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Organic single-component ferroelectrics are highly desirable b i i
for their low molecular mass, light weight, low processing temperature, and : '\\\ //) 8 N //):
excellent film-forming properties. Organosilicon materials with a strong film- 2"\ 7'\
forming ability, weather resistance, nontoxicity, odorlessness, and physio- ©/ \@ ©/
H H

logical inertia are very suitable for device applications related to the human

. . . . Piezoelectric Ferroelectric
body. However, the discovery of high-T. organic single-component
ferroelectrics has been very scarce, and the organosilicon ones even less +PP )
s

so. Here, we used a chemical design strategy of H/F substitution to
successfully synthesize a single-component organosilicon ferroelectric
tetrakis(4-fluorophenylethynyl)silane (TFPES). Systematic characterizations
and theory calculations revealed that, compared with the parent nonferro- P,
electric tetrakis(phenylethynyl)silane, fluorination caused slight modifica-

tions of the lattice environment and intermolecular interactions, inducing a
4/mmmFmm2-type ferroelectric phase transition at a high T, of 475 K in TFPES. To our knowledge, this T should be the highest
among the reported organic single-component ferroelectrics, providing a wide operating temperature range for ferroelectrics.
Moreover, fluorination also brought about a significant improvement in the piezoelectric performance. Combined with excellent film
properties, the discovery of TFPES provides an efficient path for designing ferroelectrics suitable for biomedical and flexible
electronic devices.

organosilicone, H/F substitution, high T, organic single-component ferroelectrics, chemical design

rowing concerns for environmental protection and stagnant. In the past decade, several excellent organic SC

flexible and wearable devices, molecular ferroelectrics ferroelectrics have been discovered, including trisubstituted
are attracting tremendous interest as a beneficial complement haloimidazoles,"” (R and S)-3-hydroxyquinoline,'* 2-(hydrox-
to inorganic ferroelectrics because of their lightweight, low ymethyl)-2-nitro-1,3-propanediol,”* (R and S)-10-camphorsul-
processing temperature, low cost, and biocompatible character- fonylimine,'® and spirooxazacamphorsultam derivatives.'” To
istics.' ™% As the saying goes, the greatest truth is concise. date, however, small-molecule organic SC ferroelectrics remain
Likewise, some excellent functional materials generally have a very rare, and the high-T ones are even more counted on one’s
simple structure. Among molecular ferroelectrics, the organic fingers.
single-component (SC) ones with a low molecular mass are As an important key parameter, a high Curie temperature

(T.) is essential for ferroelectric-related applications as
electronic components under high-temperature conditions."®
It is because of stable ferroelectricity with high T. that the
currently commercial inorganic ferroelectrics can be phenom-
enally applied in a variety of fields includin§ medical,
aerospace, information, and energy industries."”™** Efficient
methods for inducing ferroelectricity and regulating T, have

desirable for application in organic electronics, by taking
advantages of low acoustic impedance, mechanical flexibility,
and excellent film-forming properties. Thiourea is the simplest
SC ferroelectric, while its T. is far lower than room
temperature.” The subsequently discovered SC ferroelectrics,
2,2,6,160-1tletramethy1piperidine-N-oxyI and trichloroaceta-
mide,

ferroelectric temperature window, respectively. In 2010,

also have problems of instability and a narrow

notably, the report on organic SC ferroelectric croconic acid January 4, 2023
with a high spontaneous polarization indicated that organic January 21, 2023
ferroelectric crystals have the performance potential compara- January 26, 2023

ble to inorganic ones.'” However, compared with the vigorous February 12, 2023

development of multicomponent ionic molecular ferroelectrics,
the discovery of new organic SC ferroelectrics appears to be
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been extensively studied, including strain engineering and
isotope effects.”* > For example, the oxygen isotope
substitution enables quantum paraelectric SrTiO; to possess
ferroelectricity,27 and deuteration has been often used to
enhance T, in hydrogen-bonded ferroelectrics such as KH,PO,
and PbHPO,.”**" However, the applicability of these
strategies is very narrow, limited to a few specific material
systems. H/F substitution, resembling the H/D isotope effect,
has become a more universal and effective guideline for
chemically de51gn1ng molecular ferroelectrics and optimizing
performance.’””>* Because of the similar van der Waals radii
and steric parameters and different electronegativity between
H and F atoms, fluorination would have very little damage to
the crystal structure but significantly change the physical and
chemical properties. Benefiting from the phase transition
mechanism of the cationic order—disorder transition, H/F
substitution can significantly increase the potential energy
barrier of molecular orientational motion to greatly enhance
the T.. Over the past few years, a series of high-T,. molecular
ferroelectrics have been successfully designed using the H/F

