Downloaded via FLORIDA STATE UNIV on January 9, 2026 at 03:25:54 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

A Predictive Framework for Discovering Organic Metal Halide

Hybrids beyond Perovskites

Kayla ]ames,§ Md Sazedul Islam,” Yufang He, Lin Wang, Jarek Viera, Elena Scivally, Spencer Schneider,
Xinsong Lin, Peng Xiong, Hanwei Gao, Yan Zeng,* Biwu Ma,* and Bin Ouyang™

Cite This: https://doi.org/10.1021/acs.chemmater.5c02573

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Hybrid metal halides have transformed optoelec-
tronics, yet predictive synthesis remains elusive beyond the
perovskite family, to which the Goldschmidt tolerance factor
offers guidance. Here, we present an open-source platform
(https://apollo-omhh.com) that integrates a density functional
theory (DFT) database of 7439 organic metal halide hybrids
(OMHHs), derived from 118 experimentally reported compounds
spanning diverse electronic structures. Leveraging this data set and
remnant stability theory, we introduce a predictive framework to
assess OMHH synthesizability. This framework successfully guided
the experimental synthesis of eight previously unreported
compounds and achieved an 85.2% prediction accuracy across 27

Successful
Synthesis
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synthesis attempts. This framework is further extended to predict 268 synthesizable OMHHs among 1144 examined OMHHs.
Together, these advances establish a data-driven foundation for accelerating the discovery and rational design of hybrid materials

beyond perovskite structures.

1. INTRODUCTION

The discovery of novel materials is often hindered by a limited
understanding of synthesizability. While the advent of computed
phase diagrams greatly drives the prediction of thermodynamic
stability in inorganic compounds,' ™ equivalent predictive
frameworks for hybrid materials remain conspicuously under-
developed. The predictive synthesis of organic metal halide
hybrids (OMHHs) exemplifies this type of challenges. Organic
metal halide hybrids (OMHHs), an emerging class of organic—
inorganic hybrids beyond classic perovskite structures, have
recently attracted great attention for their remarkable structural
and property tunability, with diverse applications spanning
optoelectronics, spintronics, and beyond.*”” Unlike the syn-
thesis of inorganic solids,”~"” where the competing phases are
predominantly solid-state byproducts, the synthesis of OMHHs
involves a delicate interplay of solid, liquid, and aqueous species.
This complexity is further compounded by the lack of large-scale
computational and experimental data sets that have driven
progress in inorganic materials research, such as the Materials
Project,'* OQMD,"* and NOMAD.'®

Here, we present an open-source platform that addresses the
synthesis challenges of OMHHs by integrating a comprehensive
database with a predictive model for synthesizability. The
APOLLO database (Advanced Photovoltaic and Optoelectronic
crystaL Library of Organic Metal Halide Hybrids) is built on 118
experimentally reported zero-dimensional (0D) and one-
dimensional (1D) OMHH structures and expanded via
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systematic ion substitutions, yielding 7439 DFT-derived entries
(https://apollo-omhh.com). The online platform allows for
interactive exploration of all hybrid materials within the
APOLLO database, including visualization of electronic band
structures and corresponding atomic structures. Users can
analyze and compare band gap values across the data set, with
options to visualize trends and distributions on an elemental
basis. To evaluate synthetic accessibility, we developed a
theoretical framework leveraging the remnant stability
theory,”'”'® bridging solid-state DFT energetics with exper-
imental synthesis outcomes of existing OMHHs to predict the
synthesis of new OMHHs. This framework is validated by the
successful synthesis of eight previously unreported OMHHs and
achieves 85.2% predictive accuracy across 27 synthesis attempts.
It is further applied to identify 268 synthesizable compounds
among 1144 examined OMHHs. Together, these advances
establish a data-driven foundation for accelerating the rational
discovery of next-generation optoelectronic and spintronic
technologies.
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Figure 1. Structural motifs and composition statistics of OMHHs. All 0D-OMHH local motifs and their counts are shown in purple, while 1D-OMHH
motifs are shown in blue. Numbers indicate the occurrences of organic and inorganic local motifs within each dimensional category, with color

distinguishing between 0D and 1D structures.
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Figure 2. Statistics of electronic structures. (a) Histogram of band gaps; (b) frequencies of materials in terms of application; (c) element-dependent

distribution of band gaps.

