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Preface to “Metal Phosphonates and Phosphinates”

Metal phosphonate and phosphinate chemistry has a long history, which began in the 1970s with
the pioneering work independently carried out by Prof. Abraham Clearfield (Texas A&M University,
USA) and Prof. Giulio Alberti (University of Perugia, Italy). In 1978, Alberti reported the synthesis
of the first layered Zr phosphonate based on phenylphosphonic acid, whose crystal structure was
then determined in 1993 by Clearfield. This Zr derivative is considered the archetypical structure
of all metal phosphonates and disclosed a new chemistry based on the rational design of synthetic
materials possessing tailor-made structures and properties due to the synergistic contribution of both
the metal type and organic part of the linkers.

Phosphonic and phosphinic acids are linkers that can be synthesized by means of several,
often easily accessible, strategies, thus affording a potentially huge number of building blocks. The
combination of these ligands with alkaline, main group, transition, and rare-earth metals allows
preparing robust and crystalline materials to be employed in a vast number of applications, such as
ion exchange, gas sorption, molecular recognition, catalysis, and as support for biomedical purposes.

This Special Issue collects the latest contributions of several experts in the field who attended the
First European Workshop on Metal Phosphonate Chemistry held in Swansea (UK) in September 2018.
The workshop was a one-day event organized with the aim to open a forum of discussion for the most
eminent scientists working in the field of phosphonate and phosphinate chemistry. The invited talks
presented during the seminar covered a large number of topics, ranging from new synthetic strategies

to porous compounds, catalysis, batteries, and biomedical applications.

Marco Taddei, Ferdinando Costantino
Special Issue Editors
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The present Special Issue entitled “Metal phosphonates and phosphinates” aims to collect
recent and significant research papers on the fascinating chemistry of these two related families of
coordination compounds. Phosphonic and phosphinic acids are P-containing linkers that can be
synthesized by means of several, often easily accessible, strategies, thus affording a potentially huge
number of building blocks. The combination of these ligands with alkaline, main group, transition and
rare-earth metals allows to prepare robust and crystalline materials to be employed in a vast number
of applications, such as ion-exchange, gas sorption, molecular recognition, catalysis and as support for
biomedical purposes [1]. Metal phosphonate and phosphinate chemistry has a long history, begun
in the early 1970s with the pioneering work independently carried out by Prof. Abraham Clearfield
(Texas A&M University, USA) and Prof. Giulio Alberti (University of Perugia, Italy). In 1978, Alberti
reported the synthesis of the first layered Zr phosphonate based on phenylphosphonic acid [2], whose
crystal structure was then determined in 1993 by Clearfield [3]. This Zr derivative is considered the
archetypical structure of all metal phosphonates and disclosed a new chemistry based on the rational
design of synthetic materials possessing tailor-made structures and properties due to the synergistic
contribution of both the metal type and organic part of the linkers. A number of dedicated reviews on
this topic were published in the recent past [4-8]. However, the intensive research on new ligands
of different complexity and functionality pushed this chemistry towards unexpected horizons and
exciting achievements in the field of new materials discovery.

This Special Issue collects the latest contributions of several experts in the field who attended the
First European Workshop on Metal Phosphonate Chemistry held in Swansea (UK) in September 2018.
The workshop was a one-day event organized with the aim to open a forum of discussion for the most
eminent scientists working in the field of phosphonates and phosphinates chemistry. The invited talks
presented during the seminar covered a large number of topics, ranging from new synthetic strategies,
porous compounds, catalysis, batteries and biomedical applications. An exhaustive overview of
the workshop is collected into the collective perspective article entitled “New Directions in Metal
Phosphonate and Phosphinate Chemistry” [9]. This perspective summarized all the talks given by
the authors during the workshop and identified promising new avenues for research in the field.
The success of the First European Workshop on Metal Phosphonate Chemistry led to the organisation
of a second edition, to be held at the Federal Institute for Materials Research and Testing (BAM), in
Berlin (Germany), on 24 September, 2019.

The Special Issue also presents five other contributions as original research papers. Two of these
papers come from the group of Housecroft and Constable at the University of Basel and focus on
phosphonate species as anchoring groups for dyes in dye-sensitized solar cells (DSCs). The one
entitled “A Phosphonic Acid Anchoring Analogue of the Sensitizer P1 for p-Type Dye-Sensitized
Solar Cells” [10] reports the synthesis of the first organic dye bearing a phosphonic acid anchoring
group for p-type DSCs based on FTO/NiO electrodes. The performance of this dye compares well
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with that of the benchmark analogue containing a carboxylic acid anchoring group, suggesting that
phosphonic acid dyes could be successfully employed in p-type DSCs. The second article is entitled
“Where Are the tpy Embraces in [Zn{4’-(EtO),OPC¢Hutpy}2][CF3SO3]2?” [11] and reports on the
synthesis and structural characterization of homoleptic Zn complexes containing terpyridine ligands
functionalised with either phosphonate or bromo groups. Structural analysis reveals that the presence
of bulky diethylphosphonate pending groups introduces steric hindrance and affects the packing
interactions, resulting in significant distortion of the ligand backbone, which is not observed in the
bromo derivative. Another contribution to this Special Issue, entitled “Platonic Relationships in
Metal Phosphonate Chemistry: Ionic Metal Phosphonates” [12] comes from the group led by Kostas
Demadis at the University of Crete. In this article, a series of ionic compounds where the phosphonate
species act as counteranions for positively charged metal-aquo complexes is presented. The lack of
coordination between the phosphonates and the metal ions is attributed to the low nucleophilicity
of oxygen atoms, due to the presence of electron-withdrawing groups that reduce the negative
partial charge, as suggested by density-functional theory calculations. Finally, two articles report
the synthesis of new metal phosphinates. In the paper entitled “Mechanochemical access to an
elusive phosphinate-based coordination polymer” [13], Ienco and co-workers at the Italian National
Research Council, University of Firenze and University of Perugia report that the water-assisted
grinding of copper acetate with P,’-ethylene diphenylphosphinic acid affords either a 2D, open
framework compound with unprecedented topology, or an anhydrous analogue with a different
structural arrangement, depending on the amount of water used during the synthesis (1 mL or two
drops). Demel and co-workers at the Czech Academy of Sciences published a paper entitled “Novel
Cerium Bisphosphinate Coordination Polymer and Unconventional Metal-Organic Framework” [14],
where they report the synthesis of a pillared-layered cerium (III) coordination polymer based on the
phenylene-1,4-bis(methylphosphinic acid) linker, named ICR-9, expanding the range of structures
based on this linker and trivalent metals. ICR-9 is non-porous, but small changes in the synthetic
procedure afford a less crystalline and defective solid, which displays porosity and can be considered
as an unconventional metal-organic framework.

The contents of this Special Issue provide, also to non-specialist readers, an overview of the
state-of-the-art and the recent progresses on phosphonate and phosphinate chemistry, with a focus on
the synthesis of functional materials for various applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: We report the synthesis and characterization of the first example of an organic dye,
PP1, for p-type dye-sensitized solar cells (DSCs) bearing a phosphonic acid anchoring group.
PP1 is structurally related to the benchmarking dye, P1, which possesses a carboxylic acid
anchor. The solution absorption spectra of PP1 and P1 are similar (PP1 has Ayax = 478 nm and
€max = 62,800 dm? mol ! cmfl), as are the solid-state absorption spectra of the dyes adsorbed on
FTO/NiO electrodes. p-Type DSCs with NiO as semiconductor and sensitized with P1 or PP1
perform comparably. For PP1, short-circuit current densities (Jsc) and open-circuit voltages (Voc)
for five DSCs lie between 1.11 and 1.45 mA cm~2, and 119 and 143 mV, respectively, compared to
ranges of 1.55-1.80 mA cm 2 and 117-130 mV for P1. Photoconversion efficiencies with PP1 are in
the range 0.054-0.069%, compared to 0.065-0.079% for P1. Electrochemical impedance spectroscopy,
open-circuit photovoltage decay and intensity-modulated photocurrent spectroscopy have been used
to compare DSCs with P1 and PP1 in detail.

Keywords: phosphonic acid; carboxylic acid; dye; p-type; dye-sensitized solar cell; anchor; solar
energy conversion; nickel(II) oxide

1. Introduction

In n-type dye-sensitized solar cells (DSCs) [1-4], a wide variety of anchoring domains are used
or have been proposed to attach the dye to the semiconductor surface [5], the most common being
carboxylic and phosphonic acids. In practice, these anchors may actually function as carboxylates or
phosphonates since the protonation state of the anchoring groups is not usually clearly defined and can
have a significant impact of DSC performance [6]. Investigations of DSCs are dominated by studies of
devices operating with an n-type semiconductor functioning as the photoanode. Despite the typically
poor photoconversion efficiencies of DSCs with p-type semiconductors as the photocathode [7],
research interest in the p-type interface and the development of new p-type dyes [8] is driven by
the ultimate goal of tandem cells in which the performance of an n-type DSC can be further boosted
by harnessing additional photoconversion events at the photocathode [9]. DSCs containing p-type
photocathodes typically exhibit low fill-factors [10]. Enhancement of the performance of p-type
DSCs is hampered by rapid recombination between injected holes and reduced sensitizer molecules
and/or reduced electrolyte. This in turn prevents efficient dye regeneration by the electrolyte [11].
Furthermore, hole-transport resistance is typically high in p-type DSCs.

A major difference between two of the most common n-type and p-type semiconductors (TiO,
and NiO) is their inherent light absorption. TiO, absorbs in the UV region and there is no interference
with the light absorption of adsorbed dyes in the visible region. In contrast, NiO is typically grey
or black, and as a consequence adsorbed dyes tend to be panchromatic and possess especially high
extinction coefficients. Theoretical investigations are important in guiding the design of p-type dye

Crystals 2018, 8, 389; d0i:10.3390/ cryst8100389 4 www.mdpi.com/journal/crystals
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sensitizers, including the choice of anchor and role of solvents (for example, [12-16]). One of the
benchmarking p-type dyes is P1 with a carboxylic acid anchoring group (Scheme 1) [17]. Under
optimized DSC conditions and with an I3~ /I~ redox couple, a DSC sensitized with P1 achieves values
of the short-circuit current density (Jsc) of 4.83 mA am 2, open-circuit voltage (Voc) of 96 mV, and
photoconversion efficiency (1) of 0.145% [18]. The value of Jsc has been increased to 7.4 mA cm 2 by
judicious extension of the conjugated system while retaining the basic core structure of P1[19]. Another
commonly used p-type dye is the coumarin C343 (Scheme 2) which, like P1, contains a carboxylic
acid anchor. Theoretical studies have indicated that stronger binding of the coumarin dye to NiO is
achieved if the CO,H anchor is replaced by a phosphonic acid. Moreover, calculated values of V¢ are
influenced by a change in anchor, and the highest Voc values are found for a monodentate binding
mode to NiO for both CO,H and PO(OH); anchors [14]. However, to the best of our knowledge [8],
there have been no experimental investigations of the use of phosphonic acid derivatives of C343
in DSCs. Pellegrin et al. have demonstrated that the ruthenium dye 1 (Scheme 2) with values of
Jsc =0.78 mA cm™2, Voc = 95 mV and # = 0.025%, has a comparable performance to C343 in a p-type
DSC and outperforms an analogous [Ru(bpy);]**-based dye with CO,H anchors [20]. Similarly, DSCs
with the zwitterionic cyclometallated ruthenium dye 2 (Scheme 2) give photoconversion efficiencies
that exceed those of cells sensitized by an analogous dye bearing a CO,H anchor [21,22] and we have
shown that values of Jsc up to 4.13 mA cm™2 and # up to 0.139% can be achieved using 2, with solvent
and NiO fabrication playing critical roles in optimizing the performance [23]. We were therefore
motivated to investigate an analogue of dye P1 which contains a PO(OH); rather than CO,H acid
anchoring group; the structure of this PP1 dye is shown in Scheme 1.

NC CN NC CN
NC CN NC CN
— = — NS
N N

_P
0~ “OH 071 0H
OH
P1 PP1

Scheme 1. Structures of the P1 and PP1 dyes.

— - 2+

PO(OH),

PO(OH),

Scheme 2. The structures of coumarin C343 and ruthenium dyes 1 and 2, used for p-type materials.
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2. Materials and Methods

2.1. General

H, 13C and 3'P NMR spectra were recorded on a Bruker Avance ITI-500 spectrometer (Bruker
BioSpin AG, Fallanden, Switzerland) at 295 K. The TH and ¥C NMR chemical shifts were referenced
with respect to residual solvent peaks (6TMS = 0), and 3!'P shifts with respect to 85% aqueous
H3POy4. A Shimadzu LCMS-2020 instrument (Shimadzu Schweiz GmbH, Roemerstr, Switzerland)
was used to record electrospray ionization (ESI) mass spectra; high resolution ESI mass spectra were
recorded using a Bruker maXis 4G instrument (Bruker Daltonics GmbH, Féllanden, Switzerland)
and a Bruker Daltonics Inc. microflex instrument (Bruker Daltonics GmbH, Fillanden, Switzerland)
was used for MALDI mass spectra. Solution absorption spectra and solid-state absorption spectra of
dye-functionalized transparent electrodes (Solaronix SA, Aubonne, Switzerland) were measured using
a Cary-5000 spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). Reactions carried
out under microwave conditions used a Biotage Initiator 8 reactor (Biotage, Uppsala, Sweden).

2.2. Compound 1

(4-Bromophenyl)diphenylamine (1.00 g, 3.08 mmol), [Pd(PPhs)4] (0.178 g, 0.154 mmol) and
CspCO3 (1.50 g, 4.62 mmol) were added to a microwave vial and this was then evacuated and flushed
with Nj three times. Diethyl phosphite (0.591 mL, 0.638 g, 4.62 mmol) was dissolved in dry THF
(18 mL) and N was bubbled through the solution for 20 min. The solution was added to the microwave
vial which was then sealed and heated in a microwave reactor at 120 °C for 20 min. Water (15 mL) and
dichloromethane (50 mL) were added. The organic phase was extracted, dried over MgSO4 and the
solvent removed under reduced pressure. The crude product was purified by column chromatography
(Si0,, 3:2 cyclohexane/ethyl acetate, Rf = 0.1). Compound 1 was isolated as a yellow oil (573 mg,
1.503 mmol, 48.8%). 'H NMR (500 MHz, CDCl3) 6 /ppm 7.59 (dd, | = 12.7, 8.4 Hz, 2H, HA?), 7.29 (t,
J = 7.7 Hz, 4H, H®®), 7.16-7.07 (m, 6H, HB**B4), 7.01 (dd, | = 8.6, 3.4 Hz, 2H, H3), 4.11 (m, 4H,
HPOOCH2CH3)2) 1 37 (t, ] = 7.1 Hz, 6H, HPOOCH2CH32) 13C(1H) NMR (126 MHz, CDCl3) §/ppm 151.6
(d, Jpc = 3.3 Hz, CA%),146.7 (CB), 133.0 (d, Jpc = 11.1 Hz, CA2), 129.6 (CP?), 125.9 (CB?), 124.50 (CB*),
120.3 (d, Jpc = 15.6 Hz, C*3), 118.9 (d, Jpc = 195.7 Hz, CA1), 62.0 (d, Jpc = 5.4 Hz, CPOOCH2CH3)2) 16 5
(d, Jpc = 6.6 Hz, CPOOCH2CH3)2y 31p NMR (202 MHz, CDCl3) §/ppm +20.1. MALDI-MS 1/z 381.31
[M]* (calc. 381.16).

2.3. Compound 2

Compound 1 (1.145 g, 3.00 mmol) was dissolved in THF, and N-bromosuccinimide (1.335 g, 7.500
mmol) was added in one portion. The solution was heated at 60 °C for 16 h. Aqueous Nay,CO3 (20 mL,
10%) was added and the mixture was extracted with ethyl acetate (3 x 50 mL). The organic phases were
combined, dried over MgSO, and the solvent removed under reduced pressure. The crude product
was purified by column chromatography (5iO;, 2:3 cyclohexane/ethylacetate, R¢ = 0.4). Compound 2
was isolated as a yellow oil (920 mg, 1.71 mmol, 56.9%). TH NMR (500 MHz, CDCl3) §/ ppm 7.68-7.57
(m, 2H, HA2), 7.44-7.36 (m, 4H, HB%), 7.02 (dd, ] = 8.6, 3.3 Hz, 2H, HA3), 7.00-6.95 (m, 4H, HB2), 4.15 (m,
4H, HPOOCH2CH3)2) 1 33 (t, = 7.1 Hz, 6H, HPOOCH2CH32) 13C(1H} NMR (126 MHz, CDCl3) 6 /ppm
150.7 (d, Jpc = 3.3 Hz, CA%), 145.6 (CB1), 133.3 (d, Jpc = 11.0 Hz, CA2), 132.9 (CB3), 127.0 (CB2), 121.3 (d,
Jpc = 15.6 Hz, C*3),120.9 (d, Jpc = 194.9 Hz, CA1), 117.5 (CB%), 62.2 (d, Jpc = 5.5 Hz, CPOOCH2CH3)2)
16.5 (d, Jpc = 6.5 Hz, CPOOCH2CHI2) "31p NMR (202 MHz, CDCl3) §/ppm + 19.3. MALDI-MS m/z
540.13 [M + H]* (calc. 539.98).

2.4. Compound 3

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde (1.029 g, 4.32 mmol),
Pd(PPhs), (0.125 g, 0.108 mmol) and Cs,CO3 (2.111 g, 6.48 mmol) were added to a microwave vial and
then the vial was evacuated and flushed with N three times. Compound 2 (0.582 g, 1.08 mmol) was
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dissolved in dry toluene (18 mL) and N; was bubbled through the solution for 20 min. The solution
was added to a microwave vial, which was then sealed and heated in a microwave reactor at 120 °C
for 4 h. Water (15 mL) and ethyl acetate (50 mL) were added. The organic phase was extracted, dried
over MgSOy and the solvent removed under reduced pressure. The crude product was purified by
column chromatography (SiO,, ethyl acetate, R = 0.4). Compound 3 was isolated as a yellow oil
(402 mg, 0.668 mmol, 61.9%). 'H NMR (500 MHz, CDCl3) §/ppm 9.88 (s, 2H, HA), 7.74 (d, ] = 4.0 Hz,
2H, HY), 7.70 (dd, | = 12.8, 8.6 Hz, 2H, HA?), 7.61 (d, | = 8.6 Hz, 4H, H®®), 7.36 (d, ] = 3.9 Hz, 2H,
H3), 7.20-7.14 (m, 6H, HB2/A3) 412 (m, 4H, HPOOCH2CH3)2y 1 35 (¢ | = 7.1 Hz, 6H, HPO(OCH2CH3)2)
13C{'H} NMR (126 MHz, CDCl3) 6 /ppm 182.8 (CAl), 153.6 (C?), 150.3 (d, Jpc = 3.4 Hz, CA%), 147.5
(CB1Y, 142.3 (C5), 137.7 (C%), 133.4 (d, Jpc = 11.0 Hz, CA2), 127.9 (CP3), 125.4 (CPB?), 123.85 (CT3),
122.8 (d, Jpc = 16 Hz, C23),122.1 (d, Jpc = 195 Hz, CA1) 62.4 (d, Jpc = 5.5 Hz, CPOOCH2CH3)2) 16 5 ({,
Jpc = 6.5 Hz, CPOOCH2CHI?); 5 signal for CB* was not resolved. 3'P NMR (202 MHz, CDCl3) §/ppm
+19.0. MALDI-MS m/z 601.54 [M + H]* (calc. 602.12).

2.5. Compound 4

Compound 3 (0.349 g, 0.58 mmol) was dissolved in anhydrous MeCN (30 mL). Malononitrile
(0.084 g, 1.28 mmol) and Me3N (4 drops) were added and the mixture was heated at reflux at 85
°C for 16 h. CH,Cl, (50 mL) was added and the organic phase was washed with water (3 x 30
mL), dried over MgSOy and the solvent removed under reduced pressure. The crude product was
purified by column chromatography (SiO,, ethyl acetate, R¢ = 0.3). Compound 4 was isolated as a
red oil (278 mg, 0.398 mmol, 68.7%). 'H NMR (500 MHz, CDCl3) §/ppm 7.79 (s, 2H, H?), 7.76-7.70
(m, 4H, HAZ/C4) 7.64-7.62 (m, 4H, CB3), 7.40 (d, ] = 4.1 Hz, 2H, C%), 7.21-7.15 (m, 6H, CA3/B2), 4.15
(m, 4H, HP(O)OCH2CH3)y 1 35 (¢, | = 7.1 Hz, 6H, HP(O(OCH2CHI)) - 13C(1H) NMR (126 MHz, CDCl3)
3/ppm 155.7 (C?), 150.6 (C*2), 149.9 (d, Jpc = 3.5 Hz, CA%), 148.0 (CB1), 140.4 (C*), 134.1 (C*P), 133.5
(d, Jpc = 10.8 Hz, CA2), 128.1 (CP?), 125.2 (CB?), 124.3 (C®), 123.6 (d, Jpc = 15.5 Hz, C*%), 123.2 (d,
Jpc = 194 Hz, CA1), 114.4 (CEN), 113.6 (CN), 76.4 (CP), 62.3 (d, Jpc = 5.6 Hz, CPONOCH2CH3)) 165 (4,
Jpc = 6.5 Hz, CPOI(OCH2CH3)). o signal for CB4 was not resolved. 3P NMR (202 MHz, CDCl3) 6/ ppm
+18.6. MALDI-MS m/z 697.78 [M + H]* (calc. 698.14).

