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Abstract: Metal(IV) phosphate and phosphonates materials have increasingly found their appli-
cations in water purification, heterogeneous catalysis, drug delivery, and proton-exchange mem-
brane fuel cells. The strong linkage between tetravalent metal cations and phosphate/phosphonate
groups offers a unique bottom-up design platform, resulting in chemically stable inorganics or
hybrids. Task-specific physiochemical functionalities could be deposited by modifying the phos-
phate/phosphonate groups before the material synthesis. The high reactivity between the metal
centre and the phosphorus-containing linker, on the other hand, often leads to obtaining unordered
materials (amorphous solids or coordination polymers). The chemical composition of the prepared
materials is a key parameter in guiding the synthetic approach and in governing their performances.
This narrative review focuses on critically summarising the traditional and advanced analytical
methods for probing the composition of these materials. The reader is introduced to and guided
on the advances and restrictions of different analysis techniques when probing metal(IV) phos-
phates/phosphonates. Both solution-based and solid-state spectroscopic techniques are covered with
a focus on understanding the quantity and the linkage status of the phosphorus-containing moi-
eties. These techniques include atomic spectroscopy, mass spectroscopy, nuclear magnetic resonance
spectroscopy, X-ray-based methods, and neutron activation analysis.

Keywords: metal phosphate; metal phosphonate; characterisation; composition analysis

1. Introduction

The chemistry of tetravalent metal phosphate and phosphonate materials has sparked
a great deal of attention for more than half a century, ever since the pioneering work on
crystalline zirconium phosphate conducted and reported by Alberti [1] and Clearfield [2].
These solid materials have been utilised as ion exchangers, heterogeneous catalysts, proton
conductors, gas sensors, and drug carriers, amongst others. Zirconium seems to remain
the most widely studied tetravalent metal centre element, followed closely by titanium.
Sparse interests are also given to tetravalent hafnium, germanium, tin, and cerium. Most
scholarly articles before the 1980s focused on purely inorganic metal phosphates, while the
first report regarding the inorganic-organic hybrid zirconium phosphonate was dated in
1978. The widespread interest in such materials can be seen from the constantly increasing
number of publications (Figure 1).

The rigid and stable inorganic polymeric structures are constructed by sharing oxygen
atoms (located on the vertices of phosphate/phosphonate tetrahedra) with tetravalent met-
als in an octahedral configuration. This gives rise to the possibility of obtaining amorphous
solids (coordination polymer) and a wide range of crystalline materials. The most promi-
nent structural type of metal phosphate/phosphonate is the two-dimensional lamellar form
composed by the stacking of layers. The somewhat tunable interlayer cavities are perfect
hosts for guest molecules and ionic species. The chemistry of metal phosphates is almost
entirely dependent on the hydroxyl groups attached to the phosphorus atoms, whereas
advances in modern phosphonate chemistry allow various organic functionalities to be
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decorated onto the solid skeletons built upon this strong metal—oxygen—phosphorus
bonds [3]. Many recent reviews have extensively summarised these materials from syn-
thetic [4], structural [5], functional [6], and catalytical [7] aspects. However, there are
currently no reviews dedicated to the compositional analysis methods with regard to
metal(IV) phosphate/phosphonate materials and it has become clear that some analysis
techniques have been adopted in ‘general use’ without proper consideration and precau-
tions when analysing the structure of these materials in the recent literature.
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The high reactivity and stable coordination of phosphate/phosphonate to tetravalent
metal ions comes with a noticeable disadvantage—the high reactivity renders the prepara-
tion of crystalline ordered structure almost impossible at mild conditions. Rather harsh
synthesis conditions and/or chemicals are needed to obtain crystalline materials, such as
prolonged hydrothermal treatment (atmospheric pressure reflux or pressurised autoclave
conditions) and the addition of mineralising agents (most typically fluoride or oxalate). Or-
dered porous materials are also produced via template-directed routes [8–10]; nevertheless,
these materials typically lack long-range orientation and are usually seen as amorphous
materials in the most typical crystal structure analysis, powder x-ray diffraction (XRD).

