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site-substitution: Na5(SO3CH3)4(X) (X = BF4_,
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Four new mixed-anionic sodium methanesulfonate compounds were synthesized — Nas(SOzCH3)4(X) (X =
() BF4~, (II) ClO4™, () PFg~, and (IV) I7). Compounds I-Ill were grown as centimeter-size crystals under
ambient conditions. Metal methanesulfonates (i.e., MSO3zCH3z or M(SOsCHz=),) are proposed as potential
high-performance nonlinear optical materials owing to their large calculated bandgaps, local anisotropy,
and large polarization. However, there are few experimental reports in the literature. The present study
involves using anionic substitution as a structure building strategy to discover new complex metal metha-

nesulfonates. The new compounds, Nas(SOzCHz3)4(X), where X = (1) [BF4]7, (Il) [CLO4]~, (1) [PFg]™, and (IV)
[II7 crystallize in the monoclinic space groups P2/n or 12/m, and are prepared as (I-1ll) high-quality and
centimeter-sized crystals grown at ambient conditions, whereas millimeter-sized crystals of I, Il, and IV
Received 27th January 2025, could be prepared in high yields by hydrothermal synthesis. I-Ill have wide optical transparency from
Accepted 5th March 2025 400-1100 nm and 4,5 of <210 nm. I-Ill are each highly soluble in water, air stable for several months,

DOI: 10.1039/d5dt00223k and thermally stable below 350 °C. These data suggest that ionic-substitution is a viable method of disco-
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1. Introduction

Compounds containing mixed-anionic groups are of essential
importance in materials applications owing to the remark-
able tuneability of both crystal structure and properties.'™
Some of these recent applications include using functional
groups with stereoactive lone pairs®® (e.g., [SeO3]*, [BiOc]’")
or polar tetrahedra”® (e.g., [PO;F]*” and [BO;F]'") to
break symmetry and form acentric crystal structures for
applications as nonlinear optical (NLO) materials.>®
Similarly, anionic substitution facilitates the improvement
of materials such as the improved crystal growth and
reduced toxicity in Cs;ZngBoO,,"" the AZn,BO;X, family,"
or Rb;Ba;Li,Al,Bg0,,"* versus the famous NLO crystal
KBe,BO;F, that requires the use of toxic BeO in the syn-
thesis.'* As a result, the substitution of anionic groups within
structure classes is an effective method for materials discov-
ery, and may be used to create new compounds with
improved properties.

University of Houston, Department of Chemistry, Houston, TX 77204-5003, USA.
E-mail: psh@uh.edu

1 Electronic supplementary information (ESI) available. CCDC 2417057-2417060.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d5dt00223k

This journal is © The Royal Society of Chemistry 2025

vering new and complex metal methanesulfonate salts with diverse properties.

Metal methanesulfonates, i.e., MSO;CH; or M(SO3;CHj3),,
have been recently predicted as a potential new class of NLO
materials owing to their calculated larger optical bandgaps
and polarizability of the [SO3;CH;]” anion compared to com-
monly used functional groups such as [I0;]7, [SO4]*", and
[BO;]*"."° This has been empirically demonstrated in the case
of Ba(SO;CH3), as a NLO candidate crystal.'® Most reported
metal methanesulfonates are centrosymmetric (55 out of 65 as
of Jan. 2025),"” however, and cannot be used as NLO materials.
As previously mentioned, adding additional anionic groups
could lower the symmetry and allow NLO properties to flour-
ish. There are currently only three mixed-metal methanesulfo-
nates reported, M[Au(SO;CHj3),] (M = Li*, Na*, Rb*),'® and only
five mixed-anionic methanesulfonates - (Bi(Se/Te)O3)
(SO;CH;), Ba(SO;CH;)(BF,), Ba,(SO;CH;);(BF4)(H,0)5,"° and
Na(S(OH);CH;)(BO;).>° Each of these compounds exhibit
unique structures and properties in contrast to their simple
binary salts and respective hydrates, e.g. Ba(SO;CHj3),, Ba
(SO3CH3),-1.5H,0, and NaSO;CHj;. The dearth of reported
complex metal methanesulfonates requires further
exploration.

