7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Facile room-temperature synthesis of layered
o transition metal phosphonates via hitherto

Cite this: Dalton Trans., 2024, 53, .

14399 unknown alkali metal tert-butyl phosphonates+

’ M) Check for updates ‘

Anuj Kumar, Aheli Ghatak and Ramaswamy Murugavel (& *

A facile room-temperature synthetic method is presented to produce alkali metal salts of tert-butyl phos-
phonic acid. The reaction between equimolar amounts of alkali metal carbonates and tert-butyl phospho-
nic acid in methanol results in the formation of [(‘BuPOzH)Li(H>O)s-(H>0)] (1), [(‘BuPOz)Nas(H20)4l, (2),
and [(‘BuPOzH)K(H,0)l, (3). Solid-state structures of these compounds have been confirmed by single-
crystal X-ray diffraction studies and further validated using numerous spectroscopic and analytical tech-
nigues. Compounds 1-3 are polymeric solids that are predominantly made up of a 1-D polymeric metal
phosphonate chain. This synthetic approach leads to the formation of network structures/polymers in the
solid state that otherwise are absent in solution due to the ionic nature of the interaction between the
alkali metal ions and phosphonate anions. Apart from the multidentate nature of the phosphonate
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ligands, additional hydrogen bonding interactions involving water molecules, free P-OH groups, and
P=0O moieties allow these chains to be propagated into 2-D sheets. We have further utilized the comple-
tely metalated sodium phosphonate 2 to synthesize layered metal phosphonates [(‘BuPOz)Ca(H,0)l, (4),
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Introduction

Metal phosphonates [RPO;M] have been studied for well over
half a century owing to their utility in several fields such as
adsorption and separation, sensing and laser technology, ion
exchange materials, proton conductivity, nonlinear optical
materials, water treatment, luminescent materials, catalysis,
magnetism, and biochemical applications."™" While the focus
of these studies has been mainly concentrated around the
transition metal ions,”>'® the chemistry of s- and p-block
elements containing phosphonates has been only sparsely
investigated.>'*>' Though homometallic alkali metal phos-
phonates are fewer in number,>*>* several aluminum, gallium,
and other metal-containing phosphonates that simultaneously
incorporate alkali metal ions such as Na* and K' have been
studied to understand the structural chemistry of zeolites and
the crown-ether-like coordination of alkali metal ions.”*>° The
fact that the most comprehensive book on metal phosphonate
chemistry published in 2012 does not devote a chapter or
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[(‘BUPOz)Mn(H,0)1, (5) and [(‘BuPOz)Co(H,0)l, (6) via a simple metathesis reaction.

section to the study of alkali metal phosphonates summarizes
the paucity of work on alkali metal phosphonates." This could,
however, be directly related to the predominately ionic type of
interaction between phosphonate anions and alkali metal
ions, often resulting in very high solubility in water, unlike
transition metal phosphonates that form stable 2-D layered
structures through an extensive network of covalent
bonds.>’ ! Although their high solubility may appear to be a
disadvantage to prepare stable frameworks in the solid state,
alkali metal phosphonates can be used as soluble sources for
the preparation of transition metal phosphonates through
metathesis reactions with appropriately chosen starting
materials under ambient reaction conditions.

Since the 1970s, most metal phosphonates have been syn-
thesized from phenylphosphonic acid, which has been readily
available in large quantities.*>** This, however, considerably
changed during the 1990s with the introduction of tert-butyl
phosphonic acid [‘BuP(O)(OH),] as a ligand in metal phospho-
nate chemistry.*>>* tert-Butyl derivatives not only provide
better solubility in organic solvents (vis-a-vis phenyl phospho-
nic acid) but they are also capable of producing various well-
defined molecular clusters that resemble several zeolite build-
ing blocks apart from producing layered structures.***>°* As a
result, this ligand system has garnered substantial interest
where the initial focus was mainly concentrated on p-block
tert-butyl phosphonates.**"**3*>° The majority of these com-
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pounds are discrete clusters, which are soluble in organic sol-
vents facilitating solid-structure determination by single-
crystal X-ray diffraction studies. Subsequently, several tran-
sition metal phosphonates incorporating paramagnetic metal
ions have been synthesized and structurally characterized with
the study of molecular magnetism being the main
focus.”™®"%? In spite of the rich chemistry that has been devel-
oped with tert-butyl phosphonic acid during the last 25 years,
no single alkali metal phosphonate has ever been prepared.

In order to bridge this missing link in metal phosphonate
chemistry, we have synthesized alkali metal phosphonates
using appropriate metal precursors and crystallized the pro-
ducts to obtain 1-D polymeric structures of [(‘BuPO;H)Li
(H,0)5:(H,0)] (1), [(‘BuPO5)Na,(H,0),], (2), and [(‘BuPO;H)K
(H20)],, (3). This unique ligand, featuring two acidic protons
and one phosphoryl oxygen, exhibits the ability to coordinate
with neighboring metal ions and form larger supramolecular
aggregates. These complexes display exceptional solubility in
organic solvents. Moreover, we have utilized compound 2 as a
precursor to synthesize layered metal phosphonates [(‘BuPO;)
Ca(H,0)],, (4), [("BuPO;)Mn(H,0)], (5) and [(‘BuPO;)Co(H,0)],
(6) via a simple metathesis reaction.