Following established or novel synthetic routes, the obtained metal phosphate/
phosphonates need to be systematically characterised so that the material’s diverse and
unique features could be rationalised and fully understood. For this, an array of structural
and compositional characterisations is available thanks to the development of modern
physics and analytical chemistry techniques. One of the most easily accessible structural
characterisation methods is XRD, by which the long-range ordering in the analyte powder
is evaluated. Any crystalline phases present in the material readily give constructive inter-
ference of the incoming X-ray beam at certain angular positions. However, it is impossible
to identify the entirety of the metal phosphate/phosphonate materials by using structural
characterisation methods alone. Unfortunately, powder XRD seems to have become the
only characterisation method adopted in certain literature, and this is not an appropriate
approach. If synthesis conditions are not carefully optimised, the resulting product often
constitutes a mixture of crystalline and amorphous phases, the latter of which simply does
not show up in certain structural characterisations (e.g., powder XRD). Understanding
the true nature of the metal phosphate/phosphonate materials is a key prerequisite before
further performance evaluations. It is also a quality control process to warrant repeatability
and reproducibility, which sadly has suffered a depreciation in the current literature.

Compositional analysis of metal phosphate/phosphonate materials is far from a
straightforward task. Standard characterisation methods, if not utilised properly, can pro-
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vide erroneous information on the material’s chemical compositions. The main challenges
are associated with the low solubility of the four-valent metals and many phosphorous
compounds, the quantification difficulties for the oxygen content (low-Z element), the
uncertain protonation states of the phosphate/phosphonate ligands, and the presence of
crystalline water. Elucidating the true composition is as important as figuring out charac-
terising the structure of the materials, particularly when assessing the material’s versatile
properties. This principle applies also to amorphous or partially amorphous materials. In
this mini-review, methods for compositional analysis of metal phosphate/phosphonate
materials are discussed and compared, with the help of literature practice. Factors affecting
the quantification by utilising different methods are illustrated, and some best-practice
methods are recommended. This review could serve as a practical guide and a check-
list when working with the compositional characterisation of metal(IV) phosphate and
phosphonate materials.

2. Analysis of Metal and Phosphorus Contents

Since any metal phosphate/phosphonate materials are essentially built by metal
centres and phosphorus-containing ligands, it is important to understand how many of
the building blocks in the precursor actually translate into solid materials. Furthermore,
the phosphorus-to-metal atomic (molar) ratio gives an indication of the possible presence
of other components. For crystalline materials, the phosphorus-to-metal ratio should
correspond to the chemical stoichiometry, as validated by any structural characterisations
(i.e., single crystal diffraction methods). This composition of the materials needs to be
characterised irrespective of the structural characterisations, and such is generally lacking in
the literature, which leaves the possibility of, for example, the aforementioned amorphous
metal oxide to be present in the material, which complicates the assessment of the material’s
functional results.

2.1. Dissolution and Digestion

As the first step in any solution-based analysis methods, the metal phosphate/
phosphonates must be completely solubilised into an aqueous solution. A combination of
concentrated nitric acid, perchloric acid, and hydrofluoric acid (HF) is generally adopted
for this purpose, among others [11,12]. Due to the slow and low dissolution process of
typical tetravalent metal compounds oxo clusters, HF is added to form soluble complexes
(e.g., ZrF6

2−). Nitric acid and perchloric acid as strong oxidation agents are used to digest
the organic components. The digestion process could be carried out on a heating plate (with
plastic or Teflon beakers) or in any compatible high-pressure digestion system (microwave
digester or autoclave). Literature recipes for digestions are rarely clearly mentioned and
they vary greatly from one material to another. However, the overall goals for the digestion
are (i) to transfer all the metal and phosphorus as soluble species into the solution; (ii) to
decompose any remaining organic compounds; and (iii) to obtain a clean solution matrix
that is suitable for subsequent measurement. The last goal usually requires the elimination
of residual HF and perchloric acid. Depending on the material composition, different
approaches need to be considered, particularly considering reprecipitation and possible
polyatomic phosphorous species [13,14]. Quality control samples (e.g., stoichiometric metal
oxides, non-volatile organophosphorus compounds, or highly crystalline metal phosphate
phases) are highly recommended for any of these digestion processes since they may
generate volatile (highly toxic) compounds.

