors, the fatigue is much higher than the other
capacitors, indicating the films formed at higher drying temperatures exhibit fatigue at a
lower number of field cycling. However, detailed analysis is required to identify the reason
for fatigue in our QP capacitors. Note that the polarization was retained for 107 cycles,
which is much higher than the other polymer FE materials, and can find applications in
reliable FE electronic devices.

4. Conclusions

The temperature-dependent FE properties of HQReO4 thin films deposited using the
solution process were investigated in detail. The thin films were deposited by varying
the drying temperature—60, 70, and 80 ◦C. The FE characteristics, phase transformation
between RTP, ITP, and HTP, and surface morphology were significantly dependent on the
film drying temperature. XRD analyses revealed the highly oriented nature of the as-grown
thin films, which was independent of the drying temperature. The QP-80 sample exhibited
better surface morphology than QP-60 and QP-70 films. The phase transformations between
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RTP, ITP, and HTP were observed from the temperature-dependent XRD analysis, which
was highly dependent on the drying temperature. The temperature window in which
ITP is stabilized was successfully widened by controlling the drying temperature. A 2Pr
value up to 2 µC/cm2 was achieved for the QP-70 capacitor. The fatigue analyses revealed
that the fabricated capacitors exhibit stable polarization values up to 107 cycles. The
low-temperature processability of HQReO4 thin films is highly beneficial for fabricating
low-cost, flexible electronic devices. The strategy to control the temperature window of
the ITP in HQReO4 by merely varying the drying temperature can be applied to other
molecular FE thin films.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14092126/s1. Figure S1: XRD spectra of QP-95 thin film. Figure S2: The cross-sectional SEM
images of QP-60 and QP-80 thin films. Figure S3: AFM images of QP-60, QP-70, and QP-80 samples.
Figure S4: Dielectric constant vs voltage plots of (a) QP-60, (b) QP-70, and (c)QP-80 capacitors at
a frequency of 100 KHz. (d–f) the corresponding variation of dielectric constant (@ 50 V) with
temperature. Figure S5: The XRD patterns of QP-60 sample measured at room temperature. Figure
S6: The temperature-dependent reciprocal space maps (RSM) around the (10-1) plane of ITP and
(110) plane of HTP.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; software, J.L.; validation, J.L.;
formal analysis, J.L. and G.A.; investigation, J.J.; resources, W.S., S.U., S.S., D.A., W.K., G.J.; data
curation, J.L., W.S., S.U., D.A., W.K.; writing—original draft preparation, J.L.; writing—review and
editing, G.A. and S.S.; visualization, J.L. and G.A.; supervision, J.J., G.J.; project administration, J.J.;
funding acquisition, J.J. All authors have read and agreed to the published version of the manuscript.

Funding: JYJ acknowledges support through grants from the National Research Foundation of Korea
(NRF) funded by the Korean government (NRF- 2017M3D1A1040828, 2020R1A2C2006127), MSIP
and PAL, GRI (GIST Research Institute) project by GIST, and National Strategic Project-Fine particle
of the National Research Foundation of Korea (NRF) supported by the Ministry of Science and
ICT (MSIT), the Ministry of Environment (ME), and the Ministry of Health and Welfare (MOHW)
(2017M3D8A1091937). GA wishes to thank the support of the Basic Science Research Program
through the National Research Foundation of Korea (NRF), funded by the Ministry of Education
(NRF-2020R1I1A1A01054253).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, H.Y.; Zhang, H.Y.; Chen, X.G.; Xiong, R.G. Molecular Design Principles for Ferroelectrics: Ferroelectrochemistry. J. Am. Chem.

Soc. 2020, 142, 15205–15218. [CrossRef]
2. Harada, J.; Shimojo, T.; Oyamaguchi, H.; Hasegawa, H.; Takahashi, Y.; Satomi, K.; Suzuki, Y.; Kawamata, J.; Inabe, T. Directionally

tunable and mechanically deformable ferroelectric crystals from rotating polar globular ionic molecules. Nat. Chem. 2016, 8,
946–952. [CrossRef]

3. Wang, C.F.; Gao, J.X.; Li, C.; Yang, C.S.; Xiong, J.B.; Tang, Y.Z. A novel co-crystallization molecular ferroelectric induced by the
ordering of sulphate anions and hydrogen atoms. Inorg. Chem. Front. 2018, 5, 2413–2419. [CrossRef]

4. Harada, J. Plastic/ferroelectric molecular crystals: Ferroelectric performance in bulk polycrystalline forms. APL Mater. 2021, 9,
020901. [CrossRef]

5. Tang, Y.Y.; Li, P.F.; Shi, P.P.; Zhang, W.Y.; Wang, Z.X.; You, Y.M.; Ye, H.Y.; Nakamura, T.; Xiong, R.G. Visualization of Room-
Temperature Ferroelectricity and Polarization Rotation in the Thin Film of Quinuclidinium Perrhenate. Phys. Rev. Lett. 2017, 119,
207602. [CrossRef]

