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ABSTRACT: Alkali metal fluorides (MF) are commodity chemicals currently synthesized from naturally occurring fluorite
(fluorspar, CaF,) in two steps: conversion of acid grade fluorspar (AGF) into highly hazardous hydrogen fluoride (HF) followed by
neutralization with alkali metal hydroxides/carbonates. Herein, we report a one-step mechanochemical reaction that converts AGF
into alkali metal fluorides under basic conditions, bypassing HF. The method consists of reacting AGF with alkali metal (hydr)oxides
and titanjum dioxide (TiO,) under mechanical energy for MF formation and in situ sequestration of calcium (hydr)oxide byproducts
as calcium titanate (CaTiO,). Ca®" sequestration prevents reversible CaF, formation upon aqueous extraction, thus enabling the
isolation of alkali metal fluorides. We also demonstrate that alkali metal titanates (M,TiO;) are suitable reagents for both CaF,
activation and Ca* sequestration, with K, TiO; being optimal for KF synthesis.

luorochemicals have found applications in various sectors bypassing the production and high-maintenance supply chain
including materials, agrochemicals, and pharmaceuticals."”” of dangerous HF. We opted for basic instead of conventional
The fluorine atoms incorporated in fluorochemicals are derived acidic conditions and developed a phosphate-enabled
from fluorite (fluorspar, CaF,), a naturally occurring mineral mechanochemical process that converts AGF into a mixture
mined predominantly in China, Mexico, and South Africa.’ of crystalline phases identified as K;(HPO,)F and
Synthetic protocols toward fluorochemicals involve multiple K, ,Ca,(PO;F),(PO,);, a novel fluorinating reagent suitable

stages all, starting with the conversion of acid grade fluorspar for forging S—F and C—F bonds (Figure 1B).” Various sulfonyl
(AGF) into hydrogen fluoride (HF) upon treatment with and alkyl ﬂu(.)rifles.were prepared in good yields Wit_h t}.lis
concentrated sulfuric acid under harsh conditions (>300 °C; reagent, but 11m1tat1on's were encountered when exploring its
Figure 1A).*° Large-scale operation of this process is rea'ctliwty furthfar, partially due jco the presence of phosphate.
centralized due to the expertise required to produce and Bulldm.g on this mec}.lanochemlcal process, we surmised that
handle highly hazardous HF. the direct conversion of AGF into commonly used

Recently, we demonstrated that fluorochemicals are fluorochemicals would represent a significant advance by

accessible from fluorspar via an operationally simple protocol offering a direct link. with the ﬂu.orochemical i.n dustry (Figure
1C). The preparation of alkali metal fluorides was given

priority due to increasing demand in a range of applications

A | Industrial Route to Fluorochemicals

HSOs . . including lithium-ion batteries (LiF), water treatn;.sr;t and
(>300 °C) ’ HF fluorinating — dental care (NaF), and fluorination chemistry (KF).>”
¥ hydrogen : reagents chemicals For exploration, we selected NaF (Upo™ ¢ = 930 kJ-mol "/,
H uoride  * . .
R ; BHFC = Born—Haber—Fajans cycle), a salt of lattice energy
B | Phosphate-enabled Process intermediate between LiF (1049 kJ-mol™') and KF (829 kJ-
CcaF, K,HPO, Ka(HPOLF oF g o mol™!).” We envisioned that the solid-state reaction of AGF
fluorspar (AGF) K2.Cay(PO3F)a(PO4)y 5 | with NaOH applying mechanical energy would represent the
4 Xam . .
up toegg%pyif,d most direct route to NaF upon separation of the Ca(OH),
o challenges: - novel reagent . . .
fuoride source - phosphate-induced basicity byproduct or derivatives thereof. The conversion of CaF,
C | Multicomponent Activation [this work] (2651 kJ-mol™) into Ca(OH), (2637 kJ-mol™) incurs some
. S  HF-free energetic cost, which is compensated by the higher lattice
e:ncgaawr wCe LiF  alkali +/ one step energy of NaF (930 kJ-mol™") compared to NaOH (892 kJ-
or M;0 _ so\“b\ &ﬁF f,,%i;sés v °Pefé;'i°"a”y mol™"). The overall reaction is thus thermodynamically
msi::'udre p e v ;:Z:Z :ca,e favorable with a net increase in lattice energies (AUpqr®
i S A o
ese-lc-;Lc/Lzstrant O/%/s CaTiOs ULl .
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Figure 1. Strategies for activating acid grade fluorspar (AGF). (A) Revised:  February 12, 2025
Current industrial supply chain for fluorochemicals via HF. (B) S—F Accepted: February 13, 2025
and C—F bond formation using phosphate-activated AGF. (C) Published: February 18, 2025
Mechanochemical activation of AGF with alkali metal (hydr)oxides