2.6. PP1

Compound 4 (0.06 g, 0.086 mmol) was dissolved in anhydrous CH,Cl, (30 mL). Me3SiBr (0.227 mL,
0.263 g, 1.72 mmol) was added and the solution stirred at room temperature for 16 h. Water (20 mL)
and CH,Cl, (20 mL) were added and the organic phase was washed with water (3 x 30 mL), dried over
MgSO, and the solvent removed under reduced pressure. The crude product was recrystallized from
ethanol/cyclohexane. PP1 was isolated as a red solid (38 mg, 0.059 mmol, 68.9%). "H NMR (500 MHz,
DMSO-dg) 6 /ppm 11.03 (s, 2H, HY(©OXOM2) 8 64 (s, 2H, H?), 7.95 (d, ] = 4.1 Hz, 2H, H*), 7.80 (d, ] =
8.4 Hz, 4H, HB3), 7.77 (d, ] = 4.1 Hz, 2H, H), 7.66 (dd, Jpy = 12.4, Jyy = 8.1 Hz, 2H, HA?), 7.21-7.13
(m, 6H, HA3+B2) 13C{TH} NMR (126 MHz, DMSO-ds) §/ppm 155.1 (C2), 153.1 (C?), 148.2 (CA1/A%),
143.1 (C%), 133.3 (CA2), 128.5 (CB3), 127.4 (CA/A%), 1254 (CC3), 124.6 (CA3+B2), 115.2 (CN); other 13C
nuclei could not be resolved. 3'P NMR (202 MHz, DMSO-dg) & /ppm +25.5. ESI-MS 11/z 639.99 [M —
H] ™ (calc. 640.07). HR ESI-MS (acetone with NaOH) m/z 640.0671 [M — H]~ (calc. 640.0672).

2.7. Crystallography

Single crystal data were collected on a Bruker APEX-II diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany); data reduction, solution and refinement used APEX2, SuperFlip and CRYSTALS
respectively [24-26]. Structure analysis used Mercury v.3.6 [27,28]. Disorder of the thiophene ring
containing S20 and its aldehyde group meant that this unit had to be refined isotropically.

3: C3HpsNOsPS,, M = 601.68, yellow block, monoclinic, space group C2/c, a = 27.7428(18),
b=9.4833(6), ¢ = 25.0824(14) A, p= 119.127(2)°, U = 5764.5(6) A3, Z = 8, D, = 1.386 Mg m 3,
u(Cu-Ku) = 2.555 mm~!, T = 123 K. Total 16101 reflections, 5160 unique, Ryt = 0.027. Refinement
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of 4606 reflections (360 parameters) with I > 20(I) converged at final R1 = 0.0811 (R1 all data = 0.0871),
wR2 =0.2172 (wR2 all data = 0.2262), gof = 0.9393. CCDC 1861694.

2.8. Electrode Preparation

Working NiO electrodes were prepared as follows. An FTO glass plate (TCO22-7, 2.2 mm
thickness, sheet resistance = 7 () square’l, Solaronix SA, Aubonne, Switzerland) was cleaned by
sonicating in surfactant (2% in milliQ water), rinsed with milliQ water and EtOH and then sonicated
for 10 min in acidified EtOH. The surface was sintered at 450 °C for 30 min. A pretreatment of NiO
was prepared by spin-coating (3000 rpm for 1 min) onto the clean substrates of a Ni(OAc), solution
(0.5 M) containing ethanolamine (0.5 M) in methoxyethanol. After spin-coating, the plate was sintered
at 500 °C for 30 min. A layer of NiO paste (Ni-Nanoxide N/SP, Solaronix SA, Aubonne, Switzerland))
was screen-printed (90 T, Serilith AG, Switzerland) onto the pretreated FTO plate, which was then
placed in an EtOH chamber for 3 min to reduce surface irregularities, and dried (125 °C heating plate,
6 min). In total, two cycles of screen printing were carried out and the resultant two-layer plate was
sintered by gradually heating from room temperature to 450 °C over a period of 30 min, maintained at
450 °C for 30 min, then allowed to cool over 2 h to room temperature. The NiO electrodes were soaked
in an EtOH solution of Ni(OAc); (20 mM) containing 1% ethanolamine for 30 min at 60 °C followed
by EtOH rinsing and drying in air. The sintered FTO/NiO plates were then cut to form electrodes
(1 x 2 cm). The thickness of the NiO layer (~1.0-2.5 um) was confirmed using focused ion beam (FIB)
scanning electron microscopy (REM-FEI Helios NanoLab 650).

The FTO/NiO electrodes were heated at 250 °C (20 min), then cooled to 80 °C before being
placed in an MeCN solution (0.3 mM) of P1 (Dyenamo AB, Stockholm, Sweden) or an acetone solution
(0.3 mM) of PP1. The electrodes were removed from the solutions, washed with the same solvent as
used in the dye bath, then dried in an N stream. Commercial counter electrodes (Test Cell Platinum
Electrodes, Solaronix SA, Aubonne, Switzerland) were washed with EtOH, then heated at 450 °C (hot
plate) for 30 min to remove volatile organic impurities. The working and counter electrodes were
combined using thermoplast hot-melt sealing foil (Meltonix 1170-25 Series, 60 um thick, Solaronix
SA, Aubonne, Switzerland) by heating while pressing them together. The electrolyte of composition
I, (0.1 M), Lil (1 M) in MeCN was introduced into the DSC by vacuum backfilling. The hole in the
counter electrode was closed with a hot-melt sealing foil and cover glass.

2.9. Solar Cell Measurements

The solar cell measurements were made using unmasked cells with an active area of 0.237 cm?.
The DSCs were sun-soaked from the anode side for 20 min at 1 sun irradiation. The cell
was then inverted and measured immediately with a LOT Quantum Design LS0811 instrument
((LOT-QuantumDesign GmbH, Darmstadt, Germany) (100 mW cm~2 =1 sun at AML.5 and 23 °C)
to obtain the current density—voltage (J-V) curves. The instrument software was set to a p-type
measurement mode (inverted configuration), with a 360 ms settling time [22] and a voltage step of
5.3 mV. The voltage was scanned from negative to positive values.

The external quantum efficiency (EQE) measurements were made using a Spe-Quest quantum
efficiency instrument (Rera Systems, Nijmegen, The Netherlands) equipped with a 100 W halogen
lamp (QTH) and a lambda 300 grating monochromator (L.O.T.-Oriel GmbH & Co. KG, Darmstadt,
Germany). The monochromatic light was modulated to 1 Hz by using a chopper wheel (ThorLabs Inc.,
Newton, NJ, USA). The cell response was amplified with a large dynamic range IV converter (Melles
Griot B.V,, Didam, The Netherlands) and measured using a SR830 DSP Lock-In amplifier (Stanford
Research Systems Inc., Sunnyvale, CA, USA).
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2.10. Electrochemical Impedance Spectroscopy (EIS), Open-Circuit Photovoltage Decay (OCVD) and
Intensity-Modulated Photocurrent Spectroscopy (IMPS) Measurements

EIS and IMPS measurements were carried out on a ModuLab® XM PhotoEchem
photoelectrochemical measurement system (Solartron Metrology Ltd., Leicester, UK). The impedance
was measured around the open-circuit potential of the cell at different light intensities (590 nm) in
the frequency range 0.05 Hz to 400 kHz [29] using an amplitude of 10 mV. The impedance data were
analysed using ZView® software (Scribner Associates Inc., Southern Pines, NC, USA). The IMPS
measurements were performed using a small perturbation (>5%) of the steady state illumination.
Voltage decay was measured on a Modulab XM electrochemical system (Solartron Metrology Ltd.,
Leicester, UK).

3. Results and Discussion

3.1. Synthesis and Characterization of PP1

The synthetic route to compound PP1 is summarized in Scheme 3. In our hands, yields
of the Pd-catalysed cross-coupling reaction introducing the phosphonic ester group are rather
low and we therefore decided to carry out this transformation as the first step of the multi-step
synthesis. (4-Bromophenyl)diphenylamine was treated with HPO(OEt); in the presence of Cs,CO3
with [Pd(PPh3),] as catalyst under microwave conditions and 1 (Scheme 3) was isolated in 48.8%
yield. Treatment of 1 with NBS gave selective bromination in the 4-positions of the unsubstituted
phenyl rings. A double Suzuki-Miyaura coupling of 2 (Scheme 3) using four equivalents of
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde under microwave conditions
yielded the dialdehyde intermediate 3 (see below), although the 'H NMR spectrum indicated the
presence of trace quantities of a second aldehyde-containing species. The electron withdrawing
dicyanovinyl groups were then introduced by reaction of 3 with malononitrile (Scheme 3), and finally,
the phosphonate ester groups were deprotected by treatment with Me3SiBr to yield PP1 as a red solid
after recrystallization in 68.9% yield. The 'H and '*C NMR spectra of the intermediates in Scheme 3
and of PP1 were fully assigned by 2D methods, and representative spectra are given in Figures S1-54.
Whereas phosphonate ester 4 is readily soluble in most common solvents, PP1 is poorly soluble and
NMR spectra were recorded in DMSO-ds. Figure 1 shows the 'H NMR spectrum of PP1. Complete
deprotection of 4 to the acid was confirmed by the loss of the signals for the ethyl groups ¢ 4.15 and
1.35 ppm. The negative mode electrospray mass spectrum of PP1 showed a base peak at 11/z 639.99
corresponding to the [M — H]™ ion. The solution absorption spectrum of PP1 consists of two bands at
Amax = 344 and 478 nm with values of emax = 29,300 and 62,800 dm>® mol ! em 1, respectively (Figure 2).
This corresponds closely to the reported MeCN solution absorption spectrum of P1 (Amax = 345 and
468 nm with emax = 58,000 dm® mol~! ecm~! at 468 nm) [17].

A3+B2
B3
C4 (C3
A2
P(OH), L L
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

Figure 1. The 'H NMR spectrum (500 MHz, DMSO-d;) of PP1.
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Scheme 3. Synthysis of PP1. Conditions: (i) HPO(OEt);, CspCOj3, [Pd(PPhs)4],
dry THF (120 °C, 20 min microwave reactor); (i) NBS, THE 60 °C; (iii)
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde, Cs;CO3, [Pd(PPhs)4]
in dry toluene (120 °C, 4 h, microwave conditions); (iv) malononitrile, EtsN in dry MeCN; (v)
Mej3SiBr, CH,Cly, room temperature, 12 h, addition of HyO. Ring and atom labelling are for NMR
spectroscopic assignments.
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Figure 2. The solution (MeCN, 1.18 x 107> mol dm~3) absorption spectrum of PP1.

3.2. Crystal Structure of Intermediate 3

Single crystals of the intermediate 3 were grown by slow evaporation of a solution of 3 in ethyl
acetate and the structure was confirmed by single-crystal X-ray diffraction. Compound 3 crystallizes
in the monoclinic C2/c space group, and the structure is depicted in Figure 3, and an ORTEP-style plot
in Figure S5. One thiophene ring and its aldehyde group are disordered and was modelled over two
positions with occupancies of 40 and 60%; only the major occupancy site containing S20 and C201 is
shown in Figure 3 and Figure S5. The phenyl rings adopt the sterically-favored paddle-wheel arrangement
around the planar N7 with N-C bond lengths and C-N-C angles in the ranges 1.403(5)-1.430(4) Aand
116.4(3)-121.7(3)°, respectively. The angles C17-C19-020 and O1-C201-C28 of 125.5(4) and 119.9(8)° are
consistent with sp? hybridization in the aldehyde. For the minor occupancy aldehyde, O3-C200-C30 =

10
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118.2(8)°. The crystal structure confirms the presence of the phosphonate ester, with the bond P1-O38
being shorter than P1-O35 and P1-O39 (Figure 3 caption).

3.3. Electrode Preparation

FTO/NiO working electrodes for p-type DSCs were prepared by screen-printing two layers of
NiO paste after a [Ni(OAc),] pre-treatment of the FTO surface. A pre-treatment with [Ni(OAc),] or
[Ni(acac);] is essential for optimizing DSC performance by improving the adhesion of the NiO paste
onto the FTO-glass surface [30,31]. In the present investigation, we modified our previously described
method for Ni(acac); pretreatment [22,23] and spin-coated a Ni(OAc); solution in methoxyethanol
containing ethanolamine onto the FTO-coated glass plate [32]. In addition, a post-treatment of
Ni(OAc), followed by sintering was applied after printing of the NiO layers in a manner similar
to that described by Odobel and coworkers [32]. The final NiO surface morphology was examined
using scanning electron microscopy (SEM) and fast ion bombardment (FIB) imaging (see Materials
and Methods section). An NiO layer thickness of 2.0 & 1.0 um (Figure 4) was observed consistent with
our previous work [22].

Electrodes with chemisorbed dyes P1 or PP1 were prepared by immersion of FTO/NiO
photocathodes into solutions of the compounds. The solid-state absorption spectrum of an FTO/NiO
electrode with adsorbed dye PP1 is shown in Figure 5. The absorption band (Amax = 530 nm) is
red-shifted with respect to the solution spectrum (Amax = 478 nm, Figure 2), consistent with the shift
to lower energy reported for P1 (468 to 499 nm) [17]. We note however, that we have also reported a
value of Amax = 525 nm for P1 absorbed on FTO/NiO electrodes made in a similar manner to those
used in the present work [22].

C19 C201

c1 c28
C14
020 320‘. ”

c1
P1

038
C36 ¢ C40
. /035 ’—4'041
c37  ~ -

Figure 3. Single crystal structure of compound 3; an ORTEP-style plot in Figure S5. The thiophene unit
containing S20 and C201 is the major occupancy site of the disordered unit (see text). Selected bond
parameters: P1-O35 = 1.586(4), P1-0O38 = 1.451(4), P1-039 = 1.557(5), 020-C19 = 1.208(6), C201-O1
=1.300(13) A; 035-P1-038 = 114.5(3), 035-P1-039 = 98.7(2), 038-P1-039 = 119.1(3), 035-P1-C1
=107.6(2), 038-P1-C1 = 113.8(2), O39-P1-C1 = 101.2(2), C17-C19-020 = 125.5(4), 01-C201-C28 =
119.9(8)°. For the minor occupancy aldehyde: C200-O3 = 1.238(5) A.

039
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Figure 4. Fast ion bombardment (FIB) image of an NiO electrode. A platinum layer was sputtered
onto the top surface as a protective layer, and a gallium beam (30 kV) was used to cut into the NiO.
The depths of the NiO layer at two points (2.55 and 1.30 um) are marked in red.
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Figure 5. Solid-state absorption spectrum of FTO/NiO electrode with adsorbed dye PP1.

3.4. DSC Performances

Five DSCs were fabricated for each dye and the performance parameters are given in Table 1.
Current-density /voltage plots are shown in Figure 6. Although the values of Jsc are low (not
unexpected for a p-type DSC), for a given dye, the reproducibility of the cells is noteworthy. Values
of Jsc lie in the range 1.55-1.80 mA cm~2 for P1 and 1.11-1.45 mA cm~2 for PP1, and values of
Voc are in the range 117-130 mV for P1 and 119-143 mV for PP1. The overlap of the data indicates
that the dyes behave similarly, and this is borne out in the overall efficiencies (Table 1). All cells
show similar fill-factors which, although low, are typical of p-type DSCs [10]. In comparison to our
earlier work in which P1 gave values of V¢ in the range 82-97 mV and Jsc values between 1.84 and
2.76 mA cm~2 [21-23], the DSCs in Table 1 with sensitizer P1 achieve significantly higher values of
Voc, butlower values of Jsc. We attribute the differences to a change in the method of fabrication of the
working electrodes (see Section 2.3), with the use of both pre- and post-treatments with Ni(OAc), [32]
proving beneficial.
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Figure 6. |-V curves for dye-sensitized solar cells (DSCs) containing dyes P1 and PP1. Five replicate
cells were made for each dye. Data are for the day that the cells were sealed and correspond to the
values in Table 1.

Table 1. DSC performance parameters for dyes P1 and PP1 on NiO in p-type DSCs. Data are for the
day that the cells were sealed and five DSCs were made for each dye. ?

Dye DSC Number  Jgc/mA cm™2 Voc/mV ff1% 7%
P1 1 1.55 130 34 0.068
P1 2 1.80 128 33 0.076
P1 3 1.74 130 35 0.079
P1 4 1.64 125 34 0.071
P1 5 1.76 117 32 0.065
PP1 1 1.45 127 35 0.065
PP1 2 1.45 132 36 0.069
PP1 3 1.32 119 34 0.054
PP1 4 143 122 34 0.059
PP1 5 1.11 143 34 0.054

2 Jsc = short-circuit current density; Voc = open-circuit voltage; ff = fill factor; 17 = photoconversion efficiency.

Figure 7 displays the external quantum efficiency (EQE) spectra for DSCs containing the two dyes.
The spectra are broad (430-600 nm), consistent with charge-carrier injection over the full range of light
absorption observed for the dyes (see Figure 5 and accompanying discussion). For PP1, EQEnax = 10%
at Amax~500 nm which compares to 13.5% for P1 (at Amax = 500 nm). The latter compares to 18%
reported originally by Qin et al. for P1 [17]. We note that values of EQEax are significantly affected
by the method of fabrication of the NiO working electrode [18], and values of up to 64% have been
achieved [33]. Nonetheless, the data for PP1 and P1 reported here confirm the similar performances of
the two dyes, indicating that the replacement of the carboxylic acid anchor in P1 by the phosphonic
acid unit in PP1 does not have a significant detrimental effect upon electron injection.

13
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Figure 7. External quantum efficiency (EQE) spectra for DSCs with dyes P1 and PP1 (for each, cell 5 in
Table 1).

3.5. Electrochemical Impedance Spectroscopy (EIS)

In order to compare the performances of P1 and PP1 in more detail, we have used EIS to investigate
the internal processes and dynamics in a DSC [34-36]. A model based on an equivalent electrical circuit
is used to represent the DSC. During the EIS experiment, AC voltages are applied to the DSC and the
resulting current response is monitored with respect to amplitude and phase shift. Nyquist and Bode
plots are used to depict the EIS results and parameters which can be extracted from the data include the
recombination charge transfer resistance (Ryec), electron/hole transport resistance (R¢), charge-transfer
resistance at the counter-electrode (Rpt) and the active layer surface chemical capacitance (Cp.). A
Nyquist plot comprises three semicircles, but for p-type DSCs, typically only two semicircles are
seen as a consequence of the relative magnitudes of the recombination and ion diffusion impedances.
Scheme 4 shows the equivalent circuit used in the present investigation, and is composed of a series
resistance (R;), a distribution element that consists of the Ry, Rrec and constant phase element (CPE,
Q) of the NiO/electrolyte interface [37]. Values of R;, Rrec and Q,, are derived from the individual
values of r, rrec and gy, [34-36] and the resistance and constant phase element of the platinum counter
electrode (Rcg, Qcg)- A CPE was used for charge transfer processes at both the NiO working electrode
and platinum counter electrode due to the different porosity of the electrode surfaces [38]; we have
previously detailed the equation used to calculate the fitted capacitance (Cy,) [21].