2. RESULTS AND DISCUSSION

2.1. Database with Diverse Inorganic and Organic
Local Motifs. A high-throughput computational database was
constructed using a curated collection of experimentally
reported OMHH structures from the past decades.'”™'*’ We
focus the scope of this work on low-dimensional and
materials due to their notable structural diversity”*'*"""
corresponding enhanced photophysical properties
compared to high-dimensional hybrids. For example, 2D
hybrids exhibit more limited structural diversity, and their
structures are often predictable: monoammonium cations
typically yield Ruddlesden—Popper phases, whereas diammo-

78, 103 104

. . . 105
nium cations usually lead to Dion—Jacobson structures.

Specifically, the data set includes 66 zero-dimensional (0D) and
52 one-dimensional (1D) OMHH structures. All 118 selected
OMHH structures are fully ordered. Although some OMHH
structures exhibit partial occupancies, it is highly challenging to
model them with the ordered configurations required for DFT
relaxation. This difficulty arises because the disorder in OMHHs
primarily stems from orientational and dynamic fluctuations,
rather than electrostatic interactions among different metal ions
as commonly observed in inorganic compounds with composi-
tional disorder.'”°™'%® Therefor, OMHH compounds with
partial occupancies were excluded from this study due to their
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Figure 3. OMHH predictive synthesis schematic and outcomes. (a) Schematic illustration of potential solid-state competing phases during OMHH
synthesis; (b) schematic definition of @ . Reaction energy maps for (c) (TBA)MI, and (d) (HMB)MBr,. The experimental synthesis outcomes

are indicated in the embedded images.

inherent complexity, which could distract from the main focus of
our work. Systematic isovalent substitutions on metal and
halogen sites were performed to generate a diverse set of
hypothetical OMHHs, all of which were subjected to first-
principles density functional theory (DFT) calculations (see
Methodology section), resulting in a data set of 7439 structures.
The database includes DFT-optimized geometries and spin-
polarized band structures, accessible via the APOLLO platform
(Advanced Photovoltaic and Optoelectronic crystaL Library of
Organic Metal Halide Hybrids). The current form of database is
mainly for ensuring the open access of the data reported in this
paper, while substantial extension of user application interface
development is undergoing in the near future. According to our
previous benchmark,'” the GGA/GGA + U-calculated Kohn—
Sham band gap tends to agree better with optical gaps measured
from experiments; we thus adopt GGA/GGA + U calculations
for generating the whole database.

Figure 1 illustrates the structural diversity of both the metal
halide frameworks and organic cations in OMHHs. The left
panels show a range of 0D and 1D metal halide motifs, including
common units such as pyramids, octahedra, tetrahedra, and
triangles, as well as more complex assemblies built from these
building blocks. The 1D structures feature chains formed
through corner-, edge-, or face-sharing polyhedra, with addi-
tional intricate connectivity. In contrast, the organic cations,
shown in the right panels, exhibit even greater diversity. Most
organic cations contain nitrogen, with 40 types identified in 0D
and 41 in 1D-OMHHs, while phosphorus-containing cations are
also introduced in some OMHHs, with four types in OD-
OMHH structures and none in 1D-OMHHs.

2.2. Extensive Space of Electronic Structures. The
creation of the computational database reveals a wide and
tunable space of electronic band structures, enabling the design
of diverse optoelectronic applications. Figure 2 summarizes key
trends, with detailed band gap statistics by metal, halogen, and
organic cation provided in supplementary Section S1. The
distribution of band gaps across all 7439 OMHHs is shown in
Figure 2a, color-coded by the band gap value. Furthermore,
Figure 2b summarizes the number of materials suitable for
different types of optoelectronic devices based on their band gap
size. Among the 7439 computed OMHH structures, 393 are
metallic, while 1910 are insulating with band gaps greater than
3.5 eV. The remaining 5136 are either semiconductors or
semimetals. This abundance of OMHHs with small to moderate
band gaps suggests a wide range of possibilities for designing
optoelectronic devices, including, but not limited to, solar cells,
infrared LEDs (IR-LEDs), ultraviolet LEDs (UV-LEDs), and
deep-ultraviolet LEDs (DUV-LEDs), as illustrated in Figure 2b.