Results and discussion

Synthesis and spectral characterization of alkali metal
phosphonates 1-3

Preparation of alkali metal salts of various main group acids
normally involves the use of organolithium reagents (such as
n-BuLi, LiNMe,, etc.) or alkali metals. However, attempts to
prepare Li, Na, and K salts of tert-butyl phosphonic acid in
organic solvents using these methods have produced mixtures
that could not be separated. In contrast, a synthetic method-
ology involving a reaction between alkali metal carbonates or
bicarbonates (Li,CO3, NaHCOj3, or KHCO3) and tert-butyl phos-
phonic acid (“BuP(O)(OH),) in a methanol-water solution
readily produces lithium tert-butyl phosphonate [(“BuPO;H)Li
(H,0);:(H,0)] (1), sodium tert-butyl phosphonate [(‘BuPOj;)
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Na,(H,0),], (2), and potassium tert-butyl phosphonate
[(‘BuPO;H)K(H,0)], (3) (Scheme 1). Compounds 1-3 have been
obtained as colorless crystals from the reaction mixture by
slow evaporation of the solvent at room temperature and sub-
sequently characterized by using various spectroscopic and
analytical methods. The molecular structures of all three com-
pounds have further been elucidated through single-crystal
X-ray diffraction studies. Owing to their ionic nature, these
compounds are freely soluble in water. The as-synthesized
alkali metal phosphonate complexes are ionic in nature having
several coordinated and lattice water molecules. ICP-AES ana-
lysis has provided evidence for the alkali metal-to-phosphorus
ratio being close to 1 in all three samples (Table S10t). The
removal of crystals from solution resulted in loss of water and
hence the elemental analyses differed slightly from the calcu-
lated values.

The infrared spectra of compounds 1-3 show broad peaks
at 3366 cm™* for 1, 3426 and 3518 cm™" for 2, and 3524 cm™*
for 3, corresponding to the O-H stretching frequency of H,O
moieties. The absorption bands detected within the
3000-2900 cm™* range are attributed to the C-H stretching
vibration of the alkyl groups. Specifically, the absorption
bands observed at 1144, 1050, and 902 cm™" for 1, 1133, 1071,
and 1013 em™* for 2, and 1130, 1041, and 900 cm™" for 3 are
assigned to the stretching frequencies of P—=O and P-O-M
(antisymmetric and symmetric) bonds, respectively (Fig. S17).

Additional evidence for the existence of alkali metal phos-
phonate complexes 1-3 was obtained through the analysis of
their *'P NMR spectra. In the solution state, all three com-
pounds exhibit a similar single resonance spectrum with
almost identical chemical shifts in D,O at § 33.09 ppm for 1, §
32.73 ppm for 2, and § 32.96 ppm for 3. This indicates that in
solution the phosphonate is in an ionized state with no P-O-M
linkage. Hence, solid-state NMR measurements were conducted
for complexes 1-3 where a clear downfield shift is observed,
which is consistent with the nature of bonding between
phosphonate oxygen and metal ions. Single-pulse solid-state
3P NMR spectra show resonances at § 40.20 and § 39.65 ppm
for 1, § 37.31 ppm for 2, and § 24.45 ppm for 3 (Fig. 1). The

[BUPO3H2

LLGOs
MeOH, H,0

[('BUPO3H)Li(H,0)3:(H20)]
1

[(‘BUPO3)Naz(H;0)4ln

2

KHCO3
MeOH

NaHCO;
MeOH, H,0

[(‘BUPO3H)K(H2O)],
3

MCl,(H,0),
MeOH, H,0

[('BUPO3)M(H20)],
M = Ca (4), Mn (5), Co (6)

Scheme 1 Synthesis of alkali metal phosphonates 1-6.
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Fig. 1 CP-MAS 3P NMR spectra of 1 and 2 (162 MHz), and 3 (202 MHz)
(5 in ppm).

appearance of two signals for 1 could be rationalized as being
due to small differences in the phosphorus environment caused
by the position of the proton of the un-ionized P-OH group.

All the compounds exhibit a similar CP-MAS "*C NMR spec-
trum where the more intense upfield signals observed at
25.36 ppm for 1, § 31.51 ppm for 2 and 6 22.86 ppm for 3
correspond to the methyl carbon of the tert-butyl group. The
downfield doublets observed at § 30.06 ppm for 1, § 35.08 ppm
for 2 and 6§ 26.83 ppm for 3 arise from the tert-carbon of the
butyl group with a “Jp_¢ coupling of § 141, 145, and 138 Hz,
respectively. Additionally, the “Li CP-MAS NMR spectrum of 1
exhibits a single well-defined resonance at § 1.70 ppm, indicat-
ing the presence of a single type of Li center in compound 1
(Fig. S37).

