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ABSTRACT

Metal-free halide perovskites have recently emerged as promising candidates for optoelectronic applications. However, their
synthesis has largely depended on water-based single-crystal growth that limits material diversity, scalability, and practical
implementation. Here, we present a mechanochemical route to synthesize N,N-diazabicyclo[2.2.2]octonium (H-DABCO)-based
halide perovskites from the (DABCO)(NH,)X; (X = I, Br) compositions. The structural properties were confirmed by X-ray
diffraction and solid-state nuclear magnetic resonance spectroscopy. Thin films were prepared from mechanosynthetic powders by
spin-coating and characterized by in-situ grazing incidence wide-angle scattering measurements, as well as by UV-vis absorption
and steady-state photoluminescence spectroscopy. This mechanosynthetic strategy provides a scalable, environmentally friendly
pathway to broaden the scope of metal-free perovskites and advance their potential in sustainable optoelectronic technologies.

1 | Introduction

Halide perovskite semiconductors have revolutionized the field
of optoelectronics over the past decade owing to their exceptional
optoelectronic properties [1-3]. However, conventional halide
perovskites typically contain toxic metals and exhibit environ-
mental instability that limits their practical application [4-6].
These challenges have driven interest in more sustainable alter-
native materials. In this context, metal-free molecular perovskites
(MOPs) have recently emerged as promising candidates [7-9].
They adopt the general ABX; perovskite structure, in which the
A sites are occupied by divalent organic cations, B sites by ammo-
nium cations, and X represents halide anions, such as iodide or
bromide (Figure 1). MOPs have already demonstrated remarkable
ferroelectric properties, including high spontaneous polarization

and elevated phase-transition temperatures, surpassing those
of conventional inorganic ferroelectrics, such as BaTiO; [9].
These features make them attractive for use in emerging memory
devices, sensors, and energy harvesting technologies [4, 10, 11].
Despite this promise, the synthesis of MOPs has relied primarily
on slow evaporation methods to grow single crystals from aque-
ous solutions at elevated temperatures [7, 9, 12]. While suitable
for fundamental investigations, these techniques face significant
challenges for large-scale production and material diversifica-
tion. Moreover, solubility limitations of certain organic cations
restrict the accessible material space, and the meticulous control
required for crystal growth hinders industrial scalability [13].
Given these practical limitations, mechanochemical synthesis
offers a promising alternative. This solvent-free approach induces
chemical reactions through mechanical force, such as grinding
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FIGURE 1 | Schematic representation of the metal-free perovskite
(ABX3) structure with N,N-diazabicyclo[2.2.2]octonium (H-DABCO)-
based central (A) cations (green spheres), NH,* cations as B sites (grey
spheres), and halide (X = I, Br) anions (purple spheres).

solid reactants [14-16]. It has been successfully employed to
prepare metal halide perovskites and other functional materials,
offering advantages such as improved sustainability, scalability,
and access to compounds that are poorly soluble in conventional
solvents [17-19]. However, its application to MOPs remains
largely unexplored [10, 20].

Herein, we report the mechanochemical synthesis of N,N-
diazabicyclo[2.2.2]octonium  (H-DABCO)-based metal-free
halide perovskites, specifically based on (H-DABCO)(NH,)I; and
(H-DABCO)(NH,)Br; compositions, by using ball milling. We
find that water-assisted ball milling facilitated the formation of
the desired molecular perovskite phases, which were confirmed
by X-ray diffraction (XRD) and solid-state nuclear magnetic
resonance (sSNMR) spectroscopy. Subsequently, thin films
were fabricated from mechanosynthetic powders via spin-
coating, and their structural properties were investigated by in
situ grazing incidence wide-angle X-ray scattering (GIWAXS)
to evidence the formation of the perovskite phase. Finally,
optical properties were assessed to evaluate their suitability
for optoelectronic applications. Our findings demonstrate that
solvent-free or solvent-assisted mechanochemistry provides a
suitable and sustainable route to metal-free (H-DABCO)-based
halide perovskites, thereby enabling greater material diversity
and future integration into functional devices.

