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Releasing chemical energy in
spatiallyprogrammed ferroelectrics

Yong Hu 1, Jennifer L. Gottfried2, Rose Pesce-Rodriguez2, Chi-Chin Wu2,
Scott D. Walck3, Zhiyu Liu4, Sangeeth Balakrishnan4, Scott Broderick5,
Zipeng Guo 6, Qiang Zhang 7, Lu An1, Revant Adlakha 1, Mostafa Nouh 1,
Chi Zhou 6, Peter W. Chung4 & Shenqiang Ren 1,8,9

Chemical energy ferroelectrics are generally solid macromolecules showing
spontaneous polarization and chemical bonding energy. These materials still
suffer drawbacks, including the limited control of energy release rate, and
thermal decomposition energywell below total chemical energy. To overcome
these drawbacks, we report the integrated molecular ferroelectric and ener-
getic material from machine learning-directed additive manufacturing cou-
pled with the ice-templating assembly. The resultant aligned porous
architecture shows a lowdensity of 0.35 g cm−3, polarization-controlled energy
release, and an anisotropic thermal conductivity ratio of 15. Thermal analysis
suggests that the chlorine radicals react withmacromolecules enabling a large
exothermic enthalpy of reaction (6180 kJ kg−1). In addition, the estimated
detonation velocity of molecular ferroelectrics can be tuned from 6.69 ± 0.21
to 7.79 ± 0.25 km s−1 by switching the polarization state. These results provide a
pathway toward spatially programmed energetic ferroelectrics for controlled
energy release rates.

Molecular energetic ferroelectrics, which store both chemical bond
energy and undergo spontaneous polarization1–3, have stimulated
interest in polarization-controlled energy release4–6, while self-
assembly and additive manufacturing could further generate spa-
tially programmed architecture of molecular energetic ferro-
electrics with the aligned meso-structure promising for controlled
energy flow (Fig. 1a)5–8. Such abilities offer the prospects of realizing
molecular energetic ferroelectrics, a subset of chemical energy
materials, with external stimuli dependent energy release9,10. While
a large number of molecular ferroelectrics and energetics have
been reported independently11–15, the exploration and structure

engineering of energetic molecular ferroelectrics is still in infancy
due to the lack of an effective material design approach6. We pro-
posed the following design elements in order to create a material
with a link between energetic and ferrielectric properties: (1) mole-
cular ferroelectrics show the spontaneous polarization, high
chemical-energy density, and estimated detonation velocity; (2)
spatially programmed molecular ferroelectrics exhibit the aligned
meso-structure for polarization-controlled energy release and
energy flow. Following this design approach, we report machine
learning-guided molecular energetic ferroelectrics with the cap-
ability of ice-templating assembly and additive manufacturing, for
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the control of spatially programmed architecture and aligned
mesostructures.

The [Hdabco]ClO4 (dabco= 1,4-diazabicyclo[2.2.2]octane) is
selected as the prototypical example of molecular energetic ferro-
electric material for the study of polarization-directed detonation and
heat of decomposition (Fig. 1b)16,17. The combination of ice-templating
assembly and additive manufacturing enables to bridge across multi-
ple length scale18–21, and the creation of three-dimensional (3D) aligned
porous molecular energetic ferroelectrics with complex geometries,
large surface area, and low density of 0.35 g cm−3. Pyrolysis-gas chro-
matography-mass spectrometry (GC/MS) and high-pressure differ-
ential scanning colorimetry (HP-DSC) analysis suggest that the Cl
radicals from ClO4

− react exothermically with both cellulose and
dabco, enabling a large exothermic heat of reaction (6180 kJ kg−1).
Additionally, the aligned architecture produces an anisotropic thermal
conductivity (ratio = 15) of 0.02 and 0.29WmK−1 for the direction
perpendicular and parallel to the aligned structure, respectively. The
laser-induced air shock from energetic materials (LASEM) study shows
that the polarization-dependent estimated detonation velocity can be
tuned from 6.69 ±0.21 to 7.79 ±0.25 km s−1, generating a electricity
with a specific power of 4.6 kWkg−1 (Fig. 1c) and controlled energy
release rate.

Results
For high-throughput screening of integrated molecular energetic
ferroelectrics8,22, a two-step machine learning technique is applied. As
shown in Supplementary Fig. 1, the first step is focused on predicting
molecular ferroelectric candidates that can fulfill the design

parameters mentioned above: water-soluble characteristics for ice-
templating assembly, high polarization, and Curie temperature (Tc).
The second step predicts the detonation velocity based on the Kernel
Ridge Regression and E-state Fingerprint model (Supplementary
Tables S1) for further down-selecting candidates with high chemical-
energy density and high energy release rate22. Figure 1b and Supple-
mentary Tables S2–S3 show the predicted detonation velocities for
some representative water-soluble molecular energetic ferroelectrics
obtained from machine learning. The aqueous processable [Hdabco]
ClO4 is selected for the following study due to its high predicted
detonation velocity, a Tc above room-temperature, and large pyro-
electric coefficient for thermal energy conversion (Supplementary
Fig. 2)23.