substitution strategy, including (R)- and (S)-3- F—
(pyrrolldlnlum)MnCl3, (4- ﬂuoroqulnuchdlnlum)ReO4,
(4,4-difluoropiperidinium),Pbl,,*” and so on.**~** A typical

case is that H/F substitution makes the T increase from 190 K
in the prototype (1-azabicyclo[2.2.1]heptane)CdCl; to 419 K
in the fluorinated ferroelectric (4-fluoro-1-azabicyclo[2.2.1]-
heptane)CdCl3.43 It must be mentioned that, however, the
effect of H/F substitution has been proven very effective for
typical order—disorder-type multicomponent molecular ferro-
electrics, while its role in single-component organic crystals
remains unknown, especially the one with a displacive
ferroelectric mechanism. Moreover, most of the reported
organic ferroelectric crystals belong to certain types of organic
molecules containing oxygen and nitrogen.

Notably, Zhang et al. recently reported a single-component
organosilicon ferroelectric Dp-chiro-inositol-SiMe;,**  which
shows excellent thin-film properties with superior softness,
ductility, flexibility, and biocompatibility that are desirable for
biomedical and human-compatible applications, offering a new
structural paradigm for molecular ferroelectrics. As a class of
compounds in which organic groups are connected to silicon
atoms, organosilicon has the characteristics of a strong film-
forming ability, hydrophobicity, corrosion resistance, high- and
low-temperature resistance, weather resistance, nontoxicity,
odorlessness, physiological inertia, etc.”~** These attributes
could brlng more application possibilities for molecular
ferroelectrics.*”>" Inspired by the H/F substitution method-
ology (Scheme 1), we successfully designed a single-
component organosilicon ferroelectric tetrakis(4-
fluorophenylethynyl)silane (TFPES). Compared with the
parent tetrakis(phenylethynyl)silane (TPES) with nonferroe-
lectricity, the fluorine substitution alters the crystal packing
environment (i.e,, the intermolecular interactions) to trigger a
4/mmmEmm?2-type ferroelectric phase transition at a high T of
475 K in TFPES. In contrast, tetrakis(4-chlorophenylethynyl)-
silane (TCPES) and tetrakis(4-bromophenylethynyl)silane
(TBPES) obtained by substitution of heavier Cl and Br
atoms both have a centrosymmetric crystal structure fail to
meet the polar symmetry for ferroelectrics. Density functional
theory calculations revealed the similar van der Waals radii of
hydrogen (1.2 A) and fluorine (1.35 A) and the larger
electronegativity of fluorine, which results in that the packing
patterns and space group (Pna2;) of these two crystals do not
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Scheme 1. Chemical Design Strategy of Organosilicon
Ferroelectric TFPES
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change significantly, and the stronger binding effect provides a
higher activation energy barrier during the phase transition,
thus increasing the phase transition temperature. To our
knowledge, the T. of TFPES is the highest one among the
reported organic single-component ferroelectrics. Its ferroelec-
tricity has been determined and confirmed by systematic
characterizations. The thin film also shows excellently soft,
pliable, and nontoxic properties of organosilicon compounds,
making TFPES competitive for biomedical applications.
Single-crystal X-ray diffractions were carried out to get
structural information about the stacking arrangement, the
origin of polarization, and the mechanism of the phase
transition. Crystal structure analysis reveals that TPES
crystallizes in an orthorhombic polar Pna2, space group
(Table S1), where the TPES molecules are arranged in two
manners with an adjacent alternating sequence viewed from
the c-axis direction (Figure la,d). Structurally, there are C—
H---7 interactions formed between one benzene ring of a TPES
molecule and the C=C bond of the adjacent TPES molecule.
These weak interactions are like a rope to pull the
phenylacetylene group, which make the molecular symmetry
broken and tend to be slightly displaced and distorted,
resulting in the generation of macroscopic polarization along
the c-axis direction. However, unfortunately, despite great
efforts, polarization switching cannot be achieved experimen-
tally. The H/F substitution at the para position on the four
benzene rings did not damage the crystal symmetry and the
packing arrangement. The resulting TFPES also crystallizes in
the polar Pna2; space group with the cell parameters of a =
19.8373 A, b = 6.9630 A, c = 18.9233 A, and V = 2613.82 A’
(Table S1), showing crystal polarity with spontaneous
polarization along the [001] direction. Intermolecular
interactions as an indispensable tool in the development of
crystallographic engineering have been extensively utilized to
design various functional crystals. Like the parent TPES, the
polarization source of TFPES is also related to the distorted
displacement and polar arrangement of molecules caused by
weak intermolecular interactions (Figure 1b,e). Differently, the
fluorination brings new weak F--7 interactions between one
benzene ring of the TFPES molecule and the F atom of the
adjacent TFPES molecule. The C—H-x interactions (C---C
distance, 3.796 A) in the TFPES crystal are obviously weaker
than those (3.726 A) in the TPES crystal. In contrast, after H/
Cl substitution, the obtained TCPES adopts a centrosym-
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Figure 1. Crystal structures. Structural units of (a) TPES, (b) TFPES, and (c) TCPES. Packing view of unit cells of (d) TPES, (e) TFPES, and (f)
TCPES. The red dotted lines represent weak interactions in Figure 1a,b. The yellow dotted lines indicate C—H---7 interactions, and the pink dotted