2 | Results and Discussion

We have performed mechanochemical synthesis of the (H-
DABCO)(NH,)I; and (H-DABCO)(NH,)Br; MOPs by ball milling
stoichiometric amounts of the corresponding precursors, namely
(H-DABCO)X, and NH,X (X = I, Br; the methodology is detailed
in the Experimental Section). This involved various milling
conditions (i.e., milling duration and media) and annealing
treatments, whereas the resulting powders were investigated by
a combination of characterization techniques. The structures of
the resulting powders were analyzed by XRD and compared
with the corresponding single-crystal data of (H-DABCO)(NH,)I;
and (H-DABCO)(NH,)Br;, which were synthesized following the
previously reported procedures [8]. After 30 min of ball milling
(25 Hz) at ambient temperature, the XRD patterns of the resulting
powders revealed diffractions that differed from those of the

starting materials, indicating that the applied mechanical energy
was sufficient to drive the reaction under ambient conditions
(Figures S1 and S2). To advance the reaction without alter-
ing the milling conditions, a solvent-assisted mechanochemical
approach was employed by adding a small amount of deionized
water (up to 10 puL per 200 mg of powder) to the mixture to
promote ionic rearrangements during perovskite phase formation
[14, 16]. After 15 min of water-assisted mechanosynthesis, the
XRD patterns of the resulting powders displayed new signals,
such as at 22.7° and 26° for (H-DABCO)(NH,)Br;, which were
consistent with the formation of the halide perovskite phase
(Figure 2) [8]. The XRD patterns of the mechanosynthesized
powders closely matched those of the calculated patterns derived
from the corresponding single-crystal data [8], confirming the
formation of the metal-free halide perovskite phases (Figures
S1 and S2). We further investigated the impact of annealing
temperatures by heating at 80°C and 100°C, which had a minor
effect on the resulting structure, likely due to the removal of
minor defects and residual precursors from the powder materials
(as shown in Figure S3 and Table S1). We have thereby relied
on water-mediated mechanosynthesis conditions to prepare the
resulting powders without further optimization.

Atomic-level structures of (H-DABCO)(NH,)I; and (H-
DABCO)(NH,)Br; perovskites were further investigated using
magic angle spinning (MAS) ssNMR spectroscopy (Figures 3 and
S4). In the 'H NMR spectra, the perovskites displayed features
consistent with ~-CH- and -NH- protons of (H-DABCO)** and
NH,* (Figure S4). Some deviations were observed, including
signals in (H-DABCO)I, suggestive of partial single protonation
(H-DABCO)*, and additional narrow peaks in (H-DABCO)Br,
likely arising from solvent residues (Figure S4). In contrast,
the 'H-C cross-polarization (CP) NMR spectra showed
distinct chemical shift changes relative to the H-DABCO-based
precursors that provide evidence for the incorporation of
(H-DABCO)** into the environment of the halide perovskite
frameworks (Figure 3). The observed signal broadening can
be attributed to differences in crystallinity and static disorder,
with narrower signals for the bromide analog (Figure 3, left)
compared to the iodide (Figure 3, right). The changes in the
structure, such as hydrogen bonding in the resulting material,
were also apparent by Fourier-transformed infrared spectroscopy
(FTIR; Figure S5).

Having confirmed the formation of the perovskite structure in
the mechanosynthesized powders, they were used to prepare
thin films by spin-coating after dissolving them in dimethyl
sulfoxide (DMSO) on glass substrates (in accordance with the
procedure detailed in the Experimental Section). The process was
monitored in situ using GIWAXS to track perovskite formation
(Figure 4). Before the spin-coating process, we observed several
peaks in the thin-film solution, consistent with the trigonal
(H-DABCO)(NH,)Br; structure and the precursor structure in
the mechanosynthesized powders (Figure 2). This indicates that
nanoparticles obtained by mechanosynthesis remain in solution
during the film fabrication process. When spin-coating began,
peaks from the trigonal and precursor structures intensified, and
an intermediate phase (g = 0.59 A~!) appeared (Figure 4a—d).
As peaks from the intermediate structure disappeared during
solvent evaporation, this is likely due to intercalated solvent
molecules. Upon annealing, this intermediate structure and the
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FIGURE 2 | Structural properties of (H-DABCO)(NH,4)X; mechanosynthesized powders based on x-ray diffraction. XRD patterns for (a) bromide
(X = Br) and (b) iodide (X = I) compositions compared with the (H-DABCO)X, precursors and crystal structure reference systems (CCDC: 1836336
and 1836327 from ref [8]). Further comparison of the ball milling conditions (including different milling durations, media, and annealing temperatures)
resulted in comparable XRD patterns, with changes associated mainly with the crystallite size, as shown in Figures S1-S3 and Table S1.

