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ABSTRACT: Chemical reductive insertion of metal ions using metal arenes has attracted significant attention due to its capability
to readily modulate the electronic and structural properties of host materials. Despite extensive studies involving various metal arenes,
systems capable of enabling reductive insertion with Ca?* species have not been determined. Here, we report the synthesis of calcium
pyrenide and demonstrate its effectiveness in facilitating reductive insertion into host frameworks. The nominal composition in
solution was determined to be spectroscopically consistent with previously reported alkali metal pyrenide solutions and, in DMF,
found to participate in stoichiometric titrations of silver salts. Single crystals were grown from THF solutions and structurally
characterized by X-ray diffraction. Signatures of the pyrenide’s radical anion were observed by EPR. The reduction potential was
estimated by cyclic voltammetry of pyrene in a calcium perchlorate electrolyte solution where a reversible one-electron reduction
wave was observed at —2.52 V vs Fc/Fc*. To demonstrate the utility of Ca(pyrene), for screening materials capable of reversible
calciation via reductive intercalation, the compounds, Ca,(DMF),MoS, (0 <x < 0.34) were prepared from DMF solutions of calcium

pyrenide and characterized by PXRD, SEM, ICP-OES, and TGA.

m INTRODUCTION

Reductive insertion involves the electronation of a host
crystal structure and migration of a cation into the host for
charge balance. Reductive insertion reactions—termed
reductive intercalation reactions for layered host crystals—have
found many applications, most prominently as electrode
materials for lithium-ion batteries.' The insertion of alkali
metals has also been shown to induce diverse changes in the
electronic properties of materials, including changes in electron
transport, switching between conducting and insulating phases,
and the emergence of new magnetic and superconducting
phases.**¢

The more recent emergence of materials capable of
reductive insertion of multivalent cations offers the possibility
of accessing novel structural and electronic phase transitions
distinct from analogous monovalent ion insertion reactions.
This is due to the higher charge densities and stronger
interactions of divalent cations with a host lattice.”® These
interactions may result in stronger coupling between multiple
polaronic carriers associated with a single inserted cation,” and
their divalent character may allow inclusion of magnetic or
redox-active cations, which are rare among common
monovalent cations. However, the emerging set of materials
known to reversibly insert divalent cations is minuscule in
comparison to those hosts capable of supporting reversible
monovalent ion insertion. This is in large part due to the high
charge density of 2+ cations greatly reducing their diffusivities
in the solid state, but also in part due to a lack of suitable
chemical and electrochemical reduction conditions that are
broadly applicable to a wide range of materials. The
development of easily accessible, low-cost chemical reductants
would allow for facile reaction screening under a consistent set
of reaction conditions and may accelerate the discovery of new
multivalent ion insertion materials.

Calcium has a low reduction potential (-2.87 V vs SHE),
global abundance, and relatively low cost, making it a
promising option for low-cost energy storage applications.'® To

varying extents, electrochemical Ca?" insertion has been
investigated in host materials, including a-V,0s, a-MoOs,
CaCo0,0,;, MoS, , TiS,, NaV,(PO,);, and Prussian-blue
analogues.!''7 Generally, electrochemical methods present
some limitations: (1) the active materials are typically
embedded in a carbon composite, which prevents isolation and
characterization of phase-pure products; (2) the quantity of
product that can be prepared electrochemically is often small
and difficult to scale; and (3) constructing electrochemical cells
takes longer and is less parallelizable than solution-phase
chemical reductions.

Existing chemical insertion strategies for Ca?" include
dissolution of Ca in ammonia.'* This method requires reaction
temperatures below —34 °C to maintain liquid ammonia, and
involves the use of toxic NHj; (g). Cal, has also been used as a
reductant to reduce NaV,(POy); at 150 °C.'2 Todide is a weak
reductant and potentially coordinating ligand. These limitations
motivated a search for an alternative reductant with a lower
reduction potential that could be used at room temperature with
minimal byproducts.

