Polymorphic Control of CsGaE: (E = S, Se) Using Diorganyl Dichalcogenide Precursors
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ABSTRACT: Diorganyl dichalcogenides (R-E-E-R; R = organyl, E = S, Se, Te) are widely
employed for the polymorphic control of diamond-like crystal structures owing to their tunable C—
E bond reactivity. In this work, we extend their application to non-close-packed alkali metal-based
chalcogenides by demonstrating the selective synthesis of CsGaE; (E =S, Se) polymorphs. Weaker
C—E bonds or higher temperatures promote the formation of the thermodynamically stable mC64
phases, while stronger C—E bonds or lower temperatures allow for the isolation of the metastable
mC16 phases. Heat-treatment studies reveal the pronounced metastability of CsGaSe>-mC16
particles and the irreversible phase transition of CsGaS; analogous to its bulk counterpart.

Polymorphism, or the existence of multiple crystal structures for a single composition,
significantly broadens the physical and chemical property landscape of solid-state materials. Many
diamond-like chalcogenide semiconductors, such as zinc-blende ZnSe, chalcopyrite Cu(In,Ga)Se»,
and kesterite Cu2ZnSn(S,Se)a, with cubic-close-packed (ccp) cation/anion sublattices, can give rise
to metastable wurtzite(-like) counterparts characterized by hexagonal-close-packed (hcp)
sublattices.!”"!7 Some of these metastable phases occupy high-temperature regions of
thermodynamic phase diagrams, while others can only be kinetically trapped under specific
reaction conditions and do not exist on bulk phase diagrams.! Chimie douce (soft-chemistry)
synthesis has emerged as a powerful platform for accessing such metastable polymorphs, owing
to kinetic control via precursor reactivity and phase stabilization by ligand passivation.

Among various precursors, diorganyl dichalcogenides (R-E-E—R, where R = Bn, Ph, Me, etc.;
E =S, Se, Te) have proven particularly versatile in phase control due to their tunable C—E bond
dissociation energies.!®22 For each chalcogen type, Bn:E, and PhoE> have weak and strong C-E
bonds, making them more and less reactive, respectively, while alkyl R-groups result in
intermediate reactivity. We previously showed that diphenyl diselenide (Ph2Sez) and dibenzyl
diselenide (Bnz2Sez) can selectively yield metastable wurtzite-like and thermodynamically
preferred chalcopyrite CulnSez nanocrystals, respectively, by controlling the formation of distinct
binary copper selenide intermediates via different C—Se bond reactivities using a molecular
programming approach.’ This strategy has since been utilized to access a broad family of
metastable multinary chalcogenides, such as wurtzite-like Cu2SnSes and CuZnSnSes. 211713 Two



other metastable phases of Cuz .Se nanocrystals—wurtzite and weissite—were synthesized using
PhoSe; and/or didodecyl diselenide (DD:Se»), further showcasing their utility in accessing
unconventional crystal structures.?2

Beyond close-packed tetrahedral structures, the introduction of larger cations, such as alkali
and alkaline-earth metals, can lower the lattice symmetry. This increases the diversity of possible
structure types at fixed compositions and expands the landscape of potential metastable phases.
For example, we recently reported the colloidal synthesis of metastable trigonal CuxBaSnSes4
nanocrystals, which exhibit a more desirable band gap for solar light absorption than their
thermodynamically stable orthorhombic counterparts.?® While diorganyl dichalcogenides have
been employed in the synthesis of alkali and alkaline-earth metal-based chalcogenide
nanocrystals,?’~? their utility in polymorphic control of this class of materials remains unexplored.

In this work, we investigate this using CsGaEz (E = S, Se) as a model system. Bulk CsGaE»
has two polymorphs; that is, the low-temperature mC64 phase and the high-temperature mC16
phase (Figure 1a).’%*! Both phases crystallize in a monoclinic C2/c space group, with “mC”
denoting a base-centered monoclinic lattice followed by the number of atoms per unit cell.>® The
mC64 phase has a TlGaSex-type structure, characterized by two-dimensional layers of corner-
sharing [GaE4] tetrahedra, separated by 8-coordinate Cs* cations; the mC16 phase crystallizes in
KFeS»-type, consisting of one-dimensional chains of edge-sharing [GaE4] tetrahedra, hexagonally
packed among 8-coordinate Cs*. The mC64 phase transitions to the mC16 phase upon heating to
~600 °C. For CsGaSe;, this phase transition is reversible upon cooling.’® For CsGaS,, however,
high pressure is required to reverse this transition.®! Our density functional theory (DFT)
calculations revealed that for both CsGaSe; and CsGaS,, the bulk energy of the mC16 phase is
only 0.01 eV/atom higher than the m(C64 phase (Table S1), rendering them metastable but
synthesizable via soft chemistry approaches. Such diverse polymorphic behavior makes CsGaE; a
promising model system for study.