Molecular structure of [(‘BuPO;H)Li(H,0);-(H,0)] (1).
Colourless plate-like crystals of 1 are obtained by the slow
evaporation of a MeOH:H,O solution (30:5 mL) at room
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temperature over a period of two weeks. Single-crystal X-ray
diffraction studies reveal that compound 1 crystallizes in the
triclinic P1 space group. The asymmetric unit of compound 1
contains one Li ion, one mono-deprotonated tert-butyl phos-
phonate, and four H,O molecules. The Li ion is coordinated to
the phosphonate group, forming a monomeric lithium tert-
butyl phosphonate structure as shown in Fig. 2a. The tetra-co-
ordinated Li ion is surrounded by one oxygen ion of the phos-
phonate group and three H,O molecules adopting a tetra-
hedral geometry.

The Li-O distances are non-equal. The Li(1)-O(1) distance
1.906(5) A is the shortest and corresponds to the lithium ion-
to-phosphonate oxygen. The lithium-to-water oxygen bonds are
comparatively longer (Li(1)-O(6) 1.959(5), Li(1)-O(5) 1.975(5),
and Li(1)-O(4) 1.938(5) A). The Li-O bond distances are com-
parable to those observed in similar Li phosphates recently
reported by us.®® The observed P-O bond distances are P(1)-O
(1) 1.503(1), P(1)-0O(2) 1.508(2), and P(1)-O(3) 1.591(2) A. The
£20-Li-O angles vary over the range 103.9(2)° to 115.6(2)°.
Intermolecular H-bonding between the uncoordinated P-OH
group of one phosphonate and coordinated oxygen of a nearby
water molecule in 1 leads to the formation of a H-bonded poly-
meric chain. This compound is also additionally stabilized by
intermolecular hydrogen-bonding interactions between O(3)-H
(3)--0(7) (2.585 A, 153.9°), O(7)-H(7A)--O(1)"* (2.730 A,
170.4°), and O(4)-H(4A)---O(5)"* (2.862 A, 165.1°). (Fig. 3).

Molecular structure of [(“BuPO;)Nay(H,0),]. (2). Colourless
plate-like crystals of 2 were obtained by the slow evaporation of
a MeOH : H,O solution (30: 5 mL) over a period of two weeks.
Single-crystal X-ray diffraction studies revealed that compound
2 crystallizes in the monoclinic P24/c space group. The asym-
metric part of the unit cell of 2 consists of two Na ions, one
doubly deprotonated tert-butyl phosphonate, two terminal and
two bridging H,O molecules. While one of the sodium ions,
viz. the hexa-coordinated Na(1), is exclusively coordinated by
water molecules, the second sodium ion, viz. tetra-coordinated

Fig. 2 (a) Molecular structure of 1; (b) coordination polyhedron of a Li ion in 1. Selected bond lengths (A) and bond angles (°): Li(1)-O(1) 1.906(5);
Li(1)-O(4) 1.938(5); Li(1)-0O(5) 1.975(5); Li(1)-0O(6) 1.959(5); P(1)-O(1) 1.503(2); P(1)-0O(2) 1.508(2); P(1)-0O(3) 1.591(2); and P(1)-C(1) 1.815(3). O(1)-Li(1)—
0O(4) 115.6(3), O(1)-Li(1)-0O(5) 109.7(2), O(1)-Li(1)-0O(6) 111.9(2), O(4)-Li(1)-O(5) 103.9(2), O(4)-Li(1)-0O(6) 109.3(2), and O(6)-Li(1)-O(5) 105.7(2).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Intermolecular hydrogen bonding interactions in 1 between the hydrogen atoms of coordinated water molecules and O1, O4, and O5 of

the phosphonate ligand, leading to (b) the formation of 2-D sheets, which are stacked one over the other.

Na(2), is coordinated by both the phosphonate ligand and
water (Fig. 4).

In 2, the ‘BuPO,*” ligands bridge the adjacent Na(2) ions
along a polymeric chain through its deprotonated oxygen
atoms O(1) and O(3). The Na(2) ions are additionally co-
ordinated by bridging oxygen atoms of water O(4) and O(6),
which emanate from an adjacent polymeric chain. This chain
is made up of only Na(1) ions, which is coordinated with two
terminal water molecules (O(5) and O(7)) apart from twice the
number of O(4) and O(6). Overall, in the structure, alternating
sodium phosphonate and hexa-aqua sodium polymers lead to
the formation of two-dimensional structures (Fig. 5a), which
are actually stacked one over the other to form a lamellar struc-

ture as shown in Fig. 5b. The adjacent layers are terminated by
tert-butyl groups and are held together by van der Waals inter-
actions. The Na-O(P), Na-O(water) and P-O distances listed in
the caption of Fig. 4 are similar to those observed in the case
of other ionic sodium phosphonates or phosphates reported
earlier.*®®® The 2O-Na-O angles vary over the range 83.1(1)°
to 176.0(1)°. The geometry around Na(1) is nearly octahedral
while the polyhedron around Na(2) can best be described as a
trigonal pyramid (or vacant tbp), as evidenced by SHAPE ana-
lysis (Table S2t).