Metal arene complexes are well known effective reductants
for the chemical insertion of metal cations into host materials.'
These complexes are typically synthesized by reacting an arene
with an alkali or alkaline earth metal in solution, resulting in a
binary salt of a persistent arene radical anion. Metal arenides
are strong reductants and yield only non-coordinating
hydrocarbons upon oxidation, making them attractive for clean
redox chemistry where reduced solids can be readily isolated
and purified by filtration.'® For example, binary arene salts of
Li*, Na*, K*, and Mg?" in combination with naphthalene,
anthracene, and pyrene have been employed in many reductive
insertion reactions.'*2¢ However, to our knowledge, calcium
arenides suitable for use as stoichiometric reductants have not
been isolated.

We report the formation of a calcium pyrenide salt and the
isolation of its co-crystal with pyrene
Ca(THF)¢(pyrene),(pyrenide™),. Calcium pyrenides are shown
to participate in stoichiometric chemical reductions, including
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the reductive insertion of Ca?" into MoS, in DMF solutions.
Described are recommended procedures for the preparation of
calcium pyrenide solutions for use as reagents for chemical
reductions.

EXPERIMENTAL

General Methods. Pyrene (98%, Thermo Scientific
Chemicals), 1,2-dibromoethane (98%, Thermo Scientific
Chemicals), and molybdenum(IV) sulfide (98%, Sigma
Aldrich) were used as received without further purification.
N,N-Dimethylformamide (Certified ACS, Thermo Scientific
Chemicals) was stored over 4 A molecular sieves for three days,
degassed by three ‘freeze-pump-thaw’ cycles, then stored in a
N, glovebox. THF (>95%, Fisher Scientific) and hexanes
(>96%, TCI America) were column-dried using a solvent
purification system designed by Innovative Technologies and
stored over 4 A molecular sieves in a N, glovebox. Ferrocene
(98%, Acros Organics) was recrystallized by sublimation and
condensation. Anhydrous calcium perchlorate was prepared
using calcium perchlorate tetrahydrate (99%, Sigma Aldrich)
vacuum dried at 180 °C under flowing N, for 24 hours at 50
mTorr and confirmed by the absence of water peaks in FT-IR.
Calcium turnings (99 %, Sigma Aldrich) were washed with a
mixture containing a trace amount of pyrene in DMF and dried
by rinsing with DMF followed by THF. Molecular sieves were
vacuum dried at 220 °C under flowing N, for 24 hours at 50
mTorr. DME (Sigma-Aldrich) was purified by distillation over
sodium benzophenone and stored over 4 A molecular sieves in
an N, glovebox.

Material Characterization. Powder X-ray diffraction
(PXRD) pattern were collected using a Rigaku II Miniflex G6
equipped with a 600 W Cu Ka source, a 0.5° Soller slit, and a
Hypix-400MF hybrid pixel array detector. Air-free PXRD was
collected using a Rigaku R-Axis Spider diffractometer (40 kV
and 40 mA) equipped with a Cu Ko source (A = 1.5418 A). EPR
was collected using a Bruker Biospin EMXplus 114 X-band
spectrometer equipped with a liquid nitrogen cryostat. UV-vis
spectroscopy was collected using a PerkinElmer Lambda 365.
Morphology and elemental mapping of Ca,(DMF),MoS, were
obtained using an Apreo2C loVac and FEI Quanta 650 ESEM.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was collected using an Agilent 5800 and Agilent
SPS 4 Autosampler in the Department of Civil, Architectural
and Environmental Engineering at the University of Texas at
Austin. Thermogravimetric analysis (TGA) was performed on
a TA Instruments Q50 analyzer using high purity N, carrier gas
in the range of 25 — 800 °C. A ramp rate of 5 °C min~'and a N,
flow rate of 50 mL min~! were applied between 25 °C and 800
°C.