Structural and dielectric properties of energetic [Hdabco]ClO4

Neutron diffraction measurements at different temperatures are per-
formed on [Hdabco]ClO4 (Fig. 2a, Supplementary Figs. 3–8 and Sup-
plementary Table S4–S16). As shown in Fig. 2b and Supplementary
Table S5, [Hdabco]ClO4 adopts the noncentrosymmetry Pm21n space
group with lattice parameters of a = 8.8716 Å, b = 9.7501 Å, and
c = 5.3534 Å at 298K. The high-resolution transmission electron
micrograph (HRTEM) shows that the sample exhibits significant and
uniform crystallinity with pronounced Moire fringes (inset of Fig. 2c
and Supplementary Figs. 9–11). As the temperature increases, a first-
order phase transition to a high-temperature centrosymmetric phase
occurs. Neutron diffraction shows the transition happens between 375
and 390K. A coexistence of low-temperature and high-temperature
phase is observed at 380K, while high-temperature phase adopts a

Fig. 1 | Energetic molecular ferroelectrics. a Schematic figure for the polarization
control of decomposition for molecular ferroelectrics. The polarization induced
ferroelectric domain structure change can cause the change in thermal con-
ductivity, which further influence the detonation velocity. b Data-driven

computational materials design. Results of Tc versus the predicted detonation for
molecular ferroelectrics from machine learning models. c The mass dependent
specific peak power for energetic [Hdabco]ClO4. The specific power is enhanced at
the low-mass devices due to the larger surface aera.
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P4/mmm space group with the lattice parameters of a = b = 9.4512 Å
and c = 5.3710Å at 390K (Supplementary Figs. 8 and 12, and Supple-
mentary Table S16). Temperature dependence of dielectric measure-
ment shows a dielectric anomaly at the phase transition temperature
of 377 K (Fig. 2c). The ferroelectricity is also supported by the
polarization–electric field (P–E) loops and current–electric field (I–E)
curve (Fig. 2d and Supplementary Fig. 13). The [Hdabco]ClO4 shows
coercivity of 54 and 64 kV cm−1 for negative and positive electric field,
respectively. The difference of 10 kV cm−1 in coercivity originates from
the self-poling field formed during the growth of [Hdabco]ClO4

16,23.

Structure design of energetic [Hdabco]ClO4 by additive manu-
facturing coupled with ice-templating
Additivemanufacturing (3D printing) enables the rapid prototyping of
energetic materials through the layer-by-layer deposition, providing
the pathway towards the unprecedented geometry control over ther-
mal decompaction behavior24. The 3D printing coupled with ice-
templating assembly produces the aligned porous [Hdabco]ClO4

microstructure promising for the effective energy flow and thermal
decomposition. As shown in Fig. 3a and Supplementary Movie 1,
energetic [Hdabco]ClO4 is printed by direct ink writing from pre-
cursors consisting of the saturated [Hdabco]ClO4 solution and cellu-
lose nanofiber mixture at different weight ratios. Figure 3b shows the
optical image of the 3D printed energetic [Hdabco]ClO4. Cellulose
nanofiber is chosen as the additive to enhance 3D printability and
effective thermal decomposition for molecular energetic ferro-
electrics. As shown in Fig. 3c, the ink exhibits the shear thinning
behavior required for direct ink writing. The viscosity of the ink
increases as theweight ratio of cellulose increases. Figure 3d shows the
ice-templating assembly integrated crystallization process from 3D
printing. Before freezing, the cellulose anddissolved [Hdabco]ClO4 are

homogeneously distributed in the printable precursor slurry (Sup-
plementary Fig. 14). After placing the printed parts at 253.15 K for
unidirectional freezing, water molecules form ice while [Hdabco]+

cations and ClO4
− anions crystallize simultaneously. The ice and

[Hdabco]ClO4 crystals expel each other while the cellulose is mainly
located inside the ice crystals. After freeze drying, a porous structure
with the aligned [Hdabco]ClO4 crystalmesostructured isobtained. The
unidirectional freezing induces the temperature gradient for the for-
mation of microscale crystallites oriented preferentially along the
direction of freezing, leading to the resulting scaffolds with the
lamellar [Hdabco]ClO4 structures. Density-functional theory (DFT) and
control experiments on single crystal growth shows that the head-to-
tail one dimensional hydrogen bond between the adjacent [Hdabco]+

cations induces self-assembly of [Hdabco]ClO4 (Supplementary
Figs. 15–17). Furthermore, the hydrogen bonding between cellulose
and [Hdabco]ClO4 facilitates the formation of porous architecture in
the 3D printing process.