Many binary metal methanesulfonates, e.g., LiSO;CH; and
Ba(SO5CH3),,">*" crystallize as layered structures that are ripe
targets for ion-substitution or -exchange as a rapid discovery
method for lamellar compounds.”*** For example, sodium

Dalton Trans., 2025, 54, 5301-5310 | 5301


http://rsc.li/dalton
http://orcid.org/0000-0003-1787-1040
https://doi.org/10.1039/d5dt00223k
https://doi.org/10.1039/d5dt00223k
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00223k&domain=pdf&date_stamp=2025-03-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00223k
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054013

Open Access Article. Published on 06 March 2025. Downloaded on 2/18/2026 4:52:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

methanesulfonate (NaSO3;CHj3), is structurally comprised of
[Nas(SO5CH3),]," 2D-layers with an intercalated [SO;CH;],~
anion.>® In the present work, we investigate NaSO;CH; as an
example structure-class to perform interlayer site-substitution
to discover new mixed-anionic metal methanesulfonates.
NaSO;CHj; is simple and low-cost to prepare as large crystals
and is generally easier to handle compared to its more hygro-
scopic counterparts. We discuss below the discovery of four
new and isostructural mixed-anionic metal methanesulfo-
nates, Nas(SO3;CHj3)4(X), where X = (I) [BF4]™, (II) [ClO,]7, (III)
[PFs]™, and (IV) [I]”. The known NaSO;CH; compound, or (V) X
= SO;CH;"~ for brevity, was similarly prepared for direct com-
parison. The new compounds crystallize in centrosymmetric
monoclinic space groups P2/n (no. 13) (I, I, IV) or I2/m (no.
12) (II) derived from the structure of (V) that crystallizes in the
orthorhombic space group Pbma (no. 57). Each compound
could be prepared in high purity through hydrothermal
methods, whereas compounds I-III could be grown as high-
quality centimeter-sized crystals under ambient conditions.
This manuscript discusses their preparation, crystal structure,
optical properties, and thermal stabilities.

2. Experimental

2.1. Reagents

Na,CO; (98%, Alfa Aesar), NaCl (99%, EM Chemicals),
HSO;CHj; (70 w/w% solution, Sigma-Aldrich), NaBF, (97%, Alfa
Aesar), HClO, (60-62% solution, Alfa Aesar), KPFs (99% min,
Alfa Aesar), and NH,I (99%, Sigma-Aldrich), and acetonitrile
(VWR) were used as reagents with no additional purification.

Caution: Perchloric acid (CAS#: 7601-90-3) is a strong oxidi-
zer, potentially explosive, and should be handled with great
care. All usage should be carried out in a fume hood specially
rated for HCIO, in case of spills.

2.2. Synthesis

Compounds I, II, and IV were synthesized using hydrothermal
methods. Nonstoichiometric mixtures of Na,COjz;, HSO3;CHj;
solution, and X (i.e., (I) NaBF,, (II) HCIO,, or (IV) NH,I) were
required for each reaction. The loadings were (I) 1.2 g
(11.3 mmol) Na,CO;, 0.84 g (7.7 mmol) NaBF,, and 1.5 mL
(14.9 mmol) HSO;CHj; (II) 1.15 g (10.9 mmol) Na,COs3,
0.34 mL (3.1 mmol) HCIO,, and 0.5 mL (5.0 mmol) HSO;CHj;
(IV) 1.00 g (9.4 mmol) Na,COs3, 0.547 g (3.8 mmol) NH,I, and
1.5 mL (14.9 mmol) HSO;CHj;. The reagent mixtures each had
1 mL of water added and were loaded into separate 23 mL
Teflon-lined autoclaves. The autoclaves were heated at a rate of
1 °C min™" to 220 °C for 96 h (4 days), and a cooled to room
temperature at a rate of 0.1 °C min~'. The products were
vacuum filtered and rinsed with 5 mL of acetonitrile to remove
excess solvent adhered to the surface prior to air drying. Each
reaction produced mm-scale crystals that could be mechani-
cally separated and then cut for single-crystal X-ray diffraction.
Compounds I, II, and IV each had yields of 78%, 79%, and
70%, respectively, with respect to the X-containing reagent.
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Compound III could not be prepared under similar reaction
conditions.