Molecular structure of [(‘BuPO;H)K(H,0)], (3). Colorless
plate-like crystals of [(‘BuPO;H)K(H,O)], (3) suitable for X-ray
diffraction were obtained by the slow evaporation of methanol

(a)

(Bridging H,0)
04

©

Fig. 4 (a) A segment of the polymeric chain in 2; (b and c) coordination

polyhedra of Na(1) and Na(2) ions in 2. Selected bond lengths (A) and bond

angles (°): Na(1)-O(4) 2.374(4); Na(1)-O(5) 2.523(4); Na(1)-O(6) 2.301(4); Na(1)-O(7) 2.558(4); Na(2)-O(1) 2.807(5); Na(2)-O(3)** 2.676(5); Na(2)—
O(4) 2.794(5); Na(2)-0(6) 2.713(5); P(1)-O(1) 1.596(3); P(1)-0O(2) 1.502(4); P(1)-O(3) 1.514(3); and P(1)-C(1) 1.811(5). O(4)-Na(1)-O(4)*? 176.0(1);
O(4)-Na(1)-0(5) 92.5(1); O(5)-Na(1)-O(7) 175.3(1); O(6)-Na(1)-0(6)** 175.1(1); O(6)-Na(1)-O(4) 99.0(1); O(3)**~Na(2)-0(1) 107.0(2); and O(6)**-
Na(2)-O(1) 137.4(Q2). ¥l - X, =1/2 + Y, 1/2 - Z: *1 - X, 1/2 + Y, 1/2 = Z; 1 - X, 1 - Y, 1 = Z: *44X, -1 + Y, +Z.

14402 | Dalton Trans., 2024, 53, 14399-14410

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01668h

Published on 30 July 2024. Downloaded on 3/15/2026 5:36:53 AM.

Dalton Transactions

View Article Online

Paper

(@)

(b)

Fig. 5 (a) Ball and stick model of 2-D layered sheets of 2 (carbon and hydrogen atoms are omitted for clarity); (b) lamellar structure as viewed down
the b-axis where the 2-D sheets stack one over the other separated by the tert-butyl groups.

(30 mL) at room temperature over a period of 2-3 weeks.
Compound 3 crystallizes in the triclinic P1 space group. The
asymmetric part of the unit cell of 3 contains one hepta-co-
ordinated K ion, one mono-deprotonated tert-butyl phospho-
nate, and one coordinated H,O molecule. In the polymeric
structure, each K ion is surrounded by four phosphonate
oxygen atoms emanating from three different tetradentate
phosphonate ligands and three oxygen atoms of triply bridging
water molecules (Fig. 6). Thus, each phosphonate in the poly-
meric structure is tetradentate and bridges three different adja-
cent potassium ions while each water molecule is tridentate
and bridges three different metal ions. This multi-denticity

along with the hydrophobicity of the tert-butyl phosphonate
group, ensures this polymeric structure is organized into well-
defined 2-D sheets, which stack one over the other to form
lamellar (layered) structures. These 2-D sheets are held
together with the aid of van der Waals interactions between
the alkyl groups (Fig. 7). The K-O distances are non-equal with
the values ranging from the shorter K(1)-O(1) at 2.712(4) A to
the longer K(1)-O(4) bond at 3.306(4) A, which are comparable to
those observed in similar K phosphates or phosphonates.>*%3%*
The £0O-K-O angles vary over the range of 51.8(1)° to 155.7(1)°.
The observed P-O bond distances corresponding to the co-
ordinated oxygen atoms are shorter (P(1)-O(1) 1.503(4) A and

H,0 Molecule

Fig. 6 (a) Contents of the asymmetric part of the unit of 3; (b) coordination polyhedron of K ion 3. Selected bond lengths (A) and bond angles (°):
K(1)-O0)* 2.835(4); K(1)-0(1) 2.712(4); K(1)-O(3)* 2.944(4); K(1)-O(3)** 2.742(4); K(1)-O(4) 3.306(4); K(1)-O(4)** 2.836(4); K(1)-O(4)*> 2.857(4);
P(1)-O(1) 1.503(4); P(1)-0O(2) 1.577(4); P(1)-O(3) 1.508(4); and P(1)-C(1) 1.825(5). O(1)-K(1)-O(1)** 84.7(1); O(1)-K(1)-0O(3)** 146.1(1); O(1)*-K(1)-O
(4)%5 155.7(1); O(3)*3-K(1)-O(1)*! 118.7(1); O(3)**-K(1)-0O(3)*! 77.8(8); O(3)**-K(1)-0O(4)*° 85.4(1); O(3)*3*~K(1)-0O(4) 96.5(1); O(4)**-K(1)-0O(3)** 77.8

(8); O(4)**-K(1)-0(4) 154.8(7); and O(4)*3-K(1)-O(3)* 145.8(1). *11 — X, 1 —

32-Z. %X 3/2-Y,1/2 + Z

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Ball and stick model of 2-D layered sheets of 3 (carbon and hydrogen atoms omitted for clarity); (b) lamellar structure as viewed down the

c-axis where the 2-D sheets stack one over the other separated by the tert-butyl groups.

P(1)-O(3) 1.508(4) A) compared to the uncoordinated P(1)-O(2)
bond distance (1.577(4) A).

Thus, it is interesting to note that although all three reac-
tions were conducted under similar conditions, only in the
case of sodium the phosphonic acid is completely neutralized
by metal ion coordination. Moreover, the denticity of the phos-
phonate ligand also increases with the size of the alkali metal
ion used (Fig. 8). For example, the mono-deprotonated ligand
binds with only one lithium ion in the [1.100] mode, while in
the case of the sodium compound the di-deprotonated ligand
exhibits the [2.110] mode of coordination.®® The denticity,
however, increases to [3.220] for complex 3 containing the
largest of the cations.®® Consequently, compound 1 is a mono-
meric complex while 2 and 3 are 2-D polymeric layered solids,
with higher framework density for 3 compared to 2.