Structural properties and thermal analysis of 3D printed
[Hdabco]ClO4

The Fourier transform infrared (FTIR) spectroscopymeasurements are
performed on the cellulose, [Hdabco]ClO4, and 3D aligned porous
architecture samples with different weight ratios (Fig. 4a). The phonon
density of states (DOS) is calculated for [Hdabco]ClO4 (Fig. 4a). The
FTIR peaks for [Hdabco]ClO4 doesn’t show obvious change after 3D
printing process, showing the stability of 3D printed samples. The ice-
templating coupled with additive manufacturing enables a network of
linked cellulose and high porosity in the printed [Hdabco]ClO4 (Sup-
plementary Figs. 19–21), where its tunable densities of 0.34, 0.35, 0.37,
and 0.46 g cm−3 are obtained at different weight ratios (cellulose/
[Hdabco]ClO4) of 0, 1/6, 1/5, and 1/3, respectively (Fig. 4b). Increasing
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the cellulose would increase the density and reduce the pores evi-
denced by the scanning electron microscopy images (SEM, Supple-
mentary Fig. 21). Supplementary Fig. 22 show the N2 adsorption-
desorption isotherms and the pore size distribution of 3D printed
[Hdabco]ClO4 (weight ratio = 1/5). The N2 sorption isotherms (type IV)
show an H3 hysteresis loop, indicating that the product has a typical
mesoporous structure25. The Brunauer-Emmett-Teller surface area
analyses show that the specific surface areas of printed [Hdabco]ClO4

are 1.4125, 1.3859, and 1.1036 m2 g−1 for the weight ratio (cellulose/
[Hdabco]ClO4) of 1/6, 1/5, and 1/3, respectively26. The explosive nature
of molecular energetic ferroelectrics generally leads to low heat of
decomposition due to its volatilization. We further study chemical
decomposition to explore the heat of decomposition properties in the
3D printed [Hdabco]ClO4. HP-DSC for [Hdabco]ClO4 under N2 shows
that enthalpy of decomposition increases with increasing N2 pressure
(Supplementary Figs. 23 and 24). A large enthalpy of decomposition of
4898 kJ kg−1 at 200psi, enabled by the suppression of [Hdabco]ClO4

volatilization under pressure. The decomposition of 3D printed
[Hdabco]ClO4 is also studied under 200 psi N2. Figure 4c shows
enthalpy of decomposition for3Dprinted [Hdabco]ClO4 is 5922 kJ kg

−1,
which exceeds the calculated expected value (4511 kJ kg−1) according to
the weight ratio of cellulose and [Hdabco]ClO4 in the printed sample.
GC/MS analysis (Fig. 4d) for the desorption (D) and pyrolysis (P) pro-
ducts of 3D printed [Hdabco]ClO4 shows that chlorine is, for the most
part, absent in the D/P products of 3D printed [Hdabco]ClO4. Given
that high reactivity of chlorine radicals and highly exothermic

chlorinationof organicmaterials, it is reasonable to assume that a large
fraction of Cl radicals from ClO4

− react with both cellulose and dabco
(Supplementary Figs. 25–47). The exothermic reaction of Cl radicals
gives a large exothermic heat of reaction of 6180 kJ kg−1 (Supplemen-
tary Figs. 48).

Ferroelectricity control of chemical energy release
We further explore the ferroelectric polarization control of chemical
energy release. The energy release of energetic [Hdabco]ClO4 is stu-
died by the LASEM method27. In the measurement, the energetic
[Hdabco]ClO4 is ablated into a high-temperature plasma and then
high-speed schlieren images of the laser-induced shock wave are
obtained to measure the microsecond-timescale energy release
(Fig. 5a). Four samples are measured, including poled [Hdabco]ClO4

(p-HC), unpoled [Hdabco]ClO4 (unp-HC), poled 3D printed [Hdabco]
ClO4 (p-3D-HC), and unpoled 3D printed [Hdabco]ClO4 (unp-3D-HC).
As shown in Fig. 5b, the obtained laser-induced shock velocities are
763.86 ± 10.06, 719.32 ± 8.35, 714.97 ± 11.22, and 694.56 ± 9.00m s−1 for
p-HC, unp-HC, p-3D-HC and unp-3D-HC, respectively. The estimated
detonation velocities are 7.79 ±0.25, 6.69 ±0.21, 6.58± 0.28, and
6.08 ± 0.22 km s−1 for p-HC, unp-HC, p-3D-HC and unp-3D-HC,
respectively. Representative snapshots from the poled (Fig. 5c) and
unpoled (Fig. 5d) samples demonstrate the formation of the laser-
induced plasma (first frame), the expansion of the laser-induced shock
wave into the air above the sample, the combustion of cellulose (3rd