Large crystal growth of compounds I-IIl and V was per-
formed through solvent evaporation at ambient conditions by
mixing Na,CO;, and X (i.e., (I) NaBF,, (II) HCIO,, or (IIT) KPF,)
in 10 mL of HSO3CH; and 30 mL of deionized water giving a
total volume of approximately 45 mL in each reaction.
Loadings were (I) 2.428 g (22.9 mmol) Na,CO; and 1.6836 g
(15.3 mmol) NaBF,; (II) 2.3 g (21.7 mmol) Na,CO; and
0.679 mL (6.2 mmol) HCIO,; (III) 2.04 g (34.9 mmol) NacCl,
1.28 g (7.0 mmol) KPF; (V) 2.5 g (23.6 mmol) Na,CO;. Plastic
containers were used for compounds I and HI as the [BF,]”
and [PF,]™ anions attack glass. Each liquid mixture was placed
uncovered on a benchtop in air except compound III which
was in a fume hood rated for HClIO,. Centimeter-scale (I, II, V)
plate and (III) rectangular prism crystals appeared after 1-2
weeks. Compound IV could not be prepared under similar con-
ditions. Crystals were mechanically separated from the mother
liquor before vacuum filtration and rinsing with 10 mL of
acetonitrile to remove the excess. All large crystals are stable in
air for several months.

2.3. Structural determination

Single-crystal X-ray diffraction (SCXRD) for compounds I-IV
was performed with crystals obtained from hydrothermal syn-
thesis described above. Data was collected using a Bruker
SMART X-ray diffractometer using with a CCD detector and
graphite monochromator, controlled through the APEX2 soft-
ware.?® Data collection was obtained with a Mo Ka source (1 =
0.71073 ;\) at 298 K. The SAINT and SADABS programs were
used to integrate the collected frames and to correct for
absorption, respectively, and the space group confirmed by the
XPREP software.”’®*” The structure solution was obtained by
using the ShelXT direct method and intrinsic phasing prior to
structural refinement with ShelXL in the Olex2-1.5 software
package.?®*' The PLATON and ADDSYM software packages
were used to check for missing symmetry elements.*>* Bond-
valence summations (BVS) were calculated using method
described by Brown®> with parameters obtained from the
International Union of Crystallography and reported crystal
structures containing X-group motifs.***° The structure refine-
ment summary for compounds I-IV, BVS, bond lengths, and
bond angles, are contained in Table 1 and Tables S1-S5 in the
ESL.¥ The crystallographic information files (cifs) for com-
pounds I-IV are provided as part of the electronic ESL{ The
crystal structure for compound V has been previously reported
elsewhere (CCDC no. 1105562).>* All structural models were
constructed using the VESTA software."!

All powder X-ray diffraction (PXRD) data was collected on
ground crystals with a PANalytical Empyrean diffractometer
using Cu Ko radiation (4; = 1.54059 A, 1, = 1.54432 A, L/I, =
0.5) in Bragg-Brentano geometry on a fixed glass plate.
Indexing of the primary crystal facet was observed by mount-
ing a crystal flat on the sample stage position and rotating the
crystal 90° before subsequent scans. PXRD data sets from the
indexing method are provided in Fig. S7 in the ESL{

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of crystal data and structural refinements for compounds I-IV. All data were collected using a Mo Ka (1 = 0.71073 A) source at

298 K

Formula Nas(SO3CH3)4(BF,) Nas(SO3CH3)4(ClO,) Nas(SO3CH3)4(PFs) Nas(SO3;CH3)4(1)
Crystal size (mm) 0.20 x 0.30 x 0.50 0.40 x 0.40 % 0.35 0.15 x 0.13 x 0.05 0.05x%0.10 X 0.12
Formula weight (g mol™") 582.14 594.78 640.30 622.23