Thermogravimetric analysis

In order to understand the stability of the obtained polymeric
metal-organic phosphonate compounds, thermal analysis of
1-3 was conducted under a nitrogen atmosphere at a heating

rate of 10 °C min~". The thermal analysis of all three com-
pounds shows a similar decomposition behavior with the initial
loss of H,O molecules in the temperature range of 40-150 °C,
and the second weight loss observed above 200-550 °C can be
attributed to the degradation of the tert-butyl group of phospho-
nic acid (Fig. S7-S97).

Synthesis of layered phosphonates [(‘BuPO;)M(H,0)], (M = Ca
(4), Mn (5), Co (6)) from 2

With all three ionic phosphonates being water soluble, we
aimed at synthesizing layered metal phosphonates via meta-
thesis by a simple salt removal reaction. Out of the three phos-
phonates synthesized, only sodium tert-butyl phosphonate (2)
is completely metalated and hence it was chosen as the precur-
sor for the metathesis reaction. Crystalline transition metal
phosphonates are often synthesized from the reaction of aryl
or alkyl phosphonic acids with suitable metal salt precursors
at high temperature and autogenous pressure for prolonged
periods.>"***? However, salt metathesis reactions can be
carried out without employing any harsh reaction conditions.

(a) (b)

02 03

[1.100]

[3.220]

[2.110]

Fig. 8 Binding modes of the tert-butyl phosphonate ['‘BuPO;]?~ ligand and the corresponding Harris notations for complexes (a) 1, (b) 2, and (c) 3.
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Fig. 9 PXRD patterns of 2 and 4-6.
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Sodium tert-butyl phosphonate (2) is prepared in situ in a
mixture of water, methanol and half-equivalent of the corres-
ponding metal chloride salt (CaCl,-4H,O for 4, MnCl,-4H,0
for 5 and CoCl,-6H,0 for 6) is added to it. The reactions are
stirred overnight, and the products are obtained as insoluble
precipitates. These products are centrifuged out of the solution
and washed with copious amounts of water to remove the by-
product NaCl.

Compounds 4-6 give satisfactory elemental analyses con-
sistent with the layered metal phosphonates reported in the lit-
erature®® with the general formula M(‘BuPO;)-(H,0),. The
ICP-AES analysis for these insoluble materials provided evi-
dence for the metal-to-phosphorus ratio being close to 1 in all
three samples (Table S11f). The infrared spectra of com-
pounds 4-6 show a broad O-H stretching frequency in the
range of 3400-3430 cm™ " for the corresponding water mole-
cule and the C-H stretching frequency of the tert-butyl groups
can be observed at 2900 to 3000 cm™" (Fig. S161). The P=0
stretching of the parent compound 2 becomes shifted to lower
frequency upon metathesis and can be seen as sharp peaks at
1050-1100 cm . More importantly, the powder X-ray diffrac-
tion of all the metal phosphonates produces a very similar
pattern that is characteristic of layered metal phosphonates®”

73.6K
64.4K
55.2K
46.0K

36.8K
27.6K oK

18.4K PK

Mn K
9.2K b L ‘ i
o.ogbo 1.00 200 3.00 4.00 5.00 6.00 7.00 800 9.00

Fig. 10 SEM images of compound 5 showing layered structures and EDX spectrum of 5 with elemental mapping.
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Dalton Trans., 2024, 53,14399-14410 | 14405


https://doi.org/10.1039/d4dt01668h

Published on 30 July 2024. Downloaded on 3/15/2026 5:36:53 AM.

Paper

with low-angle peaks appearing at 26 values of 7.17, 7.27, and
7.31° for compounds 4-6, respectively. These values corres-
pond to d (interlayer spacing) values of 12.33 A for 4, 12.16 A
for 5, and 12.09 A for 6 (Fig. 9). These values are somewhat
smaller than the value of 13.77 A for the parent metal phos-
phonate 2. The PXRD pattern of 6 is also consistent with the
single-crystal X-ray structure of the complex reported by Bujoli
and co-workers, indicating phase purity of the bulk sample
synthesized utilizing the current methodology (Fig. S177).>>
The layered morphology of the transition metal phosphonates
4-6 can be also confirmed via SEM images as shown in
Fig. 10, and in Fig. S18, and S19.f Compound 4 is SEM-beam
sensitive (Fig. S18f). Furthermore, SEM-EDX mapping con-
firmed that the respective elements are uniformly distributed
throughout the layered structures of 4-6 indicating consistent
composition and structure of these materials.

The DR-UV spectra of 4 and 5 display two intense absorp-
tion bands centered at around 250 and 300 nm, which are
assignable to intra-ligand transitions originating from n — =n*
and n - =* of phosphonic acid (Fig. S20 and S217).
Additionally, for 6, intense absorption bands can be seen at
526, 603, and 643 nm due to d-d transitions originating from
its Co(u) center (Fig. S221).