frame of 3D-HC samples), and the decrease in combustion gases
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produced from unp-3D-HC compared to p-3D-HC (last frame).
Compared with the p-HC, the p-3D-HC shows reduced energetic
performance since it only contains 83% p-HC. Cellulose has a high
heat of decomposition resulting from combustion, but reactions
with air are slow-they do not affect the detonation velocity. After
depolarizing [Hdabco]ClO4, the laser-induced shock velocity is
reduced by 5.8% and the estimated detonation velocity decreased by
14%, evidencing the polarization control of energetic performance.
For the 3D printed sample, removing polarization reduces the esti-
mated detonation velocity by 7.7%; the effect is reduced compared to
neat [Hdabco]ClO4 because of the smaller concentration of p-HC in
the material. The integrated plasma emission spectra (1.5 μs delay
with a 10 μs gate width) and time-resolved infrared (IR) emission are
also measured during the LASEM experiments. After the 3D printed
sample is depolarized, the C and Cl plasma emissions remain
unchanged, while the Na and H emissions increase (Supplementary
Fig. 49). This is in contrast to the unp-HC, which shows a decrease in
C emission and an increase in Cl and H emissions when compared
with p-HC (Supplementary Fig. 50). This suggests that the presence
of cellulose in the 3D-printed sample influences the decomposition
mechanism of p-HC. The IR emission enables comparison of the
combustion reactions with air on the millisecond timescale. The
presence of cellulose increases the intensity and duration of the
combustion emission for p-3D-HC compared to p-HC and depolar-
ization significantly reduces the combustion reactions in both cases
(Fig. 5e and Supplementary Fig. 51).

The control of chemical energy release
To further understand the polarization control of energetic per-
formance in [Hdabco]ClO4, the temperature dependence of thermal

conductivity for the polarized and unpolarized [Hdabco]ClO4 are
measured. The effective thermal conductivity can be tuned by
controlling the ferroelectric domain structure and polarization28–30.
The aligned crystalline structure of [Hdabco]ClO4 shows aniso-
tropic thermal conductivities for the parallel and perpendicular
directions (Fig. 5f), which results in anisotropic thermal conduction
based on the thermal response simulation (Supplementary Fig. 52).
During the heating process, thermal conductivity shows a turning
point when approaching Tc due to the ferroelectric-to-paraelectric
phase transition. For the poled state at 309 K, thermal con-
ductivities are 0.023 ± 0.0001 and 0.326 ± 0.0014WmK−1 for per-
pendicular and parallel direction to the aligned structure,
respectively. Compared with polarized samples, the unpolarized
samples show low thermal conductivity for both directions at 309 K,
which is mainly attributed to the dipole-induced change of phonon-
phonon scattering and ferroelectric domain structures16. Such
polarization dependence of thermal conductivity is promising for
the control of chemical energy release. In addition, the decom-
position rate could also be controlled by varying the weight ratios
between cellulose and [Hdabco]ClO4 components. As shown in
Fig. 6a and SupplementaryMovie 2, when the ratio increases from 1/
6 to 1/3, the decomposition rate is reduced, leading to the control of
pyroelectric mediated conversion from chemical to electrical
energy. A controlled reaction rate from 0.63 to 0.87 s is obtained by
changing the weight ratios (Fig. 6b).

In summary, energetic molecular ferroelectric [Hdabco]ClO4,

derived from machine learning guided ice-templating and additive
manufacturing, shows a polarization-controlled detonation velocity
and high heat of decomposition. The GC/MS and HP-DSC analyses
suggest that Cl radicals react with macromolecules enabling a large
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exothermic heat of reaction (6180 kJ kg−1). Under a poled state at
309K, the 3D printed lightweight porous energetic [Hdabco]ClO4 with
the alignedmesostructured shows an anisotropic thermal conductivity
of 0.023 ±0.0001 and 0.326 ±0.0014WmK−1 for perpendicular and
parallel direction to the aligned structure, respectively. The LASEM
study shows that the estimated detonation velocity can be tuned from
6.69 ±0.21 to 7.79 ± 0.25 km s−1 by the polarization dependence of
thermal conductivity. The large heat of decomposition and tunable
energy release rate enables a controllable chemically driven electricity
with a large specific power of 4.6 kWkg−1.

Methods
Synthesis of [Hdabco]ClO4

[Hdabco]ClO4 crystals are synthesized by slow evaporation of the
aqueous solution of 1,4-Diazabicyclooctane triethylenediamine
(Sigma-Aldrich) and perchloric acid (70%, Sigma-Aldrich) in a 1:1
molar ratio.