and TiO, for direct access to LiF, NaF, and KF (this work).
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A | Activation of Fluorspar B | Control Experiments
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Figure 2. Multicomponent activation of AGF using NaOH and TiO, polymorphs. (A) Reaction optimization with respect to extractable fluoride.
(B) Two-component control reactions. (C) Time-course analysis of the three-component reaction (1.0 equiv CaF,, 2.0 equiv NaOH, 1.0 equiv
TiO,) by '°F QNMR for different milling frequencies (left) and by PXRD with major crystalline species annotated for milling at 35 Hz (right). (D)
One-step synthesis and isolation of NaF from AGF. “Determined by '’F gNMR (10% D,O in H,0); n.a. = not applicable. "Low amount of aqueous
fluoride due to reversible CaF, formation. ‘Determined by PXRD. “Calculated based on NaOH as the limiting component. ‘Determined by
elemental analysis.

= +62 kJ-mol™"). Using Na,O as the activator, the energetic straightforward and represents an attractive and direct route to
gain is more pronounced (AUpor®™ ¢ = +132 kJ-mol ™), given NaF, implementation requires the separation of NaF from
the higher lattice energy of CaO (3401 kJ-mol™") versus that of Ca(OH), or CaO. This process is challenging because
Ca(OH),. extraction of the crude solid mixture with water returned

Encouraged by the arguments above, we examined the CaF, due to its lower solubility (16 mgkg™" at 25 °C) versus

reactivity of AGF with NaOH (2.0 equiv) under ball milling Ca(OH), (1.5 gkg™ at 25 °C).””"" Indeed, analysis by ’F
(35 Hz, 3 h). Powder X-ray diffraction (PXRD) analysis (Cu gNMR (10% D,0 in H,0) of the water-soluble fraction after

Ka,, radiation) of the reaction mixture showed diagnostic ball milling revealed low levels of soluble fluoride (65 = —120
reflections of NaF and Ca(OH),. Reaction with Na,O (1.0 ppm) quantified as 8% and 9% for NaOH and Na,O,
equiv) led to the formation of NaF alongside CaO, in this case respectively. As anticipated, the solid precipitating in water
with no detectable reflections for unreacted CaF,. Solid-state was unambiguously identified by PXRD as CaF, (Figure S1).
F QNMR indicated that reaction of AGF with either NaOH These findings prompted the development of a refined
or Na,O afforded NaF (§; = —224 ppm) in 78% and 82% protocol whereby the reaction of AGF with NaOH/Na,O is
yield, respectively. Although realization of this strategy seems carried out in the presence of an oxide acceptor (Lux-Flood
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A | Comparative Study between Alkali Metal Hydroxides
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Figure 3. Synthesis of LiF and KF from AGF. (A) Reactivity of MOH with AGF. (B) One-step synthesis and isolation of LiF from AGF. (C)
Synthesis of KF from AGF using K,TiO;. “Determined by solid-state '’F qNMR. "Determined by elemental analysis. ‘Determined by ’F gNMR
(10% D,O in H,0).