trigonal (H-DABCO)(NH,)Br; phase converted completely to the
cubic phase, which was indicated by the disappearance of the
intermediate peak (at 0.59 A~!; Figure 4a) and the (210) peak of
the trigonal phase (Figure 4d). After annealing, the GTIWAXS data
showed peaks attributable only to the cubic (H-DABCO)(NH, )Br;
structure, with lattice parameters consistent with the single-
crystal structure (Figure S6) [8], and to the precursor structure
observed in the powder. Both exhibited randomly oriented
domains (Figure S6); however, the diffraction rings exhibited
markedly different substructures (Figure S7). Specifically, the
diffraction rings from the precursor phase were continuous, sug-
gesting a relatively small domain size. In contrast, the diffraction
rings from the cubic structure were non-continuous with bright
signals originating from larger domains. The radial widths of the
diffraction rings slightly decreased during the annealing process,
which indicates grain growth from the remaining precursor
for both the precursor and the cubic phase. Notably, the larger
precursor grains convert to a more uniform phase, with smaller
grains formed between spin-coating and subsequent annealing.
The precursor can be fully converted to the perovskite phase in
thin films by annealing the films at 120°C (Figure S8). Finally,
measurements of the resulting films at room temperature reveal
that (H-DABCO)(NH,)Br; remains in the cubic perovskite phase
(Figure S6), indicating the formation and stability of H-DABCO-
based metal-free perovskites under the thin-film preparation
conditions. Scanning electron microscopy (SEM) images
revealed large crystallites on the surface of thin films (Figure S9),
suggesting the need for optimization of film formation to achieve
compact film morphologies. Having evidenced their formation
and assessed their morphology, we further investigated optical
properties.

The optical properties of thin films were examined by UV-
vis absorption and steady-state photoluminescence (PL) spec-
troscopy (Figure 5). The absorption spectra of the H-DABCO-
based perovskites exhibited edges near 300 and 350 nm (Figure
S10), consistent with their wide bandgaps for related systems
[12, 21-23]. The corresponding optical transition energies were
estimated at 3.1-3.2 eV for iodide- and 3.2-3.4 eV for bromide-
based compositions based on the absorption onsets and the
emission spectra (Figures 5 and S10, detailed in the Experimental
section). The lower energies compared to reported values (above
4) eV likely reflect optically active transitions associated with
excitonic or localized states rather than the bandgap. While
the nature of the bandgap has been studied theoretically [24],
further investigation is required to fully understand the opto-
electronic characteristics of this emerging class of metal-free
molecular perovskites. Nonetheless, the successful fabrication
of mechanosynthesized powders and thin films highlights the
potential of these materials for future applications that remain to
be exploited.

3 | Conclusions

In conclusion, we have developed a mechanochemical method
for synthesizing H-DABCO-based metal-free halide perovskite
materials. The introduction of a small amount of water proved
beneficial for the formation of the resulting crystalline phases,
as evidenced by XRD, ssNMR spectroscopy, and in situ GTWAXS
measurements. The fabrication of thin films and their optical
characterization demonstrates the potential for optoelectronic
applications, which require further investigation. This work
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FIGURE 3 | Structural properties of (H-DABCO)(NH,)X; mechanosynthesized powders based on solid-state NMR spectroscopy. 'H-13C CP ssNMR
spectra recorded with 20 kHz MAS at 298 K for the (H-DABCO)X, precursors (X = Br, I) and mechanosynthesized (H-DABCO)(NH,)Br; (left) and
(right) (H-DABCO)(NH,)I; perovskite powders. Complementary 'H NMR data are shown in Figure S4.
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FIGURE 4 | Structural properties of (H-DABCO)(NH,4)X; thin films. Intensity maps from radial profiles of in-situ GIWAXS measurements for the
spin-coating process (left) and the annealing process (right). Vertical lines mark the start of spin-coating and annealing in the respective images. Intensity
maps from radial profiles of GIWAXS measurements in (a) shows the complete g-range with marked peaks, (b) at first the (202) and (006) peak for the
trigonal (H-DABCO)(NH,)Br; phase and after the conversion the (111) peak for the cubic phase, (c) the dominant peak for the precursor peak, and (d)

the (210) peak for the trigonal phase.