CsGakE; particles were synthesized by heating Cs2CO3, Ga(acetylacetonate)s, and RyE> (E =
S, Se) precursors in oleylamine and oleic acid for 30 min. A degassing step at 140 °C for 30 min
was performed before ramping to target temperatures to ensure the full dissolution and activation
of precursors. The outcomes of representative control reactions are summarized as phase maps in
Figure 1b and ¢, demonstrating successful polymorphic control of both CsGaSe> and CsGaS,.
Their crystal structures were characterized by powder X-ray diffraction (XRD) and Rietveld
refinement (Figure 2),%23% with refined lattice parameters in close agreement with those of the
reported bulk phases (Table S2).303!
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Figure 1. (a) Schematic illustration of CsGaE2 (E = S, Se) polymorphs and their bulk phase
transition behaviors. (b,c) CsGaE, phase maps with various RoE» precursors and temperatures,
demonstrating the soft-chemistry polymorphic control of (b) CsGaSe; and (c) CsGaSz. Arrows
demonstrate that both weaker C—E bonds and higher temperatures drive thermodynamic pathways
to the stable m(C64 phases. Minor products are shown in parentheses. Bolded products indicate
those selected for detailed characterization. Powder XRD patterns of all other reaction products
are provided in Figure S1.
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Figure 2. Rietveld refinements of the laboratory powder XRD patterns of (a) CsGaSe>-mC16,
(b) CsGaSe>-mC64, (c) CsGaS,-mC16, and (d) CsGaS»-mC64, with 1= 1.5406 A.

The use of PhaSe» at 280 °C yielded the metastable mC16 phase of CsGaSe: (Figure 2a). This
temperature is well below the phase-transition threshold of CsGaE; (~600 °C), indicating a
kinetically controlled formation pathway governed by precursor chemistry. In contrast, raising the
reaction temperature to 350 °C produced the thermodynamically stable CsGaSe,-mC64 phase
(Figure 2b). Aliquot studies revealed direct nucleation of CsGaSe>-mC16 by 280 °C, with no
evidence of binary intermediates (Figure S2a). The m(C16 phase remained metastable up to 350 °C
but relaxed to mC64 in situ upon extended heating (>5 min), suggesting a temperature-driven
thermodynamic pathway.

Attempts to synthesize CsGaSe>-m(C64 with BnzSe» at 280 °C yielded a mixture of Cs2GazSes
and CszSes (Figure S1a). CsxGaxSes is more Se-rich and can also be obtained by reacting CsGaSe»
with Se’ in solid-state reactions,** whereas Cs;Ses features unbranched SeZ~ chains, indicating
“polymerization” of Se released from BnzSe».> Previous studies have shown that Ph,Se; prefers
the cleavage of weaker Se—Se bonds over stronger C—Se bonds, leading to the steady release of Se
atoms.>® In contrast, Bn,Se> cleaves weaker C—Se bonds rather than stronger Se—Se bonds,
producing elemental selenium (Se®) as essentially a polymer of Se—Se bonds.*® Such uncontrolled
reactivity often yields Se’ or polyselenide anions as side products. A similar trend was observed



in our copper selenide studies, where the klockmannite CuSe phase containing Se—Se bonds could
be synthesized using BnaSe» but not PhaSe».?* Taken together, these findings indicate that the
highly reactive C—Se bond in BnzSe is unsuitable for controlled CsGaSe; formation.

To further probe the reactivity trend of R2Se», we tested didodecyl diselenide (DD2Sez), which
possesses an intermediate C—Se bond strength. At 280 °C, the reaction yielded primarily the mC16
phase with minor reflections of mC64 (Figure S1b), suggesting that the weaker C—E bonds in
DD>Se; compared to PhaSes tipped the balance toward the thermodynamic pathway. Increasing
the temperature to 300 °C shifted the product phase to CsGaSez-mC64, although several reflections
corresponding to Cs2Ses were also detected (Figure S1c). Notably, this phase change induced by
only a 20 °C temperature increase underscores the significant effect of temperature on precursor
activation and phase determination.

The R2S> analogs exhibited the same general trend, albeit with lower overall reactivity. The
BnyS; precursor produced CsGaSz-mC64 at both 280 °C and 350 °C (Figure 2¢ and S1d), whereas
PhoS» yielded no crystalline product even at 350 °C (Figure Sle), consistent with its robust C—S
bonds and low reactivity.'®!” Di-n-octadecyl disulfide (OD.S,) was inert at 280 °C, as evidenced
by recovery of crystalline OD.S; (Figure S1f). Increasing the temperature to 350 °C enabled the
activation of C—S bonds, yielding the metastable CsGaS,-m(C16 phase (Figure 2d). No binary
intermediates were observed in the formation of either m(C64 or mC16 phases (Figure S2b and c).

In summary, both R2Sez and R2S; precursors follow the reactivity trend of Ph < alkyl < Bn.
More reactive precursors and higher temperatures drive thermodynamic pathways, favoring the
m(C64 phase or other Se-rich phases, whereas less reactive precursors and lower temperatures
stabilize the metastable mC16 phase, or exhibit no reaction at all.