Thermogravimetric analysis of 4-6 was carried out under a
flow of N, at a heating rate of 10 °C min~'. Compounds 4 and
5 undergo a two-stage thermal decomposition as shown in
Fig. S23 and S24.f The first weight loss occurs below 200 °C
corresponding to the loss of water molecules (~8%), which is
followed by the elimination of all organic moieties at
550-600 °C (~29%) (Fig. $23-525%).°® For compound 6, con-
tinuous weight loss can be observed until 400 °C, followed by
42% weight loss at 450 °C and another 10% weight loss at
550 °C through loss of water molecules due to the conden-
sation of P-OH groups (Fig. S257).

Conclusions

In summary, reactions of Li,CO; and M(HCO;) (M = Na and K)
with tert-butyl phosphonic acid (‘BuP(O)(OH),) result in the
formation of polymeric chains of alkali metal di-ter¢t-butyl
phosphonates  [(‘BuPO;H)Li(H,0);:(H,0)] (1), [(‘BuPO;)
Na,(H,0)4], (2) and [(‘BuPO;H)K(H,0)], (3). These compounds
are highly soluble in polar solvents, despite their extended
structures in the solid state. The molecular structures have
been determined through single-crystal X-ray diffraction
measurements. These compounds have been fully character-
ized using various spectroscopic and analytical techniques. It
is noteworthy that phosphonic acid utilized in the synthesis
had not been fully neutralized. Consequently, the resulting
framework structure contained a significant number of free P-
OH groups. These free acid groups, along with the coordinated
water molecules surrounding the metal ions, contributed to
the formation of intriguing supramolecular structures through
H-bonding interactions. Furthermore, compound 2 has been
utilized to synthesize layered phosphonates [(‘BuPOs)Ca
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(H,0)]. (4), [(‘BuPO3)Mn(H,0)], (5), and [(‘BuPO;)Co(H,0)], (6)
via simple metathesis reactions. Thus, the reported method-
ology presents a simple procedure to synthesize layered metal
phosphonates compared to the conventional solvothermal
methods requiring drastic conditions.

Experimental section
Methods and materials

Compounds 1-6 were synthesized at room temperature under
ambient conditions. Solvents were purified according to stan-
dard procedures.®® Commercially available chemicals such as
Li,CO3;, NaHCO; and KHCOj; (Spectrochem), and MCl,-nH,0
[M = Ca, Mn, and Co (n = 2, 4, 6 respectively)] (Merck) were
used as received. tert-Butyl phosphonic acid (‘BuP(O)(OH),)
was synthesized following a reported procedure.”® The melting
points were measured in glass capillaries and reported uncor-
rected. Infrared spectra were acquired using a PerkinElmer
Spectrum One FT-IR spectrometer with KBr diluted discs.
Elemental analyses were carried out using a VarioMicro Cube
(Elementar Analysen Systeme GmbH) microanalyzer. Solution
and solid-state NMR spectroscopic measurements were con-
ducted wusing Bruker Avance DPX-400, Bruker Avance
DPX-500 MHz and JEOL ECZR 600 MHz spectrometers.
Thermogravimetric analyses (TGA) were carried out under a
stream of dinitrogen gas at a heating rate of 10 °C min™"
using a PerkinElmer Pyris thermal analysis system for 1-3
and a Rigaku STA8122 Thermo plus EVO2 thermal analysis
system for 4-6. The morphologies of the products were exam-
ined on a JEOL model JSM-7600F FEG-SEM operating at an
accelerating voltage of 0.1 to 30 kV. The samples were pre-
pared by smearing the powdered samples onto carbon tape
and sputtering them with gold prior to imaging. The solid-
state absorption spectra of 4-6 were measured in diffuse
reflectance mode on an MPC-3100 Shimadzu spectrometer
using an absolute specular reflectance measurement attach-
ment. Powder X-ray diffraction studies were conducted on a
Rigaku SmartLab SE powder X-ray diffractometer using Cu-Ka
radiation (1 = 1.54190 A).

X-ray structure analysis

For unit cell determination and diffraction intensity data col-
lection, a suitable crystal of each compound was mounted on
a Bruker D8 QUEST single-crystal diffractometer equipped
with a Mo-Ka radiation source (4 = 0.71073 A). The Rigaku
CrysAlisPro software package was used for data integration
and indexing.”' Using Olex2,”* the structure was solved
employing the ShelXT”? structure solution program utilizing
intrinsic phasing. The structures were refined by ShelXL™
using least squares minimization. Anisotropic refinement was
used for all non-hydrogen atoms. In their idealized places, the
hydrogen atoms were refined isotropically as rigid atoms.
Details of data collection, unit cell dimensions, refinement,
and final residual values are listed in Table 1. All figures were
created with either Mercury’”® or Diamond 3.2 software.”®
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Table 1 Crystal data and refinement details for the structural determi-

nation of 1-3

Compounds 1 2 3

Identification RM-AK-251 RM-AK-242 RM-AK-252

code

Empirical C4H gLiO,P C,H,,Na,O,P C,H,,KO,P

formula

Formula weight 216 254 194

Temperature/K 150 100 100

Crystal system Triclinic Monoclinic Monoclinic

Space group P1 P2,/c P2,/c

alA 6.2774(3) 14.5571(5) 13.6615(6)

b/A 6.5742(4) 6.7923(6) 9.2070(4)

c/A 15.5423(8) 13.4207(3) 7.0197(3)

al° 79.599(4) 90 90

Bl 88.942(4) 104.188(3) 101.967(4)

v/° 63.141(5) 90 90

Volume/A® 561.36(6) 1286.53(7) 863.76(7)