2.2. Atomic and Mass Spectroscopy

Metal(IV) and phosphorus dissolved in a solution can be quantified by atomic or
optical spectroscopic methods, or mass spectroscopic methods. However, it is crucial to
ensure the complete dissolution of the compounds containing these elements as explained
earlier. For atomic/optical spectroscopy, the analysis is based on the characteristic photon
emission(s) or absorption(s) of different atoms. There are many available techniques for
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atomisation and excitation of the elements—chemical flame, graphite furnace heating,
direct-current plasma, and inductively coupled plasma. They differ from one another
mostly on the temperature of the flame/plasma, thus resulting in different atomisation
and ionisation capabilities. Common techniques include flame atomic absorption spec-
trometry (FAAS), graphite furnace atomic absorption spectrometry (GFAAS), microwave
plasma atomic emission spectrometry (MP-AES), and inductively coupled plasma optical
emission spectrometry (ICP-OES). The detection limits for common metal(IV) in solution
are at the level of sub-mg/L, sometimes even possible for the level of µg/L. The more
sensitive analysis method is the inductively coupled plasma mass spectrometry (ICP-MS),
where the detection limits could reach ng/L or pg/L. It should be noted that phosphorus
content cannot be measured by AAS techniques since the atomisation condition provided
is not enough to decompose phosphate into phosphorus atoms. The main challenge of
obtaining an accurate result is associated with the efficiency of the sample disintegration
and dissolution process.

Not only nebulised aerosol could be fed into the ICP torch but also the ablated solid
materials. Laser ablation-ICP (LA-ICP) is a technique that utilises a laser to evaporate or
sublimate solid samples. This allows the direct analysis of a solid without dissolution. To
the best of our knowledge, LA-ICP-based techniques for compositional analysis of metal
phosphate/phosphonate were not found in the literature. The LA-ICP-MS method gives
direct isotopic information and quantification information (including for oxygen [15]),
making it an ideal method when suitable standards are used.

The element-specific quantification analysis by atomic or mass spectroscopic tech-
niques is recommended for the compositional analysis of metal phosphate/phosphonate
materials. These methods produce accurate results both in terms of overall content and
metal-to-phosphorus ratio. The shortcoming of these methods is the long sample prepara-
tion routes (referring to digestion).

2.3. X-ray Spectroscopy

X-ray-based analysis is non-destructive and as such a very attractive measurement
technique. There are several X-ray-based techniques which could give quantitative com-
positional information of the sample, and they differ mainly in the type(s) of incoming
radiation and measurable radiation after the interaction with the matter.

The most common technique is the energy-dispersive X-ray spectroscopy (EDX or
EDS), which is sometimes also referred to as energy-dispersive electron probe microanalysis
(ED-EPMA). For this purpose, an X-ray detector is usually fitted to a scanning electron
microscope (SEM). EDX is an element-specific method because of the intrinsic differences
in X-ray emission lines of different elements, and qualitative element identification is easily
achieved. However, there are many issues associated with the quantification of elemental
compositions by the EDX method: (i) the existence of a background continuum in the EDX
spectrum, which comes mainly from bremsstrahlung X-rays and Compton scatterings;
(ii) intrinsically overlapping emission peaks; (iii) insufficiency of the sample thickness.

For obtaining quantitative elemental compositional results, care must be taken during
sample preparation and the actual measurement. Standardless methods would most
probably give erroneous results. Modern EDX softwares are equipped with complex
computer algorithms for correcting the spectrum to achieve more accurate quantification,
and the most used method is called the “ZAF” method. This method considers the atomic
number (“Z”), absorption (“A”), and fluorescence (“F”) between different elements in the
sample and in the standards [16]. To achieve an EDX quantitative analysis, one needs
carefully selected standard samples, an even sample surface coated with a homogenous
conductive layer, a stable electron beam current, and lastly, adequate counting statistics for
the peak-of-interest. Even if all the above-mentioned problems are taken into consideration,
the spectral interferences still cannot be avoided.

For example, for the most widely studied zirconium phosphate/phosphonate materi-
als, the Kα1 spectral line of P is completely overlapping with the Lα1 line of Zr (Table 1),
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and the energy resolution (on the scale of 100 eV) of the X-ray detectors (typically silicon
drifted detectors, SDD) cannot distinguish between these two peaks (for instance, see
examples in [17,18]). With adequate precautions, the Zr quantification results would still be
trustworthy by quantifying based on the Kα lines (at 15.8 keV), but the mathematical peak
deconvolution of the P Kα lines from the Zr Lα lines would introduce too much uncertainty
to the results. This uncertainty has been seen in the literature where crystalline zirconium
phosphate materials, whose stoichiometry could be deduced from single-crystal XRD mea-
surement, gave inaccurate Zr and P quantification results in EDX measurement [19]. A
similar situation applies to energy-dispersive X-ray fluorescence (ED-XRF) analysis, where
an X-ray tube produces the incident beam. However, the quantification of Zr and P contents
by EDX measurements is not rare in the literature and could lead to significant errors.