Element-specific band gap distributions, shown in Figure 2c,
reveal several notable trends. OMHHs containing main group
metals and certain early (e.g, Y, La, Sc, and Hf) and late
transition metals (e.g,, Zn, Cd, and Ag) predominantly exhibit
insulating behavior, with band gaps typically at least 2—3 eV.
This trend is largely attributed to the d° or d'° electronic
configurations, which result in minimal hybridization between
metal cations and halogens and large energy separations
between valence and conduction bands. In d° systems, the
conduction band arises from empty metal d orbitals; in d"°
systems, from higher-energy s or p orbitals, while the valence
band is primarily a halogen p orbital in both cases. It is worth
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Figure 4. Relative reaction energies (A®) for 0D and 1D-OMHH synthesizability. Maps of relative reaction energies (A®) for (a) 0D-OMHH and
(b) 1ID-OMHH as Legendre transformations based on organic precursors and metal halides. The literature reported compounds are used as reference
(A® = 0) and are outlined in a black with a central dot. Correct predictions are in green and incorrect predictions are in red. A checkmark (\/ )
indicates the OMHH was synthesized, while an X denotes the OMHH was unable to be synthesized; (c) the A® for 53 groups of 0D-OMHHj; (d) the
A® for 20 groups of 1D-OMHHs; both (c) and (d) are based on Legendre transformation on metal halides. Brown squares indicate data with A® > 0,
while green squares indicate data with A® < 0. For clarity, only selected OMHH indices are displayed in the plots. Complete list of indices can be found
in Supporting Information (section S4). The number following each arrow indicates the count of predicted OMHHs with negative A® values for the
corresponding experimental reference listed to the left of the arrow. Abbreviations: TBAB, tetrabutylammonium bromide; DTAI,
dodecyltrimethylammonium iodide; PTMAI, phenyltrimethylammonium iodide; TBAI, tetrabutylammonium iodide; HMB, hexamethonium
bromide, SP, 4-styrylpyridine, BHMTAB, N-benzylhexamethylenetetramine bromide; TPPB, tetraphenylphosphonium bromide; BTMAC,
benzyltrimethylammonium chloride, BTPAC, benzyltripropylammonium chloride; TPP, triphenylphosphine; ABZ, 2-aminobenzimidazole;
DABCOB, 1,4-diazabicyclo(2.2.2)octane hydrobromide; DABCOYJ, 1,4-diazabicyclo(2.2.2)octane hydroiodide; DABCOC, 1,4-diazabicyclo(2.2.2)-
octane hydrochloride; DMEDAC, N,N’-dimethylethylenediammonium chloride; CMPC, 4-(chloromethyl)pyridine hydrochloride; GuC,
guanidinium chloride; S-2-MPDB, S-2-methylpiperidinium bromide; TMEDAB, N,N,N’trimethylethylenediammonium bromide; 1,3-DPP, 1,3-
di(pyridin-4-yl)propane; MXD, metaxylylenediammonium; PBA, phenylbutanammonium; HDA, 1,6-hexanediammonium; R-MPA, (R)-(—)-1-
methyl-3-phenylpropylammonium; DMEDAI, N,N’-dimethylethylenediammonium iodide.