acid)."”"* This third component captures Ca(OH),/CaO in standard mechanochemical conditions (Figure 2B, Table S6).
situ, in order to prevent reversible CaF, formation (Figure 2A). Further optimization with TiO, revealed that multiple ball
An early report on the mechanochemical reaction of calcium bearings are important for high fluoride release (1 X 7 g ball,
(hydr)oxide with metal oxides (M,O,) provided guidance.'* 49% vs 2 X 7 g balls, 81%), while the jar loading did not
Mixtures of AGF (1.0 equiv), NaOH (2.0 equiv), and M,O, significantly impact reaction efficiency (Tables S7, S8). Readily
(1.0 equiv) were subjected to ball milling (35 Hz, 3 h) available NaOH (2.0 equiv, 81% F~ release) was as effective as
followed by PXRD analysis (Table S2). Titanium dioxide Na,0O (1.0 equiv, 79% F~ release) in this three-component
(TiO,, polymorph mixture), a natural mineral of low toxicity,” process. Ex situ time-course analysis by PXRD and '°F gQNMR
stood out as the best candidate by sequestering Ca(OH), (10% D,0 in H,0) indicated that NaF formation was stalling
efficiently as the perovskite calcium titanate (CaTiO;). Under after 3 h at 30 Hz or 2 h at 35 Hz (Figure 2C). Noteworthy,

these conditions, the amount of fluoride extractable in water comparable reactivity (85% F~ release) was observed in a
increased from 8% to 81%. The alternative metal oxides Al,O;, planetary ball mill using zirconia jars and bearings (Table S11).
Si0,, V,0,, ZrO,, HfO,, and WO; showed no or minor Further improvement featured NaOH as the limiting
improvement compared with the two-component reaction. component (1.8 equiv), a modification enabling its full
Al O;, V,0;, and WO; led to the formation of inert sodium consumption for facile NaF purification (84% yield, 94%

metalates (NaAlO,, NaVO,, and Na,WO,) resulting from purity, Table S12). Next, we developed a protocol to isolate
reaction with NaOH instead of Ca(OH),. With ZrO, and multigram quantities of NaF from AGF. Separation of NaF was

HfO,, the fluoride release did not exceed 17%. SiO, was straightforward because CaTiOj is insoluble in water.'> Three-
partially effective (32% extractable fluoride) but inferior to component mixtures (1.0 equiv CaF,, 1.8 equiv NaOH, 1.0
TiO, because CaSiO; reacts with NaF (Figure S2). In contrast, equiv TiO,) were ball milled in parallel in six stainless steel jars
neither TiO,, nor CaTiO;, nor CaF, react with NaF under (1.00 g loading each), followed by aqueous extraction and
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filtration. Under these conditions, NaF is the only soluble
species, with the water-insoluble matrix consisting of CaTiO;
and unreacted CaF,. Evaporation of the filtrate enabled the
isolation of 1.65 g of NaF (84% yield, >98% purity) (Figure
2D). Higher jar loadings (2.00 g per jar, 22 jars) afforded 10.73
g of NaF (74% yield, >99% purity). Purities were determined
by F qNMR and elemental analysis (Tables S18, S19).

Control experiments were performed to shed light on this
three-component activation of AGF. NaOH was found to react
with TiO, or AGF at frequencies as low as 20—25 Hz,
affording Na,TiO; and NaF alongside Ca(OH),, respectively.
Consumption of Ca(OH), by TiO, into CaTiO; also
proceeded at 20—25 Hz. A smaller particle size of TiO,
(<100 nm) was beneficial for fluoride release, and experiments
carried out with pure anatase or rutile showed reactivity similar
to polymorph mixtures (Table S4). Na,TiO; reacted with AGF
forming NaF and CaTiO; above 20—25 Hz. In contrast,
NaAlO,, Na,Si0;, NaVO;, or Na,WO, did not react or were
less effective in producing NaF (Table S3). A plausible
mechanistic pathway may therefore involve the formation of
NaF and Ca(OH), with the in situ capture of Ca(OH), by
TiO, as CaTiOj;. Alternatively, Na,TiO; may form by reaction
of NaOH with TiO,, which can react subsequently with CaF,
furnishing NaF and CaTiO;.