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2/n (13) P2/n (13) I2/m (12) P2/n (13)

a(A) 12.524(4) 12.6653(7) 12.9030(3) 12.4118(4)

b (A) 5.534(1) 5.5400(3) 5.5449(1) 5.5158(2)

c(A) 15.001(4) 15.0037(9) 15.1892(6) 14.9258(5)

B(°) 102.878(4) 103.263(3) 103.946(2) 102.489(2)
V(A% 1013.5(5) 1024.67(10) 1054.69(5) 997.66(6)

zZ 2 2 2 2

Deale (g cm™) 1.907 1.928 2.016 2.071

u (mm™) 0.664 0.773 0.734 2.181

GooF on F* 1.050 1.049 1.046 1.009

RyWR, [T > 20(I)]°
RyWR, (all data)”

F(000)

Largest diff. peak/hole (e A™)
Reflections total, unique

Rinty Rc

0.0288/0.0776
0.0358/0.0819
584

0.56, —0.43
9448, 2352
0.0294, 0.0215

0.0269/0.0781
0.0281/0.0813
600

0.0311/0.0710
0.0407/0.0760
640

0.0293/0.0716
0.0575/0.0716
608

0.45, —0.67 0.38, —0.35 0.60, —0.50
35337, 2567 8438, 1246 31164, 2734
0.0286, 0.0104 0.0349, 0.0221 0.063, 0.0296

“Ry = Z||Fo| = |Fel [/ X|Fol; WRy = {EW[(Fo)” = (F) ' Zwl(Fo) T

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) were used to confirm crystal hom-
ogeneity and elemental composition. SEM/EDS was performed
using an Axia-ChemiSEM (Thermo Fisher) equipped with EDS
and cathodoluminescense detectors. SEM images with EDS
elemental mapping as well as the raw EDS spectra are con-
tained in Fig. S1-S6 in the ESL.}

2.4. Thermal stability and optical characterization

The thermal stability of compounds I-V were determined
using thermogravimetric analysis (TGA) on an EXSTAR 6300
TG/DTA. Data was collected under N, flow from 25-600 °C and
a ramp rate of 10 °C min™". Thermal decomposition was per-
formed by annealing each compound in an evacuated and
sealed quartz tube at 600 °C for 2 h. Partial pyrolysis was inves-
tigated by annealing single-crystals of I-IV at 300 °C for 2 h
under static vacuum. Diffuse reflectance spectroscopy was col-
lected from 200-1200 nm on a JASCO V-770 UV-Visible/NIR
spectrophotometer with a Spectralon reference. Optical band-
gaps were estimated using the Tauc method and extrapolating
the square of the remission function to the baseline.*>™**
Fourier-Transformed Infrared (FT-IR) spectroscopy was per-
formed over the range of 400-4000 cm™" using a Thermo
Scientific Nicolet iS10 FT-IR spectrophotometer.

3. Results and discussion

3.1. Synthesis and crystal structures

The anionic groups [BF,]”, [ClO,]”, and [PF¢]|™, and [I]” were
chosen as interlayer substituents for NaSO;CH; as they have
similar ionic radii and charge to the [SO;CH;]™ anion although
different coordination environments. Each listed anion is con-
sidered a “non-coordinating ion”*> and possess similar charge
densities (r = 2.2-2.24 A).***® We anticipate the four anionic