Z 2 4 4

Peate/g cm™? 1.278 1.312 1.493

u/mm™ 0.248 0.288 0.761

F(000) 232.0 536.0 408.0

Crystal size/ 0.3 x0.3x0.1 0.8 x 0.3 x0.15 0.19 x 0.16 x

mm® 0.16

Radiation/A MoKa (4 = MoK (4 = MoKa (4 =
0.71073) 0.71073) 0.71073)

20 range for 5.344 t0 49.990 5.774 to 49.998 5.372 to

data collection/® 49.984

Index ranges -7<h<7 -17<h<17 -16<h<16
-7<k<7 -8<k<8 -10<k<10
—-18<1<18 -15<1<15 —-8<I1<8

Reflections 12 680 22 368 14934

collected

Independent 1969 [Rine = 2250 [Rine = 1520 [Rint =

reflections 0.0924, Rgigma 0.0771, Rgigma =  0.0647, Rgigma
=0.0460] 0.0370] =0.0288]

Data/restraints/  1969/0/136 2250/1/136 1520/1/95

parameters

Goodness-of-fit ~ 1.066 1.110 1.115

on

Final R [I > R, =0.0632 R; =0.0953 R, =0.0815

20(I)] WR; = 0.1661 WR, = 0.2483 WR, = 0.2322

Final R [all data] R, =0.0705 R, =0.1029 R; = 0.0841
WR, = 0.1742 WR, = 0.2563 WR, = 0.2350

Largest diff. 0.87/-0.37 0.77/-0.76 1.37/-0.48

peak/hole/e A~

CCDC reference numbers 2330476, 2330477, and 2330478
contain supplementary crystallographic data for 1-3, respect-
ively.t Metal coordination geometry analyses were performed
using SHAPE2.1.””

Synthesis and characterization of [(“BuPO;H)Li(H,0),-(H,0)] (1)

A solution of Li,CO; (1 mmol, 74 mg) in MeOH (25 mL) was
added to a methanolic solution (10 mL) of ‘BuP(O)(OH),
(1 mmol, 138 mg) and the resulting mixture was stirred for
30 minutes at room temperature. Subsequently, H,O (5 mL)
was added dropwise to the solution and the resulting mixture
was stirred for 24 h at room temperature. After filtration, ana-
lytically pure 1 was obtained as colourless block-shaped crys-
tals by leaving the reaction mixture for 2 weeks under ambient
conditions. Yield 114 mg (53%), Mp >200 °C. Anal. (calcd) (%)
for C,H;gLiO,P (Mr = 216.09), C, 23.89 (22.23); H, 7.34 (8.40).
*Ip NMR (161 MHz, D,0) &: 33.09 ppm. CP-MAS "Li NMR
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(233 MHz) §: 1.70 ppm, CP-MAS *'P NMR (242 MHz, ppm) &:
40.20, 39.65, CP-MAS *C NMR (150 MHz, ppm): § 30.47,
29.65, 25.36. IR (as KBr pellet, cm™"): 3366 (br), 2975 (s), 1645
(s), 1481 (s), 1144 (s), 1050 (s), 902 (m), 661 (s), 517 (m), 502
(s). Temp. range °C (% Weight loss): 40-140 (33%, loss of co-
ordinated and lattice H,O); 200-580 (26%, loss of organic
moiety).

Synthesis and characterization of [(“BuPO;)Na,(H,0),], (2)

A solution of NaHCO; (1 mmol, 84 mg) in MeOH (25 mL) was
added directly to a methanolic solution (10 mL) of (‘BuP(O)
(OH),) (1 mmol, 138 mg) and the mixture was stirred for 2 h
at room temperature. Then H,O (5 mL) was added dropwise
to the solution, and the resulting mixture was warmed for
10 minutes on a water bath and then stirred for 24 h at room
temperature. After filtration, analytically pure compound 2
was obtained as colourless plate-shaped crystals by leaving
the reaction mixture for 2 weeks on the benchtop. Yield
162 mg (64%), Mp >200 °C. Anal. (caled) (%) for
C4H,;,Na,0,P (Mr = 253.12), C, 20.18 (19.0) H, 7.41 (6.74). *'P
NMR (161 MHz, D,0) & 32.73 ppm. CP-MAS *'P NMR
(162 MHz) §: 37.31 ppm, CP-MAS ">C NMR (100 MHz, ppm): §
35.81, 34.35, 31.51. IR (as KBr pellet, cm™"): 3426 (br), 2971
(s), 2909 (s), 1645 (s), 1477 (s), 1133 (s), 1071 (s), 1071 (s),
1013 (s), 893 (s), 654 (s), 502 (s), 425 (s). Temp. range °C (%
Weight loss): 40-102 (28%, loss of coordinated H,0); 300-590
(22%, loss of organic moiety).