Single crystal X-ray diffraction. Single crystal X-ray
diffraction was conducted using a Rigaku XtaLAB Synergy
equipped with a Hypix hybrid pixel array detector. The data
were collected at 100 K using a PhotonJet micro-focus Cu-Ka
radiation source (A = 1.54184 A). Data collection, unit cell
refinement, and data reduction were performed using Rigaku
Oxford Diffraction’s CrysAlisPro V 1.171.40.53. The structure
was solved by direct methods using SHELXT?” and refined by
full-matrix least-squares on F? with anisotropic displacement
parameters for the non-hydrogen atoms using SHELXL.-2019/3
running under the OLEX2 graphical interface.?®? Structures
were visualized using VESTA.3°
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Electrochemical Measurements. Cyclic voltammetry was

performed using a Bio-Logic VSP-3e  8-channel
multipotentiostat under nitrogen in a 30 mL jar, with a cap fitted
with a glassy carbon working electrode, platinum wire counter
electrode, and silver / silver nitrate reference electrode. The
active surface of the glassy carbon working electrode is a circle
with an area of 0.222 cm?. The electrodes were submersed in a
dry, degassed DMF solution containing 1 mM pyrene, 1 mM
ferrocene, and 100 mM of either NaClO,4 or Ca(ClOy),.

Synthesis of calcium pyrenide. Calcium turnings (40 mg,
1 mmol) and pyrene (424 mg, 2.1 mmol) were mixed in DMF
(3956 mg) in an Ny-filled glovebox separately. 1,2-
dibromoethane (236 mg, 1.26 mmol) was diluted by DMF
(9436 mg). The diluted 1,2-dibromoethane solution (77 mg
solution, 1.88 mg DBE, 0.01 mmol) was added into the reaction
mixture. Bright blue chemiluminescence was observed when
the mixture started to stir. After photoemission ceased, the
solution quickly turned an opaque dark orange color. The
solution was then stirred at room temperature for an additional
2 h, yielding a dark red solution.

To prolong the chemiluminescent reaction and slow product
formation, as shown in Supplementary Video S1, the same
reagents in the quantities (1113 mg, 5.509 mmol) of pyrene, (77
mg, 1.925 mmol) calcium ingot, and 5 mol% 1,2-
dibromoethane in 12 mL of DMF were used.

Titration of calcium pyrenide solutions by Ag
deposition. AgPFs (556 mg, 2.2 mmol) was reacted with
calcium pyrenide (444 mg, 1 mmol), which was filtered through
glass wool in a pre-weighed 20 mL vial. After 1 hour, the
mixture was centrifuged. The solvent was decanted and refilled
with DMF. The mixture was sonicated for 5 s, followed by
centrifuging and again decanting the solvent. A second wash
was conducted using THF. The vial was vacuum dried for 12 h
and the vial was reweighed.

Synthesis of Ca(THF)¢(pyrene),(pyrenide™), single
crystals. Excess calcium turnings, pyrene (200 mg, 0.99
mmol), and 1,2-dibromoethane (25 mg, 0.13 mmol) were mixed
in THF in a N; filled glovebox. The solution turned dark red
after 12 h. This solution was then placed under vacuum until all
the solvent was evaporated and only the red precipitate
remained. Using a minimal amount of THF, the red solid was
redissolved and recrystallized by vapor diffusion of hexanes at
—24 °C. Data for the refined crystal structure were deposited in
the Cambridge Structural Database (CSD) with deposition
number 2489905. A plot of the asymmetric unit and a table of
associated  crystallographic data are provided in
Supplementary Figure S1 and Table S1.

Synthesis of Ca . (DMF),MoS,. In an N-filled glovebox,
calcium turnings (49 mg, 1.23 mmol), pyrene (519 mg, 2.58
mmol), and 1,2-dibromoethane (2.3 mg, 0.012 mmol) were
added to a 20-ml borosilicate glass scintillation vial. The
mixture was stirred at room temperature for 4 h, then 0.3, 0.5,
and 0.7 equivalents of Ca(pyrene), (Solv, DMF) were added into
MoS,. The mixture was stirred for 24 hours; the product was
filtered and washed with DMF and THF in an N,-filled
glovebox. The black powder product was characterized by SEM
and PXRD. The chemical composition of the inserted product
was determined by EDX, ICP-OES, and TGA.

