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SNAREs together, initiating trans-SNARE complex assembly in an NSF-SNAP–resistant manner;
and (iv) the resulting Munc18-1–Munc13-SNARE
assembly underlies the primed state that enables fast membrane fusion through the action
of synaptotagmin-1 and Ca2+.
The functional interplay between NSF-SNAPs
and Munc18-1–Munc13 uncovered here suggests
that in addition to their role in disassembling cisSNARE complexes, NSF-SNAPs have an important function in guiding the system to the
productive pathway by disassembling syntaxin1–SNAP-25 heterodimers. This feature may arise
because syntaxin-1–SNAP-25 heterodimers are
heterogeneous and may constitute poor starting
points for an exquisitely regulated process such as
neurotransmitter release. In contrast, the syntaxin-1–
Munc18-1 complex provides a well-defined starting point amenable to tight regulation by several
factors, including Munc13 and other active zone
proteins (1). This productive pathway may also
be favored by specific interactions at active zones.
Although some of these features are specific to
synaptic vesicle fusion, multiple factors besides
SNAREs are also required for physiological reconstitution of endosomal (33) and vacuolar (34)
fusion. Moreover, the interplay between Munc181–Munc13 and NSF–a-SNAP is reminiscent of
results obtained in reconstitutions of yeast vacuolar fusion, which showed that the homotypic
fusion and vacuole protein sorting (HOPS) tethering
complex orchestrates trans-SNARE complex assembly in an NSF-SNAP–resistant manner (35, 36).
It is remarkable that the same task can be performed
by Munc18-1 and Munc13, even though HOPS
includes an SM protein (Vps33p) and five large

subunits without homology to Munc13. Thus,
orchestration of SNARE complex assembly without interference from NSF-SNAPs may constitute
a general function of SM proteins and associated
factors. This notion does not preclude other functions proposed for SM proteins and their cofactors, including the possibility that they cooperate
with the SNAREs in exerting force on the membranes to induce fusion (10, 37).
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Diisopropylammonium Bromide
Is a High-Temperature Molecular
Ferroelectric Crystal
Da-Wei Fu,1* Hong-Ling Cai,1* Yuanming Liu,2* Qiong Ye,1 Wen Zhang,1 Yi Zhang,1
Xue-Yuan Chen,3 Gianluca Giovannetti,4,5 Massimo Capone,4 Jiangyu Li,2† Ren-Gen Xiong1†
Molecular ferroelectrics are highly desirable for their easy and environmentally friendly
processing, light weight, and mechanical flexibility. We found that diisopropylammonium
bromide (DIPAB), a molecular crystal processed from aqueous solution, is a ferroelectric
with a spontaneous polarization of 23 microcoulombs per square centimeter [close to that
of barium titanate (BTO)], high Curie temperature of 426 kelvin (above that of BTO), large
dielectric constant, and low dielectric loss. DIPAB exhibits good piezoelectric response
and well-defined ferroelectric domains. These attributes make it a molecular alternative
to perovskite ferroelectrics and ferroelectric polymers in sensing, actuation, data storage,
electro-optics, and molecular or flexible electronics.

F

erroelectrics are multifunctional electroactive materials with a range of applications.
Their temperature-dependent spontaneous

polarization can be switched by electric field or
mechanical forces (1–4), making them attractive
for temperature sensing, data storage, mechan-
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ical actuation, and energy harvesting (5). They
often exhibit tunable dielectric responses and
nonlinear electro-optic effects (6, 7) and thus
can also be used to manipulate electromagnetic
waves (1). Ferroelectricity was originally discovered in Rochelle salt (8) in 1921 and later in
a few other molecular systems (9), but the rapid
development of ferroelectrics took place only
after the discovery of ferroelectricity in perovskite
barium titanate (BTO) (10) and lead zirconate titanate (PZT) (11). Relative to BTO and PZT, most
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Fig. 1. Structural phase transition of DIPAB polymorphs. (A) The phase
transition sequence: g phase (1-P) to a phase at about 421 to 426 K
(irreversible); a phase (1-F) to paraelectric b phase at 426 K (reversible). (B) Equatorial plane projection of point group of C2 in the ferroelectric

phase and C2h in the paraelectric phase. (C) Second-order nonlinear
optical coefficient versus temperature, confirming transition sequence
seen in (A) and (B). (D) DSC data confirming transition sequence seen
in (A) and (B).