This journal is © The Royal Society of Chemistry 2025

groups have similar bonding affinities as the mesylate group.
Therefore, isostructural substitution is a reasonable approach
to new metal methanesulfonates. Compounds I, II, and IV
were prepared via hydrothermal synthesis and large crystals of
I-III and V were grown at room temperature through slow evap-
oration of solvent. IV could not be grown by solution evapor-
ation owing to the instability of the solvated [I]” anion in the
presence of oxygen. PXRD of ground crystals and photographs
of I-IV crystals are shown in Fig. 1 and the crystal structure
refinements in Table 1. As shown in Fig. 1, each crystal is
single-phase and the PXRD data are in good agreement with
the calculated Bragg-peaks obtained from SCXRD. The
reported (V) NaSO3;CHj; typically grows as long, rectangular
platelets (Fig. S71), while I and II have blade and angular plate
habits. III and IV grow as rectangular prisms and irregular
prisms, respectively. The largest single-crystals obtained for
each compound were (I) 1.4 x 0.5 x 0.1 (II) 1.0 x 0.5 x 0.1, (III)
1% 0.4 X 0.4, all in cm?, and (IV) = 1.4 x 1.5 x 1 in mm®. The
primary facets of the cm-scale crystals for I-III and V were
indexed (Fig. S71) to the (101) (I, II), (001) (IIL), or (020) (V)
interlayer planes, similar to their PXRD. Crystals of IV were too
small to index, however PXRD suggests the crystal orientation
is similarly layered in preference. EDS (Fig. S1-S6t) agree with
the XRD-determined composition. Compounds I, II, and IV are
highly oriented in a layered habit, increasing the intensity of
the PXRD peaks corresponding to the {101} planes. This is
especially true in IV, where the (303) is significantly more
intense than calculated. Crystals of I-1II are air stable, however
IV and all the powders are significantly hygroscopic. IV in
general appears to leak iodine slowly into its surroundings
and produces red-brown stains.

The unit cells of I-V as determined by SCXRD are shown in
Fig. 2 with a schematic representation of the structural simi-
larities and the local coordination environments in Fig. 3,
while full crystallographic data including atomic coordinates

Dalton Trans., 2025, 54, 5301-5310 | 5303
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Fig. 1 PXRD of compounds (A) I, (B), Il, (C) lll, and (D) IV with calculated PXRD patterns (red) below. (Inset) photographs of the as-grown crystals of
I-1V with the primary face indexed.

Substitution

S
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(1) [PFgI

Nag(SO,CHj),(PFe)
Fig. 2 Unit cells and structural evolution of Nas(SOzCHz)4(X) where X = (A) (V) [SOzCHz]~, (B) (I) [BF41~, (C) (II) [CLO4I~, (D) (1ll) [PFe]l™, and (E) (IV) [1]~

through anionic substitution of the interlayer anion site. The cyan box on A shows the prototype unit cell of I-IV and the green boxes are the substi-
tuted crystallographic site.
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bond lengths and angles are available in Table 1 and Tables
S1-5.1 The known V (Fig. 2A) crystallizes in the orthorhombic
space group Pbma (no. 57) with lattice parameters a = 17.0713
(6) A, b = 22.0217(6) A, and ¢ = 5.6058(3) A, and V = 2107.4(1)
A3. Compounds I, 1, and IV crystallize in the monoclinic space
group P2/n (no. 13) while III crystallizes in I2/m (no. 12) with
similar lattice parameters. Boxes drawn in Fig. 2A illustrate the
structural evolution. The higher symmetry substituent-anions
[BF4]™, [ClO,]7, [PFs]™, and [I]” (Fig. 2B-E) do not require mul-
tiple layers to describe since they disorder over a single site as
opposed to the ordered [SO;CH;]™. Their coordination will be
discussed further below. The resulting unit cells have a
reduction in volume of ~4, ie., (V) 2107 A’ > (I) 1013 A, and a
reduction of overall symmetry, orthorhombic — monoclinic.
The resulting lattice parameters and p-angle of I-IV are com-
parable to each other as shown in Table 1. BVS calculations
(Table S1t) are in agreement with the anticipated oxidation

View Article Online
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ively. The intralayer [SO3CH3]™ anions are similarly unaffected by
the substitutions with S-O and S-C bond lengths of 1.453(4) A
and 1.753(3) A, all consistent with the reported crystal structure
for V.>* In V, the distorted and polar [SO;CH;]™ tetrahedra align
in an antipolar arrangements between each layer yielding an
overall centrosymmetric crystal structure. The disordered
anionic groups fall into two categories. The first are the tetra-
hedral (I) [BF,]™, (I) [ClO,], units, shown in Fig. 3A (top). In I
and II, the nonpolar tetrahedra are only bonded on one axis and
are free to rotate as there is no hydrogen bonding nor crystalline
waters by SCXRD to prevent rotation. The two disordered frag-
ments superimposed form a pseudo-octahedron (Fig. 3B, top),
and fill the interlayer space. In I, the average Na-F and B-F bond
distances are 2.22(8) A and 1.38(2) A, respectively, slightly
shorter to that of the crystal structure of NaBF, (ICSD no.
1607866, 2.359 A and 1.389 A, respectlvely) The average Na-O
and CI-O bond distances in II are 2.305 A and 1.362 A, respect-