RESULTS AND DISCUSSION

Calcium pyrenide in DMF was prepared by first activating
calcium metal with 1,2-dibromoethane in DMF, then adding
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Figure 1. Reaction scheme for the formation of calcium pyrenide (a). Photograph depicting the chemiluminescent stage of the reaction in
DMF (b). Portion of a single crystal structure of Ca(THF)¢(pyrene),(pyrenide*),. Carbon, oxygen, and calcium are shown in grey, red, and
slate-grey, respectively. Modeled hydrogen positions are omitted for clarity (c). X-band EPR spectrum of calcium pyrenide in DMF collected

at 100 K (d).

two equivalents of pyrene while stirring at room temperature,
Figure 1a. Following the addition of pyrene, a bright blue
chemiluminescent emission appeared as product diffused from
the calcium surface, Figure 1b and Supplementary Video S1.
The participation of pyrenide in chemiluminescence has been
documented in other contexts and attributed to the oxidation of
pyrenides—here by 1,2-dibromoethane and its decomposition
products—to form the neutral pyrene excimer ultimately
responsible for the observed emission. Similar mechanisms
were proposed to explain the chemiluminescence and
electrochemiluminescence of arenides, including pyrene, as
early as 1967.3132 Only after chemiluminescence ceased did the
reaction mixture gradually develop an orange coloration,
transitioning to a dark red after stirring for 1-2 hours. This color
transition is consistent with that of pyrenide’s sodium salt in
solution. Qualitatively, this formation of reduced pyrenes can
be delayed by increasing either the concentration of pyrene or
the concentration of 1,2-dibromoethane. Slow desorption of
pyrene/pyrenide from the calcium surface may explain the
negative reaction order for pyrene. Excess 1,2-dibromoethane
that does not decompose in the activation of the calcium metal
surface likely oxidizes reduced pyrenes in solution, and
chemiluminescence continues until it has been depleted.

The DMF solution formed by reacting calcium with 2.1
equivalents of pyrene was titrated by the addition of 2.2
equivalents of AgPFg to stoichiometrically precipitate Ag (s).
Gravimetric analysis of the resulting black powder confirmed
two equivalents of Ag (s) were recovered per mole of calcium
in solution. Supplementary Figure S2 shows the PXRD of the
precipitate, in which the majority phase was identified as Ag
(s). An impurity peak at 31° matches the expected pattern of
AgBr, originating from the decomposition of 1,2-
dibromoethane. The estimated yield of silver was 99.5% before,
and 97.8% after, accounting for the theoretical maximum
inclusion of AgBr (s) estimated by assuming 100% of the total
moles of 1,2-dibromoethane added to the reaction
coprecipitated as an AgBr (s) impurity phase.

Insoluble calcium metal powder may also reduce Ag* and
indeed when less than two equivalents of pyrene were used to
form the calcium pyrenide solution, black calcium powder was
recovered by vacuum filtration and confirmed by powder X-ray
diffraction to be residual Ca (s) from the corroded ingots. In
these scenarios Ag* reduction is also stoichiometric with respect
to the quantity of Ca (s) reactant. Generally, the use of excess

pyrene is recommended to allow complete dissolution of Ca (s)
in DMF.