Synthesis and characterization of [(‘BuPO;H)K(H,0)], (3)

A solution of KHCO; (1 mmol, 100 mg) in MeOH (25 mL) was
added directly to a methanolic solution (10 mL) of (“BuP(O)
(OH),) (1 mmol, 138 mg) and the mixture was stirred for 24 h
at room temperature. After filtration, analytically pure 3 was
obtained as colourless plate-shaped crystals by leaving the
reaction mixture for 2-3 weeks on the benchtop. Yield
136 mg (71%), Mp >200 °C. Anal. (calcd) (%) for C,H;,KO,P
(Mr = 192.21), C, 24.72 (24.74); H, 5.44 (6.23). *'P NMR
(202 MHz, D,0) §: 32.96 ppm. CP-MAS *'P NMR (202 MHz) &:
24.45 ppm, CP-MAS *C NMR (125 MHz, ppm): § 27.37, 26.29,
22.86. IR (as KBr pellet, cm™"): 3524 (br), 3243 (s), 2976 (m),
2869 (s), 1663 (s), 1130 (s), 1041 (s), 900 (s), 836 (s) 665 (s),
586 (s), 510 (s), 498 (s). Temp. range °C (% Weight loss):
40-120 (9%, loss of coordinated H,0); 200-550 (29%, loss of
organic moiety).

Synthesis and characterization of [(‘BuPO;)Ca(H,0)], (4)

To a solution of NaHCO; (84 mg, 1 mmol) in methanol
(10 mL), a methanolic solution (5 mL) of ‘BuPO(OH), (69 mg,
0.5 mmol) was added. The reaction mixture was sonicated for
35 min. 10 mL of water was added to the portion to solubilize
the undissolved NaHCO;. After obtaining a clear solution, a
solution of CaCl,-4H,0 (55.5 mg, 0.5 mmol) in methanol
(10 mL) was added to it. A white precipitate was obtained
instantly. The reaction mixture was stirred overnight and the
solid product was centrifuged out. The insoluble white precipi-
tate was further washed with copious amounts of water to
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remove the by-product NaCl from the solution. Then it was air-
dried to obtain a white solid powder. Yield 21 mg (22%), Mp
>200 °C. Anal. (caled) (%) for C4H;;CaO,P (Mr = 194) C: 25.23
(24.74) H: 5.55 (5.71). DR-UV absorbance (1, nm): 238, 308,
405. *'P NMR (162 MHz) §: 37.75 ppm. CP-MAS *C NMR
(125 MHz, ppm): § 38.04, 36.57, 32.82. IR (as KBr diluted disc,
em™"): 3424 (br), 2989 (m), 2056 (s), 1379 (m), 1092 (m), 1063
(s), 989 (s), 669 (m), 638 (br), 523 (m). Temp. range °C (%
weight loss): 180-210 (8%, loss of coordinated H,0); 566-606
(29%, loss of organic moiety).

Synthesis and characterization of [(‘BuPO;)Mn(H,O0)], (5)

The same procedure as for 4 was used but instead of
CaCl,-4H,0, MnCl,-4H,0 (98.5 mg, 0.5 mmol) was added. A
pinkish white precipitate was obtained instantly. The reaction
mixture was stirred overnight and the solid product was cen-
trifuged out. The insoluble pinkish white precipitate was
further washed with copious amounts of water to remove the
by-product NaCl from the solution. Then it was air-dried to
obtain a powder. Yield 26 mg (24.9%), Mp >200 °C. Anal.
(caled) (%) for C4,H1;MnO,P (Mr = 209) C: 22.96 (22.98) H:
5.27 (5.30). DR-UV absorbance (4, nm): 260, 293, 503. IR (as
KBr diluted disc, cm™): 3424 (br), 2951 (m), 2053 (s), 1640
(br), 1377 (m), 1063 (s), 1048 (s), 671 (m), 660 (br), 520 (m).
Temp. range °C (% weight loss): 75-130 (8%, loss of co-
ordinated H,0); 545-585 (29%, loss of organic moiety).

Synthesis and characterization of [(‘BuPO;)Co(H,0)],, (6)

The same procedure as for 4 was used but instead of
CaCl,-4H,0, in this case, CoCl,-6H,O (118 mg, 0.5 mmol)
was added. A purple precipitate forms instantly which turned
dark violet after stirring for 45 min. The reaction mixture was
stirred overnight and the solid product was centrifuged out.
It was further washed with copious amounts of water to
remove the by-product NaCl from the solution. Then it was
air-dried to obtain a purple powder. Yield: 36.8 mg (34%), Mp
>200 °C. Anal. (caled) (%) C4H;;Co0,4P (Mr = 213) C: 22.66
(22.55) H: 5.29 (5.20). DR-UV absorbance (4, nm): 526, 603,
643. IR (as KBr diluted disc, cm™): 3430 (br), 2955 (m), 2868
(m), 2327 (m), 2070 (s), 1624 (br), 1487 (m), 1384 (s), 1142
(m), 1066 (s), 1010 (s), 938 (s), 834 (m), 667 (m), 513 (m).
Temp. range °C (% weight loss): 65-406 (8%, loss of co-
ordinated H,0); 421-485 (42%, loss of organic moiety);
555-578 (8%, loss of H,0).
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