Rs 't It It

Tq“ Qu /rq“ Rce

I I 3‘;]_

Qce

Scheme 4. Equivalent circuit used to fit the electrochemical impedance spectroscopy (EIS) data.
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Figure 8 shows Nyquist plots for DSCs sensitized with P1 and PP1, and parameters obtained from
the fitting are presented in Table 2. The first semicircle at high frequencies (seen in the expansion in
Figure 8b) is attributed to the platinum counter electrode charge transfer process, while the semicircle
at lower frequencies is ascribed to charge transfer processes at the NiO/electrolyte interface. Table 2
shows that the DSC sensitized with PP1 exhibits a higher recombination resistance (Rrec) while the
DSC containing P1 exhibits a lower transport resistance and a much higher capacitance. The similar
overall performances of the DSCs (Table 1) indicate that these factors essentially offset one another.
From the Bode plot (Figure 9), it is observed that PP1 has the shorter hole lifetime since it has the
higher frequency position [39] (fuax = 31.6 Hz for PP1 versus 9.9 Hz for P1). Nevertheless, in order to
calculate the hole lifetime of the DSC, the capacitance must first be calculated from the fitted values
of the pre-factor Q and the empirical constant « (Equation (1) and Table 2) [40]. The hole lifetime can
then be calculated from Equation (2). The values obtained from these equations for the two different
sensitized DSCs reveal that the hole lifetime of the DSC sensitized with PP1 is shorter than that for the
device sensitized with P1 (7, = 0.096 versus 0.32 ms)

1/a

Cu = {(Rrec)lﬂxQ} (1)

T = RrecCy 2

z'1Q
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(a) z/0
-10
-8 A
e oP1
N -4 APP1
2
0 T T T 1
10 15 20 25 30
(b) z/Q

Figure 8. (a) Nyquist plots for DSCs containing P1 or PP1. (b) Expansion of the high frequency region
of the Nyquist plots. Fitted curves are shown as solid black lines.
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Table 2. EIS data obtained from measurements at a light intensity of 22 mW cm ™2 of p-type DSCs containing
FTO/NiO working electrodes, P1 or PP1 dyes, and an electrolyte comprising I~ /I3~ in MeCN.

R/ Rp/QY  Cp/uF  Ry/Q) Rypec/QY Cp/uF a?

P1 17.7 48 7.9 1.9 507.1 485.6 0.70
PP1 11.1 2.0 20 8.3 729.9 96.5 0.88

@ w is an empirical constant [21].

Theta / deg

0.05 5 500 50000
Frequency / Hz

Figure 9. Bode plots for DSCs containing P1 or PP1. Fitted curves are shown as solid black lines.

3.6. Open-Circuit Photovoltage Decay (OCVD) and Intensity-Modulated Photocurrent Spectroscopy
(IMPS) Measurements

Under open-circuit voltage conditions, the band gap between the valence band and the conduction
band of the semiconductor is at its lowest value, and the rates of charge-carrier injection and
recombination are equal. From Equation (3), the lifetime of the charge, T;;, can be extracted [41,42].
However, since the photovoltage decay is a dark measurement, the data concern only the recombination
process with the electrolyte and not the recombination path with the anchored dye [41].

_kaT Vo !

= ) ®

Figure 10a displays the voltage decay profiles for DSCs containing dyes P1 or PP1, and
demonstrates that the decay of V¢ is more rapid for PP1 than for P1. By using Equation (3), the
lifetime versus voltage plot shown in Figure 10b is obtained, which shows that the lifetime of the
Pl-sensitized DSC remains longer with increased voltage. The DSC sensitized with PP1 exhibits
a greater drop in lifetime at lower voltages, which in turn translates to a more dominant charge
recombination process with the electrolyte for PP1 versus P1.

The diffusion length (L) of the charge in the NiO semiconductor is also important in defining the
efficiency of the DSC and can be calculated from Equation (4) where T is the free charge lifetime and
Dy is the free charge diffusion coefficient.

L; = \/ﬁ @)

In an n-type DSC, the diffusion length should be 2-3 times larger than the thickness of the TiO,
semiconductor for efficient charge collection [43]. However, in p-type DSCs, this ratio is difficult
to achieve due to the intrinsic properties of the p-type semiconductor [9]. Intensity-modulated
photocurrent spectroscopy (IMPS) [44,45] at different light intensities was used to calculate the chemical
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diffusion coefficient (D;) of the P1 and PP1 sensitized cells. During this measurement, the cell
is potentiostatically controlled and the photocurrent is measured with no bias applied. Since the
measurement is done under short-circuit conditions, the semiconductor band gap is at a maximum,
and no charge is exchanged at the semiconductor/electrolyte/dye interface. As a consequence, charges
migrate to the back layer of the photocathode where most reactions occur, so the charge transport time,
as well as the diffusion length coefficient, can be calculated [45]. From Figure 11, it can be seen that
the diffusion lengths of both the P1 and PP1-sensitized cells are similar and follow the same trend,
only increasing slightly as the light intensity increases. This indicates a similar mechanism for the
movement of the charge in the semiconductor for both dyes. The dependence of D, on light intensity
is not as great for p-type as in n-type DSCs [10], attributed to different mechanisms for the migration
of charge carriers (hopping as opposed to a trapping-detrapping mechanism) [46,47].

0.07 7
0.06 A
0.05 4, ik
- X 4 PP1
S 004 1°
> ¥
S 0031°
> A'..
002 { 4%
kN
0.01 A
0 ; ; . . . \
0 20 40 60 80 100 120
(a) Time /s
10000 1
1000 °P1
APP1
<100
K
ay oo... ..
La, Ce,
10 1 ‘o, .
A L]
A L
A L]
A L]
1 . . . . .
0 0.01 0.02 0.03 0.04 0.05
(b) Photovoltage / V

Figure 10. (a) Open-circuit voltage decay versus time. (b) Electron life time versus open circuit voltage
at a light intensity of 22 mW cm~2.
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Figure 11. Chemical diffusion coefficients for DSCs with P1 or PP1 at different light intensities.
4. Conclusions

We report the first example of an organic dye, PP1, for p-type DSCs bearing a phosphonic
acid anchoring group. The solution absorption spectrum of PP1 is similar to its carboxylic acid
analogue, P1, with the dominant absorption band at Amax = 478 nm (gmax = 62,800 dm® mol~1 em™1).
The solid-state absorption spectrum of PP1 adsorbed on an FTO/NiO electrode exhibits a broad band
with Amax =530 nm, again similar to the spectrum for P1. p-Type DSCs sensitized with either P1
or PP1 perform comparably, confirmed using five DSCs for each dye. For PP1, values of Jsc and
Voc lie in the ranges 1.11-1.45 mA cm~2 and 119-143 mV, respectively, compared to the ranges
1.55-1.80 mA cm~2 and 117-130 mV for P1. This observation is in contrast to n-type organic dyes
where those with carboxylic acid anchors typically outperform analogous dyes with phosphonic
acids [5], although Abate et al. have demonstrated that in solid-state n-type DSCs, phosphonic acid
anchors are beneficial [48]. We hope that the results from the present work encourage the use of
phosphonic acid or phosphonate anchors in dyes for p-type DSCs.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/8/10/389/s1,
Figure S1: "H NMR spectrum (500 MHz, CDCl3) of compound 1, Figure S2: "H NMR spectrum (500 MHz, CDCl3)
of compound 2. * = residual CHCl3, Figure S3: Aromatic region of the "H NMR spectrum (500 MHz, CDCl3) of
compound 3. * = residual CHCl3, Figure S4: "H NMR spectrum (500 MHz, CDCl3) of compound 4. * = residual
CHCl3, # = HyO, Figure S5: ORTEP-style plot of compound 3.
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Abstract: In this paper, the bromo- and phosphonate-ester-functionalized complexes [Zn(1),]
[CF3S0s3], and [Zn(2),][CF3S03]; (1 = 4’~(4-bromophenyl)-2,2":6,2-terpyridine, 2 = diethyl (4-([2,2":
6,2 -terpyridin]-4’-yl)phenyl)phosphonate) are reported. The complexes have been characterized by
electrospray mass spectrometry, IR and absorption spectroscopies, and multinuclear NMR spectroscopy.
The single-crystal structures of [Zn(1),][CF3S03], MeCN! /,Et,0 and [Zn(2),][CF3S03], have been
determined and they confirm {Zn(tpy),}?* cores (tpy = 2,2":6',2"-terpyridine). Ongoing from X =
Br to P(O)(OEt),, the {Zn(4'-XCsHytpy),}>* unit exhibits significant “bowing” of the backbone,
which is associated with changes in packing interactions. The [Zn(1),]** cations engage in
head-to-tail 4'-Phtpy...4’-Phtpy embraces with efficient pyridine...phenylene 7-stacking interactions.
The [Zn(2),]** cations pack with one of the two ligands involved in pyridine...pyridine m-stacking;
steric hindrance between one C¢H4PO(OEt), group and an adjacent pair of m-stacked pyridine rings
results in distortion of backbone of the ligand. This report is the first crystallographic determination
of a salt of a homoleptic [M{4’-(RO),OPC¢Hatpy},]"* cation.

Keywords: phosphonate ester; zinc(Il); 2,2:6',2"-terpyridine; crystal structure

1. Introduction

The oligopyridines are archetypal metal-binding domains used as scaffolds for numerous
functional architectures [1-3]. 2,2":6/,2"-Terpyridines (tpy) are of particular interest as they are
particularly readily accessible through simple synthetic procedures [4], and improvements to synthetic
procedures continue to be reported [5]. Furthermore, implementations of oligopyridine ligands to
novel target technologies continue to emerge, including optoelectronic devices [6,7]. Dye-sensitized
solar cells (DSCs) utilize metal complexes as sensitizers for semiconductors [8] and the vast majority
incorporate oligopyridine ligands [9]. The binding of the complex to the surface is through an
anchoring ligand [10], which is typically an oligopyridine bearing carboxylic acid groups. Phosphonic
acid anchoring groups have been shown to bind more strongly to semiconductor oxide surfaces
than carboxylic acids and we have been particularly interested in the use of the phosphonic acid
anchoring ligands shown in Scheme 1. The phosphonic acid anchor has been shown to be effective
in complexes containing {Ru(bpy)»(C'N)}* [11,12], {Cu(bpy)2}* [13,14], and {Zn(tpy),}* [15,16] cores
(C'N = a cyclometallating ligand such as the conjugate base of 2-phenylpyridine, bpy = 2,2"-bipyridine),
and we have demonstrated that, in copper-based dyes, the presence of both a 1,4-phenylene spacer
between a bpy metal-binding domain and the phosphonic acid is beneficial to DSC performance [17].
The tpy derivative shown in Scheme 1 has been used in a number of {Ru(tpy),}*- and {Zn(tpy),}*-based
dyes [15-22], and theoretical studies indicate that the presence of the 1,4-phenylene spacer enhances
the rate of electron-transfer across the dye/semiconductor interface [23].

Crystals 2018, 8, 461; doi:10.3390/ cryst8120461 22 www.mdpi.com/journal/crystals
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Scheme 1. Examples of anchoring ligands (cyclometallating H(C"N), bpy NN, and tpy N"N"N) used
in sensitizers in metal complex dyes in dye-sensitized solar cells.

Despite the interest in sensitizers based on polypyridine metal complexes incorporating
phosphonic acid anchors, there is remarkably little crystallographic data available to provide insights
into structural details, in particular, packing interactions that may influence aggregation of the
surface-adsorbed species. A search of the CSD (v. 5.40, November 2018 [24] for metal-bonded
{4’-O3P-tpy} or {4'-O3P-CyHatpy} units gave surprisingly few hits [25-32], with only one featuring
a 1,4-phenylene spacer [32]. It is also interesting to note that all of the reported structures relate to
phosphonate esters rather than the parent phosphonic acids, and that the majority of the studies
were motivated by application of the complexes as logic gates, photosensitizers, and catalysts. Here,
we report the syntheses and single-crystal structures of the two zinc(II) complexes [Zn(1),][CF3SOs],
and [Zn(2);][CF3503]; (where ligands 1 and 2 are defined in Scheme 2) and investigate the effects that
the phosphonate ester group has on intermolecular interactions in the solid state.

OFEt
Oy ] -OEt

Scheme 2. Structures of the ligands 1 and 2.

2. Materials and Methods

2.1. General

H, 13C, and 3'P NMR spectra were recorded on a Bruker Avance I11-500 spectrometer (Bruker
BioSpin AG, Fillanden, Switzerland) at 298 K. The 'H and '*C NMR chemical shifts were referenced
with respect to residual solvent peaks (§ TMS = 0), and 3!P shift with respect to 85% aqueous HzPOy.
A Shimadzu LCMS-2020 instrument (Shimadzu Schweiz GmbH, Roemerstr., Switzerland) was used
to record electrospray ionization (ESI) mass spectra. Solution absorption spectra were measured
using a Cary 5000 spectrophotometer (Agilent, Lautengartenstr. 6, Basel, Switzerland). Solid-state IR
spectra were recorded using a Perkin Elmer UATR Two spectrometer (Perkin Elmer, Bahnstrasse 8,
Schwerzenbach, Switzerland).
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Compound 1 was prepared by the one-pot method of Wang and Hanan [33], and compound 2
was prepared from 1 by the method reported in [34].

2.2. [Zn(1),][CF3503],

A solution of Zn(CF3503); (155 mg, 0.426 mmol) in MeCN (10 mL) was added to a solution
of the 1 (347 mg, 0.895 mmol) in MeCN (10 mL). The reaction mixture was heated at 55 °C for
15 h and then the product was precipitated from the colourless solution by the addition of Et,O.
The precipitate was collected by filtration, washed with cold CH,Cl, and Et,O, and dried under
vacuum. [Zn(1);][CF3SO3], was isolated as a white microcrystalline solid (437 mg, 0.383 mmol, 89.9%).
Slow diffusion of Et,;O into a solution of the complex in MeCN gave colourless single crystals suitable
for X-ray crystallography. 'H NMR (CD3;CN, 500 MHz) §/ppm: 8.98 (s, 4H, HB?), 8.72 (dt, ] = 8.1,
1.0 Hz, 4H, HA3), 8.43 (td, ] = 7.8, 1.6 Hz, 4H, HA%), 8.13 (m, 4H, H®?), 7.95 (m, 4H, H®?), 7.88 (m,
4H, HA%), 7.42 (m, 4H, HA%). 13C NMR (CD3CN, 126 MHz) §/ppm: 156.1 (CB4), 150.9 (CA2/B2), 149.0
(CA®), 148.8 (CA2/B2) 1422 (CA%), 136.3 (C1), 133.7 (C3), 130.9 (C2), 128.5 (C15), 126.3 (CTH), 124.2
(C1%), 122.5 (CP3). ESI-MS (MeOH, positive mode): 1/z 990.90 [M — CF3SO3]* (caled. 990.95), 421.60
[M — 2CF380;]** (caled. 421.00). UV-VIS (CH3CN, 2.25 x 10™* mol-dm™3) Apax (€) 235 (25700). 256
(sh, 20900), 282 (sh, 32300), 289 (35300), 311 (sh, 25600), 329 (20700), 341 nm (16,800 dm®-mol ~*-cm™1).
IR (see Figure S1). CgaHygBryFsNgOsS2Zn requires C 46.36, H 2.48, N 7.37; found C 45.57, H 3.17,
N 7.30%.

2.3. [Zn(2),][CF35031,

The method was as for [Zn(1),][CF3SO3], but starting with Zn(CF3503); (59.6 mg, 0.164 mmol)
and 2 (445 mg, 0.337 mmol). [Zn(2),][CF3SO3], was isolated as a white microcrystalline solid (190 mg,
0.152 mmol, 92.7%). X-ray quality crystals were grown by slow diffusion of Et,O into an MeCN
solution of [Zn(2),][CF3SO3],. "H NMR (CD3CN, 500 MHz) 6 /ppm: 9.00 (s, 4H, HB3),8.72 (dt, ] = 8.1,
1.0 Hz, 4H, HA3), 8.29 (m, 4H, H?), 8.18 (td, | = 7.8, 1.6 Hz, 4H, HA%), 8.12 (m, 4H, H®®), 7.84 (ddd,
J =51, 1.7, 0.9 Hz, 4H, HA%), 7.41 (m, 4H, H?), 4.19 (m, 8H, H®), 1.36 (t, ] = 7.0 Hz, 12H, HFY).
13C NMR (CD;CN, 126 MHz) & /ppm: 156.3 (CB4), 151.0 (CB2), 149.1 (CA®), 148.7 (CA2), 142.3 (CA%),
140.9 (CC1), 133.5 (d, Jpc = 9.9 Hz, C©3), 132.0 (C*), 129.3 (d, Jpc = 14.9 Hz, C2), 128.6 (C*°), 124 3
(CA3),123.0 (CP?3), 63.3 (d, Jpc = 5.6 Hz, CEY), 16.7 (d, Jpc = 6.2 Hz, CEt). 31P{1H} NMR (CD3CN, 202
MHz) 6/ppm +16.3 (s). ESI-MS (MeOH, positive mode): n1/z 1103.20 [M — CF3503]" (caled. 1103.19),
477.65 [M — 2CF3S03]%* (caled. 477.12). UV-VIS (CH3CN, 1.55 x 10™% mol-dm—3) Apmax (€) 234 (23900),
266 (sh, 29100), 281 (sh, 43000), 288 (47500), 324 (15800), 342 nm (16,000 dm>-mol~!-ecm~1). IR (see
Figure S2). Cs5pHgFsNgO12P2S,Zn requires C 49.79, H 3.86, N 6.70; found C 48.96, H 4.05, N 6.80%.

2.4. Crystallography

Single-crystal data were collected on a Bruker APEX-II diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany); data reduction, solution, and refinement used APEX2, SuperFlip, and CRYSTALS,
respectively [35-37]. Structure analysis used Mercury v. 3.6 [38,39].

[Zn(1),][CF3S03],"MeCN-! /5 Et, O: Cy4gH3BryFgN7Og 55,Zn, M = 1218.17, colourless block, triclinic,
space group P-1, a = 12.1814(12), b = 14.7510(15), c = 15.1416(15) A, a =79.980(3), B =69.658(3), v =
71.317(3)°, U = 2410.6(4) A3, Z =2, D, = 1.678 Mg m ™3, ji(Cu-Ka) = 4177 mm~?, T = 123 K. Total 26609
reflections, 8560 unique, Rint = 0.029. Refinement of 8388 reflections (647 parameters) with I > 25(I)
converged at final R1 = 0.0411 (R1 all data = 0.0416), wR2 = 0.0939 (wR?2 all data = 0.0940), gof = 0.9775.
CCDC 1879484.

[Zn(2),][CF3S03]p: Cs5pHagFgNO12P2S,Zn, M = 1254.43, colourless block, monoclinic, space
group P2, /n,a =15.7260(10), b = 15.6566(10), ¢ = 22.9286(15) A, p = 106.899(2)°, U = 5401.6(6) A3, Z = 4,
D, =1.542 Mg m3, u(Cu-Koe) =2.693 mm !, T = 123 K. Total 69834 reflections, 9917 unique, Rin; = 0.033.
Refinement of 9379 reflections (730 parameters) with I > 2 §(I) converged at final R1 = 0.0372 (R1 all
data = 0.0388), wR2 = 0.0923 (wR?2 all data = 0.0924), gof = 1.0280. CCDC 1879482.
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3. Results and Discussion

3.1. Synthesis and Solution Characterization of Complexes

Ligands 1 and 2 were prepared as previously reported [33,34]. Reaction of zinc(Il) triflate with two
equivalents of 1 or 2 resulted in the formation of [Zn(1);][CF3SO3], and [Zn(2),][CF3SO3]; in 89.9% and
92.7% yield after purification. The electrospray mass spectra of the compounds showed peak envelopes
with 11/z 990.90 and 1103.20, respectively, arising from the [M — CF3SO3]* ion; the observed isotope
distribution matched the simulation (Figures S3 and S4). The base peak in each spectrum corresponded
to the [M — 2CF3SO3]** ion with half-mass separations between the peaks in the peak-envelope.
The 'H and *C NMR spectra were assigned by 2D methods. Figures 1 and 2 display the aromatic
regions of the 'H NMR spectra, with the full spectra shown in Figures S5 and S6. COSY and HMQC
spectra are shown in Figures S7-510. The shift to lower frequency for the proton HA® (see Scheme 2 for
labelling) ongoing from free to coordinated ligand was typical of the formation of the {M(tpy),} unit,
with HA® lying over the m-system of the adjacent ligand. For example, in 2 (in CDCls), the resonance
for HA® appeared at 6 8.74 ppm [34], while in [Zn(2),][CF3503], (in CD3CN), it was at § 7.88 ppm.
In [Zn(1),][CF3S03],, the 'TH NMR signal for HC2 showed a NOESY cross-peak to the signal for HB3
(Figure S11). Assignment in [Zn(2),][CF3503], was also aided by characteristic coupling between the
31P nucleus and protons H? and HS, respectively (Figure 2). [Zn(2);][CF3SOz3], exhibited a signal at
6 16.3 ppm in its 31p NMR spectrum. The ethoxy groups in [Zn(2);][CF3503], were characterized by
multiplets at § 4.19 and 1.36 ppm in the 'H NMR spectrum and by doublets at 6 63.3 ppm (Jpc = 5.6 Hz)
and 6 16.7 ppm (Jpc = 6.2 Hz. The IR spectra of [Zn(1);][CF3SOz3], and [Zn(2),][CF3503]; are shown in
Figures S1 and S2. The most significant difference was an absorption at 959 cm™ assigned to v(P-O) in
[Zn(2),:][CF3S03]>.