Single crystals of calcium pyrenide, with the tentative
composition Ca(THF)4(pyrene),(pyrenide™),, were grown from
THF in the presence of excess pyrene by vapor diffusion of
hexanes at —30 °C, Figure 1c. The crystal lattice contains two
neutral pyrene and two apparently reduced pyrenide anions, as
indicated in Supplementary Figure S3. Each Ca(THF),
molecular ion in the structure is enclathrated by four pyrene and
four pyrenide molecules. Average bond lengths of the central
C—C bond, and its four adjacent neighbors in the tentatively
assigned neutral pyrene molecules are 1.421(1) and 1.426(2) A,
respectively. These results are comparable to previously
reported bond lengths in pure pyrene crystals of 1.4244(19) A
for the central C—C distance and an average of 1.418(3) A C-C
distance for the four adjacent bonds.>* Of the four tentatively
assigned pyrenide ions, two are disordered, limiting the
accuracy of their estimated bond distances. For the remaining
two crystallographically ordered pyrenide anions, the average
central bond C—C distance is similar to pyrene at 1.425(2) A and
the four bonds adjacent to the central C—C bond are slightly
longer with a distance of 1.442(12) A. In a previously reported
Na(diglyme), pyrenide complex,** the average central C-C
distance was 1.424(5) A, and the average bond distance for the
four adjacent C—C bonds was 1.432(4) A. This slight expansion
of the C—C bonds observed for both the sodium salts and the
calcium salt reported here is consistent with the reduction of
pyrene.

The reduction of pyrene has been reported to form both a
radical anion and a singlet dianion.**37 To evaluate the
electronic states of pyrene in calcium pyrenide (Solv, DMF), X-
band EPR spectroscopy was performed on a 25 mM calcium
pyrenide solution in DMF at 100 K, Figure 1d. The spectrum
exhibited a singlet with a g-factor of 2.0029 and unresolved
hyperfine splitting, a notable distinction from the EPR spectra
of electrochemically derived tetrabutylammonium salt, which
display the expected hyperfine splitting and a similar g-factor
of 2.0028.3¢ This observation may be attributed to the calcium
cation withdrawing electron density from the pyrenide radical,
thereby diminishing hyperfine coupling. Alternatively,
reduction products of pyrene in THF only form the singlet
dianion with more electropositive metals including Li, K, and
Rb and may display a broad single-line EPR signal that has been
attributed to the dissolved alkali metal and its equilibrium with
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Figure 2. UV-vis absorption spectra of pyrene in DMF (grey,
solid), a pyrene solution reacted with %2 equivalent of calcium in
DMF (light orange) and THF (orange), and spectra for pyrene
reacted with 2 equivalents (light blue) and 1 equivalent (blue) of
sodium in THF.
electron dissolution.?* As Ca?* has a similar reduction potential
to these alkali metals and the principal isotope (*’Ca) is
similarly spinless, electron dissolution from Ca may also
explain the observed EPR signal. A very similar EPR spectrum
is observed for calcium pyrenide in THF solutions,
Supplementary Figure S4.

UV-vis absorption spectra were collected on diluted 1:2
calcium : pyrene solutions, Figure 2. In DMF, a prominent
absorption peak at 22,000 cm! and additional peaks at 19,600
cm!, 18,400 cm™!, and 16,700 cm™! were observed. Similar
spectra were observed for pyrene reduced by calcium in THF
solutions. The calcium spectra match the previously reported
2:1 sodium: pyrene solutions in THF assigned to the 2—
oxidation state.* Spectrum of a 1:1 ratio of sodium to pyrene in
THF did result in the emergence of a peak at 20,200 cm™
consistent with the 1— oxidation state, previously observed
following irradiation of 2:1 sodium: pyrene solutions in THF.
Spectra of a 1:1 ratio of calcium to pyrene in DMF also did not
result in the emergence or disappearance of new peaks that
could be definitively assigned to a pyrene'~ radical anion,
Supplementary Figure S5. Across all calcium: pyrene
stoichiometries investigated, the UV-vis absorption spectra
suggest pyrene is predominantly in the 2— oxidation state. At
higher energies, absorption peaks consistent with charge-
neutral pyrene were also observed even when excess calcium
was used in the reaction.