Having developed a robust protocol for the direct synthesis
of NaF from AGF, we investigated its use in the preparation of
LiF and KF (Figure 3A). Thermodynamically, the reaction of
CaF, with LiOH or Li,O results in a net increase of lattice
energies (AUpor®™™ ¢ = +28 KJ'mol™ and +34 kJ-mol™,
respectively). Treatment of AGF with 2.0 equiv of LiOH under
ball milling conditions (35 Hz, 3 h) resulted in a solid with
PXRD reflections characteristic of LiF, Ca(OH),, and trace
amounts of CaF,. Solid-state '’F qNMR confirmed LiF
formation (6 = —204 ppm) in 98% yield (97% yield using
1.0 equiv Li,O). These results compare to 44% LiF when
applying the three-component protocol (1.0 equiv CaF,, 2.0
equiv LiOH, 1.0 equiv TiO,). A higher yield of 93% LiF was
observed with 1.0 equiv of Li,O instead of LiOH. Performing
this reaction in parallel with 6 jars (1.00 g loading each) using
Li,O as activator (1.0 equiv) and TiO, as sequestrant (1.0
equiv) afforded LiF isolated in 71% yield (1.17 g) with 99%
purity as determined by elemental analysis (Figure 3B, Table
$20).

For KF synthesis, experiments were conducted with KOH
only because K,O is not commercially available. KOH (2.0
equiv) reacted with AGF under mechanochemical conditions
(35 Hz, 3 h) in line with thermodynamic predictions
(AUpor®™€ = 452 kJ-mol™). CaF, was consumed, but
PXRD of the crude mixture revealed KF as minor product,
while the fluoroperovskite KCaF; was predominantly formed.
Solid-state '’F gqNMR quantified the distribution as 13% KF
(8 = —133 ppm) and 86% KCaF; (6 = —123 ppm). The
formation of KCaFj is consistent with the reactivity of KF and
CaF, under mechanical energy,16 in contrast to LiF and NaF,
which are both inert toward CaF, under standard mecha-
nochemical conditions (Table S13). The three-component
reaction (1.0 equiv CaF,, 2.0 equiv KOH, 1.0 equiv TiO,)
afforded 95% KCaF; as the sole fluorine-containing species
according to solid-state '’F gNMR. Notably, ’F gNMR in
solution (10% D,O in H,0) indicated the presence of 23%
fluoride, suggesting partial reversibility in water. This was
corroborated by the absence of KCaF; reflections in the PXRD
data from soluble and insoluble matter. A more detailed
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investigation of the reactivity of potassium salts ensued and
revealed that potassium titanate (K,TiO;) is optimal, acting as
both an activator for AGF and Ca** sequestrant. This salt,
which is less hygroscopic than KOH, enabled the isolation of
1.22 g of KF (52% yield) in >90% purity as determined by '°F
gNMR and elemental analysis (Figure 3C, Table S21). For
comparison, Li,TiO; and Na,TiO; were found to be
competent reagents for LiF and NaF synthesis, but priority
was given to the economically more attractive three-
component protocols (CaF,, LIOH/NaOH, TiO,).

In summary, we have developed a highly eflicient protocol
for the one-step synthesis of LiF, NaF, and KF from AGF. This
chemistry represents a significant advance over conventional
two-stage protocols that require the synthesis of hazardous HF,
followed by neutralization with alkali metal hydroxides/
carbonates. We demonstrated that the treatment of AGF
with alkali metal (hydr)oxide and TiO, under mechanical
energy directly affords LiF or NaF in high yields. In this
process, the alkali metal (hydr)oxide reacts with AGF, while
TiO, captures the calcium byproduct as CaTiO;, an essential
step to overcome the reversible formation of CaF, upon
aqueous extraction, a process necessary to isolate MF products.
For the synthesis of KF, the single reagent K,TiO; is
advantageous over the use of KOH and TiO,. In light of
intensifying efforts to improve the chemical industry with
global challenges in mind, the methodology disclosed herein
enables the decentralized manufacturing of an important class
of fluorochemicals by avoiding reliance on HF production.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c16608.