states for each structural unit S(vi), Na(1), 0*7, C(wv), B(m), F~, ively, similarly slightly shorter to that of the NaClO, crystal struc-
P(v), I", and Cl(vi). ture (CCDC no. 8103733, 2.45(8) A and 1.435(3) A, respectively).
A B
0
D
+ = G
€
x

@ N\a @o OH Os Oc

Os @c OF @r @
Fig. 3 (A) Interlayer anion coordination for Nas(SO3zCHz)4(X) where X = () [BF4I~, () [ClO4I~, (1) [PFel~, and (IV) 117, (B) deconvolution of the dis-

ordered tetrahedral (top) and octahedral (bottom) fragments, and (C) a partial 1D-slice of the edge-sharing [Nas(SOsCHz)4],," layers that comprise I-V.

The primary structural motif in I-V are the
[Nas(SO3CHj3)4]," layers that are comprised of edge-sharing
and distorted NaOg octahedra with bridging [SO;CH;]™. A 1D-
slice of this motif is shown in Fig. 3A. In I-IV, the
[Nas(SO3CHj3)y]," layers remain largely unchanged. For
example, the shortest, longest, and average Na-O bond lengths

in I-V are all within 2.30(2) A, 2.84(2) A, and 2.49(1) A, respect-

This journal is © The Royal Society of Chemistry 2025

Similarly, III which contains the [PF¢]” octahedral anion
that is disordered over two positions forming a pseudo-spheri-
cal group (Fig. 3A and B, bottom). The higher symmetry
pseudo-spherical disorder in the [PF¢]” group gives the lattice
an additional body-centering (I) symmetry element. The
average Na-F and P-F bond lengths are 2.4(3) A and 1.56(2) A,

which is significantly longer than the Na-F bonds but close to

Dalton Trans., 2025, 54, 5301-5310 | 5305
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the P-F bond lengths in NaPF, (ICSD no. 90615, 2.262(4) A
and 1.545(4) A). Therefore, the [PFq]” group is not internally
distorted and retains its stableconfirmation. In compound IV
there is no crystallographic disorder since [I]” is already
spherical, however it does not possess the I symmetry since it
is slightly distorted off the center position in the interlayer site
(Wyckoff position 2¢ in I2/m or 2e in P2/n). This could be
owing to partial iodine sublimation, however, as has been
observed in other iodide containing compounds and men-
tioned above.’”*®*° In IV, the Na-I distance is noticeably
longer than the Na-X length in I-IIl and V at 3.1975(1) A but
this is consistent with the stable Na-I bond length in the Nal

salt (ICSD no. 53823, 3.237(3) A)