3D printing and ice-templating process
The printable ink is prepared by adding cellulose nanofiber (Nanografi
Nano Technology) to the saturated [Hdabco]ClO4 solution at various
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Fig. 5 | Ferroelectricity controlof chemical energy release. a Schematicfigure for
laser-induced air shock from energetic materials study. The light from arc lamp is
focused through a slit onto the firstmirror. The change in the refractive index of air
above the sample surface is detected by collimated light between the first and
second mirrors. A knife edge is used to cut about half of the light rays. A spectro-
meter is used tomeasure the plasma emission spectrum at the same time and an IR
photoreceiver records the time-resolved combustion emission. b The laser-
induced shock and estimated detonation velocities of poled, unpoled, 3D printed

poled, and 3D printed unpoled [Hdabco]ClO4. Error bars represent 95% confidence
intervals. c Selected high-speed-video snapshots from for laser-shocked poled and
3d printed poled [Hdabco]ClO4, starting at time = 0μs for the first framewith each
subsequent frame 11.9μs later. d Selected high-speed-video snapshots from for
laser-shocked unpoled and 3d printed unpoled [Hdabco]ClO4. e IR emission for 3D
printed [Hdabco]ClO4 (weight ratio = 1/5) measured during the LASEM experi-
ments. f Temperature dependence of thermal conductivity for poled and unpoled
[Hdabco]ClO4.
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ratios. The ink is loaded into a 5mL syringe barrel (Nordson EFD, USA),
connected with an 800μm nozzle (Nordson EFD, USA). The ink is
extruded through an air pressure (3.0psi) powered dispenser (Nord-
son EFD, USA) for the direct ink writing process. The dispenser is
mounted onto a retrofitted printer (Ultimaker, Netherlands). G-code
files are generated with open-source software Slic3r and are used to
direct the XYZmotion of the printing system to build 3D architectures.
After printing, samples are transferred to a freezer (253 K) and placed
one a cold aluminumplate for 2 h. The frozen samples are freeze-dried
using a freeze-drying system (LABCONCO,USA) operating under 0.015
mBar vacuum. The primary drying process starts from 233 K then
ramped to 263 K at a rate of 0.2 K min−1 and holds at −10 °C for 10 h.
Next, the secondary drying process ramps to 278 K at a rate of 0.5 K
min−1 and holds for 6 h. Finally, the temperature is elevated to 293 K
and held for 2 h to allow completely solvent sublimation.

Structure and elemental analysis
Hitachi S4000 SEMmicroscope is used for obtaining the SEM and EDS
images. For FTIR measurements, an Agilent Cary 630 FTIR spectro-
meter (Agilent Technologies, Inc., USA) is used.

Thermal analysis
Thermal analysis in the air is performed by a SDT Q600 Simultaneous
Differential Scanning Calorimeter/Thermogravimetric Analyzer (TA
Instruments, USA) at 10Kmin−1. The thermal conductivity is obtained
from a Hot Disk TPS 2200 instrument (Hot Disk AB, Sweden). High-
pressure DSC analyses were carried out using a TA Instruments Q20
DSC at pressures up to 450psi. All samples were analyzed at a heating
rate of 10 Kmin−1 under a nitrogen flow (50mL/min). Samples were
held in crimped “standard” aluminum pans (pans: TA instrument PN
900786.901; lids: TA Instruments PN 900779.901). No evidence of
oxidation of the pans was observed.

Pyrolysis-gas chromatography-mass spectrometry (GC/MS)
Products from desorption and pyrolysis are examined using a GC/
MS analyzer6. An Agilent (Santa Clara, California) GC/MS system’s
splitless injector is coupled to a CDS Analytical Model 2000 Pyr-
oprobe (coil type) for desorption (Model 6890 N GC and Model
5973 N MSD). A HP-5 capillary column is utilized for the GC column.
The Pyroprobe interface and injector temperature is 250 °C. Pyr-
oprobe is configured to provide a 20 s desorption pulse by heating
from 175 to 400 °C at 1000 °C/s. The analyses are performed on a
single sample. Sample is kept in the Pyroprobe’s coil and weighed
around 1mg.

Dielectric and electrical characterization
P–E hysteresis loops and I–E curve are obtained with a Precision LC
ferroelectric analyzer (Radiant Technologies Inc., USA). Temperature
dependence of the dielectric constant is measured with an 4294A
impedance analyzer (Agilent Technologies, Inc., USA). The tempera-
ture environment is controlled by the Physical Properties Measure-
ment System EverCool-IITM (Quantum Design, Inc., USA). A Keithley
2450 SourceMeter SMU instrument (Tektronix, USA) is used to mea-
sure the chemically driven electricity. Samples are polarized by a
saturated electric field (100 kV cm−1).

LASEM measurements
The LASEM system is previously described in detail27; briefly, samples
are prepared by pressing a thin layer of material (~10mg) on double-
sided tape affixed to a glass slide. A 6 ns pulsed laser (1064 nm, 850mJ,
180 J cm−2) is used to ablate, atomize, ionize, and excite the samples.
The chemical reactions in the resulting laser-induced plasma mimic
the chemistry behind the detonation front of an explosion and influ-
ence the expansion of the laser-induced shock wave into the air. The
laser-induced shock velocities are measured using high-speed schlie-
ren imaging (84 kfps; 1μs shutter) and can be used to estimate the
detonation velocity of thematerial, assuming thematerial is detonable
and the chemistry is similar to that of conventionalmilitary explosives.
The emission spectra from the laser-induced plasma were obtained
with a high-resolution echelle spectrometer equipped with an inten-
sified charge coupled device detector (Catalina Scientific SE200 with
Apogeedetector; gate delay = 1.5μs, gatewidth = 10μs, 200–1000 nm,
λ/Δλ= 2700). The integrated emission from the combusting particles
on the millisecond timescale was monitored with an IR-sensitive pho-
toreceiver (New Focusmodel 2053; 900–1700 nm). Data from 20 laser
shots were acquired from each sample.