B3

c2 C3
A6 A5

90 89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 75 74 73

Figure 1. The 'H NMR spectrum (500 MHz, CD3CN) of [Zn(1);][CF3503]; (see also Figure S5).
See Scheme 2 for atom labels.
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90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73

Figure 2. The 'H NMR spectrum (500 MHz, CD3CN) of [Zn(2),][CF3SO3], (see also Figure S6).
See Scheme 2 for atom labels.
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3.2. Crystal Structures of[Zn(I)z][CFgSO3]2'M€CN‘1/2EtZO and [Zn(2),]1[CF3S503],

Colourless single crystals of [Zn(1),][CF3S03]," MeCN-1 /,Et,O and [Zn(2),][CF3S03], were
grown by diffusion of Et,O into MeCN solutions of the compounds. The two compounds crystallized
in the triclinic P-1 and monoclinic P2 /n space groups, respectively. Despite there being a wide range
of crystallographically determined salts of [Zn(4'-Rtpy),]** (4'-Rtpy is a 4'-functionalized tpy), we
were surprised to find no salts of [Zn(1);]?* in the CSD (v. 5.39 with updates [24]. Figures 3 and 4
display the structures of the [Zn(1),]?* and [Zn(2),]** cations, with selected bond distances and angles
given in the captions to the figures. The Zn-N bond lengths were typical of {Zn(tpy),}>* units, as were
the N-Zn-N chelate angles. On going from the bromo to diethylphosphonate derivative, the tpy units
become ruffled. In [Zn(1);]**, the angles between the planes of adjacent pyridine rings in the two
ligands were 12.7° and 3.5°, and 9.7° and 2.6°. In contrast, in [Zn(2),]**, the corresponding angles
were 8.0° and 19.0°, and 11.3° and 20.6°. Differences in the twist of the C¢Hy ring with respect to the
central pyridine of the tpy unit (21.0° and 32.3° for the two ligands in [Zn(1),]**, and 30.6° and 34.0°
in [Zn(2);]%*) were rationalized in terms of the different molecular packings discussed below.

Br2

Br1

Figure 3. ORTEP-style depiction of the [Zn(1);]>* cation. Hydrogen atoms omitted and ellipsoids
plotted at 50% probability level. Selected bond parameters: Zn1-N1 = 2.179(2), Zn1-N2 = 2.087(2),
Zn1-N3 = 2.198(2), Zn1-N4 = 2.212(2), Zn1-N5 = 2.079(2), Zn1-N6 = 2.169(2), C19-Br1 = 1.896(3),
C40-Br2 = 1.900(3) A; N2-Zn1-N5 = 174.89(9)°, N6-Zn1-N4 = 150.79(9)°, N2-Zn1-N1 = 75.46(9)°,
N2-Zn1-N3 = 74.87(9)°, N5-Zn1-N4 = 75.22(9)°, N6-Zn1-N5 = 75.65(9)°.

8-QC47 c22
05
@c48

Figure 4. ORTEP-style diagram of the [Zn(2),]?* cation. Ellipsoids plotted at 50% probability level;
H atoms omitted. Selected bond parameters: Zn1-N1 = 2.2139(16), Zn1-N2 = 2.0760(14), Zn1-N3
=2.2310(15), Zn1-N4 = 2.1701(15), Zn1-N5 = 2.0793(14), Zn1-N6 = 2.2157(15), P1-O1 = 1.4686(15),
P1-02 = 1.5713(15), P1-03 = 1.5788(16), P2-O4 = 1.4683(15), P2-05 = 1.5747(14), P2-06 = 1.5829(16) A;
N2-Zn1-N5 = 167.72(6)°, N6~Zn1-N4 = 150.52(6)°, N2-Zn1-N1 = 75.28(5)°, N2-Zn1-N3 = 75.06(5)°,
N5-Zn1-N4 = 76.23(6)°, N-Zn1-N6 = 74.75(6)°, O1-P1-02 = 115.15(9)°, O1-P1-O3 = 115.54(9)°,
02-P1-03 = 101.88(9)°, C12-P1-01 = 114.01(9)°, C12-P1-O2 = 102.13(8)°, C12-P1-O3 = 106.55(9)°.
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The packing of [Zn(1),]?* cations in [Zn(1);][CF3S05],- MeCN-!/,Et,O involved one of the
characteristic 4’-Phtpy...4’-Phtpy (4'-Phtpy = 4'-phenyl-2,2":6/,2"-terpyridine) embraces described by
McMurtrie and Dance [40,41]. This is shown in Figure 5, with the embrace involving ligands containing
Br2 and N6' (and N6 and Br2!, symmetry code i = —x, 3 — y, 1 — z). The phenyleentroid---pyridinecentroid
separation was 3.73 A and the angle between the 7-stacked ring planes was 8.5°. For the ligand with
Br2, the twist of the CgHy ring with respect to the central pyridine of the tpy unit (21.0°) was smaller
than for the ligand with Br1 (32.3°); this difference is associated with the m-stacking shown in Figure 5.
By symmetry (in the P-1 space group), the ligand containing Brl is also involved in a head-to-tail
packing interaction with an adjacent ligand (Figure 5), but in this case, the relative positions of the
symmetry-related ligands did not allow for an effective embrace [40,41]. Interestingly, there were no
short Br...Br contacts, as have been observed for [Fe(1);][PFs], and related complexes [42]. We note
that atom Br1 lies 4.13 A from the centroid of the pyridine ring containing N4ii (symmetry code ii =
2 — x,2 — y, —z) but at the upper limit of a weak Br...7t contact [43]. The triflate ions are involved in
F..H-C and O...H-C interactions. However, without crystallographic data for other salts, it was not
possible to assess how the counterion affects the packing of the [Zn(1),]%* cations.

J,, ‘BrZi

Figure 5. Packing interactions between centrosymmetric pairs of [Zn(1),]?* cations, and schematic
representation of the 4’-Phtpy...4’-Phtpy embrace [37,38]. See text for symmetry codes.

A comparison of Figures 3 and 4 shows that going from bromo to phosphonate ester functionalities
results in a significant “bowing” of the backbone of the {Zn(4’-XCgHytpy) 2} unit, as is emphasized in
the overlay in Figure 6. We have previously noted this feature in a number of compounds containing
central {M(4'-XCgHytpy)}?* motifs. However, detailed analysis of the packing interactions did not
reveal a universal explanation for the phenomenon [44—46]. The bowing of the backbone in [Zn(2),]**
could be quantified by the C19...Zn1...C40 angle of 168.5° in [Zn(1),]** (Figure 3) vs. the C12...Zn1...C37
(Figure 4) angle of 145.2° in [Zn(2),1%*. [Zn(2),]1[CF5S05], crystallized without solvent in the lattice
and solvent effects can be excluded as the cause of the deviation from an ideal C12...C37 vector in
[Zn(2),]?*. Important cation...cation contacts are illustrated in Figure 7. Pyridine rings containing N4
and N4! engage in the face-to-face 7-stacking interaction shown in Figure 7a with centroid...centroid
and interplane separations of 3.63 and 3.24 A, respectively. Symmetry-related intercation 7-stacking
contacts result in the formation of double-chains of cations running parallel to the crystallographic
b-axis (Figure 7a). The bending of the backbone of the ligand incorporating atoms P1 and O1 appears
to be associated with steric hindrance between the C¢H4PO(OEt), group and an adjacent pair of
mi-stacked pyridine rings. This also leads to close P-O...H-C contacts as shown in Figure 7b, parameters
for which are O1..H271% = 2.43 A, O1.. H2111 = 2.58 A, and O1..H2011 = 2.69 A (symmetry codes are
defined in the caption to Figure 7). Chains are further associated through short P-O...H-C contacts
between phosphate ester groups of adjacent cations (Figure 8). This involves atom O5 (attached to P2)
and H222"V of the OCHj group attached to P11V (Figure 8b). Comparisons of the packing interactions in
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[Zn(2),][CF3503], with related structures are limited by the lack of structural information (see Section 1:
Introduction). However, analysis of the structure of [ReCl{4’ (4-(MeO),OPC¢Hatpy},] (which contains
a 7-coordinate Re(IIl) centre) revealed that the dominant features in the packing involved close
OMe...Trene contacts rather than tpy...tpy m-stacking (CSD refcode PACXOI) [32].

Figure 6. Overlay of the structures of the [Zn(1),]** (red) and [Zn(2),]** (blue) cations (H atoms
omitted). Pairs of atoms Zn1, N2, N5, and N1 were superimposed to within +0.13 A.

Figure 7. (a) Intercation packing interactions between [Zn(2),]?* cations in [Zn(2),][CF3SO03], and
(b) expansion of the close P-O...H-C contacts. Anions are omitted. Symmetry codes: i = —x, 1 — y,
1—zii=—x,—y, 1 —zii=x —1+y, +z.
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Figure 8. (a) Part of one chain of [Zn(2),]** cations in [Zn(2),][CF3SOj3], supported by pyridine...pyridine
m-stacking interactions. (b) Short PO...HC contact between phosphate ester groups of adjacent cations.
Symmetry code iv="1/,-x,%/54y,1/2—2.

4. Conclusions

We have prepared the bromo- and phosphonate-ester-functionalized bis(tpy) complexes
[Zn(1),][CF3S03]; and [Zn(2);][CF3SO3],, and electrospray mass spectrometric and multinuclear
NMR spectroscopic data were consistent with the formation of the homoleptic complexes.
The single-crystal structures of [Zn(1),][CF3S03],'MeCN1 /,Et,O and [Zn(2),][CF3S05], were
determined and confirmed the expected octahedral coordination of the Zn?* ion in each complex.
Significant bowing of the backbone of the {Zn(4-XCgHatpy) »}>* unit was observed ongoing
from bromo to phosphonate ester functionalities and was associated with changes in packing
interactions. The [Zn(1);]** cations engaged in head-to-tail 4'-Phtpy...4’-Phtpy embraces with efficient
pyridine...phenylene m-stacking interactions. In contrast, [Zn(2),]?* cations packed with one of the two
ligands involved in pyridine...pyridine m-stacking; steric hindrance between one C¢H4PO(OEt), group
and an adjacent pair of m-stacked pyridine rings resulted in distortion of the backbone of the ligand.
Short P-O...H-C contacts between phosphate ester groups were also observed. This investigation was
the first crystallographic determination of a salt of a homoleptic [M{4'-(RO),OPCsHytpy}o]"* cation.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/8/12/461/s1.
Figures S1 and S2: IR spectra of [Zn(1);][CF3S03], and [Zn(2),][CF3SO3],. Figures S3-511: Additional NMR
spectra of [Zn(1),][CF3503], and [Zn(2),][CF3503],.
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Abstract: In September 2018, the First European Workshop on Metal Phosphonates Chemistry brought
together some prominent researchers in the field of metal phosphonates and phosphinates with the
aim of discussing past and current research efforts and identifying future directions. The scope of
this perspective article is to provide a critical overview of the topics discussed during the workshop,
which are divided into two main areas: synthesis and characterisation, and applications. In terms of
synthetic methods, there has been a push towards cleaner and more efficient approaches. This has led
to the introduction of high-throughput synthesis and mechanochemical synthesis. The recent success
of metal-organic frameworks has also promoted renewed interest in the synthesis of porous metal
phosphonates and phosphinates. Regarding characterisation, the main advances are the development
of electron diffraction as a tool for crystal structure determination and the deployment of in situ
characterisation techniques, which have allowed for a better understanding of reaction pathways.
In terms of applications, metal phosphonates have been found to be suitable materials for several
purposes: they have been employed as heterogeneous catalysts for the synthesis of fine chemicals, as
solid sorbents for gas separation, notably CO, capture, as materials for electrochemical devices, such
as fuel cells and rechargeable batteries, and as matrices for drug delivery.

Keywords: metal phosphonates and phosphinates; layered materials; metal-organic frameworks;
synthesis; X-ray and electron diffraction; in situ characterisation; heterogeneous catalysis; gas
sorption/separation; proton conduction; rechargeable batteries; drug delivery
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1. Introduction

Metal phosphonates (MPs) are a class of inorganic—organic hybrid polymeric materials built
by the coordination of phosphonate ligands to metal ions, forming extended structures of various
dimensionalities [1]. The field of MPs chemistry has seen steady growth over the last few decades,
which has been driven by the interest for applications in areas such as ion exchange [2], intercalation
chemistry [3-5], proton conduction [6], catalysis [7], and others. This is principally due to the exceptional
chemical and thermal stability and high insolubility of these materials in many solvents, which can be
attributed to the hard character of the phosphonate oxygen atoms and their high coordination affinity
for metal atoms. MPs chemistry turned 40 years old in 2018. In September 2018, the First European
Workshop on Metal Phosphonates Chemistry was held at the Energy Safety Research Institute of
Swansea University and attended by several researchers in the field of MPs based in Europe. The idea
behind the event was to bring these researchers together for the first time and create a forum for
discussion about the state of the art in the field and promote future collaborations. This article is
intended to highlight some of the most promising new avenues of research discussed during the First
European Workshop on Metal Phosphonates Chemistry. As such, we are not seeking to provide an
exhaustive review of the recent progresses in the field, which have been covered by several other
publications over the last few years [6,8-14], including a comprehensive book published in 2011 [1].

Since the field of MPs has come a long way, this article starts off by looking into the past and
retracing some of the most important stages of early development, with a focus on structural chemistry.
The third section is devoted to synthesis and characterisation methods, placing emphasis on innovative
approaches such as high-throughput synthesis for the discovery of new compounds, mechanochemical
synthesis, strategies to form porous frameworks, structure solution from electron diffraction, and in
situ characterisation methods. The fourth section focuses on novel applications of MPs, including gas
sorption/separation, catalysis, electrochemical devices (fuel cells and rechargeable batteries), and drug
delivery. Finally, we take a look at what the future of the field might hold, trying to identify the most
promising new directions for innovative research.

2. Historical Landmarks

The initial interest in the field stemmed from the work by Clearfield et al. in the field of tetravalent
metal phosphates, which have been known for their ion exchange properties since the 1950s. The key
step forward made by Clearfield was the determination of the crystal structure of «-zirconium
bis(monohydrogen orthophosphate) monohydrate [Zr(HPO,),-H,O, hereafter a-ZrP] [15] (Figure 1a,b)
from single-crystal X-ray diffraction (SCXRD) data in 1968. «-ZrP has a layered structure constituted
of Zr atoms octahedrally coordinated by tridentate monohydrogenphosphate groups, thus leaving
free -OH groups pointing towards the interlayer space and hydrogen bonding to water molecules
accommodated between the layers. The atomic level understanding of the structure of x-ZrP triggered
intense research that aimed at taking advantage of the acidic protons on the surface of the layers,
especially for ion exchange and intercalation purposes.

34



Crystals 2019, 9, 270

Figure 1. Crystal structure of a-ZrP viewed along the b-axis (a) and perpendicular to the layer (b).
Adapted with permission from reference. [15]. Copyright 1969, American Chemical Society.

It was Alberti and Costantino et al. in 1978 [16] that would inaugurate the field of MPs.
They prepared three zirconium phosphonates: zirconium phenylphosphonate, Zr(C¢HsPO3),;
hydroxymethylphosphonate, Zr(HOCH,POs3),; and ethylphosphate, Zr(C;H50PO3),. Due to the very
high insolubility of these compounds, they were unable to obtain suitable single crystals for solving
the structures by SCXRD. Given the similar method of preparation to that of x-ZrP and based on the
powder X-ray diffraction (PXRD) patterns dominated by intense basal peaks at low angles, the authors
hypothesised that these compounds would give comparable layered structures to «-ZrP, where the
—-OH groups in the interlayer are substituted by the organic moieties, which determine the interlayer
distance (Figure 2). In the following years, a number of similar compounds were prepared, based
on both monophosphonates and diphosphonates, obtaining analogous layered or pillared-layered
structures, respectively [17,18].

Figure 2. Idealised structural model of Zr(C¢H5PO3),. Reprinted with permission from reference [16].
Copyright 1978, Elsevier Inc.

The initial MP compounds were based on tetravalent metals, especially zirconium, but the late 1970s
and 1980s brought about several structures based on divalent metal ions. Early work by Cunningham
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et al. [19] looked at divalent metal phenylphosphonates and phenylarsonates, M(C¢H5PO3) and
(M(CgHsAs03), with M?* = Mg, Mn Fe, Co, Ni, Cu, Zn, and Cd. They found that most of the synthetic
processes were straightforward, and metal phenylphosphonates could be obtained by a simple reaction
with the chloride or sulphate metal salts, with the exception of magnesium and iron. Thanks to the
lower insolubility of these compounds, compared to tetravalent MPs, single crystals could be grown.
Towards the end of the 1980s, a number of key papers detailing the crystal structures of various
divalent MPs appeared [20-22]. All of these compounds featured structures based on layers built by
the connection of metal atoms and phosphonate groups, with the organic moiety accommodated in the
interlayer space. Figure 3 shows the layered crystal structure of Mn(C¢H5PO3)-HO, which is just one
of the examples provided by Cao et al. (1988) [21], where a number of structures based on divalent
metals were described, based on SCXRD data, including: Mn, Mg, Ca, Cd, and Zn. Moving into the
1990s, MP structures expanded throughout the periodic table, covering a range of transition metals, all
of the lanthanide series, and more than half of the s-block elements [1].

Figure 3. Structure of Mn(O3PCgHs)-H,O viewed down the a-axis. Reprinted with permission from
reference [21]. Copyright 1988, American Chemical Society.

While this expansion across the periodic table was taking place, there was also significant progress
made with solving the crystal structures from PXRD data. This was of great importance for the field
of MPs, since it has often proven difficult to obtain suitable single crystals for SCXRD, especially
when metals with high oxidation states were involved. An example that has already been noted
comes from the pioneering work of Alberti and Costantino et al. [16], who were unable to obtain
large crystals for Zr(CgHsPO3),. The structure was eventually solved by Poojary et al. in 1993 [23]
from PXRD data, using a combination of modelling techniques and Patterson methods, and refined
by Rietveld methods, confirming that the assumption made by Alberti and Costantino et al. 15 years
before was indeed correct and the structure of Zr phenylphosphonate was based on the same layered
arrangement of «-ZrP (Figure 4a,b). With the development of more sophisticated laboratory powder
X-ray diffractometers, the increased accessibility of synchrotron sources, and the availability of more
powerful crystallographic software, structural solutions from PXRD have progressively become a
workhorse for researchers working with MPs.
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Figure 4. (a) Crystal structure of Zr(C¢H5POs3), viewed along the b-axis, and (b) and perpendicular
to the layer. Reprinted with permission from reference [23]. Copyright 1993, International Union
of Crystallography.

While the overwhelming majority of MPs described in the first 15 years of research displayed
layered structures, the early to mid-1990s witnessed the discovery of several open framework
MPs [24-26]. The first examples were all based on the small ligand methylphosphonic acid, which
afforded structures with channel-like arrangement, which was reminiscent of some zeolite frameworks,
when combined with Cu, Zn, and Al (Figure 5a—c) [24-28]. The structural analogy with zeolites
(and porous aluminium phosphates), which were at the time the most important class of crystalline
and microporous materials, fuelled further investigation in the same direction [29]. This led to the
discovery of more open framework materials, which were typically based on either monophosphonates
or diphosphonates with short alkyl chains [30,31]. Increasing the length of the alkyl chains almost
exclusively produced layered or pillared-layered structures, thus preventing the expansion of the
channel size and generation of materials with higher porosity.

a)

Figure 5. Crystal structures of the open framework metal phosphonates (MPs): (a) 3-Cu(CH3PO3),
(b) Zn(O3PC,H4NHy), and (c) a-Aly(O3PCHj3),. Colour code: light blue: copper, turquoise: zinc, light
grey: aluminium, green: phosphorus, red: oxygen, blue: nitrogen, grey: carbon, white: hydrogen.

At the other end of the dimensionality scale, molecular MPs also started being the object of
research in the second half of the 1990s, primarily for their potential as single molecule magnets and as
model compounds for phosphate materials, especially those of group 13 elements (Figure 6) [9,32-36].
In order to overcome the strong tendency of MPs to polymerise, three strategies were devised to prevent
the expansion of the structure: (1) using terminal ancillary ligands that can occupy coordination sites
on the metal ions; (2) introducing sterically demanding groups on the phosphonic acids” backbone;
(3) using a preformed cluster and performing controlled ligand exchange [9].

The reader interested in a more comprehensive account about the progress of the field until 2011
can refer to the book “Metal Phosphonate Chemistry: from Synthesis to Applications” [1], which also
includes a chapter on the early history of MPs chemistry, authored by Abraham Clearfield [37].
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Figure 6. Crystal structure of the GasP4Oq; core found in ['BuGa(u3~O3PPh)]y. Reprinted with
permission from reference [32]. Copyright 2003, Wiley-VCH Verlag GmbH & Co.