Table 1. Characteristic X-ray emission lines of selected elements.

Element Kα1 (keV) Lα1 (keV)

P 2.014 -

Ti 4.511 0.452

Ge 9.886 1.188

Zr 15.775 2.042

Sn 25.271 3.444

Hf 55.790 7.899

Wavelength-dispersive (WD) X-ray analysis compensates the ED methods for spectral
resolution and background reduction. Depending on the radiation source, both WD-EPMA
and WD-XRF are essentially improving the corresponding ED methods. In the WD methods,
the X-ray emission is monochromatised using crystal analysers before being counted on the
detector. This could lead to a proper separation of the P Kα lines from the Zr Lα lines. WD
methods with proper matrix corrections are better at achieving quantifiable results for the
compositional analysis, especially for zirconium phosphate/phosphonate materials [20,21].

Another applicable type of X-ray-based analysis is X-ray photoelectron spectroscopy
(XPS), traditionally named electron spectroscopy for chemical analysis (ESCA). This method
differs from the ED or WD X-ray spectroscopy since it is the emitted photoelectrons
that are being measured in XPS. The quantification by XPS provides accurate results for
homogenous samples with adequate standards [22]. However, it should be noted that
XPS is a surface analysis technique responsive only to a few-nm thickness layer, and the
photoelectron generated deeper inside the materials will be attenuated and will not reach
the detector. In addition, surface layer oxidation and contamination with adventitious
carbon significantly impair the quantification results by XPS. Since both EDX and XPS
would possibly result in erroneous results, it is common to obtain incoherent quantification
data when comparing these two methods.

In ED methods, the oxygen content associated with the analysis is always a stoichio-
metric calculation of the other elements and it should not be taken seriously. The X-ray
emission of O is too low to be accurately quantified due to the interference from the back-
ground spectrum. However, in WD methods and XPS, the obtained oxygen content is the
actual measurement result.

X-ray-based spectroscopic methods are a group of well-documented and non-destructive
analysis techniques that are useful for the compositional analysis of any metal phos-
phate/phosphonate materials. Both the metal and the phosphorus contents could be
accurately measured when proper precautions have been taken. WD techniques are rec-
ommended over ED techniques, and it is not possible to obtain trustworthy quantification
results of Zr and P by using ED methods alone. Electron sources are more destructive
compared to X-ray sources. The heterogeneity of the sample must be examined especially
when using XPS but also for other techniques.
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2.4. Neutron Activation Analysis

Neutron activation analysis (NAA) is by far the most accurate method for quantitative
compositional analysis [23]. The NAA analysis usually does not require any chemical
pre-treatment, and it utilises characteristic nuclear reactions of different isotopes when
the sample is irradiated by a neutron source. The produced radioisotopes and/or their
daughters are subsequently measured conveniently on a gamma detector. NAA suffers
much less from matrix effects since light elements (H, C, N, O) in the samples do not produce
significant interferences for the determination of heavier elements. It is a multi-element
technique; therefore, quantification for many elements could be carried out simultaneously.
Essentially, it is the neutron cross-section of each nuclear reaction that governs the analysis
and is therefore device specific depending on the energy of the produced neutrons.

Concerning zirconium phosphate/phosphonate materials, Table 2 lists the nuclear
reactions relevant for quantification with a simple comparator method by the fast neutron
(14 MeV) activation [24]. The measurement methodologies for other elements are also found
in the literature: Ti [25], Hf [26], Ge [27], Sn [28], and Pb [29]. NAA measures accurately
the oxygen content, which is important for compositional analysis. The problematic part of
NAA is the potentially radioactive sample handling and waste management that makes
the facilities heavily regulated and not so easily accessible.

Table 2. Nuclear reactions used for elemental quantification by NAA for zirconium phosphate/
phosphonate materials.