TEM analyses
All TEM experiments are performed using a JEOL JEM 2100 F TEM
located at theUSArmyCombat Capabilities Development Command –

Army Research Laboratory (DEVCOM ARL) operated at 200 keV
accelerating voltage. The TEM specimens are prepared by suspending
[Hdabco]ClO4 colloidal solutions in acetone onto the holey carbon
support film of TEM copper grids (300 mesh, Ted Pella, Inc.). High
resolution bright field images are acquired in the TEM mode while
high-angle annular dark-field (HAADF) images are acquired to obtain
multi-element mapping and chemical composition quantification
using a Tridiem Gatan Image Filter (GIF) and the EDAX EDS detector in
scanning TEMmode through the TEAM Analysis software (EDAX, Inc).
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Power neutron diffraction experiments
Power neutron diffraction experiments are conducted at the time-of-
flight (TOF) powder diffractometer (POWGEN), located at the Spalla-
tion Neutron Source at Oak Ridge National Laboratory. A powder
sample of ~1.6 g is loaded in an 8mm diameter vanadium PAC can. A
vacuum furnace is adopted as the sample environment to cover high
temperature region. High resolution neutron diffraction patterns are
collected at a couple of temperatures between 300 and 390K using
the neutron frame with a center wavelength of 1.5 \AA. The Rietveld
analysis on the data is performed using the FullProf refinement suite.

DFT calculation
The density functional theory (DFT) calculations were performed
using the QUANTUM ESPRESSO31 package with the projector-
augmented wave (PAW) method32. The generalized gradient approx-
imation (GGA) of the Perdew-Burke-Ernzerhof (PBE)33 form of the
exchange-correlation functional was used with a plane wave energy
cutoff of 74 Ry. The Grimme-D234 dispersion correction was applied to
account for the Van der Waals (vdW) interactions. The Brillouin zone
was sampled with a 4× 4×6 mesh for structural optimization and self-
consistent calculations. The force and energy convergence criteria
were set to 1 × 10�6Ry/Bohr 1 × 10�7 Ry, respectively. The second-order
force constants were calculated using the density functional pertur-
bation theory (DFPT)1 with a 3× 3× 4 Monkhorst-Pack q point mesh. A
20× 20×20 q grid was used to calculate the phonon density of states.

Machine Learning
Featurization and property predictor. Five different featurization
methods are used in this paper: Sum Over Bonds (SoB), E State, a
Custom Descriptor Set (CDS), Joint Embedding35, and a concatenation
of Sum Over Bonds, E State and Customer Descriptor Set22. The set of
features was shown earlier to result in less mean absolute error (MAE)
and improved performance for the estimation of exothermic reaction
parameters35,36.

Eight separately trainedmachine learningmodels are examined as
property predictors, that takes an input feature andpredict detonation
velocity as the output. The eight models include Gaussian Process
Regression, Kernel Ridge Regression, Support Vector Regression,
Random Forest, Lasso Regression, k-Nearest Neighbors, Gradient
Boosting andRidgeRegression. Previous studies on structureproperty
prediction in energetic materials have shown good performance with
these models35,36. Hyperparameter optimization is performed on each
model (and for each featurization) using grid search with 5-fold cross
validation. Careful hyperparameter optimization is necessary while
evaluating different models.

Dataset. Energetic materials used in this study comes fromHuang and
Massa37 and Mathieu36 containing 109 and 307 compounds respec-
tively. The ferroelectric materials8 come from of which the detonation
velocity for three ferroelectric materials are known6,38,39. We use three
random train/test splits of 2/1 from among the smaller set of
three ferroelectric materials with known detonation velocity values,
while keeping the entire set of energeticmaterials to train themachine
learning models. This means that in each instance in training
the property predictor, the data are comprised of 401 energetic
molecules and 2 molecules from the known ferroelectric set. MAE is
averaged over the three random train test splits, and the best model
and featurization scheme that gives the minimum MAE is chosen.
Autoencoder in the joint embedding framework is trained with 100K
molecules fromMOSES40 in addition to the entire set of 401 energetic
molecules35. Finally, the best model and featurization scheme chosen
frommodel cross validation process is used to predict the detonation
velocity of each ferroelectric material in the dataset.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data generated in this study are provided within the manuscript
and Supplementary Information file. Any additional information nee-
ded is available from the corresponding author upon request.