Fig. 2. Dielectric properties of 1-F measured under
different frequencies as a function of temperature.
(A) Dielectric constant across the Curie point. (B) 1/e´
follows the Curie-Weiss law. (C) Dielectric constant
away from the Curie point. (D) The imaginary part of
the dielectric constant.
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molecular ferroelectrics suffer from low spontaneous polarization (Ps), low melting temperature and phase transition temperature (Curie
temperature, Tc), small dielectric constant, and
weak piezoelectricity; their advantages include
light weight, mechanical flexibility, and environmentally friendly processing as they are lead-free.
Ferroelectric polymers such as poly(vinylidene
fluoride) (PVDF) and its copolymers (12) share
some of the drawbacks of molecular ferroelectrics, which limits their applications. The recently
reported croconic acid (6) has a high spontaneous polarization of around 23 mC cm–2; however, evidence for a ferroelectric phase transition,
piezoelectric response, or ferroelectric domains
has not been reported. By searching among organic compounds with a polar point group at
room temperature and relatively high melting
point, we found that diisopropylammonium chloride (DIPAC) is a ferroelectric with spontaneous
polarization of 8.2 mC cm–2 (13). Here, we show
that diisopropylammonium bromide (DIPAB), a
molecular crystal processed from aqueous solution, possesses ferroelectric properties comparable to those of BTO.
A crystalline sample of DIPAB was grown
by slow evaporation of the aqueous solution; the
recrystallization of DIPAB yields two different
polymorphs (14). One (1-F), obtained from methanol, is needle-shaped, whereas the other (1-P),
obtained from water or a methanol-water solu-

Fig. 3. Ferroelectric properties of 1-F. (A) Hysteresis
loop measured at different temperatures. (B) Spontaneous polarization versus temperature. (C) Spontaneous polarization Ps along the path connecting
the centrosymmetric P21/m (l = 0) to the experimental polar P21 structure (l = 1), calculated from
first principles using two different methods.

tion, has a block shape (fig. S1). The 1-P form
can be easily converted into 1-F by heating for
5 min at about 428 K, and large single crystals
of 1-F suitable for dielectric hysteresis loop measurements can be obtained by controlling the cooling rate of the saturated methanol or aqueous
solution of DIPAB.
Structure characterization by x-ray diffraction (XRD) (14) reveals that 1-F belongs to the
monoclinic crystal system at room temperature,
with a polar point group C2 and chiral space
group P21 (15) that we refer to as a phase (fig.
S2 and table S1), which, in principle, is ferroelectrically active. In contrast, 1-P at room temperature belongs to the orthorhombic crystal system
with a nonpolar point group D2 and a chiral
space group P212121 (g phase) (fig. S3 and table
S2), which is ferroelectrically inactive. When
the crystals were heated above 426 K (Fig. 1A),
we observed that the nitrogen atoms of both
polymorphs entered an apparently disordered
state, resulting in a centrosymmetric structure
with a nonpolar point group C2h and space group
P21/m (b phase) (tables S1 and S2). When cooling down to room temperature, the space group
of 1-F shifted back to P21, indicating a reversible
phase transition. The space group of 1-P, on the
other hand, became P21 instead of P212121 upon
cooling (Fig. 1A). Notably, a symmetric mirror
plane disappeared below 426 K in a-DIPAB
(Fig. 1B). Such broken symmetry has been verified by second harmonic generation (SHG)
spectra, which are sensitive to the space inversion symmetry and thus are often used to detect
ferroelectric transitions (16–19). The second-order
nonlinear optical coefficient c(2) of 1-F (Fig. 1C)
was close to zero above Tc and increased sharply
below Tc, reaching a saturation value approximately twice that of KH2PO4 (KDP), a notable
nonlinear optic crystal; this finding confirmed
that the space inversion symmetry is broken at
Tc. In the vicinity of Tc, c(2) showed a steplike