3.2. Thermal stability

There is generally limited available literature data on the
thermal decomposition pathways of methanesulfonate salts
owing to their complexity and postulated radical intermediates.”*
Presently, there are some decomposition temperatures and
residue PXRDs of simple binary metal methanesulfonates and
generally decompose from 350-500 °C.>>* Owing to this com-
plexity, only the net decomposition and temperatures will be dis-
cussed herein for characterization purposes. In each of the com-
pounds I-V, the primary mass component is the [SO;CH;]”
group, accounting for 60-65 mass%, with each X-group account-
ing for 15-22 mass%. I-IV behave similarly to V, albeit at varying
temperatures and decomposition pathways likely owing to the
enhanced molecular complexity, discussed below (Fig. 4).
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The internal standard, V (Fig. S87) is somewhat hygroscopic
and loses ~0.2 equivalents of water at 55-60 °C. It decomposes
at 435-450 °C into Na,CO; and loses 52.68% of its mass. This
is attributed to the nonstoichiometric decomposition of the
methanesulfonate group into primarily sulfur in the form of
S0,, consistent with previous literature.>* PXRD plots of each
residue for I-IV are shown in Fig. §9.1 Similarly, compound I
is more hygroscopic and loses ~1.6 molar equivalents of
adsorbed water from 50-200 °C. Compound I decomposes
from 450-490 °C into NaF. Therefore, the corresponding mass
loss of 67.48% is likely the entire [SO;CH;]™ group as well as
the NaBF, — NaF(s) + BF;3(g) in a concerted step. Compound II
is significantly more hygroscopic, losing ~3.2 equivalents of
water at 80-100 °C. It decomposes at 420-435 °C into a
mixture of NaCl, Na,COj;, and Nag(CO3)(SO4), owing to the
complete decomposition of the [ClO4]” subunit and partial
decomposition (18.78 mass%) of the mesylate group. The rate
of decomposition of the mesylate unit observed in I and V is
significantly reduced in II over the measured range
(24.24 mass% vs. > 50 mass%), perhaps inhibited by the NaCl
presence or a semi-stable intermediate.

Compound III is not measurably hygroscopic by TGA but it
has three decomposition steps in the range of 360-520 °C. The
residue contains Na,COj;, Na,(PO,),F, and NaF, suggesting a
complete release of sulphur while retaining most of the phos-
phorous and some fluorine. The decomposition is likely
initiated (—36.31%) by the [PF¢]” group since NaPF; has lower
thermal stability than NaSO;CH; (285 °C vs. 435 °C, respect-
ively).”® The second (—6.59%) and third (—19.07%) steps begin
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Fig. 4 TGA results for (A—D) I-1V from 50—-600 °C under N, flow. PXRD of each residue and the TGA data for V is shown in the ESI Fig. S8 and S9.}

5306 | Dalton Trans., 2025, 54, 5301-5310

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00223k

Open Access Article. Published on 06 March 2025. Downloaded on 2/18/2026 4:52:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

at 460 °C and 510 °C, respectively. The evolved gases are there-
fore likely rich in CO,, SO,, HF, and H,O. The pyrolysis pro-
ducts of IV were poorly crystallized and more challenging to
determine well. Compound IV is similarly hygroscopic to II
and loses 2.9 molar equivalents of water from 50-120 °C. A
rapid mass loss of 20.12 mass% occurs at 390 °C which is
likely the I (20.4 mass%) as the residue appears to primarily be
a mixture of Na,CO;-Na,SO, solid solutions, with no crystal-
line I-containing phases. Additional decomposition of the
mixed carbonate-sulfates continues for an additional
5.5 mass% over the measured temperature range. In summary,
the relative thermal stability of I-IV is similar to V and pre-
viously reported metal methanesulfonates although the path-
ways change depending on the X-group. Lastly, the thermal
stability of I-IV was examined after annealing crystals of each
at 300 °C under vacuum. PXRD of the ground crystals are
shown in Fig. S11.} IT and III showed no visual change nor sig-
nificant change by PXRD. Crystals of I became opaque and
there are some minor changes in peak intensities. IV has
nearly completely changed structure to another unknown
phase.

3.3. Optical properties

The diffuse reflectance spectroscopy results from 200-1200 nm
for compounds I-IV are shown in Fig. 5 and compound V in
Fig. S10.1 I-III and V have wide transparencies in the visible
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region from 400-1100 nm. All four compounds share a weak
absorption band at 1170 nm which is common amongst metal
methanesulfonates®® and is also present in V. The absorption
cutoff edges (4aps) were estimated from the data as <200 nm
for I and III, 210 nm for II, and 230 nm for IV. The bandgaps
(Eg, Fig. 5 insets) were estimated to be (I) 5.4, (II) 5.5, (III) 5.2,
and (IV) 4.5, all in eV. Compound IV has one lower energy
absorption bands from the [I]” centered at 365 nm, and the
cause of the yellow coloration of the crystals. It is likely that
the 365 nm band is due to the partial oxidation of the [I]” in
air to I, or 10,”.°! For comparison, the s and E, of V were
measured to be 210 nm and 5.3 eV, respectively. Despite no
change in the [Na5(SO;CH;),]" structural layers, the absorption
cutoffs have decreased into the deep-UV (1 < 200 nm) from
substitution of [SO;CH;]” for [BF,]” and [PFs]”, no change
with [ClO,]7, and increased to 230 nm with [I]".

