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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
= Organic pyroelectrics have great potential in wearable devices for temperature sensing, IR detection, thermal imaging, and energy harvesting

= We report the first all-organic pyroelectric amantadine formate with properties better than that of TGS, a hybrid pyroelectric in use since
the 1950s

= Amantadine formate has a large pyroelectric coefficient and a surprisingly small dielectric constant, which play a key role in its excellent
pyroelectric performance

= The strategy of combining all-organic components and second-order phase transition will contribute to the exploration of new pyroelectrics
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Pyroelectrics are a class of polar compounds that output electrical signals
upon changes in temperature. With the rapid development of flexible elec-
tronics, organic pyroelectrics are highly desired. However, most organics suf-
fer from low pyroelectric coefficients or low working temperatures. To date,
the realization of superior pyroelectric performance in all-organics has re-
mained a challenge. Here, we report the discovery of amantadine formate,
an all-organic pyroelectric with ultrahigh voltage figures of merit (F,), surpass-
ing those of all other known organics and commercial triglycine sulfate,
LiTaO3 as well around room temperature. The key to the high F, is attributed
to large pyroelectric coefficients in a favorable temperature range resulting
from a ferroelectric-paraelectric phase transition of second order at 327 K,
small dielectric constant, and moderate heat capacity. In addition, amanta-
dine formate is relatively lightweight, soft, transparent, low-cost, and non-
toxic, adding value to its potential applications in flexible electronics. Our
results demonstrate that a new type of pyroelectrics can exist in organic
compounds.

INTRODUCTION

Pyroelectrics are polar materials whose electric polarizations can change with
temperature. The ability to convert temperature changes into electrical signals al-
lows them to be used in infrared detection, fire alarms, thermal imaging, and en-
ergy harvesting, etc.'” From a practical application point of view, the voltage
figure of merit (FOM) F, = p/Cye is a particularly important parameter for gauging
the electric voltage output efficiency, where p is the pyroelectric coefficient, C, is
the volume specific heat, and e is the dielectric constant.’ Accordingly, high F,
values require large pyroelectric coefficients, small dielectric constants and
heat capacities. Pyroelectrics are highly related to ferroelectrics in dipole polariza-
tions; in fact, ferroelectrics are a class of pyroelectrics. In general, ferroelectrics
have larger pyroelectric coefficients than non-ferroelectrics. For example,
lead magnesium niobate-lead titanate (PMN-0.25PT), a traditional perovskite
oxide ferroelectric, exhibits a large pyroelectric coefficient of p = —1,790 uC/
m?2-K, whereas non-ferroelectric aluminum nitride exhibits a small one, p =
6—8 uC/m?-K.* This correlation also holds in the polar interfaces, as recently re-
vealed by Yang et al.” However, the dielectric constant of the PMN-0.25PT single
crystal is large (e = 2,100), leading to a low £, value of 0.039 m?/C. Other inorganic
ferroelectrics with large p usually behave similarly: large p and small F,.

In comparison, triglycine sulfate (TGS), an organic-inorganic hybrid ferroelec-
tric, has a smaller pyroelectric coefficient (p = —280 pC/m?-K) and a considerably
smaller dielectric constant (¢ = 38).% Its F, value can reach 0.362 m?/C, which is
nine times higher than that of PMN-PT. Thus, TGS has been a commercial pyro-
electric material since the discovery of its pyroelectricity in the 1950s.%” Another
example is an organic perrhenate hybrid [AH]ReO, that exhibits an F, value of
about 0.45 m?/C at 298 K ® The key to this high F, can be attributed to the low
¢ and large p. In addition to these two hybrids, few pyroelectrics with such a
high F, value have been found. Over the past decade, organic-inorganic hybrids
have been found as new ferroelectrics with properties comparable to their inor-
ganic counterparts.” 2 However, these reported organic-inorganic hybrid pyro-
electrics suffer from either low Curie temperatures (Tg) or small pyroelectric
coefficients.