Element Reaction Half-Life Gamma Energy (MeV)

O 16O(n,p)16N 7.13 s 6.13, 7.12

N 14N(n,2n)13N 9.97 min 0.511 (annihilation)

P 31P(n,α)28Al 2.25 min 1.78

Zr 90Zr(n,2n)89mZr 4.18 min 0.588

2.5. Gravimetry and Colourimetry

With the lack of modern and highly sensitive spectroscopic methods, traditional
gravimetric and colourimetric are also viable methods for tetravalent metal and phosphorus
(mainly as phosphate) analysis. These methods are still useful and well accessible due
to their relative simplicity and robustness of the analysis when large sample quantities
are available, making the science more equal. The main drawbacks of them are the large
amount of sample requirements as well as lower sensitivity compared to modern methods.
For example, zirconium could be precipitated as zirconium cupferron (ammonium salt of
N-nitroso-N-phenylhydroxylamine) and later calcined to form zirconium dioxide (ZrO2)
for gravimetric analysis [2,30]. This method suffers from specificity, i.e., titanium produces a
positive interference. Colourimetric methods are more unique for a distinctive element, and
the detection limit is much lower when utilising a UV/visible spectrophotometer (compared
to gravimetry). Titanium, as an example, is quantifiable through the violet titanium-
hydrogen peroxide complexes, whose maximum photon absorption is at 420 nm [1].

The measurement of phosphorus is almost entirely based on the phosphate species
and therefore any organophosphorus would significantly impair the results. Calcination of
metal phosphate with the addition of soluble magnesium salts results in the formation of
insoluble (water) magnesium pyrophosphate for gravimetric analysis [31]. For colourimet-
ric determination of phosphate, there are also a number of methods, and the most classic
one is based on a blue-coloured phosphomolybdate complex (NH4)3[PO4(MoO3)12] [32].

In general, the traditional methods are still valid and serve their purpose well via
simple chemical reactions and processes. The methods produce good sufficiently reliable
results when there are no known interferents present and when the sample quantity is
adequate for such analysis.
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3. Speciation of the Phosphorus-Containing Moieties

Metal phosphate/phosphonate materials are constructed via covalent linkages be-
tween the tetravalent metal centres and the ligands. The phosphoric acid molecule har-
bours three hydroxyl groups while phosphonic acids contain two. The protonation and
deprotonation states of the phosphorus-containing moieties determine the connectivity
among the building blocks as well as the chemical properties of the solid materials. Apart
from understanding the accurate content of metal and phosphorus, the speciation of the
phosphorus-containing ligand must be separately examined. This helps identify the over-
all crystallinity of the materials since pure crystalline materials usually contain one or a
few distinctive specie(s) of the ligand. It is also relevant when preparing a mixed phos-
phate/phosphonate material, whereby the ratio between phosphate and phosphonate in
the precursor does not directly translate into the solid phase because of the differences
in their reactivity. The current section focuses only on the quantifiable characterisation
techniques, thus infrared spectroscopy and Raman spectroscopy are excluded—these two
techniques can provide diagnostic functional group information identification on solid
materials [11,33,34].

3.1. Potentiometric Titration

All metal phosphate/phosphonate materials containing protonated P—OH groups
are essentially solid-phase weak acids, i.e., the acidic groups can be neutralised via acid–
base reactions. Potentiometric titration is the most classic method for speciation of the
phosphorus-containing moieties in metal phosphate/phosphonate materials. During the
titration, an increasing amount of base solution is added in a stepwise fashion to a suspen-
sion of solids, and the equilibrium pH values after every addition interval are recorded.
The pH values are then plotted against the total amount of base added, yielding the
titration curve.

The main takeaway information from a titration curve is the total ion exchange ca-
pacity but also the nature of the acidic sites. The ion exchange capacity is one of the key
performance parameters if the metal phosphate/phosphonate materials are used as ion
exchangers for separation and purification purposes. However, the nature of the acidic
sites can shed light on the crystallinity of the material. Amorphous materials usually show
a gradually rising titration curve without clear features, whereas sharp, stepwise inflexion
points and clear plateaus are typical for crystalline materials [2]. The plateaus are caused
by the fact that, in crystalline materials, certain P—OH groups are identical to each other,
resulting in the same dissociation constant.

There are also several drawbacks regarding the potentiometric titration: (i) other
organic acidic groups (on the phosphonate ligand) will interfere with the neutralisation
process; (ii) certain types of metal phosphate/phosphonate materials start to decompose
already at the neutral pH range; and (iii) the structure of the materials has an impact on
the titration by different bases, larger titrants (e.g., Cs+) might not be accessible to the
acidic sites. Care must be taken when designing the titration study since the kinetics
of certain ion-exchange reactions are extremely slow (i.e., when there is lattice diffusion
involved and when the materials are composed of large crystals). Particularly, the effect
of carbon dioxide is often neglected when the pH of the system reaches 5 or more. It is
worthwhile to monitor the P content in the solution due to the possible detachment of
phosphate/phosphonate groups throughout the titration experiments, a simple analysis
that is often disregarded. Both forward and backward titrations should be performed if the
conditions allow. Nevertheless, potentiometric titration provides necessary information
regarding the acidity of the material and helps elucidate the nature of the phosphorus-
containing ligands in the solid materials.