3. Synthesis and Characterisation of Metal Phosphonates

3.1. High-Throughput Methods

The synthesis of MPs is usually performed under hydrothermal or solvothermal conditions, with
reaction times in the range of a few hours up to several days [38]. Identifying the proper conditions to
obtain crystalline products involves the screening of reaction parameters such as pH, temperature,
the concentration and molar ratios of reagents, and the amount of mineralisers or crystallisation
modulators, which makes the discovery of novel MPs a time-consuming process. In addition, each
“metal phosphonate” reaction system is unique, with its own idiosyncrasies. High-throughput (HT)
methods have long been used to screen for ideal synthesis parameters, often leading to the accelerated
discovery of novel compounds and further optimisation for increased yield [39] (Figure 7). This is also
true for their application in MP synthesis, with the first reports of this approach falling in the early
2000s [40—44], and the methods are nowadays routinely used [45-47]. The interest in HT methods
stems from their high efficiency, allowing for the systematic investigation of reaction parameters.

£
§ ; Hydrothermal Synthesis
T somm | M| Muttiklave Aging
- | MiXing | sss=—p- |Oven
Dosing
Reactor | Station
Block
Automated
Characterization Work-up
~ 20 mg each
Transfer
— B
BXRD "sample library”

Figure 7. Typical workflow for a high-throughput (HT) synthesis experiment. Adapted with permission
from reference [38]. Copyright 2009, Elsevier Inc.

Some of the earliest work on HT methods applied to MPs was carried out in 2004 [40], and
looked at MPs based on the ligands (H,O3PCH,),N(CH;)sN(CH,PO3H;),-2H,0 (HgL'-2H,0), and
p-H,O3PCH,C¢HsCOOH (H3L?). The investigation began with the design of two experiments to
look at the system Zn(NO3),/H31.2/NaOH. The first of the two varied the molar concentrations of the
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three starting materials while keeping the water content the same (Figure 8). This led to the discovery
of three single crystalline compounds Zn(HO;PCH,C¢sH4COOH); (1), Zn(O3PCH,C¢H,COOH) (2),
and Znz(HO3PCH,;CgH4COO),-4H,0 (3). Throughout the experiment, pH measurements were taken
periodically, allowing the researchers to correlate the pH measurements of the reaction mixture with
the dimensionality of the MP structure. Thus (3), featuring a three-dimensional (3D) framework
structure based on highly condensed inorganic units, was favoured at pH = 6, whereas (1) (pH = 0)
and (2) (pH = 1) displayed isolated columns and layered structures, respectively. The second
experiment used the opposite parameters to the first, with the molar ratio for Zn(N 03),/H3L2/NaOH
kept constant while adjusting the water content. This led to the discovery of a fourth phase,
Zn(HO3PCH2C6H4COOH)2'4H20 ).

The researchers also carried out an investigation of the system M?*/HgL!-2H,0 based on previous
results [48]. In this case, various divalent ions were employed: M = Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn,
Cd, Sn, and Pb. As with the Zn-phosphonates, the investigation was split between two experiments,
with the first taking the form of a discovery library for which the molar ratios for the starting materials
are adjusted (e.g., 1:1, 1:4, 4:1, 2:3), while the water content was kept constant. Results showed that
the microcrystalline products had formed for M = Mg, Ca, Mn, Fe, Co, Ni, Zn, and Cd, and that the
compounds were isostructural. The second experiment showed that it was also possible to obtain
single crystals, where M = Mg, Mn, Co, Ni, Cd, and Zn, by keeping the M?*:HgL! molar ratio at 1:1
and adjusting the water content between 98-99.83 mol % in order to tune the concentration of the
starting materials. In total, 48 individual reactions were carried out without direct manipulation of
each sample, while also exploring a large parameter space.

Zn(NQ,),

COOH 1 5
NaOH H.0.P ‘RJ\:\:’:J‘\/,\:’;
A:pH=0-15 Q:pH=15-3 :pH=3-5 (J:pH=5-9 o) \’\_ \’\_
* ZnQ at pH>9 gray: Zn,(0,PCH,C,H,CO0), 3H,0, 3
white” Zn(HO,PCH,C,H,COOH), 1 vertical lines:  compound A
black : Zn(Q,PCH,C,H,CO0H), 2 horizontal lines:  compound B 3 “\ — 1

/\ v ‘\L:\/\ . l:\/\\—

3

Figure 8. Crystallization diagram of observed phases in the Zn(NO3),/p-H,O3PCH,C¢H4,COOH/NaOH
system (left). Sections of the structures of Zn(HO3;PCH,CyH,COOH); (1), Zn(O3PCH,CcH4COOH)
(2), and Zn3(HO3PCH,C4H4COO);,-4H,0O (3) (right). Colour code: Zn: white, C: black, P: dark grey, O:
light grey. Reprinted with permission from reference. [40]. Copyright 2004, Wiley-VCH Verlag GmbH
& Co.

Subsequent publications explored the multifunctional metal carboxyphosphonates [41,43] via
the method considered previously, successfully obtaining a range of structures based on Co and Mn.
Over the years, several new MPs have been discovered thanks to the application of HT methods [45,49],
whose efficacy was also proved for less conventional synthetic approaches, such as microwave-assisted
synthesis [50] and ultrasonic synthesis [51].

One of the initial drawbacks identified for HT methods has been the inability to control the
temperature for each individual reaction. Since temperature has shown to play such a profound role in
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determining the product outcome and structures obtained, it would be worth having more control of
this factor, allowing for a larger parameter space than is already available to be explored. The solution
to the problem of temperature control was found in a thermocycler, or a polymerase chain reaction
machine, which is usually found in the field of genetics [39]. This has allowed for the control of
temperature for individual reaction chambers.

3.2. Mechanochemical Synthesis

Mechanochemistry has a long history extending back over 1000 years [52,53] and had not, until
recently, received mainstream attention as a viable tool in chemical synthesis. However, over the
last two decades, there has been a massive push towards green and sustainable chemistry, which is
perhaps one of the main reasons why mechanochemistry has since received a lot more attention in a
range of specialised fields. While there are still a lot of details to be ironed out with regards to the
specific mechanisms that drive mechanochemical synthesis, the basic principle is clear. The input
of mechanical energy;, i.e., through grinding/milling drives the reaction between two or more solids
to form a desired product, which is often in the presence of little or no solvent [54]. One of the key
points that makes mechanochemistry more appealing is that it is possible for reactions to proceed via
pathways that are not accessible through conventional methods [55].

Some of the most significant work on the mechanochemical synthesis of MPs has been carried out
over the past four years. In 2016, a synthesis was reported using a vibration ball mill, in which cadmium
acetate dihydrate and phenylphosphonic acid were combined inside a reaction vessel in various ratios
(1:1, 1:2, and 1:4) and then milled for 15 min along with two 4.0-g stainless steel balls. One known and
two novel cadmium phenylphosphonates were obtained: Cd(O3PPh)-H,O (Figure 9a,d), Cd(HO3PPh),
(Figure 9b,e), and Cd(HO3PPh),(H,O3PPh) (Figure 9c¢,f) [56]. Each of the products obtained after
milling were damp, which was caused by the release of water and acetic acid during the reaction,
which in turn, means that each section of the synthesis was in fact liquid-assisted.
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Figure 9. Molecular structure and coordination polyhedra for the Cd?* ions and hydrogen bonds
(green dashed lines) of (a) Cd(O3PPh)-H,O, (b) Cd(HO3PPh);, (¢) Cd(HO3PPh),(H,O3PPh), and the
crystal structures of Cd(O3PPh)-H,0, (d) viewed along the c-axis, (e) Cd(HO3PPh),, viewed along the
c-axis, and (f) Cd(HO3PPh), (H,O3PPh), viewed along the a-axis. Hydrogen atoms of the phenyl rings
are omitted for clarity. Colour code: yellow: cadmium, orange: phosphorus, red: oxygen, grey: carbon,
light grey: hydrogen. Adapted with permission from reference [56]. Copyright 2016, Royal Society
of Chemistry.
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In the same year, further work was carried out which looked at substituting cadmium
with various other metals. The authors state that this is the first work that explores the
mechanochemical synthesis of molecular MPs [57]. They present isomorphic structures of molecular
MPs, M(HO;PPh), (H,O3PPh),(H20),, where M = Mn, Co, and Ni (Figure 10a,b). Using the previously
established procedure, the researchers were able to successfully synthesise three pure compounds
after neat grinding for 15 min. They also carried out a liquid-assisted grinding (LAG) run for each of
the compounds, finding that it had no effect on the data obtained when compared to the “dry” run.
The conclusion was that this approach could be applied to the synthesis of other molecular MPs and
would bring great benefits in terms of its simplicity and speed. There would also be opportunity for
industrial applications due to the scalability, small environmental impact, and once again, the speed
of synthesis.

Figure 10. Crystal structure of [Mn(HO3PPh),-(H,O3PPh),(H,0);] (1), with respective values for
the isomorphic compounds based on Co (2) and Ni (3). (a) Coordination sphere of the metal ion.
(b) Structure of 1 shown along the c-axis (b). Hydrogen atoms are omitted for clarity. Colour code:
purple: manganese, red: oxygen, orange: phosphorus, grey: carbon, light grey: hydrogen. Adapted
with permission from reference. [57]. Copyright 2016, Royal Society of Chemistry.

More recent additions to the body of work looked at exploiting MPs with N-containing ligands.
In 2017, the compound zinc N-(phosphonomethyl)glycinate Zn(O3PCH,NH,CH,CO,)-H,O was
reported, displaying a 3D pillared-layered structure (Figure 11a—c) [58]. This was achieved through
the LAG of zinc acetate dihydrate and N-(phosphonomethyl)glycine in a 1:1 ratio in the presence of
water over 15 min. Through PXRD, it was shown that after just 30 s, the starting materials was almost
completely consumed, and were completely absent after three minutes. Rietveld refinement proved
that a pure compound is obtained. Further work on N-containing phosphonate ligands was carried out
on manganese phosphonates [59], namely manganese mono(nitrilotrimethylphosphonate) (MnNP3)
and manganese bis(N-(carboxymethyl)-iminodi(methylenephosphonate)) [Mn(NP,AH),].
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Figure 11. Structure of Zn(O3PCH,;NH,CH,CO,)-H,0. (a) Coordination sphere of the Zn2* jon.

(b) Structure of the layer formed by the ZnO,-tetrahedra and the phosphono groups, shown along the
a-axis. (c) Pillared structure of the framework shown along the b-axis (c). Hydrogen atoms are omitted

«

for clarity. Colour code: Purple: zinc, red: oxygen, orange: phosphorus, blue: nitrogen, grey: carbon,
and white: hydrogen. Adapted with permission from reference. [58]. Copyright 2017, Springer Science
Business Media.

Numerous efforts have also been made to combine mechanochemical synthesis and in situ
characterisation methods, which are discussed more in detail in Section 3.5, herein.

It is worth reiterating that mechanochemical synthesis provides a range of advantages over
more conventional methods. It is a facile technique that provides results in relatively short periods
of time, e.g., 15 min, and full conversion is often achieved. It is also worth considering the green
status of the technique, owing to the requirement for little to no solvent. Then, it is clear that
mechanochemical synthesis is an invaluable tool on any scale requirement, and could provide
researchers with an alternative to conventional synthesis methods, yielding products that may have
previously been inaccessible.

3.3. Porous Materials

The structures of most of the early MPs were two-dimensionally (2D) layered [15,16], whereby
organic molecules would coordinate to a central metal layer via the phosphonate group. Then, the
organic functionalities would interlace with other metal-organic layers, creating a dense, multi-layered
system. As discussed in Section 2, some early examples of open framework MPs were reported in
the 1990s which, with few exceptions [60], displayed pores too small to accommodate guest species
larger than water, and whose porosity could not be probed by the adsorption of Nj at 77 K [29]. In an
almost parallel arc to open framework MPs, another class of porous inorganic-organic materials, i.e.,
metal-organic frameworks (MOFs), which are mainly based on carboxylic or N-heterocyclic ligands,
started attracting growing interest from 1999 onwards [61-63]. Since then, MOFs have become one of
the most intensely investigated classes of materials for applications such as gas separation and storage,
catalysis, and drug delivery, owing to their large porosity, ease of functionalisation, and structural
versatility [64,65]. Phosphonate-based MOFs represent a rather small fraction of the thousands of MOF
structures reported over the last 20 years. This is mainly due to the strong tendency of MPs to form
extended inorganic layers, coupled with the tendency of the phosphonate moiety to bridge metal ions.
This poses significant synthetic challenges when the aim is to generate open frameworks. However,
some interesting advances have been made recently in developing synthetic approaches that yield
permanently porous MP materials [12-14,66].

One of the first examples of permanently porous MPs is MIL-91 [67]; this was based on the linker
N,N’-piperazinediphosphonic acid, and was initially reported in 2006 by Serre et al. as two isoreticular
analogues based on Al(IIl) and Ti(IV) (Figure 12a—c). The structures display monodimensional
inorganic building units (IBUs) and channels running along the b-axis with an internal space of around
35%x35A. A Langmuir surface area of around 500 m2~g‘1, as well as a pore volume of 0.20 cm3~g‘1
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were measured by N adsorption at 77 K. The compounds were also shown to be reasonably stable up
to 550 K, after which there is a significant breakdown of the organic groups, causing the structure to
become X-ray amorphous. The synthesis of both MIL-91(Al) and MIL-91(Ti) was successfully scaled
up to the 100-g scale with milder procedures than those originally reported, i.e., using reflux instead of
hydrothermal conditions, reducing the synthesis time and avoiding the use of hydrofluoric acid as a
mineraliser [68]. A later study identified some unusual adsorption properties of the structure towards
CO,, which will be examined in detail in Section 4.2 [69].

Figure 12. Crystal structure of MIL-91 viewed (a) along the c-axis and (b) the b-axis. For clarity, only
one set of the two symmetry-equivalent (but half-occupied) sets of diphosphonate ligands connecting
octahedral chains along ¢ are shown. (c) A corner-sharing chain of MOy octahedra (c). Colour code:
titanium: cyan, phosphorus: orange, oxygen: red, nitrogen: blue, carbon: purple. Adapted with
permission from reference [67]. Copyright 2006, American Chemical Society.

The same ligand was also employed to prepare a series of isoreticular compounds (named STA-12)
based on divalent metals, namely Ni, Co, Fe, and Mn, and featuring large hexagonal channels running
along the c-axis (Figure 13) [70]. Interestingly, the STA-12 framework displays dehydration behaviour
that is dependent on the metal atom: while STA-12(Ni) and STA-12(Co) are porous to N, when
coordinated water molecules are removed from the metal ions in the IBUs, the Mn and Fe analogues are
not [71]. This was attributed to the tilting of the piperazine rings and filling of the open coordination
sites on Fe and Mn by the uncoordinated P-O group, which inhibits the uptake of N, probably by
blocking access of the pores on the external surface. Using the linker N,N’-bispiperidinediphosphonic
acid, an isoreticular analogue of STA-12, named STA-16, was obtained with Ni and Co as the metal
atoms (Figure 13) [72]. Thanks to the longer linker, STA-16 features pores with 1.8-nm diameter,
approaching the mesoporous regime, and a large pore volume of 0.68 cm3~g‘1. So far, this remains a
unique example of isoreticular expansion for porous MPs.

1.25nm

STA-12 STA-16

Figure 13. Crystal structures of (left) STA-12, based on N,N’-piperazinediphosphonic acid (left) and
(right) STA-16, based on N,N’-bispiperidinediphosphonic acid (right). Colour code: cobalt, nickel:
purple, phosphorus: orange, oxygen: red, nitrogen: light blue, carbon: black, hydrogen: white.
Adapted with permission from reference [72]. Copyright 2011, American Chemical Society.
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More recently, the use of rigid linkers with non-linear geometries was proven to be a viable strategy
to induce the formation of porous structures [14]. Among them, tritopic linkers have been particularly
investigated by several groups, and a recent review on the topic has been published, to which the
interested reader is directed [73]. Besides tritopic linkers, tetratopic ones with either tetrahedral or
square geometry have also proved successful in generating open framework compounds [74-77].
A notable example is the linker Ni-tetrakis(4-phosphonophenyl)porphyrin, which was combined with
both divalent metals, namely, Mn, Co, Ni, and Cd [46,78], and tetravalent metals, namely Zr and Hf [47],
to produce permanently porous compounds, termed CAU-29, CAU-36, and CAU-30, respectively
(Figure 14a,b). HT methods were extensively employed to identify the best synthetic conditions to
induce the formation of single crystals (in the case of divalent metals) and microcrystalline solids (in
the case of tetravalent metals). Notably, the CAU-30 framework combines one of the most porous
structures ever reported so far for MPs, featuring a specific surface area of almost 1000 m?-g~! and a
pore volume of 0.5 cm3-g™!, and exceptional stability, retaining its crystallinity up to 400 °C and pH 12.

Figure 14. Crystal structures of (a) CAU-29 [Reprinted with permission from reference. [46]. Copyright
2018, Royal Society of Chemistry] and (b) CAU-30 [Reprinted with permission from reference [47].
Copyright 2018, Royal Society of Chemistry. Colour code: nickel: green, zirconium: light blue,
phosphorus: purple, oxygen: red, nitrogen: dark blue, carbon: grey, hydrogen: white.

While the field of carboxylate-based MOFs has moved beyond the initial phase—which was
dominated by crystal engineering—towards practical applications and large-scale deployment, progress
in phosphonate-based MOFs has been slower, and it still remains challenging to identify the right
combination of linker, metal, and synthetic conditions to generate permanently porous structures.
This section has showed that the recently renewed interest in microporous MPs has already produced
some notable results, which hold promise for further advances in the near future.

3.4. Phosphinic Acid-Based Materials

All previous discussion in this review has focused on phosphonic acid-based materials. However,
a closely related class of compounds has also been explored: so-called phosphinic acid-based materials.
Phosphinic acids are different from phosphonic acids, in that one of the -OH groups on phosphorous is
replaced by a second organic moiety. This makes phosphinates less versatile in terms of coordination
ability, but at the same time provides the possibility to exploit the nature of the organic moieties
attached to the P atom. A comparison of the structure of phosphonic and phosphinic acids can be
seen in Figure 15. Thus far, metal phosphinates have received less attention than phosphonates, and
most of the reported structures are based on either diphenylphosphinic acid or diphosphinates with
small organic groups, which are sometimes combined with auxiliary ligands [79,80]. Besides their
similarity with phosphonic acids, phosphinic acids also share some features with carboxylic acids:
they are monovalent groups with two oxygen atoms available to coordinate to metal species, although
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the different hybridisations of the phosphinic P atom (sp?) and the carboxylic C atom (sp?) have
obvious effects on the geometry of the two groups (Figure 15). Notably, phosphinic acids are more
acidic than carboxylic acids, which is the reason why metal phosphinates have shown much better
hydrolytic stability. As mentioned above, carboxylic acids have usually been the linkers of choice in
“traditional” MOF chemistry. A few examples of microporous compounds based on phosphonate
monoesters (Figure 15), which share some features with phosphinic acid linkers, have been reported
recently [81-84]. On the other hand, until very recently, no permanently porous metal phosphinate
MOFs were reported.

0 0 0

e o
JOH  p~"{OH - OH

R, OR, OH

Carboxylic acid Phosphinic acid Phosphonate monoester Phosphonic acid

R OH R{

Figure 15. Molecular structures of carboxylic, phosphinic, and phosphonic acids.

In 2018, Hynek et al. [82] used the linker phenylene-1,4-bis(methylphosphinic acid), hereafter
denoted PBPA(Me), which can be seen as an analogue of terephthalic acid, the most common linker in
MOF chemistry. Three different compounds were obtained by the reaction of PBPA(Me) with Fe(III)
salts in different conditions (Figure 16): ICR-1 (ICR stands for Institute of Inorganic Chemistry Rez),
prepared in water, has a non-porous 3D framework, which is isoreticular to a previously reported
Zr phosphonate [85]; ICR-2, prepared in ethanol, is instead porous, with hexagonal channels with
diameters of 0.8 nm running along the c-axis and a Brunauer-Emmett-Teller (BET) surface area of
731 m2~g"1 ; ICR-3, prepared in N,N’-dimethylformamide is a layered dense phase. ICR-2 was shown to
be stable in a range of solvents, most notably water. The authors were also able to obtain a compound
isoreticular to ICR-2, termed ICR-4, by employing the linker phenylene-1,4-bis(phenylphosphinic acid)
[PBPA(Ph)]. Due to the larger size of the organic groups accommodated in the pores, ICR-4 has a much
lower surface area (165 m2-g’1) than ICR-2.

Figure 16. Crystal structures of (a) ICR-1, (b) ICR-2, and (c) ICR-3. Colour code: iron: blue, phosphorus:
pink, oxygen: red, carbon: grey, hydrogen: white. Adapted with permission from reference. [82].
Copyright 2018, Wiley-VCH Verlag GmbH & Co.