The relatively small dielectric constant of TGS is largely due to the weak polar-
izing ability under electric fields of the organic component glycine and the mod-
erate ability of sulfate ions in the structure, similar to the case of [AH]JReOQ,. To
further decrease the dielectric constant, all-organic ferroelectrics are good candi-

dates for exploring pyroelectrics with better performance if their pyroelectric
coefficients are sufficiently large. Moreover, organic materials are lightweight,
flexible, and biocompatible, which are highly desired characteristics in the next
generation of flexible devices.”® '® However, to date, all-organic pyroelectrics
have either low working temperatures or smaller F,s than TGS, considerably
limiting their applications.*'”'®

It is known that molecules of various organic acids and amines are polar in
structure. They can form simple organic salts, providing ample opportunities to
find promising all-organic pyroelectrics. In TGS and other organic-inorganic hybrid
pyroelectrics, the inorganic parts have negligible contributions to the total dipole
polarizations in comparison with the organic parts. If both polar cations and polar
anions are properly chosen in an organic salt, they are expected to simultaneously
contribute to ferroelectricity and pyroelectricity. In addition, we expected the Curie
temperature to be higher than room temperature within a range of several dozens
of Kelvin and a continuous phase transition from ferroelectric to paraelectric with
increasing temperature. This type of transition allows continuous change in the
spontaneous polarization, instead of a sharp jump in the vicinity of the T, and en-
ables to maintain a large pyroelectric coefficient over a certain tempera-
ture range.

In this study, we initially chose the appropriate polar ions that are conducive to
the emergence of ferroelectricity. As the smallest organic carboxylate ion, the
formate anion is more likely to undergo an order-disorder transition in a crystal.
Meanwhile, spherical-ike cations with low rotational energy barriers are prom-
ising candidates for inducing structural phase transitions.'®”° Based on these
considerations, a novel all-organic ferroelectric amantadine formate (AF) is found;
AF is composed of two polar organic ions (Figure STA) with T¢ = 327 K, which is
higher than that of TGS (322 K), but still close to room temperature. Structural
analysis shows that both ions contributed to emergent ferroelectricity and pyro-
electricity. Our measurements indicate that the ferroelectric-paraelectric phase
transition in AF belongs to a continuous or second-order phase transition. As a
result, the pyroelectric coefficient of AF is —170 pC/m?-K at 298 K. The room
temperature dielectric constants of AF are only 13.5, 11.7, and 10.7, at 1, 10,
and 100 kHz, respectively. The F,s are 0.705, 0.811, and 0.887 m?/C at the cor-
responding frequencies, respectively, higher than those of all known organics,
and even TGS. In addition, the strain-electric field measurements reveal that
the piezoelectric coefficient of AF is —16 pm/V, providing another example of
the rare negative longitudinal piezoelectric effect.?’ 2° Our findings provide an
all-organic material exhibiting high pyroelectric FOMs. AF has a low density of
1.21 g/cm® and a low hardness (0.46 GPa). Moreover, it is non-toxic and inexpen-
sive, both in raw materials and in synthesis. These traits make it a potential ma-
terial for applications in flexible pyroelectric devices.

RESULTS AND DISCUSSION

AF crystals up to 1 cm were grown by evaporating a mixed ethanol solution of
amantadine and formic acid (Figures TA and S1B). No other concomitant prod-
ucts were present, as confirmed by powder X-ray diffraction (Figure S2). Ther-
mogravimetric analysis (TGA) indicates that AF is stable up to approximately
420 K (Figure S3). Although soluble in water, AF is very stable in air (Figure S4).
The elastic module and hardness are measured to be 8.74 GPa and 0.46 GPa
(Figure 1A), respectively, which are approximately one-third of the values for
TGS (Figure S5) and one to two orders of magnitude smaller than the values
for inorganic pyroelectrics.?® The crystal structures are determined from single-
crystal X-ray diffraction (SCXRD) data (Tables S1-S3). AF crystallizes in a
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Figure 1. Mechanical properties and crystal struc-
ture of AF (A) Optical photograph of a grown single
crystal of AF, and the load-displacement curve of AF
single crystal along the b axis. The fitted elastic
module and hardness are 8.74 GPa and 0.46 GPa,
respectively. (B) Crystal structures of amantadine
formate at 298 K (left) and 340 K (right), where the
phase transition temperature is around 327 K. The
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arrows represent the directions of polarization of ions.
o0t The half red and half white balls represent the oxygen
: c atoms with 50% occupation. Hydrogen atoms are
b axis -~ omitted for clarity.
215 ] Joos L=t sy
£ Loadin <= G
B 10T Cooling
3 . | ®N
05T Unloading \ A b ®0
0.0 ) ) ) ) , 3 ! : We find that AF undergoes a structural phase
"0 100 200 300 400 500 ¢ \ 1 tﬁ transition with increasing temperature. At about
Displacement (nm) Lb ' 340 K, it recrystallizes in a centrosymmetric