noting that a few outliers exist, particularly for OMHHs 2.3. Principles of Synthesizability Prediction. The
containing Ti*" and Zr*', which show smaller-than-expected database derived from curated experimental structures offers
band gaps. In contrast, OMHHs with transition metals like W, V, valuable opportunities to investigate OMHH synthesizability.
Fe, Ni, Co, Ce, Mo, and Ti exhibit a much broader tunable range Unlike the rapidly developed synthesis theories for pure
of band gaps, from metallic (0 €V) to insulating. While DFT gaps inorganic materials,”>%'"° hybrid materials lack a reliable and
may not directly translate to optical performance, these element- generalized theoretical framework for predicting their synthesiz-
dependent trends highlight the utility of electronically versatile ability. This is largely due to the nature of competing phases: in
metals in OMHH design. hybrid systems, organic components often exist as liquids. This
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contrasts to the solid or gaseous phases typical of inorganic
compounds, complicating phase stability predictions. To
address this, we propose using experimentally reported
OMHHs as reference points, combined with more accurate
solid-state DFT calculations, to assess the likelihood of forming
crystalline products. All curated OMHHs are synthesized via
acid—base reactions between organic acids or salts with metal
halides or oxides, producing OMHHs as salts without complex
organic transformations. Halogen acids (HX) and water (H,O)
may also act as byproducts or reactants in these pathways.

Thermodynamically, the reaction energy determines the
driving force for OMHH formation, defined as E,.,; =
Eyoducts—Ereactansss The products typically include the OMHH
and, in some cases, H,O or HX in liquid or aqueous form, while
the reactants consist of organic precursor(s), inorganic
precursor(s), and possibly also H,O or HX (Figure 3a). Direct
estimation of E,,; is challenging due to the difficulty of
computing energies for liquid and aqueous phases."'' ™' To
circumvent this, we define a grand potential (®) that
approximates the residual reaction energy using only solid
competing phases. For the common synthetic routes shown in
Figure 3b, the grand potential is defined as @y = Eomun—
Max(0)HMx(0)—Morgx(H)Horgx(t1)y Where Eoyyy represents the
total DFT energy of OMHH, and n and y denote the number
of atoms and chemical potentials of metal halides or metal oxides
and organic acids/halides, respectively. As all species are solids,
their energies can be reliably calculated using DET.”*""* This
formulation follows the general Legendre transformation used in
thermodynamics'>'* and aligns with remnant stability
theory.'””'®''® The chemical intuition behind this approach is
to capture the relative stability OMHHs against solid-state
competing phase during crystallization, while the aqueous
species remain the same regardless of the metal species and
corresponding solid byproducts. Similar strategies have been
applied in Pourbaix diagram modeling''” and inorganic crystal
formation under aqueous conditions.''® In contrast with the
criterion adopted for accessing inorganic synthesizability, we
regard materials with @ lower than experimentally reported
OMHHs to be synthesizable, with full awareness that sometimes
@ slightly higher than experimentally reported compounds can
also be synthesizable according to remnant stability
theory.””'"'>'"® However, there is much less experimental
data compared to the inorganic ICSD materials for OMHH
(118 curated in this work versus over 100,000 entries in ICSD),
making it very difficult to come up with a convincing
metastability energy scale. Therefore, we choose to focus more
on materials that show @ values lower than those of
experimentally reported OMHHs as they are more accessible
thermodynamically.

With the establishment of the grand potential, the OMHH
synthesizability can be estimated without explicitly computing
the energies of liquid or aqueous phases. This is because the
relative grand potential, A®, inherently cancels out contribu-
tions from common solvents such as HX or H,O when
comparing synthesis reactions of the same type. A lower @y
relative to that of an experimentally reported compound (
D) suggests a more exergonic reaction and thus a higher
likelihood of successful synthesis. To validate this framework, we
conducted systematic synthesis attempts in two selected
OMHH chemical spaces (Figure 3c and d). In Figure 3c,
TBAI (C;6H;6NI, tetrabutylammonium iodide) was reacted
with various +1 metal halides to attempt the formation of

OMHH:s. DFT calculations indicated that only (TBA)Agl, has a
lower ®oypyy than the known (TBA)Cul,.”® Experimental
synthesis attempts with Ag*, Cs*, K*, and Rb* confirmed that
only (TBA)AgI, formed successfully, which is fully consistent
with the predictions. Figure 3d explores reactions between HMB
(C4H,sNBr, hexamethonium bromide) and +2 metal halides.
Among 16 evaluated M?* cations, Co*", Cu’*, and Zn** were
predicted to yield OMHHs with lower @y values than the
known Mn?* compound. All three were successfully synthesized,
while the predicted failures, Fe** and Ni** OMHHs, could not
be obtained. These 9 out of 9 accurate predictions across these
two distinct OMHH groups highlight the robustness and
reliability of our synthesizability prediction framework.