The results reported by Hynek et al. demonstrate that phosphinic acids can also be suitable linkers
for the construction of open framework structures, with the added advantage that the pendant organic
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group can be modified and/or functionalised to impart specific properties to the material. This is not
possible in the case of phosphonates and carboxylates; therefore, the use of phosphinic acids might
open up a whole new range of opportunities in the field of MOFs.

3.5. Structure Determination by Electron Diffraction

2018 has seen a major breakthrough for the structural characterisation of microcrystalline and
nanocrystalline compounds, mostly thanks to two major papers reporting on the use of electron
diffraction (ED) data to solve the crystal structures of some small organic molecules [86,87]. Using
ED, it is possible to obtain diffraction patterns that are comparable to those usually observed when
performing SCXRD experiments from crystals of submicrometric size. The method is particularly
attractive because it does not require exotic instrumentation and, in principle, any transmission electron
microscope could be adapted for such a task, holding promise for a rapid deployment of the technique
as a routine tool for structural characterisation.

Even before the two aforementioned papers appeared, ED had already been employed to determine
the crystal structure of some MOFs [88], including some compounds mentioned earlier in this review:
CAU-30, CAU-36, (Section 3.3) [47,78], ICR-1, ICR-2, and ICR-3 (Section 3.4) [82]. All these compounds
were obtained as microcrystalline powders, whose crystallite size was below the micrometre range and
not sufficiently high to allow structure solution from PXRD data (Figure 17). In the case of CAU-30, the
structural model was obtained from automated electron diffraction tomography [89], whereas for the
ICR compounds, micro ED [90] was employed. In order to minimise beam damage, the samples were
cooled to 95 K (CAU-30) or 100 K (ICRs), and the beam was shifted on the crystals. For all the compounds,
the structural model was then validated by classical Rietveld refinement of the PXRD patterns. Another
notable example of the use of ED in MP chemistry is represented by CAU-36 [78], which was a Co-based
porous compound obtained using the same Ni-tetrakis(4-phosphonophenyl)porphyrin linker employed
to prepare CAU-29 and CAU-30. In the case of CAU-29, continuous rotation electron diffraction [91] was
employed, allowing to precisely identify the location of the guest species (1,4-diazabicyclo[2.2.2]octane
and solvent molecules) within the framework.

Figure 17. Transmission electron micrographs of ICR-2 (left) (Reprinted with permission from
reference. [82]. Copyright 2018, Wiley-VCH Verlag GmbH and Co.) and CAU-30 (right) (Reprinted
with permission from reference. [47]. Copyright 2018, Royal Society of Chemistry).

Given the difficulty in obtaining suitable crystals for SCXRD, especially when high oxidation state
metals are employed, the structural determination of MPs has often been carried out from PXRD data.
However, due to the limited amount of information contained in a PXRD pattern, some structures can
require a large amount of time to be solved, if they can be solved at all. This is one of the main factors
that have prevented the field of MPs from progressing at the pace of other classes of coordination
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polymers, such as carboxylate-based MOFs. Therefore, the possibility of accessing ED as a tool for
structural determination can be an absolute game changer in this sense.

3.6. In Situ Characterisation

In situ investigations have been widely used in materials chemistry to monitor synthetic
processes, especially those involving the self-assembly of well-defined building blocks into crystalline
compounds [92]. Besides simply following the products’ formation, this approach is powerful
in identifying the different phases and intermediates that form over the course of a reaction [93].
The application of in situ investigations can take many different forms and draw on a wide range of
techniques, such as XRD, X-ray absorption spectroscopy, and vibrational spectroscopies [94]. The data
obtained from in situ studies can be used to identify the different stages in a reaction and correlate this
to the reaction parameters for further optimisation.

An early example of in situ investigations of MPs stems from Feyand at al. and the work carried
out on the HT synthesis of lanthanide phosphonatobutanesulfonates, Ln(O3P-C4Hg-503)(H,0), where
Ln =La — Gd [95]. They managed to produce a series of isostructural compounds on which they carried
out in situ analysis using energy-dispersive X-ray diffraction (EDXRD) during both conventional and
microwave-assisted heating processes. A number of phases were identified before the formation of
the final product (Figure 18). During the first five minutes, there was some background modulation,
indicating that an amorphous side phase had formed in the initial part of the reaction, but after one
minute, there was clear evidence for a crystalline intermediate. The formation of the product was
observed at seven minutes, after which no significant events were identified in the diffraction pattern.
The researchers concluded that the reaction takes place in two steps between 110-150 °C for both
conventional and microwave heating, with no observable difference in the phase change, but some in
the ongoing crystallisation of the product.
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Figure 18. Surface energy-dispersive x-ray diffraction (EDXRD) plot of the transformation of the
intermediate phase into Ln(O3P-C4Hg-503)(H,0) (bottom) and reaction progress ((f)) for both phases
under conventional heating at 150 °C (top). Reprinted with permission from reference. [95]. Copyright
2010, American Chemical Society.

The same group also carried out a temperature-dependent in situ EDXRD study for the formation
and temperature-induced phase transition of previously described copper phosphonatosulfonates [96].
It was shown that at 90 °C, the formation of [Cu,(O3PC,H4-SO3)(OH)(H,0)]-3H,0 is achieved after
five minutes, but proceeds via a previously unknown phase, i.e., a tetrahydrate analogue of the
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previous compound, which they were able to obtain as a phase pure product by quenching the reaction
mixture within the first few minutes. Alternatively, increasing the temperature from 90 °C to 150 °C
saw the formation of the monohydrate analogue after 12 min, with full phase transformation at 15 minu.
This in situ EDXRD investigation allowed the researchers to propose the likely reaction pathway, which
was shown in Figure 19.

90°C 150°C

Figure 19. Illustration of the reaction pathway leading to the formation of [Cuy(O3PC,Hy-SO3)
(OH)(H,0)]-3H,0 (1) through intermediates Cuy[(O3P-C;H4-503)(H,0),(OH)]-4H,0 (4) and
[Cuy(O3P-CyH4-S03)(H0),(OH)]-3H,0 (6). The phase transformation at different temperatures is
shown in the contour plot (top), and the correlated structural motifs of the copper oxygen chains
are presented at the bottom. The gap in the contour plot at ~30 min is due to the stage at which the
specimen was removed from the vessel. Reprinted with permission from reference. [96]. Copyright
2012, American Chemical Society.

In 2017, Heidenreich et al. [93] published a detailed overview of a novel reaction cell with
integrated stirring and heating systems (up to 200 °C), which was named SynRAC, and used for in situ
investigation of reactions under hydrothermal or solvothermal conditions using synchrotron radiation.
The setup and design of the cell is discussed in detail in the paper: the main advantage of the SynRAC
is that it is designed to be as similar as possible to a common laboratory reaction vessel, which allows
for the extensive and reliable preliminary ex situ screening of reaction parameters before the actual in
situ work, thus helping maximise the amount of information obtainable from the available synchrotron
beamtime. A number of case studies are also presented to demonstrate the methods they use and
the results that can be achieved. These do not include any MPs, but the SynRAC could easily find
employment for this class of materials as well.

Section 3.2 has already suggested that in situ studies can be very informative for mechanochemical
syntheses [56-59,97]. The two techniques used in each of the in situ studies reported so far were XRD
and Raman spectroscopy, which allow the reaction to be monitored at both molecular and crystalline
levels [97]. Traditionally, the vessel used in the milling/grinding process would be lined with an
abrasion-resistant material, and would contain the grinding media, which is often constructed from
steel, ceramic, and other suitable materials. However, for the in situ studies, the vessel needed to be
adapted, which led to the grinding vessel to be made of Perspex. This allows radiation from both
techniques to penetrate the vessel and reach the appropriate detector.

Combined XRD and Raman data on metal phenylphosphonates [57] has allowed the researchers
to identify various phases throughout reactions. In 2015, Batzdorf et al. [97] described the in situ
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investigation for the synthesis of cobalt(Il) phenylphosphonates monohydrate (CoPhPO3-H,0), where
equimolar amounts of cobalt(I) acetate and phenylphosphonic acid were ground together to form the
product. The insitu XRD and Raman data confirmed that the product started forming after only 2.75 min
of grinding, with completion of the reaction occurring at 27 min (Figure 20a,b). Different stages of the
reaction were also identified, the main being where the product coexisted with intermediate phases.
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Figure 20. Synthesis process of Co(PhPO3)-H,O followed in situ by (a) synchrotron X-ray diffraction
(XRD) and (b) Raman spectroscopy. The first measurement of the Raman plot (grey) is the Raman
spectrum of the empty Perspex jar, indicating the modes arising from the sample holder. Colour code:
yellow: reactants, green: reactants and intermediate phases, blue: reactants, intermediate phases and
product, purple: intermediate phases and product, red: product. Adapted with permission from
reference [97]. Copyright 2015, Wiley-VCH Verlag GmbH and Co.

An example where in situ analysis was able to provide unparalleled insight is the formation
of Mn(HO3PPh),(H,OPPh),;(H,0),. XRD data indicated that there were five phases during the
reaction [57] (Figure 21a,b). The initial reflections represent the starting materials (phase 1), and it
is not until 30 s into the reaction that additional reflections indicate the appearance of a new phase
(phase 2), which itself lasts approximately 30 s. At this point, strong reflections for the final product
can be observed alongside those of Mn(O3PC¢Hs)-H,O (phase 3). The reflections for both starting
materials disappear at 1.15 min, after which the Mn(O3PC¢Hs)-H,O reflections start to decrease, while
those of the final product intensify (phase 4). Then, at six minutes, the reflections for anything other
than the product reach a minimum and go through no further changes (phase 5). Raman data, after
30 s of milling, shows bands exclusively for the uncoordinated phenylphosphonic acid. After an
additional 30 s, bands assigned to the coordinated phenylphosphonic acid start to appear, followed
by the disappearance of the uncoordinated phosphonic acid band. The final change is the increase in
intensity for the coordinated phenylphosphonic acid band.
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Figure 21. Two-dimensional (2D) plots of (a) synchrotron X-ray diffraction (XRD) data with a description
of the detected compounds and (b) in situ Raman spectroscopy measurements monitoring the synthesis
of Mn(HO3PPh),(H,O3PPh),(H,0),. Adapted with permission from reference. [57]. Copyright 2016,
Royal Society of Chemistry.

Based on the aforementioned examples, it is clear that the use of in situ investigations can
provide invaluable information on the mechanism of a reaction as well as the different crystalline
phases appearing before the reaction completion. Furthermore, they present opportunities to optimise
conditions to isolate specific new materials that might exist as intermediate phases for products with
previously known structures.

4. Applications of Metal Phosphonates

4.1. Catalysis

Catalysis has played a key role in enabling the huge progress of the chemical industry in the
20th century [98]. Most of the large-scale industrial processes producing essential commodities,
such as ammonia, sulfuric acid, nitric acid, and polyolefins, are made possible by the use of
heterogeneous catalysts [99,100]. Typically employed catalysts in industrial settings consist of metal
nanoparticles deposited on the surface of solid supports, such as metal oxides, carbon-based materials
or zeolites [101,102]. With the advent of MOFs and the precise atomic control that they allow, it has also
become possible to introduce active sites, which are most often coordinatively unsaturated metal atoms,
in the porous framework [103,104]. Drawing inspiration from earlier work on the use of zirconium and
titanium phosphates as solid acid catalysts [105], initial applications of MPs in catalysis were focused
on, taking advantage of the Bronsted acidity of pendant sulfonic groups, which were successfully
employed for cracking reactions in mild conditions [106]. This section presents recent examples of
MPs employed both as supports for catalytically active species and as catalysts themselves.

A crucial feature of effective catalyst supports is a large surface to make the active species easily
accessible to reactants. This can be achieved by the use of porous supports or by the exfoliation
of layered materials to generate nanosheets consisting of single or few layers. A representative
example of the latter strategy involves a mixed zirconium phosphate/phosphonate of formula
Zry(PO4)H5[(O3PCH;),NCH,COO],-H, O (Figure 22) containing N,N-bis[(phosphonomethyl)glycine]
(glyphosine) as a ligand [107]. The interlayer region of this structure is characterised by the presence of
both carboxylic and phosphonic acid groups, which make the layer surface highly polar and give rise
to an extended network of hydrogen bonds. The presence of these groups make the compound very
prone to ion exchange and the intercalation of small organic amines, such as propylamine, yielding
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stable colloidal dispersions of hybrid nanosheets. The addition of palladium acetate to the dispersion
led to the coordination of the metal to the non-coordinating carboxylic and phosphonic acid groups and
enabled the deposition of palladium nanoparticles with size <2 nm onto the nanosheets with variable
loadings, with the highest being reported at 19 wt. % [108]. The catalyst loaded with 15 wt. % of Pd
was tested for the Suzuki-Miyaura coupling between phenylboronic acid and various aryl bromides,
both in batch and continuous flow conditions, showing excellent performance and recyclability (Table 1
and Scheme 1). Importantly, the minimal leaching of Pd and no significant nanoparticle sintering
were observed, suggesting the effectiveness of the support in binding the catalytically active species.
The same catalyst was later successfully employed also for the hydrogenation in batch conditions of
alkynes and nitroarenes [109] and for the Heck reaction [110], proving its wide applicability.

b

-

Figure 22. Crystal structure of Zr,(PO,4)Hs5[(O3PCH;),NCH,COO],-H,O viewed along the c-axis.
Colour code: zirconium: pink, phosphorus: green, oxygen: red, nitrogen: blue, carbon: grey. Reprinted
with permission from reference. [107]. Copyright 2014, American Chemical Society.
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Scheme 1. Representative Suzuki-Miyaura coupling catalysed by Pd nanoparticles supported on
Zry(PO4)H5(0O3PCH;),NCH,COO),-H,O nanosheets (15 wt. % Pd). Reprinted with permission from
ref. [108]. Copyright 2015, Royal Society of Chemistry.
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Table 1. Results of catalytic tests for the Suzuki-Miyaura coupling displayed in Scheme 1. Reprinted
with permission from ref. [108]. Copyright 2015, Royal Society of Chemistry.

Entry Aryl Bromide R t (h) Yield (%)
1 2a (Ist) Me 30 97
2 2a (2nd) Me 30 97
3 2a (3rd) Me 30 97
4 2b H 30 96
5 2¢ CHO 10 98
6 2d NO, 10 98

More recently, a new strategy was adopted to obtain a zirconium phosphate-phosphonate
decorated with very small gold nanoparticles on its surface [111]. The procedure consisted of
different steps: first, a nanosized zirconium phosphate was obtained using a synthesis from gel
in propanol [112]. Then, due to the small dimensions and high defectivity of the nanocrystals,
this compound could be functionalised with amino groups through a topotactic anion exchange
reaction of phosphates with incoming aminoethylphosphonate groups, and a compound with formula
Z1(POy)1.28(03PCoH4NH;)g 72 (hereafter ZP-AEP) was prepared (Figure 23). Finally, gold nanoparticles
with dimensions less than 10 nm were produced by reduction, with NaBHy, of AuCI*~ ions chemisobted
on the surface of nanocrystals (Figure 24).

Figure 23. Schematic representation of a mixed «-Zr phosphate aminoethylphosphonate. Adapted
with permission from reference [111]. Copyright 2019, Royal Society of Chemistry.
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Figure 24. Transmission electron micrograph of Au@ZP-AEP (left) and Au particle size distribution
(right). Adapted with permission from reference [111]. Copyright 2019, Royal Society of Chemistry.
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A sample obtained with this procedure, and containing 1 wt. % Au, was found to be an efficient
catalyst for the chemoselective reduction of a series of nitroarenes (Scheme 2); furthermore, the authors
showed that it was possible to efficiently switch the reaction product between the corresponding
azoxyarenes or anilines, simply by changing the solvent (96% EtOH or absolute EtOH, respectively).
The recovery and reuse of the catalyst was also very efficient, as shown in Table 2.

OMe OMe

Au@ZP-AEP
NaBH, medium, 30° C
Q @

1 4

Scheme 2. Representative reduction of nitroarenes using Au@ZP-AEP as the catalyst and NaBHy as
the reducing agent.

Table 2. Representative results of Au@ZP-AEP catalyst in the switchable preparation of an azoxy
derivative (2a) and methoxyaniline (4a) and its recovery and reuse. Reprinted with permission from
reference. [111]. Copyright 2019, Royal Society of Chemistry.

Entry * Run Medium t (h) Cb (%) 2:3: 4 Ratio?
1 Run 1 96% EtOH 3 98 96:4:0
2 Run 2 96% EtOH 3 9% 97:3:0
3 Run 3 96% EtOH 3 94 97:3:0
4 Run 4 96% EtOH 3 93 96:4:0
5 Run5 96% EtOH 3 87 98:2:0
6 Run 1 EtOH, s 2 >99 0:0:100
7 Run 2 EtOH, s 2 >99 0:0:100
8 Run 3 EtOH, s 2 >99 0:0:100
9 Run 4 EtOH, s 2 >99 0:0:100

10 Run5 EtOH ;s 2 >99 0:0:100

# Reaction conditions: 1 (0.1 mmol), Au@ZP-AEP (1 mol%), NaBH, (6 equivalents), reaction medium: 96% EtOH
or EtOH,ps (1.8 mL), at 30 °C. ? Conversion and product ratios determined by gas liquid chromatography and
TH-NMR analyses.

A notable feature of both STA-12(Ni) and STA-12(Co) is their ability to be activated in order to
create coordinatively unsaturated metal sites [113]. This occurs due to the loss of chemisorbed water at
around 85-109 °C. Given the high density of these Lewis acidic metal sites, the STA-12 family of MPs
has been investigated for a range of catalytic reactions. STA-12(Co) has been particularly notable for
the catalysis of aerobic epoxidation of olefins, which are typically catalysed by Co-doped zeolites [114].
The issue with zeolitic materials in this case is that in order to achieve the required isolated Co species,
the loading of Co in the zeolite must be relatively low, which means that larger quantities of the catalyst
will be required. This is where MOFs have shown promise over other materials, in that they are often,
by nature, high metal-containing materials. The catalytic activity of STA-12(Co) was found to be
comparable to the zeolite catalysts, obtaining similar results even when reducing the amount of catalyst
by two orders of magnitude. It was also found that the substrate used could have a great effect on the
selectivity. With styrene, the selectivity to styrene oxide was low due to substrate oligomerization.
Conversely, for (E)-stilbene, and (Z)-stilbene, the selectivities for the relative oxides were shown to be
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between 80-90%, with no considerable oligomerization of the substrate (Figure 25). It was also shown
that the catalyst could be recycled, with little compromise on the activity. STA-12(Ni), similar to its Co
analogue, has also shown reasonable catalytic activity. Both materials also showed little or no change
in crystallinity when reused, with only a 1% difference in product formation after three cycles.

Styrene (E)-Stilbene
100 - 60 100 » 100
/l/ = L\ri\,,\fg‘g)'_\--.’\—&- A
80 - _ ° Y e ®
3 0x o A g
= g - - £ w =
5 «f g — £
E W0 g—o——F=__ B g w 03
(— o—=>0 128 ©
5 p— - n
O 2 —n *—e | Q 2 o 20
/ l’./ e
0| W i 0 o{m- 0o 90 000 —0 |
0 7 2 3 4 5 b2 3 8 8 b R
Time (h) Time (h)

Figure 25. The epoxidation reaction of styrene (left) and (E)-stilbene (right) with the Co-based
metal-organic framework material STA-12(Co). The graph on the left shows styrene conversion (m),
as well as the selectivity for styrene oxide (O), benzaldehyde (e), and benzoic acid (O). The graph on
the right shows (E)-stilbene conversion (m), as well as the selectivity for trans-stilbene oxide (A) and
benzaldehyde (). Adapted with permission from reference. [114]. Copyright 2012, Wiley-VCH Verlag
GmbH & Co.

The combination of the high stability and structural versatility of MPs can be features promoting
their employment in heterogeneous catalysis. As for MOFs, the presence of organic groups prevents
their employment in high-temperature processes similar to those that are typical of the heavy
petrochemical industry. However, they could potentially find application in the production of fine
chemicals and catalytic processes of importance for sustainability issues, such as the conversion of
CO; into value-added feedstocks, methane oxidation to methanol, electrocatalytic or photocatalytic
hydrogen production, and water oxidation, which involve less harsh conditions.