To further explore the reduction and stoichiometry of
pyrene reduction in the presence of calcium, a cyclic
voltammogram of 1 mM pyrene in a 0.1 M DMF solution of
calcium perchlorate was collected. A single reversible
electrochemical reduction wave was observed at —2.52 V vs
Fc/Fc*, Figure 3, and was persistent over multiple sweeps.
Sweeping to more reducing potentials in search of a second
reductive wave for pyrene was limited by the electrochemical
stability window of the DMF solution of calcium perchlorate
used as the electrolyte, Supplementary Figure S8.
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Figure 3. Cyclic voltammogram of 1mM pyrene, 1mM ferrocene,
0.1M Ca(ClOy), (blue) or 0.1M NaClO, (purple) in DMF collected
using a glassy carbon working electrode, platinum wire counter
electrode, and silver / silver nitrate reference electrode at a scan rate
of 50 mV/s.

Because ferrocene is known to undergo a one-electron
oxidation, 1 mM of ferrocene was also added to compare
electrode kinetics. Relative to the ferrocene redox couple, the
peak areas for the pyrene redox feature were approximately the
same integrated area, indicating consistency with pyrene also
undergoing a one-electron redox process. This is consistent
with previous reports of electrochemical reduction of pyrene
yielding the radical anions in THF solutions of
tetrabutylammonium hexafluorophosphate that were identified
by in situ EPR.J3%¥7 Both electrochemical systems were
measured at a variety of scan rates to gain insight into the
electrode kinetics, Supplementary Figures S9 and S12. Peak
separations for both Fc*/Fc and Py/Py- waves are about 68 mV
at 25 mV/s, and peak separations for both waves gradually
increase with scan rate up to 800 mV/s, suggesting that they
have similar electron-transfer kinetics. For the Fc*/Fc wave, this
deviation from ideality is due to slow ferrocenium adsorption
kinetics.’®* Likewise, the Py/Py~ wave deviated from ideality
due to slow pyrene/pyrenide desorption from the electrode
(Supplementary Tables S2 and S3). Peak currents for both
Fc*/Fc and Py/Py increase linearly with the square root of the
scan rate suggestive of a diffusion-limited process
(Supplementary Figures S10-S14).

Reductive Intercalation of Ca?". To evaluate calcium
pyrenide’s use in screening for materials capable of undergoing
reversible intercalation/insertion of calcium, powder samples of
2H-MoS, were identified as candidate intercalation solids. The
reductive intercalation of monovalent cations into 2H-MoS, is
well known*® and commonly used to induce its transition to the
1T phase as well as to mediate its exfoliation to yield 2D sheets
and ultrathin nanocrystals via forced hydration.##* The
reductive intercalation of calcium into MoS, has been
previously reported using calcium in liquid ammonia to yield
the superconducting phase Cag,(NH;3)o17Mo0S, with a maximal
T, of 8.6 K.'* As one of only a small handful of materials known
to undergo reductive intercalation of calcium and in doing so
affording nontrivial changes in the phase’s electronic structure,
MoS, was identified as an ideal material for evaluating calcium
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pyrenide as a reductant. Relative to monovalent cations, strong
solvation of divalent cations like Ca?* makes the extent and
reversibility of insertion into a host lattice particularly solvent
sensitive. Additionally, there is a likelihood of the co-insertion
of solvent molecules, and an unusual Ca?" coordination
environment as a partial solvate also impacting the reactivity
and properties of the product phases.

To confirm the incorporation of calcium in reduced MoS,,
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) was performed on the
calcium-reduced MoS, samples. Elemental mapping showed a
qualitatively uniform distribution of the elements Ca, Mo, and
S throughout each sample, as shown in Supplementary
Figures S15-S20 and Tables S4-S6. By EDX, calcium content
increased with the reaction stoichiometry’s quantity of Ca
added, Table 1. However, large statistical uncertainties inherent
to how EDX spectra are collected yield only very approximate
element ratios. Precise chemical compositions of the bulk
powders were determined using a combination of inductively
coupled plasma-optical emission spectroscopy (ICP-OES) to
determine the relative concentrations of Ca, Mo, and S in the
dissolved products and thermogravimetric analysis (TGA) to
estimate the quantity of co-intercalated DMF, Supplementary
Figures S21-S23. Summarized in Table 1, the measured
calcium content increases with the reactant stoichiometry’s
quantity of calcium. A maximal extent of reduction under these
conditions was determined to be Cagsy(DMF)g20Mo0S; o4,
formed by reacting MoS, with 0.7 equivalents of calcium
pyrenide. By TGA, approximately one-half an equivalent of
DMF was found to co-intercalate into the calciation products
with each equivalent of calcium.