3.2. Liquid 31P Nuclear Magnetic Resonance Spectroscopy

Accommodating ½ spin nuclei, 31P atoms are of 100% natural isotopic abundance.
The high sensitivity of 31P NMR makes it a reliable tool for qualitative and quantitative
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analyses, comparable to 19F and 1H NMR. The chemical shifts between phosphate and
phosphonates are separated to a satisfactory level, thereby warranting the identification
and quantification of individual molecules [35]. This is particularly useful when analysing
a mixed phosphate-phosphonate material or a phosphonate material with more than one
type of ligand [36]. During the synthesis of mixed metal phosphate/phosphonate materials,
both phosphate and phosphonate are introduced into the precursor. However, due to the
differences in reactivity, the organic-to-inorganic phosphorus ratio in the precursor does
not translate directly into the obtained solid materials. By re-dissolving the solids into
liquid, the amount of different phosphorus ligands could be quantified by liquid 31P NMR
spectroscopy. Possible oxidation or degradation product of the phosphonate ligands (as a
result of harsh synthesis conditions) would also be shown from the same spectrum.

There are two main methods for solubilising solid metal phosphate/phosphonate
materials for 31P NMR analysis. One could either dissolve the materials in an HF/D2O
mixture or treat the solid with an excess amount of base (e.g., NaOH in D2O) and filter
away the insoluble hydrated zirconia particles [37]. The main goal is to transfer the
phosphorus-containing ligand into a solution phase. Since either acid or base needs
to be added to accomplish the dissolution, the protonation state(s) of the phosphorus-
containing ligands cannot be elucidated. The quantification analysis of phosphorus species
is carried out by routine 1H-decoupled 31P NMR with the internal standard method, with
settings that could suppress the nuclear Overhauser effect and long-enough relaxation
delay to ensure the complete relaxation of phosphorus atoms [35]. Some organosoluble
metal(IV) phosphonate materials can be dispersed in deuterated organic solvents for direct
quantification analysis [38,39].

3.3. Solid-State 31P Nuclear Magnetic Resonance Spectroscopy

Liquid-state 31P NMR allows the quantification of each kind of phosphorus-containing
ligand, while the protonation information was lost owing to the acid/base pre-treatment.
However, as stated in Section 3.1, the protonation state of a phosphorus-containing ligand
gives valuable information regarding the properties of the materials and the structural
linkage between the metal(IV) centre and the ligand. For highly crystalline materials, the
protonation states of the ligands could be determined via crystallography methods, ideally
by neutron diffraction. Nevertheless, the determination of hydrogen position comes with
relatively large uncertainties because of the extremely small hydrogen nucleus.

For metal(IV) phosphate or phosphonate materials with only one type of ligand, a
complete picture of the protonation states of the ligand can usually be acquired using solid-
state 31P Magic Angle Spinning (MAS) NMR. For mixed ligand materials, the differences
between the intrinsic isotropic chemical shifts of the ligands determine whether or not their
signal separation might be possible. Crystallinity affects the full width at half-maximum
(FWHM) of the resonance peaks, thus it is usually easier to resolve the protonation states
of crystalline materials. Note that for layered materials, the phosphate or phosphonate
groups on the exterior surfaces might give different resonance peaks due to the slightly
altered chemical environments [40].

Here, we consider inorganic phosphate materials as an example. The protonation
states of inorganic ortho-phosphate groups could be H2PO4−, HPO4