4.2. Gas Sorption and Separation

Microporous MPs have the potential to be ideal candidates for gas sorption due to their high
stability, especially in humid conditions, which often exceeds that displayed by carboxylate-based
MOFs [12]. Unfortunately, as already discussed in Section 3.3, it has proved difficult for researchers
to obtain porous MPs, since they are prone to forming densely packed layered structures, and only
a small number have been reported to date [14,73]. Microporous MPs usually feature relatively low
surface areas and pore volumes, which limits their scope for gas storage. However, most of them
display channel-like pores, with diameters often below 10 A, which can in principle provide favourable
interaction between specific adsorbate species and the sorbent surface, which is a key requirement for
the efficient separation of gaseous mixtures [115,116].

One of the most promising porous MPs identified for gas separation so far is MIL-91(Al/Ti), which
features channels 3.5 x 3.5 A in size [67,117]. On carrying out the adsorption experiments on CO,, CHy,
and N at 303 K, a strong affinity of MIL-91(Al) for CO, was observed (Figure 26) [69]. For both CHy
and Ny, the isotherms showed no significant uptake of the gases, and failed to show any saturation
plateau, even at ~50 bar. On the other hand, the isotherm for CO, showed significant uptake, with
the majority of the gas being adsorbed at pressure below 1 bar, and complete saturation reached at
~15 bar. Microcalorimetric experiments showed that the enthalpy of CO, adsorption is constant at
about 40 k]-mol_1 up to a loading of 4 mmol~g_1, suggesting a strong physisorptive character, which is
likely induced by the close interaction of CO, with the surrounding pore walls.
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Figure 26. CO,, CHy, and N, adsorption isotherms measured at 303 K on MIL-91(Al) up to 50 bar
(left) and up to 1 bar (right). Adapted with permission from reference. [69]. Copyright 2015, American
Chemical Society.

Furthermore, an inflection on the CO, adsorption isotherm was identified at low pressure
(Figure 26), which is due to a cooperative phenomenon involving the twisting of the ligand when a
threshold CO; pressure is reached (Figure 27). This “phase-change” behaviour is especially interesting
for its potential to combine the high working capacity and low energy penalty for the regeneration
of the sorbent. The MIL-91(Ti) analogue showed a similar preference for CO, over the other gases,
with a steep uptake at low pressure and saturation exceeding 4.0 mmol-g~! [68]. However, unlike
the Al analogue, no flexibility in the structure was observed, which was exemplified by the lack of
inflection or S-character in the isotherm. Overall, MIL-91(Ti) was identified to be a viable material
for CO; capture, owing to increased thermal stability when compared to other MOFs, its ability to
selectively adsorb CO, over other gases, and the possibility to be produced in quantities beyond the
laboratory scale.

Figure 27. Crystal structure of MIL-91(Al) before (left) and after (right) the adsorption of CO,.
The rotation of crystallographically independent linker units is highlighted within the white and blue

circles. Reprinted with permission from reference. [69]. Copyright 2015, American Chemical Society.

The gas separation properties of the STA-12 framework were also thoroughly investigated for
the analogues containing Ni, Co, and Mg [71]. IR experiments with CO and CO, as probes showed
that despite the presence of coordinatively unsaturated metal sites, none of the STA-12 frameworks
display a strong interaction of the adsorbates with these sites. By the adsorption of N, at 77 K
and CO; at 195 K, it was found that STA-12(Ni) is the most porous compound of the series, and
further characterisation demonstrated that it has a high selectivity for CO, over CHy at ambient
temperature [118]. The separation performance of STA-12-Ni was compared with that of the CPO-27-M
(M = Ni, Co, and Zn), which is a carboxylate-based MOF with similar pore structure and a high
density of open metal sites exposed on the channels [119]. The MOFs were tested for both binary
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50:50 CO,/CHj4 mixtures and ternary 70:15:15 CO,/CO/CH,4 mixtures by means of single gas isotherms
and breakthrough analysis (Figure 28a—d). The CPO-27 frameworks outperformed STA-12 for the
separation of the binary mixture, thanks to the strong interaction of CO, with the open metal sites.
On the other hand, when exposed to the ternary mixture, CPO-27-Ni and CPO-27-Co displayed
preferential adsorption of CO, whereas STA-12(Ni) and CPO-27-Zn maintained their selectivity for
CO,. STA-12(Ni) crystallises as submicron-size particles suitable for use as the stationary phase in a
porous layer open tubular (PLOT) capillary column, which was used to separate alkanes according to
boiling point, giving promising separation performance, even without optimization [71]. The stability
and versatility of MOF structures suggest that they can find specialist application in this field.
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Figure 28. Breakthrough curves of the CO,/CH4/CO (70/15/15) mixture on (a) CPO-27-Co, (b) CPO-27-Zn,
() CPO-27-Ni, and (d) STA-12-Ni at 303 K and 5 bar. Reprinted with permission from reference. [71].
Copyright 2011, Elsevier Inc.

Given the recent progresses made in synthesising porous MPs, more intensive investigation of their
gas sorption and separation properties is likely to take place in the near future. Thanks to the enormous
success of MOFs, gas sorption analysis has become a mainstream technique that can be readily
employed for systematically assessing the potential of microporous MPs for a range of gas separations,
especially those where challenging conditions can limit the applicability of carboxylate-based MOFs.

4.3. Electrochemical Devices

While global energy demand grows year on year, with a projected 30% increase by the year
2040 [120] there has been a lot of interest in finding new, more efficient, and cleaner ways of powering
our future. In this context, electrochemical devices such as rechargeable batteries and fuel cells
are becoming increasingly important for energy storage and conversion, attracting considerable
research efforts [121,122]. Technically, a battery and a fuel cell are both electrochemical cells, consisting
of an anodic and a cathodic compartment, which are connected through an electrical circuit that
allows the exchange of electrons, while an electrolyte ensures the mobility of positive charge carriers
(Figure 29) [123]. The main difference between the two devices is that rechargeable batteries can
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reversibly store electricity in the form of chemical energy and release it on demand, whereas fuel cells
convert the chemical energy contained in a fuel (typically hydrogen) into electricity. The interest in
maximising the performance of these devices is currently a major drive in developing new materials
that can serve as either electrodes or electrolyte components [123].

. 9 - -

C+LiMO, <22~ | j MO, + LiC

3)( 2 discharge 5
| Y @ @A °
g2 ol 90 §“§ )
bi OR _____ QPO iF
xRS d Lo M F )
Z © QOOHN 3
% ___G_?-, """ - @@ -
S © Qoeb]E
o fo 00 H: [
® o0e)°

Figure 29. Schematic representations of a rechargeable lithium ion (Li-ion) battery (left) and a proton
exchange membrane fuel cell (right). Adapted with permission from ref [123]. Copyright 2009,
Elsevier Inc.

4.3.1. Solid-State Proton Conductors for Fuel Cells

The positive charge carriers in fuel cells are protons, which need to be efficiently transported
via the electrolyte from the anode, where H; is oxidised, to the cathode, where they combine with
oxygen to form water, in order to maximise the power generation. This makes the electrolyte a crucial
component in determining the efficiency of a fuel cell, driving research into materials displaying high
proton conductivity [124,125]. The most common type of fuel cell is the proton exchange membrane
fuel cells (PEMFC), where the electrolyte is typically a proton conductive polymer, such as Nafion,
polybenzimidazole, and sulfonated polyether-ether ketones. In spite of their very high conductivity,
these polymers often suffer from limited thermal and mechanical stability, which affects their long-term
performance. As early as the 1990s, layered zirconium phosphonates were proposed as alternative
proton conduction materials [126,127], owing to the ability to functionalise them with groups of
variable acid strength. In particular, zirconium sulfophenylphosphonate was found to have excellent
proton conductivity in humid conditions, reaching values as high as 1.6 x 1072 S-cm™!. The application
of MPs as proton conductors has recently been extensively reviewed [6,128]; therefore, we will only
present some selected examples.

A recent example of a metal phosphonate with good proton conduction is that of La(HsDTMP)-
7H,0, which is based on the hexamethylenediamine-N,N,N’,N’-tetrakis(methylenephosphonic acid)
linker (Figure 30a) [129]. Structural analysis of the compound showed that it is a three-dimensional
(8D) framework featuring narrow one-dimensional (1D) channels where seven water molecules per
formula unit are accommodated, forming a network of hydrogen bonds involving non-coordinated P-O
groups that extend throughout the channels (Figure 30b). This allows for efficient proton conduction
to take place, as proved by the conductivity value of 8 x 107> S cm™! at 25 °C and 98% relative
humidity, as measured by impedance analysis. The activation energy was found to be 0.23 eV, which
is typical of a Grotthuss-type mechanism, where well-ordered water molecules play a key role in
enabling efficient proton shuttling. Other MPs with similar “water channels” were subsequently
reported [130-133], which displayed good proton conduction and activation energies consistent with
the Grotthuss mechanism.
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Figure 30. (a) Crystal structure of La(HsDTMP)-7H,O and (b) the extended network of
hydrogen-bonded water molecules along the a-axis, along with a detail of the hydrogen bonding
distances. Colour code: lanthanum: purple, phosphorus: light blue, oxygen: red, nitrogen: dark
blue, carbon: yellow. Adapted with permission from reference [129]. Copyright 2012, Royal Society
of Chemistry.

These results highlight the importance of having well-defined pathways for the protons to hop
between charge carriers to maximise conductivity. Clearly, knowledge of the crystal structure is
essential to be able to identify such pathways in the first place. It is also worth emphasising that
using polyphosphonic acids as linkers is crucial, since this increases the chances of having free P-OH
groups that can facilitate the formation of extended hydrogen bond networks with water molecules.
These characteristics can be enhanced by post-synthesis modifications, for instance by the adsorption
of molecules, which contribute to generate robust proton transfer pathways [130].

4.3.2. Electrodes for Rechargeable Batteries

Different from fuel cells, the efficiency of a rechargeable battery not only depends on the mobility
of the charge carriers, but heavily relies on the ability of the electrodes to reversibly store and release
these charge carriers during charging and discharging. Typical charge carriers are monovalent alkaline
ions, with lithium element presently being the most employed, owing to its small size and low weight,
which ensure high charge density. In order to maximise the performance, it is important that both
electrodes possess high specific capacity and long-term stability. The state of the art of the electrodes for
lithium ion (Li-ion) batteries includes graphite as the anodic material (which is present in the negative
electrode, theoretical specific capacity = 372 mAh-g™!) and LiCoO, as the cathodic material (which is
present in the positive electrode, theoretical specific capacity = 137 mAh-g~!). They are both layered
compounds where Li-ions are inserted and extracted by intercalation and deintercalation processes,
respectively. The major limitation of the energy density of present Li-ion batteries is the relatively low
specific capacity of the cathode. In addition, the latter is slowly decreasing during cycling due to the
material instability (Co dissolution in the electrolyte) and other mechanisms.

Recently, a MP based on Fe(Il) and methylenediphosphonic acid, of formula Li;sFesg
[CH,(PO3),]3[CH,(PO3)(POsH)]-4H,0O, was extensively studied for its potential as a positive electrode
for Li-ion batteries (Figure 31a,b) [134]. Structural characterisation was carried out combining
synchrotron PXRD and neutron diffraction data, finding that the compound has a very similar structure
to a previously reported Co methylenediphosphonate [30]. Three different crystallographic sites were
identified for Fe(Il) ions: two of them are octahedrally coordinated, while the other one is tetrahedrally
coordinated. The compound was prepared in the presence of Li, which was retained within the
crystal structure as an extra-framework species that was accommodated in the small 1D channels, thus
rendering a pre-lithiated electrode. Electrochemical testing showed a specific charge of 85 mAh-g~!
until the 60th cycle, corresponding to 50% of the theoretical value of 168 mAh-g~'. The origin of this
lower value was attributed to part of the Fe ions not undergoing any redox process, as evidenced by
in situ near-edge X-ray absorption spectroscopy. Ex situ XRD analysis after the first electrochemical
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cycle showed that there was no significant loss of crystallinity, suggesting that activation did not
proceed via decomposition of the compound. Successive studies focused on testing the same type of
framework as a negative electrode, using both Fe and Co as the metal component [135], and combining
methylenediphosphonic acid with Ni, which leads to the formation of different crystal structures [136].
In all cases, it was found that the structure irreversibly amorphises after the first cycle due to a
conversion reaction mechanism involving the extrusion of the transition metal(I) as nanoparticles.
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Figure 31. (a) Illustration of the monoclinic unit cell of Lij 4Feq s[CH,(PO3),]3[CH,(PO3)(POsH)]-4H,O
and the expanded crystal structure viewed along the c-axis. Colour code: octahedral iron: red,
tetrahedral iron: orange, phosphorus: yellow, oxygen: blue, carbon: black, water: grey, and lithium:
green. (b) Specific charge vs. cycle number plot of Lij 4Feq g[CH,(PO3),]3[CH, (PO3)(POsH)]-4H,O
cycled at 20 mA/g with a 1-h potentiostatic step after each half-cycle. Adapted with permission from
reference [134]. Copyright 2015, American Chemical Society.

The compounds discussed above represent some of the first reported examples of MPs being
applied as electrode materials for rechargeable batteries. There is a growing interest in employing
hybrid organic-inorganic materials for this type of application, mainly because of the possibility to
tailor their structure, something that is not easily done when dealing with purely inorganic materials.
Given the structural versatility of MPs and their high stability, there is great potential in this growing
area of research.
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4.4. Drug Delivery

Phosphonic acids (most often in their sodium phosphonate form) have featured in the treatment
of bone-related conditions, e.g., osteoporosis and Paget’s disease, for more than 30 years. Specifically,
bisphosphonates (BPs) have been used as stable analogues of pyrophosphate, in which the P-O-P bonds
are replaced with P-C-P bonds, making them more stable and less prone to enzymatic attack [137].
The way in which BPs can help in the treatment of bone-related conditions is through selective
adsorption to the bone surface, leading to the interruption of bone resorption, whereby osteoclasts
are prevented from resorbing bone tissue. There are two classes of BPs that can be used here:
non-N-containing compounds, such as etidronate and clodronate, and N-containing compounds, such
as pamidronate and alendronate. Perhaps one of the main drawbacks for the use of BPs for treating
conditions such as osteoporosis is the limited bioavailability when delivered orally [138]. This means
that in order to obtain the desired therapeutic effect, it is often the case that the drug dosage is increased.
While this appears to overcome the bioavailability issue, it can also lead to an increase in other known
side effects, i.e., hypocalcaemia, oesophageal cancer, and atrial fibrillation, etc. In order to overcome
this issue, delayed release (DR) administration and other methods have been developed, helping to
negate the need to increase the dosage. An example of one of the DR drugs is risedronate 35 mg (DR).
Unfortunately, these drugs still suffer in that they require long periods of fasting due to the complexing
that can occur with food in the stomach.

In a paper published in 2019, Papathanasiou et al. explored various routes for the controlled
release of bisphosphonates, one of which was based on self-sacrificial MOFs [139]. Using etidronic
acid (ETID, one of the “early” BPs) as the linker, the researchers synthesised Ca—ETID and presented
it in tablet form, comparing it to a control containing “free” ETID. The structure of Ca-ETID exists
as a 1D chain, where each Ca2* centre is coordinated to three ETID linkers, the -OH group, and
water (Figure 32). Then, these single chains form ‘double chains’ held together by a network of
hydrogen bonds between ETID linkers. The release rates of the control and Ca—ETID tablets upon
soaking in an aqueous solution at pH 1.3 (representative of the environment in the stomach) were
determined by NMR spectroscopy, finding that the control showed 100% release after just 10 h, whereas
Ca-ETID showed only 30% release in the same time period, reaching a maximum of 90% after 150 h
(Figure 32). The slower release rate of Ca—ETID tablets was ascribed to the slow rate of hydrolysis of
the metal-phosphonate coordination bonds in the solvent medium.
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Figure 32. Etidronic acid (ETID) release versus time for the control tablet (dark blue circles) and the
Ca—ETID tablet (light blue triangles). The crystal structure of Ca-ETID is also displayed in the inset.
Colour code: calcium: green, phosphorus: yellow, oxygen: red, carbon: black, lattice water: pink.
Adapted with permission from reference [139]. Copyright 2018, Walter de Gruyter GmbH and Co. KG.

These promising results are part of ongoing work that aims at systematically investigating the
preparation and structural characterisation of a series of MPs based on various BP and biocompatible
metals (e.g., Mg, Ca, St, and Ba), as well as their performance as matrices for controlled drug delivery.
The final goal is to identify clear structure/activity relationships between specific structural features,
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such as the metal-phosphonate bond strength, the metal ion radius, the existence of supramolecular
interactions, and the drug delivery efficacy.

5. Outlook

Forty years after its inception, metal phosphonate chemistry has come a long way, but the
breadth of topics discussed during the First European Workshop on Metal Phosphonate Chemistry,
and reviewed here, shows that the field is still very lively and moving in new directions. From the
synthesis standpoint, we have highlighted the potential of high-throughput methods in accelerating
the discovery of new materials, the ability of mechanochemistry to provide access to structures not
obtainable through conventional synthesis, and the intense efforts in developing permanently porous
materials, taking inspiration from MOF chemistry, including the first demonstration of the suitability of
phosphinic acids to serve as alternative building blocks for highly stable MOFs. On the characterisation
side, the main advances discussed relate to the development of methods for structural solutions of
microcrystallne and nanocrystalline compounds using electron diffraction, which might help overcome
what is probably the longest standing challenge in the field. Furthermore, the employment of in situ
methods can identify the different stages of the crystallisation process, which is knowledge that can be
crucial to designing better synthetic processes. Looking at applications, the stability and structural
versatility of MPs makes them suitable for employment in several fields: in catalysis, they can either
serve as effective supports for catalytic nanoparticles or display intrinsic catalytic properties; the
development of microporous phosphonate-based frameworks is also promoting investigation towards
their employment in gas separations, as an alternative to other MOF classes; the ever-growing interest in
developing new electrochemical devices is driving research aimed at evaluating their potential as both
solid-state proton conductors and redox active materials; finally, the complexation of bisphosphonic
drugs with alkaline earth metals shows promise as an effective strategy for controlled drug delivery.
Our hope is that the First European Workshop on Metal Phosphonates Chemistry will serve as a sort of
nucleation point for promoting the growth of a larger network of collaborations within the field, both
at the European level and beyond, which would be crucial in order to make the next 40 years of metal
phosphonates chemistry as productive and successful as the past 40 have been. A second edition of
the workshop is taking place in Berlin in September 2019, demonstrating that there is indeed a strong
interest within the community to keep the conversation open and look ahead to the future.
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Abstract: Several binary metal diphosphinate compounds (ML) have been reported for diphosphinate
bonded by a single methylene fragment. In case of longer bridges, binary products are difficult to
isolate in crystalline form. Here, using a solvent assisted mechano-chemistry synthesis, we report
two new ML crystalline phases, one hydrated and one anhydrous. The hydrated phase is a 2D
coordination polymer with an open framework structure. Its network displays a new topology for
coordination polymers and metal organic frameworks. The thermal behavior of the two phases
has been studied. Finally, the importance of the bridge length is discussed in view of known metal
diphosphinate compounds.

Keywords: coordination polymers; diphosphinate; copper; MOF; mechanochemistry

1. Introduction

For diphosphinates connected by a long bridge, a trio is better than a duet. We recall that
phosphinates are a class of ligands widely studied in the 1960s and 1970s of the twentieth century
to build inorganic polymers [1]. Nowadays, after a few decades of forgetfulness, a new use has
been found for phosphinates as flame retardants, by replacing brominate polymers banned by
the European Community [2]. In the last few years, phospinates have also been used as novel
ligands for the synthesis of robust Metal-organic Frameworks (MOF). For instance, in 2018 Demel
and co-workers used phenylene-1,4-bis(methylphosphinic acid) (PBPA) for the synthesis of porous
iron(IT) MOF [3]. In this study, we focus on a particular class of phosphinates, namely those with
two phosphinate groups connected by an organic bridge. In the last 10 years, we have extensively
studied P,P’-diphenylmethylene diphosphinic acid (Hypcp), P,P’-diphenylethylene diphosphinic acid
(Hppcpp) and PP’-diphenyl-p-xylylene diphosphinic acid (Hapxylp) [4,5] as shown in Scheme 1.
Different diphosphinic acids were also reported [6,7].

H,pep: R;=-CH,-, R,=Phenyl

H,pe,p: R;=-CH,CH,-, R,=Phenyl

R, Ri
\P/ \P/R2 H.pxylp: R,= p-xylene, R,=Phenyl
HO/ \\ z \OH
fe) o

Scheme 1. Molecular drawing of bisphosphinate with different substituents.

In particular, the coordination ability of pcp towards alkaline earth metals [8-10], bivalent cations
such tin [11] and lead [12] as well as several transition metal ions [11,13-17] are previously reported.
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Depending on the metal and the use of ancillary ligands, mono- [14,18] and multinuclear complexes

mboxciteB19-crystals-502202,B20-crystals-502202, 1D [21-23] or 2D [21,23] coordination polymers were
obtained. The isolation of two isoreticular metal organic nano tubes (MONT) built by using copper(II)
metal ion, pcp and two types of bi-pyridine was one of our most interesting results [24,25], also due to
the different behavior of the two materials in water. [21] On the other hand, pc,p and pxylp ligands
were found to form 2D and 3D coordination polymers easily [26-28]. One of the latter, features porous
channels able to reversibly adsorb methanol [26]. Under heating, different pseudo polymorph
coordination polymers have been obtained upon removal of the coordinated water molecules [26-28].