The FT-IR spectra of compounds I-IV over the range of
400-4000 cm™" are provided in Fig. 6 and Fig. S107 for V. A full
list of spectral peak assignments and frequencies has been
tabulated in Table S6 in the ESL{ The characteristic peaks
from the sodium methanesulfonate structural unit (i.e., C-H,
S-0, etc.) produce similar FT-IR spectra with minor shifts in
frequencies between I-V and have been thoroughly investi-
gated elsewhere.?” In brief, the SO; asymmetric and symmetric
stretches occur at 1180-1250 cm™' and 1050-1100 cm™,
respectively. The CH; asymmetric and symmetric stretches
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Fig. 5 UV-Vis-NIR diffuse reflectance spectroscopy results for (A-D) I-IV from 200-1200 nm. (insets) Tauc plots of the remission function
squared. Bandgaps (Eg) were determined by extrapolating to the baseline (red lines).
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from 4000-400 cm™™. FT-IR spectrum for V is in Fig. S10B in the ESL.{

occur at 3000-3050 cm™ " and 2940 cm™', respectively. The
bending modes for SO; and the SO; + CH; combination bands
are in the 530-800 cm ™" region, while the CH; bends are cen-
tered at 1330-1350 cm™.

For the new IR peaks observed, I has new peaks corres-
ponding to B-F stretches at 1039 and 534 cm™" which overlap
with the mesylate vibrations.”® II has a new sharp peak at
635 cm™! from ClO, asymmetric bending.’® III similarly has
new peaks owing to the PF4 stretching 858 and 829 cm™".%°
New peaks emerge from at ~850 and 890 cm™' in II and IV
that are proposed to be water libration, similarly observed in
multiple metal sulfonates and hydrates.”” This is consistent
with compounds II and IV having higher hygroscopicity. Broad
bands at 3400-3450 cm™ " attributed to water are present in all
but compound III, which was also observed to be the least
hygroscopic and had no water loss in the TGA as described
above. No new peaks were observed, nor expected, for Na-I
stretching in compound IV. These data confirm the crystallo-
graphic structure and purity of the crystals obtained and the
X-group substitution.

4. Conclusions

The present work investigated using anionic site-substitution
as a structure building method to discover new metal metha-
nesulfonates with mixed-anionic groups. Experiments resulted
in large crystals of four new compounds, Na5(SO;CHj3)4(X) (X =
(I) BFy, (II) ClOy, (II) PF, and (IV) I), each isostructural with
the known NaSO;CHj salt (X = SO3;CHj3). Compounds I, II, and
IV each crystallize in the monoclinic space group P2/n (no. 13)
whereas III crystallizes in the monoclinic space group I2/m
(no. 12). The four anionic groups were chosen as they have
similar charge density to the [SO;CH;]” anion, and were suc-
cessfully fully substituted seamlessly into the host
[Nas(SO5CHj3),]," layered substructure. I-III have wide optical

5308 | Dalton Trans., 2025, 54, 5301-5310

View Article Online

Dalton Transactions

transparency in the visible-NIR range (400-1200 nm) and I and
III have deep-UV A,ps < 200 nm and II has 4,5 = 210 nm. IV
has significant absorption at 350-400 nm due to iodide oxi-
dation in air. I-IV have large optical bandgaps of 5.4, 5.5, 5.2,
and 4.5, all in eV, respectively. Compounds I-III are thermally
stable up to 350 °C while IV undergoes a phase transition
prior to decomposition. The simple synthesis method and
resulting >1 cm optical-quality crystals of I-III highlights the
tuneability of metal methanesulfonate structures and is a
promising method for discovering more new compounds with
diverse properties.
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