2.4. Experimental Validation of the Relative Grand
Potential Framework. When comparing OMHHs synthe-
sized via the same reaction schemes but differing in metal
identify, variations in reaction energy can be effectively captured
by the relative grand potential between ®qypyy and its

experimental counterpart O5F, denoted as AD. As shown
in Figure 3, @y is expressed as the Legendre transformation
of the total energy of the OMHH with respect to its solid organic
precursors and metal halides. Beyond the examples in Figure 3¢
and d, we expanded our analysis to 23 of the 118 OMHH
frameworks, generating predictions for 305 OMHHs (188 0D-
OMHHs and 117 1D-OMHHs). A list of examined compounds
is provided in Supporting Information Section SS. Among 0D-
OMHHs, 3 of 28 M¥, 16 of 64 M?*, and 39 of 96 M3 variants
exhibit negative A® values, indicating greater thermodynamic
favorability than the experimental reference. Similarly, for 1D-
OMHHs, 2 of 21 M*, 18 of 80 M**, and 3 of 16 M>* systems
show negative A®. These trends are summarized in Figure 4a
and b as heatmaps grouped by metal valence and dimensionality.
Guided by these predictions, 27 synthesis attempts were
conducted, yielding 23 successful outcomes and 4 failures,
demonstrating 85.2% predictive accuracy. Convex hull analyses
for all compounds beyond those in Figure 3 are provided in
supplementary Section S2, with exact reaction energies provided
in supplementary section S3.

For OMHHs synthesized from liquid organic precursors and
solid metal halides or oxides, an alternative definition of @y
can be chosen as @y = Eomuu—"ax(o)Hmx(o)- This form
remains valid for comparing reaction energies among OMHHSs
of identical stoichiometry but different metal species, as organic
contributions cancel out, allowing consistent evaluation across
varying metal precursors and competing products, e.g., metal
halides or oxides. This alternative definition broadens the
applicability of @y and enables the assessment of 1144
OMHHs in our databases. The resulting A® distributions are
shown in Figure 4c and d. Due to the large number of
compounds, only selected OMHHs are labeled explicitly, while
the complete list is available in supplementary section S4. Based
on this analysis, 176 of 801 0D-OMHHs and 92 of 343 1D-
OMHH:s are predicted to be more synthesizable (i.e., exhibit
negative A®). The top three most and least synthesizable
OMHHs in each dimensional category are highlighted in the
figure legends as representative examples.

While our framework demonstrates strong predictive
performance, it is not without limitations. Among the four
incorrect predictions across 27 experimental attempts, all four
involve reactions with CaCl, and MgCl,, where the model does
not capture the experimental outcome. In these cases, the key
challenge lies in identifying an antisolvent that effectively
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suppresses the solubility of both ammonium ions and Ca**/
Mg**, a factor not currently accounted for by the theoretical
framework. Due to the limitation of data and substantial effort to
further explore the solubility of ions and the hydration process
during the synthesis, further improvements could incorporate
experimental measurements of solubility limits across various
solvents, following approaches used for inorganic systems,"' """’
to further enhance predictive accuracy. Moreover, the current
framework primarily focuses on assessing the likelihood of
precipitating a solid OMHH phase from aqueous solution, but it
has a limited capability to predict the competition among
potential polymorphs due to the lack of comprehensive
experimental references and crystal structure data. A tighter
integration between structural search algorithms and exper-
imental design could be an exciting next step toward exploring
this largely underdeveloped material space. Finally, kinetic
factors are always important regardless of the materials synthesis
type, which should also apply in OMHHs. Leveraging the
existing thermodynamic data set established in this work and
further extending it to consider kinetic factors will be a potential
exciting next step for the OMHH community.

3. CONCLUSION

We present a comprehensive data-driven framework for
exploring organic metal halide hybrids (OMHHs) beyond
traditional perovskite structures. Built on a high-throughput
DFT-screened database of experimentally derived structures,
the framework leverages structural and electronic property data
to predictc OMHH synthesizability. Validated through 27
experimental attempts with 85.2% accuracy, this approach
provides a robust foundation for high-throughput and rational
synthetic exploration across a broad class of hybrid materials,
which also yield 268 synthesizable OMHHs among 1144
examined OMHHs.