Table 1. Theoretical and measured element ratios in prepared
Ca,(DMF),MoS, samples calculated using ICP-OES and TGA. A
local sample of atom ratios measured by EDX are shown for
comparison.

Equiv. Empirical formula Atom ratios’
Ca added (ICP-OES, TGA) (SEM/EDX)
0.3 Cag21(DMF), 1:Mo0S; 04 Cag4,Mo08S, 4
0.5 Cag32(DMF)o.17Mo0S 99 Cay5sMoS;
0.7 Cag34(DMF)20MoS; 94 Cag6M0S; 9

fApproximate estimate from sampling (~1 pm?).

To this end, 0.3, 0.5, and 0.7 equivalents of calcium
pyrenide in DMF, quantified by moles of Ca (s) used in
preparation of the calcium pyrenide solution, were mixed with
MoS, at room temperature and stirred overnight. The resulting
product was isolated by filtration and analyzed using air-free
PXRD, Figure 4. In the layered MoS,, which crystallizes in a
hexagonal crystal system, the 2D layers lie normal to the c-axis.
With increasing extents of reduction, those reflections with
non-zero / indices diminish monotonically and new reflections
at diffraction angles below the (0 0 2) of the parent MoS,
emerge at 260 = 4.5°, 8.4°, and 12.5°. All the while, the (1 0 0)
and (1 1 0) remain essentially unchanged. This observation is
consistent with a lattice expansion along the c-axis and a
distribution of stagings in the resulting intercalated MoS,.
Similar structural transformations have also been reported for
Ca,(NH;),MoS,, where attenuation of the same MoS,
reflections and emergence of new low-angle peaks were also
noted.'* Owing to the difference in co-intercalated solvent, the
number and positions of the new low-angle reflections are
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Figure 4. PXRD pattern (A = 1.54184 A) for pristine MoS, (blue), and
0.3 (yellow), 0.5 (red), and 0.7 (black) equivalents of Ca(pyrene), used
to perform Ca reductive insertion on MoS,.

evidently also different. No change in the PXRD was observed
after stirring the MoS, in pure DMF overnight, Supplementary
Figure S24.

CONCLUSIONS

Convenient methods for stoichiometric calciation provide
opportunities for synthesis, including access to reduced
coordination compounds charge-balanced by calcium, facile
screening of potential calcium-ion insertion materials for
potential energy storage applications, controlled polaron
injection using divalent cations, and other solid-state chemical
transformations. Here, chemiluminescent reduction of pyrene
by calcium metal was observed to serve as a competent room-
temperature stoichiometric reductant with a potential of —2.52
V vs Fc™0. Owing to the dispersal of fine calcium powder upon
the formation of calcium pyrenide, solutions with greater than
two equivalents of pyrene to calcium in DMF were found to be
ideal for formation of the homogeneous solution-phase
reductant. Single crystals of calcium pyrenide with the tentative
formula Ca(THF)s(pyrene),(pyrenide™), were grown, with
bond lengths of the pyrenide ions consistent with those of
previously reported single crystals of sodium salts of the pyrene
radical anion. In solution, the species was observed to be EPR
active, though the UV—vis absorption spectra were found most
consistent with previous reports of alkali metal salts of the
pyrenide  dianion. These  results may  suggest
comproportionation of pyrene and pyrenide occurring upon
crystallization. Finally, calcium pyrenide solutions in DMF
demonstrated reductive calciation of MoS, as an illustrative
example of the reagent’s utility in evaluating potential calcium
ion insertion materials at room temperature.
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Data availability

The data supporting this article have been included as part of the Supplementary Information. Crystallographic
data has been deposited at the CCDC under the deposition number 2489905.
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