monoclinic system with space group P2, at 298 K with cell parameters
a = 822008) A b = 6.5851(7) A, ¢ = 10.4675(10) A, 8 = 106.952(3)°, and
V = 541.98(9) A® The calculated density is 1.21 g/cm?, slightly higher than that
of water. The crystal structure is shown in Figure 1B. In the structure, a hydrogen
atom of the formic acid molecule is ionized and acquired by the nitrogen atom of
amantadine, forming two types of ions in the crystal: [C;oH1gN]* and [HCOO] ™.
Each unit cell contains two AF molecules. There are several N-H- - - O hydrogen
bonds with bond lengths from 2.771 A to 2.795 A connecting cations and anions.
Both types of ions are polar, and the directions of the dipole moments are shown
in Figure 1B. Thus, the net electric dipole moments of both [CioHqgN]" and
[HCOQ]™ arise along the b axis. The spontaneous polarization of AF can be ex-
pressed as =p;/V and is along the b axis, where p; is the electric dipole moment
of the ions and V is the volume.

structure with space group P2:/m, followed
by the disappearance of the spontaneous
polarization. The cell becomes slightly larger:
a = 82566(10) A b = 6.6287(6) A c = 10.4895(11) A, 8 = 107.054(13)°, and
V = 548.85(11) A%, All [C1oH4sN]* cations rotate a little and still remain ordered.
Their net dipoles are lost as mirror planes that bisect the molecules now appear,
as shown in Figure 1B. The [HCOQ]™ anions also rotate and become disordered
since they locate at two equivalent orientations connected by a mirror plane
perpendicular to the b axis. Similarly, the net moment of the [HCOO]™ anions is
also lost. The hydrogen bonds form from the H atoms of the amino groups
and random O atoms of the formate anions. Hence, the bond lengths span a
slightly larger range, from 2.725 A t0 2.828 A. This phase transition between point
group 2/m and 2 is one of the 88 species of ferroelectrics summarized by Aizu.”’
A displacement of [C;qH-gN]" ions and an order-disorder type change of [HCOO]~
jons occur when transiting from the ferroelectric to the paraelectric phase. There-
fore, both contribute to polarization below the Curie temperature.
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Figure 2. Ferroelectric-related properties (A) DSC data of AF during a heating and cooling cycle, revealing a phase transition around 327 K. (B) Temperature-dependent SHG intensity
of polycrystalline sample of AF. (C) Polarization-electric field hysteresis loops along the b axis at 298 K and 350 K. The external electric field is a triangle wave with a frequency of
0.01 Hz. (D) Temperature-dependent real part of dielectric constants along the b axis at different frequencies. (E) Temperature-dependent imaginary part of dielectric constants along
the b axis at different frequencies. (F) Strain-electric field hysteresis loop along the b axis at 298 K. The external electric field is a triangle wave with a frequency of 100 Hz.
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Figure 3. The PFM phase imaging before and after +10 V poling on a thin film of AF (A)
The vertical phase before poling.(B) The lateral phase before poling.(C) The vertical phase
after poling.(D) The lateral phase after poling. The area for observation and poling is 1 x
1 um?. The measured temperature is room temperature.

To confirm this ferroelectric-paraelectric phase transition, we first detected the
thermal response of AF. Differential scanning calorimetry (DSC) revealed that a
peak appears at 327 K during the heating process, and at 322 K during the cooling
process at a temperature change rate of 5 K/min (Figure 2A). Strikingly, in
contrast to the A-shaped peaks (Figure S6) observed in the phase transition for
most ferroelectrics,'>?%%° the peaks of AF are step-like in shape, similar to ferro-
electrics TGS,” [CgHgNJCIO,,%° and [(CH3)sNC,H4NH5]Pb,Cle. 2" This means that
there is only a definite jump in specific heat rather than an indefinite divergence
anomaly. Therefore, the phase transition in AF is second-order in nature. Variable-
temperature second-harmonic generation (SHG) measurements were also
performed to verify the structural phase transition (Figure 2B). Second-harmonic
signals are only observed below 330 K, confirming that a phase transition from
centrosymmetric to non-centrosymmetric occurs, consistent with the structure
determined by SCXRD.

Temperature-dependent dielectric constant was measured on a single crystal.
The real part of the dielectric constant (¢) along the b axis shows A-shaped
anomalies around T¢ (Figure 2D), similar to the imaginary part (¢”, Figure 2E).