lines refers to F---x interactions.

metric crystal structure with the tetragonal I4,/a space group
(Table S1). The TCPES molecules are arranged in one
manner, where no apparent intermolecular interactions exist in
the crystal lattice (Figure 1lcf). We further performed the
related calculations of Hirshfeld d,,,, surfaces to detect
intermolecular interactions in TPES, TFPES, and TCPES. As
shown in Figure S1, the clear interaction contacts (red region)
can be observed in TPES and TFPES while no obvious
contacts in TCPES. In general, the C—H:--7 interactions play a
vital role in the generation of polar structures of TPES and
TFPES, and the synergistic effect with weak F---7 interactions
in TFPES increases the greater possibility of twist displacement
of molecules, providing opportunities for polarization switch-
ing.

gBecause of the similar van der Waals radii of hydrogen (1.2
A) and fluorine (1.35 A),>" the packing patterns of these two
crystals do not change significantly, and both of them
crystallize in the same space group (Pna2,), which accords
with the general law of the fluorination effect. However, when
a hydrogen atom is replaced by a chlorine atom (1.8 A) and a
bromine atom (1.95 A), the obvious difference of van der
Waals radii results in a significant change in the crystallo-
graphic space group. As a consequence, TCPES and TBPES
crystallize in centrosymmetric space groups I4,/a and P2,/n,
respectively (Figure 1c and Figure S2). We calculated the
electrostatic potential of TPES, TFPES, TCPES, and TBPES
molecules. As shown in Figures S3—S6, the electrostatic
potentials of the atoms in position 4 of the benzene ring are
0.017, —0.015, 0.005, and 0.012 Hartree for TPES, TFPES,
TCPES, and TBPES, respectively. The large electronegativity
of fluorine gives it a much lower electrostatic potential, which
provides new binding sites for interactions between molecules.
Such a stronger binding effect may provide a higher activation
energy barrier during the order—disorder phase transition, thus
increasing the phase transition temperature.

The introduction of fluorine atoms makes TFPES undergo a
structural phase transition up to 475 K (T.), which can be
detected on the thermal anomaly peak by differential scanning
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calorimetry measurement (Figure 2a). The temperature-
dependent dielectric constant shows an anomaly around 475
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Figure 2. (a) DSC and temperature-dependent dielectric constant
curves. (b) Variable-temperature PXRD patterns. (c) Temperature-
dependent SHG response in the cooling process; inset: the
comparison of SHG signals for TPES, TFPES, TCPES, and TBPES
crystals. (d) Relationship of two cells between the ferroelectric phase
(FP, black lines) and the paraelectric phase (PP, brown lines).