The resulting particle morphologies were characterized by scanning electron microscopy
(SEM) or transmission electron microscopy (TEM). CsGaSe;-mC16 crystallized into “knot”-like
particles with average dimensions of 2.0 = 0.6 um (N = 118), while some flakes were exfoliated
from their surfaces (Figure 3a). CsGaSe,-m(C64 formed square plates with widths of 920 + 330
nm (N = 100) and thicknesses of 205 = 89 nm (N = 100, Figure 3b). CsGaS,-m(C16 exhibited
rectangular rod or tablet morphologies, averaging 800 + 260 nm (N = 107) in length and 141 + 97
nm (N = 115) in width, with smaller particles growing on their surfaces (Figure 3c). In contrast,
CsGaS;-mC64 adopted an ultrathin nanowire morphology, with diameters of 5.1 = 1.0 nm (N =
245) and lengths of several hundred nm (Figure 3d). High-resolution TEM imaging revealed
nanowire elongation along the [002] direction (Figure S3). These distinct particle morphologies
highlight the significant effects of precursor chemistry and reaction temperature on crystallization
pathways. Energy-dispersive X-ray spectroscopy (SEM-EDX) analysis revealed nearly
stoichiometric CsGaE> compositions for all four phases (Table S3 and Figure S4).
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Figure 3. (a—c) SEM images of (a) CsGaSez-mC16, (b) CsGaSez-mC64, and (c) CsGaSz-mC16
particles. (d) TEM image of CsGaS;-m(C64 nanowires.

Ultraviolet—visible (UV—vis) diffuse reflectance spectra of CsGaE> powders each exhibited a
distinct absorption edge (Figure S5). The optical band gaps were determined using Tauc plots and
the Kubelka—Munk function (Figure S6).3” CsGaSe»-mC16 and mC64 exhibited band gaps of 3.38
eV and 3.17 eV, respectively, while CsGaS,-mC16 and mC64 returned band gaps of 4.09 and 4.19
eV, respectively. For each composition, both polymorphs revealed similar band gaps. TlGaSe;-
type CsInSe> nanocrystals isostructural to the m(C64 polymorphs possess a narrower band gap of
2.98 €V.?” The band gap trend of CsInSe» < CsGaSez-m(C64 < CsGaS,-mC64 can be rationalized
by the absolute chemical hardness (7) values of In** (13) < Ga** (17) and Se* (3.8) < S?>~ (4.1),8
whereas size effects may also have contributed to the high band gap of CsGaS;-mC64 ultrathin
nanowires.

Finally, we investigated the metastability and thermal phase transition behavior of CsGaE,.
Solid powders were heated at 10 °C/min, held isothermally for 1 h, and then cooled to room
temperature at the same rate (Figure 4). For bulk CsGaSe», a fully reversible phase transition
occurs near 600 °C, where the high-temperature mC16 phase completely converts to the room-
temperature mC64 phase upon cooling.?® In contrast, the CsGaSe>-mC16 particles exhibited
significantly enhanced metastability. Heating to 700 °C followed by cooling did not induce any
transition to the mC64 phase (Figure 4a). Raising the temperature to 850 °C resulted in only a
partial transition, while treatment at 1000 °C was required for complete conversion to the mC64
phase. The persistence of the metastable phase can be attributed to the small crystallite size, as
evidenced by the broad XRD reflections up to 850 °C, which increased the kinetic barrier
preventing relaxation to the thermodynamically favored mC64 structure.! Bulk CsGaS, undergoes



an irreversible phase transition—the m(C16 phase remains stable upon cooling to room temperature
unless high pressure is applied.’! The CsGaS;-mC64 nanowires mirrored the bulk behavior,
remaining in the mC16 phase after heating to 700 °C or 1000 °C (Figure 4b).
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Figure 4. Room temperature powder XRD patterns illustrating phase transitions of (a) CsGaSe:
and (b) CsGaS; upon heat treatment and cooling.

In conclusion, the polymorphic control of CsGaE; (E = S, Se) was achieved using diorganyl
dichalcogenide (R2E2) precursors. The C—E bond strength and temperature played pivotal roles in
governing reactivity and phase selectivity; that is, weaker C—E bonds or higher temperatures
promoted thermodynamic pathways to the stable m(C64 phase, while stronger C—E bonds or lower
temperatures limited reactivity, enabling kinetic trapping of the metastable mC16 phase. Because
Bn,Se; contains overly labile C—Se bonds, it yielded undesired Se-rich phases (Cs2GazSes and
CszSes), highlighting the importance of precisely controlling precursor reactivity in complex
multinary systems. Phase-transition studies further revealed remarkable metastability in CsGaSe»-
mC16, which resisted conversion to the mC64 phase even upon extended heating, while CsGaS,-
mC64 followed bulk-like behavior with an irreversible transition to the mC16 phase. Overall, this
work demonstrates the effectiveness of diorganyl dichalcogenides to molecularly program the



phase control of non-close-packed alkali metal-based chalcogenides, thereby expanding the
synthetic toolbox for accessing novel functional semiconductors.
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