6. Yang, C.K.; Chen, W.N.; Ding, Y.T.; Wang, J.; Rao, Y.; Liao, W.Q.; Xie, Y.; Zou, W.; Xiong, R.G. Directional Intermolecular
Interactions for Precise Molecular Design of a High- T c Multiaxial Molecular Ferroelectric. J. Am. Chem. Soc. 2019, 141, 1781–1787.
[CrossRef] [PubMed]

7. Chen, S.; Zeng, X.C. Design of ferroelectric organic molecular crystals with ultrahigh polarization. J. Am. Chem. Soc. 2014, 136,
6428–6436. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ma14092126/s1
https://www.mdpi.com/article/10.3390/ma14092126/s1
http://doi.org/10.1021/jacs.0c07055
http://doi.org/10.1038/nchem.2567
http://doi.org/10.1039/C8QI00424B
http://doi.org/10.1063/5.0039066
http://doi.org/10.1103/PhysRevLett.119.207602
http://doi.org/10.1021/jacs.8b13223
http://www.ncbi.nlm.nih.gov/pubmed/30615437
http://doi.org/10.1021/ja5017393
http://www.ncbi.nlm.nih.gov/pubmed/24717106


Materials 2021, 14, 2126 9 of 9

8. Harada, J.; Kawamura, Y.; Takahashi, Y.; Uemura, Y.; Hasegawa, T.; Taniguchi, H.; Maruyama, K. Plastic/Ferroelectric Crystals
with Easily Switchable Polarization: Low-Voltage Operation, Unprecedentedly High Pyroelectric Performance, and Large
Piezoelectric Effect in Polycrystalline Forms. J. Am. Chem. Soc. 2019, 141, 9349–9357. [CrossRef] [PubMed]

9. Das, S.; Mondal, A.; Reddy, C.M. Harnessing molecular rotations in plastic crystals: A holistic view for crystal engineering of
adaptive soft materials. Chem. Soc. Rev. 2020, 49, 8878–8896. [CrossRef]

10. Tang, Y.Y.; Li, P.F.; Liao, W.Q.; Shi, P.P.; You, Y.M.; Xiong, R.G. Multiaxial Molecular Ferroelectric Thin Films Bring Light to
Practical Applications. J. Am. Chem. Soc. 2018, 140, 8051–8059. [CrossRef] [PubMed]

11. An, L.; Li, K.; Li, Z.; Zhu, S.; Li, Q.; Zhang, Z.; Ji, L.; Li, W.; Bu, X. Engineering Elastic Properties of Isostructural Molecular
Perovskite Ferroelectrics via B-Site Substitution. Small 2021, 2006021. [CrossRef]

12. Zhou, L.; Shi, P.P.; Liu, X.M.; Feng, J.C.; Ye, Q.; Yao, Y.F.; Fu, D.W.; Li, P.F.; You, Y.M.; Zhang, Y.; et al. An above-room-temperature
phosphonium-based molecular ferroelectric perovskite, [(CH3)4P]CdCl3, with Sb3+-doped luminescence. NPG Asia Mater. 2019,
11, 1–9. [CrossRef]

13. You, Y.M.; Tang, Y.Y.; Li, P.F.; Zhang, H.Y.; Zhang, W.Y.; Zhang, Y.; Ye, H.Y.; Nakamura, T.; Xiong, R.G. Quinuclidinium salt
ferroelectric thin-film with duodecuple-rotational polarization-directions. Nat. Commun. 2017, 8, 1–7. [CrossRef] [PubMed]

14. Ye, H.Y.; Ge, J.Z.; Tang, Y.Y.; Li, P.F.; Zhang, Y.; You, Y.M.; Xiong, R.G. Molecular Ferroelectric with Most Equivalent Polarization
Directions Induced by the Plastic Phase Transition. J. Am. Chem. Soc. 2016, 138, 13175–13178. [CrossRef] [PubMed]

15. Song, X.-J.; Zhang, T.; Gu, Z.-X.; Zhang, Z.-X.; Fu, D.-W.; Chen, X.-G.; Zhang, H.-Y.; Xiong, R.-G. Record Enhancement of Curie
Temperature in Host–Guest Inclusion Ferroelectrics. J. Am. Chem. Soc. 2021, 143, 5091–5098. [CrossRef] [PubMed]

16. Zhang, H.Y.; Tang, Y.Y.; Shi, P.P.; Xiong, R.G. Toward the targeted design of molecular ferroelectrics: Modifying molecular
symmetries and homochirality. Acc. Chem. Res. 2019, 52, 1928–1938. [CrossRef]

17. Gao, K.; Su, Z.; Li, C.; Wu, D.; Zhang, B. Spontaneous self-formation of molecular ferroelectric heterostructures. Phys. Chem.
Chem. Phys. 2021, 23, 3335–3340. [CrossRef] [PubMed]

18. Li, W.; Tang, G.; Zhang, G.; Jafri, H.M.; Zhou, J.; Liu, D.; Liu, Y.; Wang, J.; Jin, K.; Hu, Y.; et al. Improper molecular ferroelectrics
with simultaneous ultrahigh pyroelectricity and figures of merit. Sci. Adv. 2021, 7, 3068–3097. [CrossRef]