Polarization (uC/m?*K)
Temperature (K)

However, € is nearly temperature-independent along the a and ¢ axes (Figure S7).
The Curie-Weiss law is used to depict the behavior of €. It can be divided into two
parts: € = Cpara/ (T = Tg) for T> Tgand € = Crenro/(Tc — T) for T < Te, where Cpara
and Crerro are Curie-Weiss constants in the paraelectric and ferroelectric phases,
respectively. As expected, the reciprocal value of ¢ for AF as a function of temper-
ature is linear in both the paraelectric and ferroelectric phases, obeying the Curie-
Weiss law (Figure S8). The ratio of Cpara/Crerro for 1 kHz is 2.21, close to the
theoretical value of 2 in second-order phase transition ferroelectric.*? This is
again in good agreement with the DSC measurements. At 298 K, ¢ exhibited a
slight frequency dependence (Figure SOA); the values at 1, 10, and 100 kHz are
13.5, 11.7, and 10.7, respectively, always smaller than those of TGS,> whereas
€’ is comparable to that of TGS, indicating the good insulation of AF (Figure SOB).

One of the most important characteristics of ferroelectrics is the existence of
polarization-electric (P-E) hysteresis loops. AF shows a standard P-E hysteresis
loop for ferroelectricity at 298 K (Figure 2C). The remnant polarization is approx-
imately 1.47 uC/cm?, which is larger than 0.25 uC/cm? for typical molecular ferro-
electric Rochelle salt,'® but smaller than 3.8 pC/cm? for TGS.* It should be noted
that the polarization slowly decreases after removing the external electric field,
indicating the existence of unstable domains. This may contribute to the dielectric
dispersion at frequencies lower than 100 kHz.>** The coercive field is about 3.1
kV/cm, smaller than that of most molecular ferroelectrics.'***® As poling is a
necessary procedure for ferroelectrics before being used in pyroelectric devices,
such a low coercive field will reduce the cost in the poling process. Meanwhile, the
strain-electric field curve exhibits a typical butterfly shape of ferroelectrics and re-
veals that AF is a negative piezoelectric (Figures 2F and S10), which has attracted
much interest recently.?! 2540 The estimated ds is —16 pm/V, consistent with
that measured by the Berlincourt method (Figure S11). The value is lower than
—37.7 pm/V reported for negative-piezoelectric PVDF?? and —95 pm/V for
CulnP,Se,® but comparable to 616 pm/V for positive-piezoelectric LiNbOs,"’
14 pm/V for [C/HieNoINH,4l5,*? and 20 pm/V for [(CHg)sNOH],KFe(CN)g.*
Furthermore, the structure and switching of domains are observed by piezores-
ponse force microscopy (PFM), strongly confirming the ferroelectricity of AF
(Figure 3).

The temperature dependence of the pyroelectric coefficient was obtained by
measuring the current response under temperature ramping from 250 to 360
K. The pyroelectric coefficient first increases and reaches the maximum at Te.
Beyond Tg, it drops rapidly to zero, indicating the occurrence of a polar-nonpolar
phase transition (Figure 4A). The polarizations at different temperatures were ob-
tained by integrating the pyroelectric current density over time. At 298 K, the value
is 1.44 uC/cm? which is in good agreement with that obtained from the P-E hys-
teresis loop measurement. At temperatures far below the phase transition,
the polarization decreases slowly with increasing temperature. When approach-
ing the temperature of the phase transition, the rate of decrease gradually

Figure 4. Pyroelectricity of AF (A) Temperature-
dependent pyroelectric coefficient and polarization of
AF. The latter is obtained by integrating the measured
pyroelectric current over time. (B) Current responses
under periodic temperature oscillations. (C) Current
responses of AF under a periodically switched incan-
descent lamp. All the current measurements are along
the b axis. (D) Temperature dependence of pyroelec-
tric voltage FOM (F,).
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accelerates. As a result, large pyroelectric
coefficients can exist in this temperature
range (—118 pC/m?-K at 290 K to about
—440 pC/m?-K at 320 K). We also measured
the current response under periodic temperature
oscillations around 298 K*“*° and obtained
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—170 uC/m?-K, which is close to the value
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320 330 340

uoljbAoOuU| BY |

@ CelPress Partner Journal

The Innovation 3(2): 100204, March 29, 2022 3




www.the-innovation.org

I I ] Figure 5. Comparison of pyroelectric coefficients,
dielectric constants, and F,s between AF in this
work and some famous pyroelectrics Where
PVDF, P(VDF-TrFE), DTGS, SBN, and PMN-PT repre-
sent polyvinylidene fluoride, poly(50% vinylidene
fluoride-50% trifluoroethylene), deuterated triglycine
sulfate, Srg.sBagsNb,Og, and 0.75Pb(Mgq,3Nby,3)03-
0.25PbTiOs, respectively.>*®
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Pyroelectric coefficients (uC/m?K) Dielectric constant F,(m?%C) CONCLUSIONS
Organics Organic-inorganic hybrids Inorganics In summary, we discovered an aII—organic
W AF EPVDF  P(VDF/TTFE) DTGS " AH[ReO, TGS W LTa0, MSBN  PMN-PT ferroelectric, AF, which shows a high pyroelectric