K as well. The existence of the phase transition demonstrates
that the molecular structure pulled by weak intermolecular
interactions is prone to twisting displacement, which is
conducive to the reorientation of macroscopic dipole moments
to cause polarization switching. It is worth noting that this T,
of 475 K is the highest one among reported organic SC
ferroelectrics, much higher than other organic ferroelectrics
including 2-(hydroxymethyl)-2-nitro-1,3-propanediol (345
K),"”” (R and S)-3- quinuclidinol (400 I(),14 (R and S)-10-
camphorsulfonylimine (429 K),' (R)- BINOL DIPASi (362
K), and (S)-BINOL—DIPASi (363 K)*° and greater than that
of the inorganic ferroelectric BaTiO; (393 K)."” In addition,
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chemical group modification also brings about an increase in
the crystal melting point, and the melting points of TPES,
TFPES, TCPES, and TBPES were determined at 480, 511,
577, and 565 K, respectively (Figure S7). This indicates that
the TFPES crystal has a stable paraelectric phase. We
attempted to determine the crystal structure in the paraelectric
phase, but unfortunately, the X-ray diffraction of the crystal at
high temperatures was too weak to succeed in obtaining an
accurate structure. Powder X-ray diffraction (PXRD) can also
provide some valuable information about crystal symmetry,
and thus, we further carried out variable-temperature PXRD
measurements. As illustrated in Figure 2b, the PXRD patterns
remain almost unchanged in the temperature range of 300—
463 K, while the patterns above 475 K experience obvious
changes in both the number and positions of diffraction peaks,
indicating the occurrence of the phase transition with
symmetry changes. Indexing and refinement of PXRD data
at 573 K reveal a tetragonal point group 4/mmm with the cell
parameters of a = 19.8838 A, b = 19.8838 A, ¢ = 7.1041 A, and
V = 2808.73 A’ (Figure S8a). The direction of two cells
between the ferroelectric phase (FP) and the paraelectric phase
(PP) follows the relationship: agp (19.8373 A) < app (19.8838
A) — bpp (19.8838 A), byp (6.96300 A) < cpp (7.1041 A), cp
(7.1041 A) < app (19.8838 A) + byp (19.8838 A) (Figure 2d).
In this case, the [001] direction in FP corresponds to the
[110] direction in PP, which meets the symmetry requirements
of the 4/mmmFmm2(s)-type ferroelectric phase transition
defined by the Aizu rule.”” The second harmonic generation
(SHG) response of the synthesized crystals at room temper-
ature verifies the polar Pna2, space group of TPES and TFPES
(inset of Figure 2c). Furthermore, with the increase in
temperature, the SHG response remains unchanged and then
abruptly drops to zero in the vicinity of T, which is in good
agreement with the occurrence of a 4/mmmFmm2(s)-type
ferroelectric phase transition (Figure 2c).

To determine the ferroelectricity of TFPES, we used the
double-wave method to measure the relationship between
polarization (P) and voltage (V). As shown in Figure 3, two
current peaks in opposite directions represent two equivalent
polarization states. The obtained P—V curve presents a typical
well-shaped hysteresis loop, proving its ferroelectricity. The
orientation of the measured thin film was verified by
comparison between the measured powder X-ray diffraction
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Figure 3. Polarization—voltage hysteresis loop of TFPES measured on
its thin film.

pattern on the thin film of TFPES and the one simulated by its
crystal data at 300 K (Figure S8b). We further studied the
terroelectric behaviors of TFPES in its thin films through
piezoresponse force microscopy (PFM) measurements.
Although most regions of the thin film are in a single-domain
state, domain structures are still observed in some regions.
Typical as-grown ferroelectric domains are revealed by vertical
PFM mappings, as shown in Figure 4a—c, which exhibit an

Amplitude

Topography

Figure 4. PFM measurements for the thin film of TFPES. (a—c)
Domain structure observed in the TFPES thin film: (a) topography,
(b) vertical PEM amplitude, and corresponding (c) PFM phase
images. (d—1i) Vertical PFM images of the TFPES thin film indicating
ferroelectric polarization switching. Topography (left), amplitude
(middle), and phase (right) images for the 15 X 15 ym? area, which
were taken (d—f) after applying tip biases of +70 V and (g—i)
subsequently —70 V in the central region.

irregular shape and have no crosstalk with the surface
morphology. Then, we performed local domain switching
experiments to directly visualize the polarization switching,
where the above-mentioned single-domain pattern was used as
an initial state. When a DC tip voltage of +70 V was used to
scan the central region marked by a purple box, the subsequent
PFM imaging revealed a new domain, indicating that the
polarization can be reoriented by the external electric field
(Figure 4d—f). Moreover, the polarization in the new domain
can be switched back by applying an opposite tip voltage of
—70 V (Figure 4g—i). Meanwhile, the surface morphology of
the scanned region remains constant during the above
electrical writing. PEM hysteresis loops shown in Figure 5a,b
further demonstrate the ferroelectric nature of TFPES, wherein
the local coercive voltage is about 47 V. All the above PFM
pieces of evidence unambiguously establish the existence of
ferroelectricity in the TFPES crystal.