4. METHODOLOGY

4.1. Electronic Structure Calculations. All electronic
structure calculations were performed using the Vienna Ab-
initio Simulation Package (VASP)'*°~"** with PBE func-
tionals'** and PAW pseudopotentials.'**'** A reciprocal space
discretization of 25 k-points per A™' was used to sample the
Brillouin zone.'*® The kinetic energy cutoff was 520 eV. The
Methfessel—Paxton scheme was used to smooth the partial
occupancies for each orbital,'*” with a smearing width of 0.2 eV.
The convergence criterion for the self-consistent field (SCF)
step was 10~ eV/atom. Geometric optimizations were executed
until the force on each atom was less than 0.05 eV. Hubbard U
corrections'>*"*” were applied to Fe, Mn, and V with values of
5.3,3.9,and 3.25 eV, respectively, following values established in
previous works.' """

5. MATERIALS

Copper(II) chloride (CuCl,, 97.0%), manganese(II) chloride (MnCl,,
99.0%), iron(II) chloride (FeCl,, 99.9%), cobalt(II) chloride (CoCl,,
97.0%), calcium chloride (CaCl,, 97.0%), magnesium chloride (MgCl,,
98.0%), tin(Il) chloride (SnCl, 98.0%), lead(I) chloride (PbCl,,
98.0%), copper(II) bromide (CuBr,, 99.0%), cobalt(II) bromide
(CoBr,, 99.0%), manganese(II) bromide (MnBr,, 98.0%), iron(II)
bromide (FeBr,, 98.0%), zinc(Il) bromide (ZnBr,, 98.0%), nickel(II)
bromide (NiBr,, 98.0%), silver iodide (Agl, 99.9%), lithium iodide (Lil,
98.0%), rubidium iodide (RbI, 99.9%), cesium iodide (CsI, 99.9%),
tetrabutylammonium iodide (TBAI, C,sH;NI, 98.0%), hexametho-
nium bromide (HMB, C;,H;,N,Br,, 98.0%), 4-(chloromethyl)-
pyridine hydrochloride (CMP, CsHCIN.HC], 97.0%), benzyl bromide

(C¢H;CH,Br, 98.0%), hexamethylenetetramine (C4H,N,, 99.0%),
N,N’-dimethylethylenediamine (DMEDA, C,H,,N,, 98.0%), dime-
thylformamide (DMF, 99.8%), dichloromethane (DCM, 99.9%),
hydrochloric acid (HCl, 37.0%), hydrobromic acid (HBr, 48.0%),
and ethanol (200 proof) were purchased from MilliporeSigma.
Phenyltrimethylammonium iodide (PTMAI, CoH,NI, 98.0%) was
purchased from Fisher Scientific. All of the reagents and solvents were
used without further purification.

5.1. Synthesis of (TBA);Ag;ls. TBAI (1 mmol) and Agl (1 mmol)
were dissolved in 1 mL of DMF to form a clear precursor solution.
Single crystals of the hybrid were obtained after a few days by slowly
evaporating the solvent at room temperature in a fume hood. The
crystals were washed with diethyl ether and dried under reduced
pressure. Attempts to synthesize hybrids of TBAI with Lil, RbI, and CsI
using the same method were unsuccessful.

5.2. Synthesis of (HMB)CoBr,, (HMB)CuBr,, and (HMB)ZnBr,.
HMB (1 mmol) and CoBr, (1 mmol) were dissolved into a desired
amount of HBr (48%) and deionized water under vigorous stirring.
Single crystals of the hybrid were obtained after a few days by slow
evaporation of the above solution at room temperature in a fume hood.
Single crystals of the (HMB)CuBr, and (HMB)ZnBr, hybrids were
also synthesized using the same procedure but replacing CoBr, with
corresponding metal halides. All of the crystals were washed with
diethyl ether and dried under reduced pressure. Attempts to synthesize
hybrids of HMB with FeBr, and NiBr, using the same method were
unsuccessful.