represents an important step toward scalable and sustainable pro-
duction of metal-free perovskites by using mechanosynthesis as a
viable alternative to traditional solution-based methods, thereby
advancing the development of sustainable materials and broaden-
ing opportunities for their applications. Ongoing research focuses
on the ferroelectric properties of these materials, their operational
stability, and integration into functional devices for energy
technologies.

4 | Experimental Section

All chemicals were used without further purification. N,N-
Diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich, >99%),
hydriodic acid (HI, 57 wt% in water, Sigma-Aldrich), hydrobromic
acid (HBr, 48 wt% in water, Sigma-Aldrich), ammonium iodide
(NH,I, Sigma-Aldrich, >99%), ammonium bromide (NH,Br,
Sigma-Aldrich, >99%), diethyl ether (Sigma-Aldrich, >99.5%),
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FIGURE 5 | Optical properties of (H-DABCO)(NH,)X; perovskite thin films. Photoluminescence excitation (black) and emission (red) spectra of
(a) iodide (X =1) and (b) bromide (X = Br) compositions on microscope glass slides. Optical transition energies were estimated from the excitation (and
UV-vis absorption) onsets and PL emission maxima. Complementary UV-vis absorption spectra for the bandgap estimates are shown in Figure S10.

and dimethyl sulfoxide (DMSO, Sigma-Aldrich, >99.9%) were
used in the material synthesis.

H-DABCO spacer cation synthesis was based on the protona-
tion of the precursor. H-DABCO iodide (H-DABCO-I) and bromide
(H-DABCO-Br) were prepared by protonating DABCO with the
respective hydrohalic acids, following reported methods in the
literature [7, 8]. DABCO (0.01 mol, 1.12 g) was dissolved in 20 mL
of deionized water, and an equimolar amount of HI or HBr was
added dropwise under stirring at room temperature. The reaction
mixture was stirred for 1 h to ensure complete protonation. The
solvent was then evaporated under reduced pressure to yield the
corresponding halide salts as white crystalline solids, which were
dried in a vacuum oven at 40°C overnight.

Single crystals were grown following the method of Ye et al.
to serve as structural references [8]. (H-DABCO)(NH,)I;: (H-
DABCO)I, (0.2 g) and NH,I (0.1 g) were dissolved in 10 mL of
deionized water under gentle heating at 50 °C to form a clear
solution. The solution was filtered to remove undissolved parti-
cles, then cooled slowly to room temperature. The solution was
left undisturbed at ambient conditions for several days, during
which colorless crystals formed. The crystals were collected by
filtration, washed with cold deionized water, and dried in air.
(H-DABCO)(NH,)Br;: A similar procedure was followed using
(H-DABCO)BT, (0.2 g) and NH,Br (0.1 g). The components were
dissolved in 10 mL of deionized water under gentle heating to
obtain a clear solution. Slow cooling and evaporation over several
days yielded colorless crystals, which were collected and dried in
air under ambient conditions.

Mechanochemical reactions were conducted using a Retsch
MM400 ball mill equipped with a Teflon holder that accom-
modated plastic Eppendorf tubes. Glass (2 mm diameter) or
steel (4 mm diameter) beads were used as grinding media to
enable efficient mixing (without any observable impact of the
grinding material type). (H-DABCO)(NH,)Br;: (H-DABCO)Br,
(73.70 mg) and NH,Br (26.70 mg) were weighed and placed

in a 2 mL Eppendorf tube, along with a 4 mm steel ball, as
the milling medium. The tube was secured in a Teflon holder
and milled at 25 Hz. The resulting powder was transferred to
a glass vial and annealed at 80°C for 30 min in a vacuum
oven, affording a grey powder (94% yield). For the water-assisted
method, 10 uL of deionized water was added to the mixture before
milling to facilitate the process under the same conditions. (H-
DABCO)(NH,)I;: (H-DABCO)]L, (71.70 mg) and NH,I (28.20 mg)
were mixed and ball-milled under the same conditions as the
bromide derivative. The product was a bright white powder (95.8
% yield). For the water-assisted method, 10 uL of deionized water
was added to the mixture prior to milling to facilitate grinding
under the same conditions.