jump indicating a first-order phase transition.
The SHG effect of 1-P, on the other hand, was
very weak at room temperature but increased
sharply to an intensity very close to that of 1-F
at 428 K; this is attributed to a transition from
P212121 to P21 upon heating. With further temperature increase, c(2) dropped rapidly to near
zero, indicating transformation to centrosymmetric
P21/m, and the subsequent cooling process revealed a variation of c(2) similar to that of 1-F.
The SHG spectra thus are fully consistent with
the phase transition sequence shown in Fig. 1A.
The phase transition sequences of 1-F and 1-P
were further verified by differential scanning calorimetry (DSC) (Fig. 1D). Only one heat anomaly
was observed for 1-F (at 418 to 426 K), suggesting a reversible phase transition. The sharp
heat anomaly peak and a relatively large thermal
hysteresis (8 K) are indicative of a first-order
phase transition. This heat anomaly peak also can
be observed in the differential thermal analysis
(DTA) curve at about 423 K (fig. S4), showing
that 1-F decomposes at about 520 K, far beyond
Tc (14). For the 1-P crystal, there are two peaks,
at 421 K and 426 K, in the heating process of the
DSC measurement, and there is only one peak at
418 K in the cooling process. This is consistent
with the crystal structure characterization and the
SHG, and all the data combined suggest that in
the heating process, the space group of 1-P is
P212121 below 421 K, possibly P21 between
421 K and 426 K, and P21/m above 426 K,
whereas in the cooling process it turns from P21/m
to P21 directly at 418 K. This type of polymorphism is rare in ferroelectric systems; consequently, in the temperature range between Tc and the
liquid nitrogen boiling temperature, there is only
one stable ferroelectric phase for DIPAB. In contrast, there are three ferroelectric phases for BTO
in that temperature range. As such, DIPAB possesses one of the highest transition temperatures
among molecular ferroelectrics at 426 K and