19. Pan, Q.; Liu, Z.-B.; Zhang, H.-Y.; Zhang, W.-Y.; Tang, Y.-Y.; You, Y.-M.; Li, P.-F.; Liao, W.-Q.; Shi, P.-P.; Ma, R.-W.; et al. A Molecular
Polycrystalline Ferroelectric with Record-High Phase Transition Temperature. Adv. Mater. 2017, 29, 1700831. [CrossRef]

20. Ye, H.Y.; Tang, Y.Y.; Li, P.F.; Liao, W.Q.; Gao, J.X.; Hua, X.N.; Cai, H.; Shi, P.P.; You, Y.M.; Xiong, R.G. Metal-free three-dimensional
perovskite ferroelectrics. Science 2018, 361, 151–155. [CrossRef]

21. Zhang, Y.; Liu, Y.; Ye, H.-Y.; Fu, D.-W.; Gao, W.; Ma, H.; Liu, Z.; Liu, Y.; Zhang, W.; Li, J.; et al. A Molecular Ferroelectric Thin
Film of Imidazolium Perchlorate That Shows Superior Electromechanical Coupling. Angew. Chem. Int. Ed. 2014, 53, 5064–5068.
[CrossRef]

22. Li, J.; Liu, Y.; Zhang, Y.; Cai, H.L.; Xiong, R.G. Molecular ferroelectrics: Where electronics meet biology. Phys. Chem. Chem. Phys.
2013, 15, 20786–20796. [CrossRef]

23. Fu, D.W.; Cai, H.L.; Liu, Y.; Ye, Q.; Zhang, W.; Zhang, Y.; Chen, X.Y.; Giovannetti, G.; Capone, M.; Li, J.; et al. Diisopropylammo-
nium bromide is a high-temperature molecular ferroelectric crystal. Science 2013, 339, 425–428. [CrossRef] [PubMed]

24. Setter, N.; Damjanovic, D.; Eng, L.; Fox, G.; Gevorgian, S.; Hong, S.; Kingon, A.; Kohlstedt, H.; Park, N.Y.; Stephenson, G.B.; et al.
Ferroelectric thin films: Review of materials, properties, and applications. J. Appl. Phys. 2006, 100, 51606. [CrossRef]

25. Deng, S.; Li, J.; Chen, X.; Hou, Y.; Chen, L. A novel ferroelectric based on quinuclidine derivatives. Chin. Chem. Lett. 2020, 31,
1686–1689. [CrossRef]

26. Yoneya, M.; Harada, J. Molecular Dynamics Simulation Study of the Plastic/Ferroelectric Crystal Quinuclidinium Perrhenate. J.
Phys. Chem. C 2020, 124, 2171–2177. [CrossRef]

27. Hiroshima, T.; Tanaka, K.; Kimura, T. Effects of Microstructure and Composition on the Curie Temperature of Lead Barium
Niobate Solid Solutions. J. Am. Ceram. Soc. 1996, 79, 3235–3242. [CrossRef]

28. Zhao, D.; Katsouras, I.; Li, M.; Asadi, K.; Tsurumi, J.; Glasser, G.; Takeya, J.; Blom, P.W.M.; De Leeuw, D.M. Polarization fatigue of
organic ferroelectric capacitors. Sci. Rep. 2014, 4, 1–7. [CrossRef] [PubMed]

http://doi.org/10.1021/jacs.9b03369
http://www.ncbi.nlm.nih.gov/pubmed/31184147
http://doi.org/10.1039/D0CS00475H
http://doi.org/10.1021/jacs.8b04600
http://www.ncbi.nlm.nih.gov/pubmed/29894637
http://doi.org/10.1002/smll.202006021
http://doi.org/10.1038/s41427-019-0115-0
http://doi.org/10.1038/ncomms14934
http://www.ncbi.nlm.nih.gov/pubmed/28374782
http://doi.org/10.1021/jacs.6b08817
http://www.ncbi.nlm.nih.gov/pubmed/27681367
http://doi.org/10.1021/jacs.1c00613
http://www.ncbi.nlm.nih.gov/pubmed/33755474
http://doi.org/10.1021/acs.accounts.8b00677
http://doi.org/10.1039/D0CP06060G
http://www.ncbi.nlm.nih.gov/pubmed/33502426
http://doi.org/10.1126/sciadv.abe3068
http://doi.org/10.1002/adma.201700831
http://doi.org/10.1126/science.aas9330
http://doi.org/10.1002/anie.201400348
http://doi.org/10.1039/c3cp52501e
http://doi.org/10.1126/science.1229675
http://www.ncbi.nlm.nih.gov/pubmed/23349285
http://doi.org/10.1063/1.2336999
http://doi.org/10.1016/j.cclet.2019.11.011
http://doi.org/10.1021/acs.jpcc.9b09559
http://doi.org/10.1111/j.1151-2916.1996.tb08100.x
http://doi.org/10.1038/srep05075
http://www.ncbi.nlm.nih.gov/pubmed/24861542

	Introduction 
	Materials and Methods 
	Preparation of Quinuclidine Perrhenate Thin Films 
	Characterizations 

	Results and Discussions 
	Conclusions 
	References