2−, and PO4
3−. A

decent separation exists between the isotropic chemical shifts of the three protonation states.
They are at ca. −10, −20 and −30 ppm, correspondingly. In addition, the assignment could
be further validated through a 1H-31P cross-polarisation (CP) experiment. The CP here is
not used for signal enhancement because the natural abundance of 31P is already 100%. The
strength of dipolar interaction between 31P and 1H could be probed by CP measurements
and therefore signals if there is any H atom(s) bound to the phosphorus. By running
31P MAS NMR with and without high-power 1H decoupling, the 31P resonance signal
increases as the number of protons bound to the PO4 group is increased [41]. Accurate
designation and assignment of the resonance peaks therefore are possible in inorganic
metal(IV) phosphates [42–45], and mixed tin(IV) phosphate-phosphonate [20]. Organic
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ligand degradation is possibly observed, also. For quantification, an extra-long relaxation
delay time should be employed, and the spinning rate of the MAS probe needs to be high
enough so that the resonance peaks are not overlapping with the spinning side bands. The
deconvolution of resonance peaks by mathematical modelling provides certain insights into
the quantifiable speciation, and this is especially useful in the case of a poorly crystalline
material [11,33,46,47]. However, protonation states cannot always be solved in the case of
amorphous materials since both metal(IV) coordination and protonation states affect the
electron cloud distribution around the P atoms, and subsequently affect the 31P chemical
shifts [48]. More complex information could be acquired by performing certain 2D NMR
measurements [34].

3.4. CHN Elemental Analysis

In many cases, phosphorous is used as an anchor for different organic moieties when
synthesising hybrids based on an M(IV) oxide backbone. A CHN elemental analyser is
most commonly used in organic chemistry for compositional determinations. A small
amount of samples (a few mg) are oxidised under an oxygen atmosphere, and the produced
CO2, H2O, and N2 are quantified after a chromatographic gas separation. Such a technique
is useful when organic phosphonate is involved in the materials. The analysis condition
should differ from the common approach since the presence of P would interfere with
the mineralisation of organic materials, forming glassy P2O5 × H2Oy C materials. Some
metal oxides (e.g., CeO2, V2O5) should be added to the mixture to catalyse the oxidation
process [49]. The elemental analysis could be approached by both CHN analysis and WD
X-ray analysis for cross-validation. The quantification of phosphonate groups should not
be based entirely on the carbon content since partial degradation can occur during the
synthesis process.

4. Crystalline and Absorbed Water Content

The amount of crystalline and absorbed water is not a crucial parameter in determining
the properties of the metal(IV) phosphate/phosphonate materials. However, the content of
water is highly changeable with regard to drying approaches, drying temperature, storage
conditions, and so on. Without proper handling and measuring of the water content, the
overall compositional calculation might be erroneous.

The measurement of water content is usually conducted by thermogravimetric (TG)
methods. The weight profile, thermal history, as well as evolved gasses are monitored (if
possible) when a sample is heated under a dynamic condition. The crystalline and absorbed
water usually evaporates completely before 100–200 ◦C, and this could be evidenced by
a weight loss and endothermic stage. For crystalline materials, the loss of crystalline
water usually results in a clear and stable weight-loss step [46,50], but the same is not
true for amorphous materials [47]. In the literature, the water content for amorphous
materials is usually “decided” by assuming a complete elimination of water before a certain
temperature [21]. Ideally, the point should be chosen with the help of the evolved gas
analysis (TG-MS). All samples before compositional analysis should be treated in the
same manner and kept in a controlled environment (e.g., desiccator, controlled humidity
chamber) to prevent the alternation of the absorbed water contents.

5. Concluding Remarks

Growing demands for advanced materials have fuelled the interest in further devel-
opment of metal(IV) phosphate and phosphonate materials. Whatever the crystallinity,
morphology, or functionality, the composition of such materials must be accurately deter-
mined and documented. Certain practices in the literature are not carefully utilised and
have led to erroneous results and interpretations. This review summarises the most com-
mon approaches for the compositional analysis of metal(IV) phosphate and phosphonate
materials, with an emphasis on providing a “best-practice” approach. The core composition
determination relies on a multitude of modern analytical approaches, which are generally
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available internationally. There is not a single method that would provide the whole picture
of the composition, whereas each technique provides a piece of the puzzle that ultimately
leads to a full understanding. Although instrumental availability and conditions vary, the
most important compositional characteristics to be understood are metal content, phos-
phorus content and speciation, and water content. The most straightforward methods for
metal and phosphorus content determinations are (i) digestion followed by concentration
determination in solution (i.e., ICP-OES), and (ii) WD X-ray methods. For phosphorus
speciation, solid-state 31P MAS NMR is the ideal choice. For water content determination,
thermogravimetry methods with evolved gas analyser are recommended. Through the
combination of chemical compositional analysis and structural analysis, the nature of the
metal(IV) phosphate and phosphonate materials is unveiled. This is especially beneficial
for future reproducibility and repeatability purposes.
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