Materials and methods, optimization studies, control
and mechanistic experiments, detailed experimental
procedures, and characterization data (PXRD traces,
NMR spectra, TGA, elemental analyses) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Véronique Gouverneur — Department of Chemistry,
Chemistry Research Laboratory, University of Oxford,
Oxford OX1 3TA, United Kingdom; ® orcid.org/0000-
0001-8638-5308; Email: veronique.gouverneur@
chem.ox.ac.uk

Authors

Thomas Schlatzer — Department of Chemistry, Chemistry
Research Laboratory, University of Oxford, Oxford OX1
3TA, United Kingdom; © orcid.org/0000-0001-5034-0968

Christopher A. Goult — Department of Chemistry, Chemistry
Research Laboratory, University of Oxford, Oxford OX1
3TA, United Kingdom; ® orcid.org/0000-0002-5834-8371

Michael A. Hayward — Department of Chemistry, Inorganic
Chemistry Laboratory, University of Oxford, Oxford OX1
3QR, United Kingdom; © orcid.org/0000-0002-6248-2063

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c16608

Notes
The authors declare the following competing financial
interest(s): A patent has been filed.

https://doi.org/10.1021/jacs.4c16608
J. Am. Chem. Soc. 2025, 147, 6338—6342


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16608?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16608/suppl_file/ja4c16608_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ve%CC%81ronique+Gouverneur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8638-5308
https://orcid.org/0000-0001-8638-5308
mailto:veronique.gouverneur@chem.ox.ac.uk
mailto:veronique.gouverneur@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Schlatzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5034-0968
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+A.+Goult"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5834-8371
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Hayward"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6248-2063
https://pubs.acs.org/doi/10.1021/jacs.4c16608?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c16608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

B ACKNOWLEDGMENTS

We thank N. Rees for acquiring solid-state NMR spectra and
R. Jacobs for acquiring TGA data. This research was funded by
the European Research Council (agreement 832994 to T.S,,
C.A.G,, V.G.) and the Austrian Science Fund (FWF, ] 4705 to
T.S.). For the purpose of Open Access, the author has applied
a CC BY public copyright license to any Author Accepted
Manuscript (AAM) version arising from this submission.

B REFERENCES

(1) Groult, H; Leroux, F.; Tressaud, A. Modern Synthesis Processes
and Reactivity of Fluorinated Compounds: Progress in Fluorine Science;
Elsevier, 2016.

(2) Britton, R.; Gouverneur, V.; Lin, J.-H.; Meanwell, M.; Ni, C.;
Pupo, G.; Xiao, J.-C.; Hu, J. Contemporary synthetic strategies in
organofluorine chemistry. Nat. Rev. Methods Primers 2021, 1, 47.

(3) McRae, M. E. Fluorspar Statistics and Information. U.S.
Geological Survey, 2024. https://www.usgs.gov/centers/national-
minerals-information-center/fluorspar-statistics-and-information (ac-
cessed 05—09—2024).

(4) Harsanyi, A.; Sandford, G. Organofluorine chemistry:
applications, sources and sustainability. Green Chem. 2015, 17,
2081-2086.

(S) Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH,
2016.

(6) Patel, C.; André-Joyaux, E.; Leitch, J. A.; de Irujo-Labalde, X. M.;
Ibba, F.; Struijs, J.; Ellwanger, M. A.; Paton, R,; Browne, D. L.; Pupo,
G.; Aldridge, S.; Hayward, M. A,; Gouverneur, V. Fluorochemicals
from fluorspar via a phosphate-enabled mechanochemical process that
bypasses HF. Science 2023, 381, 302—306.

(7) Batteries and Secure Energy Transitions. International Energy
Agency, 2023. https://www.iea.org/reports/batteries-and-secure-
energy-transitions/status-of-battery-demand-and-supply (accessed
05—09—-2024).