(Table S4). The room temperature pyroelectric coefficient of AF is comparable to
that of perovskite oxides with polarization one order of magnitude larger than that
of AF: LiTaOs (=176 uC/m?-K)," PbTiOz (—180 nC/m?-K),*® and BaTiOs
(=200 pC/m?-K)."” This is due to the second-order phase transition and suitable
Te. In ferroelectrics, both first- and second-order ferroelectric-paraelectric phase
transitions provide large pyroelectric coefficients near T¢. However, the polariza-
tion-temperature relationships of these two phase-transition types are different,
resulting in different values of the pyroelectric coefficient. According to Landau
theory,®? the order parameter P, can be described by the following relations for
the two types of phase transitions:

- - - 1/2
B+1/B° — 4oy (T = Tc)

2y

p, = (Equation 1)

and

1/2
p, = [“0 (Te =T) T)} ! (Equation 2)
8

where ag, 8,and y are constants. As shown in Figure S12, at temperatures T < Tg,
the second-order phase transition ferroelectric has a larger pyroelectric coeffi-
cient than the first-order one if they have the same remnant polarization. The tem-
perature dependence of the polarization of AF agrees well with the ~[T¢ — 7]'/2
law near T¢ (Figure S13), confirming the second-order phase transition again. As
an illustration, electrical currents are easily induced when irradiating an AF crystal
by an incandescent lamp and vary synchronously with alternating switching (Fig-
ure 4C), confirming the sensibility to small changes in temperature.

Although those perovskite oxide ferroelectrics were found to have large pyro-
electric coefficients, their F, values are low (usually <0.1 m?/C) because of their
large dielectric constants,” whereas in AF, small dielectric constant and moderate
volume specific heat (Figure S14) resulted in high values of F, (Figure 4D). At 298
K, F,s are 0.705,801,and 0.887 m?/C at 1,10, and 100 kHz, respectively. These F,
values are considerably higher than those of most inorganic perovskites and even
higher than that of TGS (Figure 5). In addition, other dielectric-constant-related py-
roelectric FOMSs of AF, such as detection capacity FOM (2.17 x 107°Pa~"?) and
energy harvesting FOM (5.94 x 10" m®/J), are comparable to those of com-
mercial pyroelectric materials (Figure S15, Table 84).4g Thus, AF has a great po-
tential to be used in highly sensitive thermal sensors.” It should be noted that the
secondary pyroelectric coefficients can be affected by piezoelectric behaviors
through the expression djCiumam, Where d, ¢, and « are piezoelectric, elastic,
and thermal expansion coefficients, respectively.”® Here, a negative value of
ds3 and a positive value of ass result in a negative component of secondary
pyroelectric coefficient —2.8 uC/m?-K, where ¢ = 874 GPa (Figure 1B) and
a=2 x 1072 K" (Figure S16) are used for the calculation. The total pyroelectric
coefficient is slightly enhanced because the primary and secondary coefficients
have the same signs. But on the other side, this may cause noise in some appli-
cations. In the present case, the noise amplitude is about 1.6%, which is negligibly
small. Moreover, the polarization of the negative piezoelectric was found to be
abnormally enhanced under stress (AP = dsza33, Where aa3 is the stress).39 For
AF, its polarization will nearly double under a stress of 1 GPa. The pyroelectric co-
efficient of AF is expected to be further enhanced under pressure.

FOM around room temperature, where the F,

is higher than that of all known organic
pyroelectrics, even TGS. A higher pyroelectric voltage output is expected in AF.
The key to the high F, is attributed to the continuous phase transition from ferro-
electric to paraelectric and low dielectric constant. Meanwhile, AF is a new
example for negative piezoelectric effect. Like TGS, the pyroelectric performance
of AF can be further improved through molecular doping or molecular modifica-
tion. Owing to the low density, low hardness, and low cost of this all-organic ma-
terial, AF is expected to find a great potential to be applied in flexible pyroelectric
devices.

MATERIALS AND METHODS
The details of sample preparation and characterization are described in the
supplemental information.
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