References
1. Choi, W. et al. Chemically driven carbon-nanotube-guided ther-

mopower waves. Nat. Mater. 9, 423–429 (2010).
2. Singh, S., Lee, S., Kang, H., Lee, J. & Baik, S. Thermoelectric power

waves from stored chemical energy. Energy Storage Mater. 3,
55–65 (2016).

3. Furman, D. et al. Decomposition of condensed phase energetic
materials: Interplay between uni-and bimolecular mechanisms. J.
Am. Chem. Soc. 136, 4192–4200 (2014).

4. Fu, D.-W. et al. Diisopropylammonium bromide is a high-
temperature molecular ferroelectric crystal. Science 339,
425–428 (2013).

5. Ye, H.-Y. et al. Metal-free three-dimensional perovskite ferro-
electrics. Science 361, 151–155 (2018).

6. Hu, Y. et al. Chemically driven energetic molecular ferroelectrics.
Nat. Commun. 12, 1–7 (2021).

7. Hu, Y. et al. A 3D-printed molecular ferroelectric metamaterial.
Proc. Natl Acad. Sci. USA 117, 27204–27210 (2020).

8. Hu, Y. et al. Proton switching molecular magnetoelectricity. Nat.
Commun. 12, 1–9 (2021).

9. Brill, T. & Ramanathan, H. Thermal decomposition of energetic
materials 76: Chemical pathways that control the burning rates of
5-aminotetrazole and its hydrohalide salts. Combust. Flame 122,
165–171 (2000).

10. Weir, C. et al. Electrostatic discharge sensitivity and electrical
conductivity of composite energetic materials. J. Electrost. 71,
77–83 (2013).

11. Zhang, H.-Y., Tang, Y.-Y., Shi, P.-P. & Xiong, R.-G. Toward the tar-
geted design of molecular ferroelectrics: Modifying molecular
symmetries and homochirality. Acc. Chem. Res. 52,
1928–1938 (2019).

12. Hang, T., Zhang,W., Ye, H.-Y. & Xiong, R.-G.Metal–organic complex
ferroelectrics. Chem. Soc. Rev. 40, 3577–3598 (2011).

13. Jiang, B., Pang, X., Li, B. & Lin, Z. Organic–inorganic nanocompo-
sites via placing monodisperse ferroelectric nanocrystals in direct
and permanent contact with ferroelectric polymers. J. Am. Chem.
Soc. 137, 11760–11767 (2015).

14. You, Y.-M. et al. An organic–inorganic perovskite ferroelectric with
large piezoelectric response. Science 357, 306–309 (2017).

15. Gao, W. et al. Flexible organic ferroelectric films with a large pie-
zoelectric response. NPG Asia Mater. 7, e189–e189 (2015).

16. Tang, Y. Y. et al. Ultrafast polarization switching in a biaxial mole-
cular ferroelectric thin film: [Hdabco]ClO4. J. Am. Chem. Soc. 138,
15784–15789 (2016).

17. Katrusiak, A. & Szafrański, M. Ferroelectricity in NH⋯ N hydrogen
bonded crystals. Phys. Rev. Lett. 82, 576 (1999).

18. Hua, M. et al. Strong tough hydrogels via the synergy of freeze-
casting and salting out. Nature 590, 594–599 (2021).

19. Deville, S. Ice-templating, freeze casting: Beyond materials pro-
cessing. J. Mater. Res. 28, 2202–2219 (2013).

20. Shi, P.-P. et al. Symmetry breaking in molecular ferroelectrics.
Chem. Soc. Rev. 45, 3811–3827 (2016).

21. Guo, Z. & Zhou, C. Recent advances in ink-based additive manu-
facturing for porous structures. Addit. Manuf. 48, 102405 (2021).

Article https://doi.org/10.1038/s41467-022-34819-z

Nature Communications |         (2022) 13:6959 8



22. Elton, D. C., Boukouvalas, Z., Butrico, M. S., Fuge, M. D. & Chung, P.
W. Applyingmachine learning techniques to predict the properties
of energetic materials. Sci. Rep. 8, 1–12 (2018).

23. Li, W. et al. Improper molecular ferroelectrics with simultaneous
ultrahigh pyroelectricity and figures of merit. Sci. Adv. 7,
eabe3068 (2021).

24. Zhang, F. et al. 3Dprinting technologies for electrochemical energy
storage. Nano Energy 40, 418–431 (2017).

25. Xu, L. et al. Pore structure and fractal characteristics of different
shale lithofacies in the dalong formation in the western area of the
lower yangtze platform. Minerals 10, 72 (2020).

26. Naderi, M. Progress in Filtration and Separation 585–608 (Else-
vier, 2015).

27. Gottfried, J. L. Laboratory-scale method for estimating explosive
performance from laser-induced shock waves. Propellants Explos.
Pyrotech. 40, 674–681 (2015).