(8) A Vision for a Sustainable Battery Value Chain in 2030. World
Economic Forum, 2019. https://www3.weforum.org/docs/WEF_A_
Vision_for_a_Sustainable_Battery Value Chain_in_2030_Report.
pdf (accessed 05—09—2024).

(9) Haynes, W. M. CRC Handbook of Chemistry and Physics; CRC
Press, 2014.

(10) Islam, M.; Patel, R. Evaluation of removal efficiency of fluoride
from aqueous solution using quick lime. J. Hazard. Mater. 2007, 143,
303-310.

(11) Johnston, J.; Grove, C. The solubility of calcium hydroxide in
aqueous salt solutions. J. Am. Chem. Soc. 1931, 53, 3976—3991.

(12) Lux, H. “Sauren” und “Basen” im Schmelzfluss: die
Bestimmung der Sauerstoffionen-Konzentration. Z. Elektrochem.
Angew. Phys. Chem. 1939, 45, 303—309.

(13) Flood, H.; Férland, T. The acidic and basic properties of
oxides. Acta chem. scand 1947, 1, 592—606.

(14) Avvakumov, E.; Devyatkina, E.; Kosova, N. Mechanochemical
reactions of hydrated oxides. J. Solid State Chem. 1994, 113, 379—383.

(15) Myhra, S.; Bishop, H.; Riviere, J.; Stephenson, M. Hydro-
thermal dissolution of perovskite (CaTiO;). J. Mater. Sci. 1987, 22,
3217-3226.

(16) Lee, J; Shin, H; Lee, J.; Chung, H.; Zhang, Q. Saito, F.
Mechanochemical Syntheses of Perovskite KM"F; with Cubic
Structure (MY = Mg, Ca, Mn, Fe, Co, Ni, and Zn). Mater. Trans.
2003, 44, 1457—1460.

6342

https://doi.org/10.1021/jacs.4c16608
J. Am. Chem. Soc. 2025, 147, 6338—6342


https://doi.org/10.1038/s43586-021-00042-1
https://doi.org/10.1038/s43586-021-00042-1
https://www.usgs.gov/centers/national-minerals-information-center/fluorspar-statistics-and-information
https://www.usgs.gov/centers/national-minerals-information-center/fluorspar-statistics-and-information
https://doi.org/10.1039/C4GC02166E
https://doi.org/10.1039/C4GC02166E
https://doi.org/10.1126/science.adi1557
https://doi.org/10.1126/science.adi1557
https://doi.org/10.1126/science.adi1557
https://www.iea.org/reports/batteries-and-secure-energy-transitions/status-of-battery-demand-and-supply
https://www.iea.org/reports/batteries-and-secure-energy-transitions/status-of-battery-demand-and-supply
https://www3.weforum.org/docs/WEF_A_Vision_for_a_Sustainable_Battery_Value_Chain_in_2030_Report.pdf
https://www3.weforum.org/docs/WEF_A_Vision_for_a_Sustainable_Battery_Value_Chain_in_2030_Report.pdf
https://www3.weforum.org/docs/WEF_A_Vision_for_a_Sustainable_Battery_Value_Chain_in_2030_Report.pdf
https://doi.org/10.1016/j.jhazmat.2006.09.030
https://doi.org/10.1016/j.jhazmat.2006.09.030
https://doi.org/10.1021/ja01362a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01362a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bbpc.19390450405
https://doi.org/10.1002/bbpc.19390450405
https://doi.org/10.3891/acta.chem.scand.01-0592
https://doi.org/10.3891/acta.chem.scand.01-0592
https://doi.org/10.1006/jssc.1994.1384
https://doi.org/10.1006/jssc.1994.1384
https://doi.org/10.1007/BF01161185
https://doi.org/10.1007/BF01161185
https://doi.org/10.2320/matertrans.44.1457
https://doi.org/10.2320/matertrans.44.1457
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c16608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