5.3. Synthesis of (BHMTA),MnBr, and (BHMTA),CoBr,. First,
BHMTAB (C,3H,,N,Br) salt was prepared by mixing benzyl bromide
(7.0 mmol) with hexamethylenetetramine (7.0 mmol) in 150 mL of
ethanol at 0 °C. The white organic salts were obtained after filtration
under vacuum. The salts were washed with ethanol and dried under
reduced pressure. To synthesize the hybrid, N-benzyl hexamethylene-
tetramine bromide (0.4 mmol) and MnBr, (0.2 mmol) were dissolved
in a mixed solvent of methanol (2.0 mL) and acetonitrile (2.0 mL)
under vigorous stirring to form a clear solution. Single crystals of the
hybrid were obtained in 2 days by slowly evaporating the solvent at
room temperature in a fume hood. Single crystals of the
(BHMTA),CoBr, hybrid were also synthesized using the same
procedure but replacing MnBr, with CoBr,. All of the crystals were
washed with diethyl ether and dried under reduced pressure.

5.4. Synthesis of (PTMA)Agl,. PTMAI (1 mmol) and Agl (1
mmol) were dissolved in 1 mL of dimethylformamide (DMF) to form a
clear precursor solution. Single crystals of the hybrid were obtained
after a few days by slowly evaporating the DMF solvent at room
temperature in a fume hood. The crystals were washed with diethyl
ether and dried under reduced pressure. Attempts to synthesize hybrids
of PTMATI with RbI and CsI using the same method were unsuccessful.

5.5. Synthesis of (DMEDA)SnCl,. First, the DMEDAC
(C,H4N,Cl,) salt was prepared by dissolving N,N’-dimethylethylene-
diamine (7.0 mmol) in 80.0 mL of ethanol, followed by the dropwise
addition of 1.26 mL of HCI (37%) at 0 °C, and stirring for 1 h. The
white organic salts were obtained after filtration under vacuum. The
salts were washed with a suitable amount of diethyl ether and dried
under reduced pressure. To synthesize the hybrid, C,H;,N,Cl, (1
mmol) and SnCl, (1 mmol) were dissolved in 1 mL of DMF in a small
vial to form a clear precursor solution. Then the small vial was placed in
a large vial with 10 mL of DCM inside it. Colorless block crystals were
obtained by leaving the vial to stand for around 2 days. The crystals
were washed with DCM and dried under reduced pressure. Attempts to
synthesize hybrids of DMEDAC with CuCl,, MnCl,, CaCl,, and MgCl,
using the same method were unsuccessful.

5.6. Synthesis of CMP-Metal Halide Hybrids. CMP-metal halide
hybrids were attempted to synthesize by the solvent evaporation
method described by Xu et al.*” 1 mmol of CMPC was separately mixed
with 1 mmol of 8 different metal chlorides (CuCl,, MnCl,, CaCl,,
MgCl,, SnCl,, FeCl,, CoCl,, and PbCl,) in 1 mL of deionized water.
The solutions were left to evaporate at 30 °C for 7 days, but no
crystallization of the hybrids was observed.

5.7.Single-Crystal X-ray Diffraction (SCXRD). The single-crystal

structures of the synthesized hybrids were solved using a Rigaku
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XtaLAB Synergy-S diffractometer equipped with a Cu microfocus
sealed tube X-ray source (wavelength = 1.54 A) and a HyPix-6000HE
Hybrid Photon Counting (HPC) detector. A crystal of suitable size was
mounted in a cryoloop with Paratone-N oil. The data were collected by
maintaining the temperature at 150 K using an Oxford-Diffraction
Cryojet. Olex2 software2'*" was used to solve the crystal structure with
the SHELXT3'** structure solution program using Intrinsic Phasing,
and SHELXL3"*” refinement package was used to refine the data using
Least Squares minimization. The crystal data and structure refinement
details of the synthesized hybrids are summarized in Tables S4—S8. The
images of crystal structures presented in this manuscript were drawn
using VESTA as the crystal structure visualization software. Single-
crystal XRD refinements results are demonstrated in Section SS.
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