Fig. 4. Piezoresponse force microscopy of 1-F. (A and B) Phase mapping (A) and amplitude mapping
(B) of vertical PFM overlaid on 3D topography. (C and D) Phase mapping (C) and amplitude mapping
(D) of lateral PFM overlaid on 3D topography. (E) Phase-voltage hysteresis loop. (F) Amplitude-voltage
butterfly loop.
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has a stable structure in a broad temperature
range below Tc, making it attractive for various
applications.
A signature of the ferroelectric phase transition is a prominent dielectric anomaly. This is
indeed observed at 426 K in the temperature
dependence of the dielectric constant of 1-F
(Fig. 2A), which shows a peak as high as 1608
at the lowest measured frequency. In the vicinity
of Tc, the temperature-dependent permittivity
along the polar axis follows the Curie-Weiss law
of ferroelectric materials parameterized as e´ =
C/(T – T0), as shown by the linear relationship
between the reciprocal dielectric constant and
the temperature in Fig. 2B. The Curie-Weiss constant C, a useful parameter for evaluating the
value of Ps, is fitted to be 1.32 × 104 K, considerably higher than the values for ferroelectrics
such as KDP (2.9 × 103 K) (4), triglycine sulfate
(3.2 × 103 K) (4), NaNO2 (4.7 × 103 K) (4), and
DIPAC (8.4 × 103 K) (13), but smaller than that
of inorganic compounds such as BTO (1.5 ×
105 K) (4), PbTiO3 (4.1 × 105 K) (4), and PZT
(1.4 × 105 to 4.2 × 105 K) (20). The value of T0
is estimated to be 416 K, smaller than Tc, indicating a first-order phase transition. In contrast,
the temperature-dependent permittivity of 1-P
shows an evident yet less prominent dielectric
anomaly (fig. S5), which we were unable to fit
to a Curie-Weiss form, reflecting its nonferroelectric nature (14). Far away from Tc, 1-F has a
very large dielectric constant of up to 85 at
room temperature measured under 400 Hz (Fig.
2C), an order of magnitude higher than that of
polymer ferroelectrics such as PVDF. Even at a
frequency of 1 MHz, the dielectric constant remains as high as 38, and its imaginary part e´´ is
only 0.2 at 380 K (Fig. 2D), suggesting a small
loss tangent of 0.44%. Such a high dielectric
constant and low dielectric loss also make DIPAB
attractive as a dielectric in capacitors for electric
energy storage.
All the evidence points to a ferroelectric phase
transition at 426 K in the 1-F polymorph, and
indeed a ferroelectric hysteresis loop was recorded
using a simple Sawyer-Tower circuit at 25 Hz.
On cooling from 438 K, the 1-F loop looks like
an open mouth–shaped ellipsoid (fig. S6), indicating paraelectric characteristics with leakage
current (14). Just below Tc, a typical ferroelectric
hysteresis loop emerges (Fig. 3A), confirming
the ferroelectricity of a-DIPAB. The coercive
field is estimated to be 5.0 kV cm–1, smaller
than those of PVDF (500 kV cm–1) (4), BTO
(10 kV cm–1) (4), PZT (20 to 80 kV cm–1) (21),
and DIPAC (9 kV cm–1) (13). The spontaneous
polarization measured using a pyroelectric technique (Fig. 3B) reveals a very sharp transition
from the paraelectric to the ferroelectric phase
in an interval of about 3 K, indicating again a
first-order phase transition. Ps is measured to be
23 mC cm–2, compared to 8 mC cm–2 for PVDF
(4), 26 mC cm–2 for BTO (4), 30 to 55 mC cm–2
for PZT (21), and 8 mC cm–2 for DIPAC (13).
We also observed that the variation of Ps with
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respect to temperature is very similar to that of
c(2), which can be explained from the relationship c(2) = 6e0bPs deduced from Landau theory,
where b is the high-order dielectric coefficient
(1, 19). To verify our measurement of spontaneous polarization, we performed first-principles
density functional theory (22, 23) calculations
within the generalized gradient approximation
to the exchange correlation potential according
to the Perdew-Burke-Ernzerhof (PBE) method
(24) and the Heyd-Scuseria-Ernzerhof hybrid
(HSE) functional (25). The spontaneous polarization (Fig. 3C) is plotted as a function of the
dimensionless variable l (14), which parameterizes the continuous evolution from the centrosymmetric P21/m structure (l = 0), based on a
supergroup analysis (26), to the experimental
polar P21 structure (l = 1); the agreement between these two approaches shows the stability and accuracy of the results. For the actual
polar structure we obtain a finite polarization of
~23.9 mC cm–2, in agreement with the experimental value. In addition, the abrupt variation of
Ps as a function of l also reflects the first-order
phase transition observed in experiments. The
calculations suggest that the emergence of the
spontaneous polarization is driven by a cooperative atomic distortion at molecular sites that
breaks the mirror symmetry plane of each single
DIPAB molecule along the b axis of Fig. 1A,
resulting in an asymmetric arrangement of the
charges.
Finally, we used piezoresponse force microscopy (PFM) (27, 28) to measure the local piezoelectric response and the ferroelectric domain
structure at the nanoscale. Phase and amplitude
mappings obtained with vertical PFM overlaid
on three-dimensional (3D) topography (Fig. 4,
A and B) correspond well to each other, revealing a ferroelectric domain pattern with alternating
bands of upward and downward polarizations
separated by domain walls; no crosstalk with
topography is observed. The piezoresponse is
measured to be as high as 360 pm under only
1 V ac, comparable with most other ferroelectrics,
thus confirming its excellent piezoelectricity.
Lateral PFM overlaid on 3D topography shows
phase (Fig. 4C) and amplitude (Fig. 4D) mappings in good correspondence with the vertical
mappings, despite the out-of-plane polarization
direction of the sample. This can be understood
from the piezoelectric tensor d of a C2 point
group, with nonzero d22 and d25 and spontaneous polarization P2 (29), which induces normal
and shear piezoelectric strains simultaneously
under an electric field applied along the polar
axis, whereas for BTO and PZT with out-ofplane polarization, only normal response is expected from symmetry. In this sense, the terms
vertical and lateral PFM are somewhat misleading, and it is more appropriate to describe the
data in terms of normal and shear PFM. Switching PFM was also carried out, with dc voltage
applied on top of the ac voltage to switch the
polarization, resulting in characteristic hysteresis

25 JANUARY 2013

VOL 339

SCIENCE

and butterfly loops (Fig. 4, E and F). These
findings further confirm the ferroelectricity of
the molecular crystal.
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