28. Ihlefeld, J. F. et al. Room-temperature voltage tunable phonon
thermal conductivity via reconfigurable interfaces in ferroelectric
thin films. Nano Lett. 15, 1791–1795 (2015).

29. Ning, S. et al. Dependence of the thermal conductivity of BiFeO3

thin films on polarization and structure. Phys. Rev. Appl. 8,
054049 (2017).

30. Dong, L., Xi, Q., Zhou, J., Xu, X. & Li, B. Phonon renormalization
induced by electric field in ferroelectric poly(vinylidene
fluoride–trifluoroethylene) nanofibers. Phys. Rev. Appl. 13,
034019 (2020).

31. Giannozzi, P. et al. QUANTUM ESPRESSO: A modular and open-
source software project for quantum simulations of materials. J.
Phys.: Condens. Matter 21, 395502 (2009).

32. Bliichl, P. Projector augmented-wave method. Phys. Rev. B 50,
17953–17979 (1994).

33. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).

34. Grimme, S. Semiempirical GGA-type density functional con-
structedwith a long-range dispersion correction. J. Comput. Chem.
27, 1787–1799 (2006).

35. Balakrishnan, S. et al. Locally optimizable joint embedding frame-
work to design nitrogen-rich molecules that are similar but
improved. Mol. Inform. 40, 2100011 (2021).

36. Mathieu, D. Sensitivity of energetic materials: Theoretical relation-
ships to detonation performance andmolecular structure. Ind. Eng.
Chem. Res. 56, 8191–8201 (2017).

37. Huang, L. & Massa, L. Applications of energetic materials by a the-
oretical method (discover energetic materials by a theoretical
method). Int. J. Energetic Mater. Chem. Propul. 12, 197–262 (2013).

38. Jenkins, T. A., Ciezak-Jenkins, J. A., Gottfried, J. L. & Pesce-Rodriguez,
R. A. Energetic high pressure polymorph of croconic acid and high
energy compositions formed therefrom, (Google Patents, 2017).

39. Fedoroff, B. T. & Sheffield, O. E. Encyclopedia of Explosives and
Related Items Vol. 6 (Picatinny Arsenal, 1974).

40. Polykovskiy, D. et al. Molecular sets (MOSES): A benchmarking
platform for molecular generation models. Front. Pharmacol. 11,
1931 (2020).

Acknowledgements
This research was supported by DEVCOM ARL’s Army Research Office
Award W911NF−18-2-0202 (S.R.), the National Science Foundation

through grant CMMI−1846863 (C.Z.), the National Science Foundation
under Grant No. 1640867 (S.B.), the National Science Foundation under
award No. 1847254 (CAREER) (M.N.), DEVCOM-ARL Cooperative Agree-
ment Army Cooperative Agreement W911NF2120076 (P.W.C.). The col-
laboration between SUNY-Buffalo and DEVCOM-ARL is under ARL’s
Cooperative R & D Agreements (CRADA−20-048-J001). A portion of this
research uses resources at the Spallation Neutron Source, a DOE Office
of Science User Facility operated by the Oak Ridge National Laboratory.

Author contributions
Y.H. and S.R. conceived the idea and designed the experiments. J.L.G.
performed the LASEM experiments. R.P.-R. performed the pyrolysis-gas
chromatography-mass spectrometry and high-pressure differential
scanning colorimetry experiments. S.D.W and C.- C.W. performed the
TEM experiments and analyses. S. Balakrishnan, S. Broderick and P.W.C.
carried out machine learning. Z.G. and C.Z. performed 3D printing. R.A.
and M.N. performed the thermal simulation. DFT calculation is carried
out by Z.L. and P.W.C. Brunauer-Emmett-Teller analysis is performed by
L.A. Power neutron diffraction experiments are performed by Q.Z. All
authors discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34819-z.

Correspondence and requests for materials should be addressed to
Shenqiang Ren.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34819-z

Nature Communications |         (2022) 13:6959 9

https://doi.org/10.1038/s41467-022-34819-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Releasing chemical energy in spatiallyprogrammed�ferroelectrics
	Results
	Structural and dielectric properties of energetic [Hdabco]ClO4
	Structure design of energetic [Hdabco]ClO4 by additive manufacturing coupled with ice-templating
	Structural properties and thermal analysis of 3D printed [Hdabco]ClO4
	Ferroelectricity control of chemical energy release
	The control of chemical energy release

	Methods
	Synthesis of [Hdabco]ClO4
	3D printing and ice-templating process
	Structure and elemental analysis
	Thermal analysis
	Pyrolysis-gas chromatography-mass spectrometry (GC/MS)
	Dielectric and electrical characterization
	LASEM measurements
	TEM analyses
	Power neutron diffraction experiments
	DFT calculation
	Machine Learning
	Featurization and property predictor
	Dataset
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