Thin-film fabrication was based on spin-coating the solutions
onto the prepared glass substrates. Glass substrates were cleaned
thoroughly before film deposition. They were first scrubbed with
a 2% Hellmanex solution using a brush and then sonicated in
the same solution for 10 min. After rinsing with deionized water
and ethanol to remove detergent residues, the substrates were
sonicated in acetone for 10 min, rinsed with isopropanol, and
sonicated again in isopropanol for 10 min. Finally, the substrates
were dried under a nitrogen stream and plasma-cleaned for
10 min to enhance surface wettability and remove residual organ-
ics. Spin-coating of halide perovskite powders was performed
using solutions in DMSO at concentrations up to 0.2 M, heated
to approximately 80 °C to facilitate dissolution. The solutions
were cooled to room temperature and filtered through a 0.45 um
PTFE syringe filter. Spin-coating was performed in a nitrogen-
filled glovebox to prevent exposure to moisture. An aliquot of
the filtered solution was dispensed onto the cleaned substrate,
and spin-coating was performed by accelerating to 1000 rpm at
500 rpm s~! and holding for 10 s before 2000 rpm for 30 s to yield
a uniform film. The films were then annealed at 120°C for 10 min
on a hotplate to promote solvent evaporation and crystallization.

Characterization was based on the following techniques. X-
ray diffraction (XRD) measurements were conducted using a
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Panalytical Aeris diffractometer with Cu Ka 1 and 2 radiations
(A = 1.540 and 1.544 A) in the 26 range of 5° to 80°. The step
size was 0.022°, and the scan rate was 0.91 per step. XRD patterns
were used to analyze the crystalline phases and assess the purity
of the synthesized materials. Scanning electron microscopy (SEM)
was performed using a field emission SEM (FEI Nova NanoSEM
450) to examine the morphology and surface topology of the thin
films. FTIR spectra recorded with a Fourier-transform infrared
spectroscopy (FT-IR) with a Vertex 70 device with a diamond
probe ATR setup, DTGS detector. 64 scans were performed, and
all data were recorded in transmittance mode with a resolution
of 4 cm™. In the setup, the sample is pressed against a diamond
anvil. UV-vis absorption spectroscopy was performed with an
Agilent Cary 60 integrating sphere by measuring reflectance in
a powder holder with a quartz-glass window. Scan ranges from
500 to 200 nm, with a scanning rate of 600 nm/min. Background
determination was done by measuring 100%T off the BaSO,
sample to the target UV-zone and 0%T by blocking the beam path.
Reflectance was calculated into absorbance by applying Kubelka-

. (1-R)?
Munk function F (R) = -
energy (hv) for the Tauc plot, and to estimate the bandgap of
the resulting system (previously reported to be >4 eV) [12, 21-
23]. Photoluminescence (PL) spectroscopy was conducted using
a Horiba Fluorolog spectrometer. Steady-state PL spectra were
recorded at room temperature with an excitation corresponding
to the absorption of each material. Solid-state NMR spectroscopy
was performed on a Bruker Avance Neo 20 T spectrometer
equipped with a 4 mm MAS probe. 3C spectra (213.79 MHz) were
recorded at room temperature using cross-polarization at 12 kHz
MAS with 100 kHz SPINAL-64'H decoupling. GIWAXS measure-
ments were performed on the ID10 beamline (at the ESRF; beam
energy 22.5 keV, beam size 95 um X 95 um, Eiger4M detector at
distances of 0.683 m). Real-time measurements were performed at
an incidence angle equal to 0.5° in a nitrogen atmosphere. For in-
situ measurements, halide perovskite powders were dissolved in
a solvent mixture of DMF and DMSO with a volume ratio of 1:1
to obtain solutions with a concentration of 0.2 M. The solution-
processed films were fabricated by spin coating. The precursor
solution was deposited on the glass substrate and spun at 1000
and 4000 rpm for 10 s and 20 s, respectively. The spin-coated films
were annealed with a halogen lamp at a target temperature for
10 min.

. This was plotted versus photon
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