An AC bias across the resonant frequency was applied to the
PEM tip to drive the crystals of TPES and TFPES along the c-
axis under vertical PFM mode, and the vibration was recorded
at the same frequency. Information on the vibration, such as
the amplitude, phase, resonant frequency, and quality factor,
can be fitted by the simple harmonic oscillator (SHO)
model.”® The amplitude was enhanced and amplified by the Q
factor. Therefore, the intrinsic amplitude can be obtained by
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Figure 5. (a) Vertical PEM amplitude and phase signals as functions
of the tip voltage for a selected point on the thin-film surface, showing
local PFM hysteresis loops. (b) Schematic diagram of local
piezoresponse measurements on the TFPES and TPES crystals. (c)
Intrinsic amplitude signal versus driving frequency under a drive
voltage of 10 V. (d) Intrinsic amplitude signal as a function of AC
drive voltages.

dividing the Q factor. Figure Sc shows the SHO fitting curves
of the intrinsic amplitude versus frequency for both crystals,
where the stronger resonance peak is observed in the TFPES
crystal under the same drive voltage of 10 V. Furthermore,
such resonance measurements have been repeated under
different drive voltages ranging from 1 to 10 V and over five
arbitrary points across the crystals. The intrinsic amplitude was
plotted against the drive voltage for both crystals, which shows
good linearity. The slope of the linear curves represents the
magnitude of the piezoresponse. Here, it can represent the
relative magnitude of the piezoelectric constant ds; because the
crystals are driven along the c-axis in the vertical PFM mode.
By comparing the slope of the curves, the d;; of TFPES is 2.5
times that of TPES. This indicates that the H/F substitution
can enhance the piezoelectric properties of the crystals, as
previously reported in the literature.”” In addition, the softness
of the thin film of TFPES was investigated by nanoindentation.
As shown in Figure S10, the typical load—displacement curves
of the TFPES thin film can be obtained, where the elastic
modulus and hardness are calculated to be 411.6 and 52.7
MPa, respectively. Such a relatively low elastic modulus and
hardness make the TFPES thin film a competitive candidate
for flexible electronics with soft and pliable properties.

In summary, we have demonstrated the application of the
H/F substitution strategy to organic single-component ferro-
electrics and successfully designed an organosilicon ferro-
electric crystal TFPES. Fluorination results in very small
changes in the molecular arrangement and intermolecular
interactions in the crystal lattice but large differences in
chemical or physical properties. Compared with the parent
nonferroelectric TPES and chlorinated TCPES, the synergistic
effect of C—H--- interactions and F---x interactions in TFPES
makes the molecules have more possibility for twist displace-
ment, which induces a structural phase transition at a high T,
of 475 K, offering a space and opportunity for polarization
switching. To our knowledge, the T. of TFPES is the highest
one among the reported organic single-component ferro-
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electrics. In addition, fluorination also brought about a
significant improvement in the piezoelectric performance.
This finding sheds light on the exploration of high-T.
organosilicon ferroelectric crystals with great application
prospects for biomedical and flexible electronic devices.

All reagents and solvents in the syntheses were of reagent grade and
used without further purification. The synthesis procedures of the
compounds are detailedly described in the Supporting Information.
The colorless crystals of TFPES were easily obtained by slow
evaporation of its tetrahydrofuran solution at room temperature. The
powder X-ray diffraction data show the good phase purity of these
single crystals (Figure S10). Thermogravimetric analysis (TGA)
shows that TPES, TFPES, TCPES, and TBPES possess good thermal
stability up to 540, 550, 600, and 427 K, respectively (Figure S11).

The thin films were prepared through a drop-casting method. The
precursor solution of TFPES was prepared by dissolving 50 mg of the
crystals in 1 mL of tetrahydrofuran. Then, 20 uL of precursor solution
was spread on a clean indium-doped tin oxide (ITO) glass substrate.
The thin film was obtained after annealing at 323 K for 0.5 h.

Methods of X-ray diffraction, DSC, SHG, Hirshfeld surface analysis,
dielectric, PFM, and P—V hysteresis loop measurements are detailedly
described in the Supporting Information. The X-ray crystallographic
structures have been deposited at the Cambridge Crystallographic
Data Centre (deposition numbers CCDC 2221431-2221433 and
2233508) and can be obtained free of charge from the CCDC via
www.ccde.cam.ac.uk/getstructures.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00004.

Synthesis of samples, measurement methods, additional
crystal structures, electrostatic potential maps, DSC
curves, PXRD patterns, load—displacement curve, TGA
curves, and crystal data (PDF)

X-ray crystallographic data for TPES at 300 K (CIF)

X-ray crystallographic data for TFPES at 300 K (CIF)
X-ray crystallographic data for TCPES at 300 K (CIF)
X-ray crystallographic data for TBPES at 300 K (CIF)
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