We have already discussed the different coordination ability of pcp with respect to the other
diphosphinate ligands with longer bridges [20]. From the reported structures, while pcp prefers
to chelate the metal atoms, the other ligands connect different metal ions with their phosphinate
units [26-28] and only when a co-ligand such as 2,2’-bipy leaves free, only the cis positions pc,p is found
to chelate a metal center [20]. We also noticed that binary metal pcp compounds are easily obtained,
while the corresponding pcp systems are elusive, as the common synthetic routes employed (solution
or hydrothermal methods) are not satisfactory. For instance, in the case of Ni, pc,p, bipy systems,
we obtained cationic 1D chains of [Ni(HzO)A‘(bipy)]]n2+ and dianionic diphosphinate moieties not
bonding to the metal center [28].

In this work, for the first time, we were able to isolate metal pc,p coordination polymers,
using Cu(II) as metal atom using a liquid assisted mechanochemical synthesis [29]. Depending on the
amount of water used, a hydrous phase of formula [[Cus(pcap)s(H20)6]-8(H20)1n, 1, and Cu(pcap)
anhydrous phase, 2, were obtained. The X-ray analysis of 1 revealed a two-dimensional network with
a potential porous structure, a unique characteristic in the family of the metal diphosphinate series.
Topological analysis [30] was also carried out and it revealed a new topology type for 2 in the field
of MOF and coordination polymers. In water 1 and 2 did not interconvert as shown by the thermal
behavior of 1 and 2 studied by TGA and Temperature Dependent Powder Diffraction experiment
(TDXD).

2. Materials and Methods

All reagents were analytical-grade commercial products and were used without further purification.
The Hypcyp were prepared as previously described [31]. Elemental analyses (C, H, N) were performed
with an EA 1108 CHNS-O automatic analyzer (Carlo Erba Instruments, Milan, Italy ). XRD data was
collected on a X'Pert PRO diffractometer (Panalytical, Almelo, the Netherlands) with Cu K« radiation
(A = 1.5418 A). Thermodiffractometric analysis were performed under air with an Anton Paar HTK
1200N hot chamber (Anton Paar, Graz, Austria). Thermogravimetric analyses (TGA) were performed
on an EXSTAR Seiko 6200 analyzer (Seiko Instruments, Tokyo, Japan) under air (100 mL/min) at
a heating rate of 10°C/min. The P/Curatio in 1 and 2 was measured using the X-ray (EDS) microanalysis
system, Octane Elect Super Team Basic, (EDAX, AMETEK, Mahwah, NJ, USA) of a Gaia 3 (Tescan s.r.0,
Brno, Czech Republic) FIB-SEM (Focused Ion Beam-Scanning Electron Microscope) Electron beam
used for SEM imaging.

2.1. Synthesis of [[Cuy(pcap)s(H20)61-8(H,0)]y, 1

In an agate mortar, 1 mL of water was added to Cu acetate monohydrate (42 mg, 0.21 mmol).
At the resulting slurry, Hypcop (65 mg, 0.21 mmol) was added and grounded for 5 minutes. The product
was washed with water and dried in air at room temperature. Well-formed blue crystals of 1 were
obtained after several days by precipitation from a water solution (20 mL) of Cu acetate monohydrate
(42 mg, 0.21 mmol) and Hypspc (65 mg, 0.21 mmol). For the elemental analysis, the product dried in
oven for 2 hours at 120 °C was used. The P/Cu ratio calculated using EDX is between 1.9 and 2.0 either
for the dried and the hydrated product. Yield 63 mg, 86%. CogHycCupOgPy (741.50 gmol_l): caled.
C 45.36, H 3.53; found: C 45.27, H 3.59.
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2.2. Synthesis of Cupcyp, 2

Cu acetate monohydrate (42 mg, 0.21 mmol) and Hypcp (65 mg, 0.21 mmol) were ground with
two drops of water for 5 minutes in an agate mortar. The product was washed with water and dried in
air at room temperature. The P/Cu ratio calculated using EDX is between 1.9 and 2.0. Yield 55 mg, 88%.
CrgHogCuyOgPy (741.50 gmol’l): caled. C 45.36, H 3.53; found: C 45.28, H 3.65.

2.3. X-Ray Structure Determination

A summary of the crystal data is given in Table 1. An Oxford Diffraction Excalibur 3 diffractometer
(Oxford Diffraction Ltd., Abingdon, United Kingdom) equipped with Cu-K« radiation and CCD area
detector was used for data collection at 173K. The software CrysAlis CCD [32], CrysAlis RED [33] and
ABSPACK [33] was employed for data collection, data reduction and absorption correction, respectively.
Direct methods as coded in Sir97 [34] were used for structure solution. SHELXL program [35] was
used for structure refinement on F2 by full-matrix least squares techniques. All non-hydrogen atoms
were refined anisotropically. Carbon bonded hydrogen atoms were introduced in calculated positions.
The hydrogen atoms of water molecules (except the one bonded to OW5) were found in the Fourier
map and refined using distance restraints. CCDC-1910569 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal Data and Structure Refinement for 1.

Empirical formula C56 H84 Cu4 O30 P8
Formula weight 1739.15
Temperature 153(2) K
Wavelength 15418 A
Crystal system Monoclinic
Space group P2/c
Unit cell dimensions a =10.4000(10) A

b=10.355(2) A
c=33277(2) A
B =99.033(8)°

Volume 3539.2(8) A3
z 2
Density (calculated) 1.632 Mg/m3
Absorption coefficient 3.793 mm~!
F(000) 1792
Crystal size 0.16 x 0.15 x 0.12 mm?
Theta range for data collection 4.269 to 72.397°
Index ranges —12<=h<=12,-12<=k<=12,-41<=1<=34
Reflections collected 55473
Independent reflections 6660 [R,s = 0.0430]
Completeness to 6 = 26.06° 99.6%
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 6660/11/484
Goodness-of-fit on F2 1.067
Final R indices [I > 20 ()] Ry =0.0287, wR, = 0.0809
R indices (all data) R1 =0.0337, wR, = 0.0847
Largest diff. peak and hole 0.451 and —0.621 e.A~3

3. Results and Discussion

Adding in an agata mortar 0.21 mmol of Hypcop acid to a slurry of equivalent amount
of copper(ll) Acetate in 1 mL of water, a phase of formula [[Cus(pcyp)s(H20)6]-8(H20)]n, 1,
was obtained. The compound was recognized by the comparison of the X-ray powder diffraction
(see Figure S1 in Supplementary Materials) with the calculated pattern of the structure resolved from
single crystal grown in solution.
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The structure of 1 resulted in a potentially porous open framework 2D coordination polymer
and its formula is [[Cus(pcap)s(H20)6]-8(H2O)]n. The asymmetric unit contains two pcyp ligands,
three independent copper atoms and nine water molecules, four of them coordinated to copper ions
and five as free solvent molecules. Selected distances and angles are reported in Table 2.

Table 2. Selected bond lengths (A) and angles (°) for 2. Symmetry transformations used to generate
equivalent atoms: #1 x +1,y, z; #2X,y — 1,z #3 —=x, y, —z + 1/2; #4 —x + 1, y, —z + 1/2.

Cul-01 1.9221(15) Cu3-031 1.9790(15) 03#2-Cul-O7#1 88.89(6)
Cul-05 1.9258(14) P2-O4 1.5115(16) 08 -Cu2-08#3 145.44(9)
Cul-O3#2 1.9663(15) P3-05 1.5141(15) 08-Cu2-020 107.28(5)
Cul-O7#1 1.9313(14) P3-06 1.5088(15) 08-Cu2-021 86.82(6)
Cul-020 2.4651(14) P4-07 1.5107(15) 08#3-Cu2-021 93.49(6)
Cu2-08 1.9235(14) P4-08 1.5087(15) 021-Cu2-020 89.47(5)
Cu2-020 2.203(2) - - 021-Cu2-021#3 178.95(9)
Cu2-021 1.9938(15) 06-Cu3-O6i#4 179.06(9)
Cu3-06 1.9293(14) 01-Cul-03#2 178.36(7) 06-Cu3-030 90.47(4)
Cu3-030 2.231(3) 01-Cul-05 89.84(6) 031-Cu3-030 92.33(5)
P1-01 1.5115(15) 01-Cul-O7#1 90.52(6) 06-Cu3-031 87.52(6)
P1-02 1.5121(16) 05-Cul-03#2 90.95(6) 06-Cu3-031#4 92.44(6)
P2-03 1.5330(15) 05-Cul-O7#1 172.03(6) 031-Cu3-031#4 175.33(9)

Two metal atoms (Cu2 and Cu3) sit on a twofold axis, while the third is in general position.
Also, four oxygen atoms of water molecules are on a twofold axis. As illustrated in Figure 1a, the first
pcop ligand is bound to two different Cul atoms with O1 and O3 while the other two oxygen atoms
are engaged in hydrogen bonds with five different water molecules. All the oxygen atoms of the
second pcyp ligand are connected with four different copper ions, namely Cul, Cul’, Cu2 and Cu3
(see Figure 1b). Before describing the coordination of copper atoms, it is useful to note that Cul metal
and pc,p ligands form a two dimensional square grid as shown in Figure 2a.

Figure 1c shows the coordination and the relation between Cul and Cu2 metal. Cul atom assumes
a slightly distorted square pyramidal geometry. The basal positions are occupied by four oxygen
atoms of four different pc,p ligands, while the axial position is occupied by a water molecule with
a distance Cu1-020 of 2.4651(14)A. The latter water is bridging between Cul and Cu2. The Cu2 atom
is surrounded by three oxygen atoms of three water molecules and by two oxygen atoms of two
different pc,p ligands. In this case the geometry around the Cu2 atom is better described as trigonal
bi-pyramidal. Finally, three oxygen atoms of three water molecules and two oxygen atoms of two
different pcyp ligand are around the Cu3 atom. A sixth water molecules is at 2.8852(6)A as shown
in Figure 1d. Interestingly, the three slightly different copper coordination in 1 is an example of how
the Jahn Teller (or pseudo Jahn Teller) effect could influence the metal geometry in five coordinated
complexes [36].

The pieces for building the two dimensional network are two square grids of Figure 2a on the
ab plane and the strips formed by Cul, Cu2 and Cu3 metal ions along a axis as shown in Figure 2b.
The complete 2D layers are shown in Figure 2c and they have an approximate height of 16A. The inner
part presents rectangular channels of 7.7 x 9.2 A2 (excluding van der Waals radii) filled with water
molecules. Excluding the solvent water molecules, the calculated void volume is 336A% and it is more
than the 5% of the unit cell volume. The layers are stacked together with the phenyl rings of the pcop
ligands as shown in Figure 3c.
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p3vil

Figure 1. (a) Coordination mode of the first pcp ligand; (b) Coordination mode of the second pc2p
ligand; (c) Coordination of Cul and Cu2; (d) Coordination of Cu3. Color code: Cu turquoise, P purple,
Orred, C grey, H white. Symmetry transformations used to generate equivalent atoms: I=x,1 +y, z;
I=1+x,1+yzIl=1-xy,%-2zIV=1+xy,z,V=x-1,y,z,VI=x-1,y-1,z, VIl = —x,y, V2 — z;
VII=1-x,y-1,% -z

& . .

g A e S A g

I B b
*&g* 2 nt-‘ < -u.'

oS ThiE BS
Do YO e "R e
. v R
R sd taid th
® >0 L 4 L
(a)
S99
0’\” < f -
o:\v o ":N}\' =e
(b) ©

Figure 2. (a) Square grid formed by Cul and pc,p ligands; (b) strips formed by by Cul, Cu2 and Cu3
metal ions along a axis; (c) the packing of the 2D layers along the c axis. Color code: Cu turquoise,
P purple, O red, C grey, H white.
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Figure 3. Schematic representation of; (a) 4 nodal network with two 3, one 4 and one 5 connected
vertexes; (b) 3-nodal net with 4, 4, 5-connected vertex; (c) 4,4L62 and; (d) 3,4L156. The Cul node is
represented in dark green, Cu3 in blue and P nodes in red.

The topological analysis was performed in order to better understand the connections in the 2D
network and determine some correlation with known coordination polymers. [30,37-40] Looking at
Figure 1c,d, Cul results in a 5-connected node, Cu2 in a 4-connected one, while Cu3 is only 2-connected
and it does not contribute to the final topology. Also, the pc,p ligand of P1 and P2 atoms is 2-connected
(see Figure 1a). The other pcyp could be considered in two different ways, in one case, in the so called
standard representation, by two 3-connected nodes (P3 and P4 atoms) as shown in Figure 3a, in the
other, the cluster reduction, the whole pcyp ligand is substituted with a unique single 4-connected
node (Figure 3b).

The network, represented in Figure 3a, is a 4 nodal network with two 3, one 4 and one 5 connected
vertexes, while the one illustrated in Figure 3b is a 3-nodal net with a 4, 4, 5-connected vertex. The point
symbols are {3.5.6.72.8%)2{3.5.6)2{3?.5%.62}{5%.8}2 and {3.4.5.6°.8} 2(3.4%.5.6?} 2(32.42.5?} respectively.
No network with this topology is present to date in the Topcryst topological database [41]. We also
decided to not consider the bond between 020 and the Cul, being longer than a normal Cu-O
bond, in order to explore possible connections with other known networks. In this case, the Cul
is a a 4-connected node, while the Cu2 is reduced to a 2-connected one. Again, the pcyp ligand
is considered formed by two 3-connected nodes in the standard representation (Figure 3c) and by
a single 4 connected node in the cluster one (Figure 3d). With these choices, the network of Figure 3c
is a 3-nodal net with two 3-connected and one 4 connected vertex, known as 3,4L.156, while in the
other case the 4,462 network is obtained as represented in Figure 3d. In the Topcryst database [41]
two H-bonded molecular structures for 3,4L156 have been found (CCDC recodes: KEDBUS [42],
EJIRIY [43]). Also, one H-bonded structure has the 4,4L62 topology (CCDC refcode ATEYII [44]).
To the best of our knowledge, no covalent coordination polymer or MOF shows the same topology as 2.

Using a different synthetic protocol, namely adding ater to a solid mixture of copper(Il) Acetate
and Hypcop, a second phase, 2, appeared in the powder X-ray diffraction pattern (see Figure 4d).
Eventually, when just a small amount of water was used, pure 2 was synthetized. Compound 2 resulted
in an anhydrous phase and it can be written as Cu(pc,p). Unfortunately, due to the poor crystallinity of
the product, it was not possible to index the diffraction pattern and we were unable to obtain a single
crystal of 2.
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Figure 4. (a) Diffraction pattern of the Cu(CH3COO), H,O and H,pc,p mixture, the main Hypc,p
peaks in the bottom spectrum are indicated with black lines; (b) diffraction pattern of pure phase 1;
(c) diffraction pattern of pure phase 2 after the adding of few drops of water; (d) diffraction pattern of
a mixture of 1 and 2 after the adding of 1ml of water.

The thermal behavior of the two phases was studied by thermogravimetric analysis (TGA) and
temperature-dependent X-ray powder diffraction. For 1, in the TGA under nitrogen (Figure 5a) the loss
of solvent and coordinated water molecules of 1 is observed below 100 °C (14.5% calcd, 13.8% exp.).
Above 200 °C, the degradation of the pcyp ligand begins. The corresponding temperature-dependent
X-ray powder diffraction patterns between 25 °C and 120 °C (Figure 5b) show a progressive meaningful
shift of the first peak (0,0,2 of phase 1) between 25 °C to 50 °C, indicating a shortening of the c axis.
This could be interpreted as the shrinkage of the inorganic layers of 1. In the pattern at 50 °C a new
peak at around 5.9° 26 appeared. At 70 °C, the transformation is complete as shown by the peak at 5.9°
20, which is attributable to an anhydrous 1. Evidently, the latter has a different structural arrangement
with respect to 2 and the loss of coordinated water results in a collapse of the inorganic layers. Phase 1
does not recover spontaneously at room temperature, but the crystallinity is restored when contacted
with water. The TGA of 2 shows that the phase is stable up to 130 °C as shown in Figure 5¢c without
any important weight loss, confirming the anhydrous nature of 2. The temperature-dependent X-ray
powder diffraction analysis between 25 °C and 120 °C shows no change in the diffraction pattern
(see Figure S2 in Supplementary Materials). The total weight loss up to 800 °C is about 44% which
is compatible with the thermal degradation of the organic part which occurs in two different steps
(calc. 46.1% with the formula Cupcyp).
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Figure 5. (a) TG/DTG curve of phase 1; (b) temperature-dependent X-ray powder diffraction patterns
for phase 1, the peak between 6° and 8° 26 is due to the diffraction of Kapton® polymer used as window
in the Anton-Paar Hot Chamber; (¢) TG/DTG curve of phase 2.

Finally using CSD database surveys [45], we wanted to confirm the higher tendency of pcp for
metal chelation compared to the pcyp ligand. Only in three cases out of 28, pcp does not chelate to at
least one metal center. The result is reversed for pcop (2 out of 7). The two examples are with a 2,2’-bipy
co-ligand where they leave free only the cis positions around the metal center for the metal coordination
of the pcyp [20]. Another geometrical parameter is also investigated, namely the CPPC dihedral
angle between the two phenyl rings bonded to the phosphorus atoms. For the 37 examples found,
the average value is 28° for pcp with only three outliers with angles greater than 110°. Again, for pcop,
the result is reversed. The mean value for the angle is 148° (15 examples) with only an outlier with
an angle of 18°. So, the different behavior in metal coordination as well as in the ability of forming
network and coordination polymers can be related to the different structural capability given by the
nature of the bridge between the two phosphinate groups.

4. Conclusions

Using a solvent assisted mechano chemistry synthesis, two new binary phases between copper
and pcyp were been isolated. One of them was anhydrous material, while the other was found to be
a peculiar 2D coordination polymer. Two square slabs were connected together by a copper metal
center, forming potential voids filled by solvent water molecules. From the topological analysis,
the 2D network revealed an unknown topology for coordination polymers, also when different kinds
of network simplifications was considered. The thermal behavior of the two phases was studied.
The collapse of the 2D network was confirmed, but the anhydrous phase obtained was different from
the one directly obtained in the synthesis. A database survey on the known pcp and pcyp structures
demonstrated how the nature of the bridging chain between the phosphinate group is a key factor for
the resulting structure.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/6/283/s1,
Figure S1: Comparison of the calculated and experimental X-ray pattern for 1; Figure S2: Temperature-dependent
X-ray powder diffraction patterns for phase 2.
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Abstract: Phosphonate ligands demonstrate strong affinity for metal ions. However, there are
several cases where the phosphonate is found non-coordinated to the metal ion. Such compounds
could be characterized as salts, since the interactions involved are ionic and hydrogen
bonding. In this paper we explore a number of such examples, using divalent metal
ions (Mg?*, Ca?", Sr’* and Ni?*) and the phosphonic acids: p-aminobenzylphosphonic
acid (HpPABPA), tetramethylenediamine-tetrakis(methylenephosphonic acid) (HgTDTMP),
and 1,2-ethylenediphosphonic acid (H4EDPA). The compounds isolated and structurally
characterized are [Mg(H,O)4]-[HPABPA],-6H,0, [Ca(H,0)g]-[HPABPA],, [Sr(H,O)s]-[HPABPA],,
[Mg(Hp0)6]-[HsTDTMP], and [Ni(H,O)el-[HEDPA]-H,O. Also, the coordination polymer
{[Ni(4,4-bpy)(H,0)4]-[H,EDPA]-H, O}, was synthesized and characterized, which contains a bridging
4,4'-bipyridine (4,4"-bpy) ligand forming an infinite chain with the Ni?* cations. All these compounds
contain the phosphonate anion as the counterion to charge balance the cationic charge originating
from the metal cation.

Keywords: metal phosphonate; ionic compounds; phosphonic acids; organic salts

1. Introduction

The area of metal phosphonate chemistry has seen impressive growth in the last decade [1]. Metal
phosphonate compounds are known for their complex and diverse structural motifs [2] and their
unique structural topologies [3]. They are also candidates for use in versatile application areas such as
proton conductivity [4], gas storage [5], pharmacology [6], ion-exchange [7], catalysis [8] and corrosion
inhibition [9].

The phosphonate group, either mono-deprotonated (-PO3H™), or doubly-deprotonated (-PO327),
demonstrates high affinity for metal ions [10]. Because of this, and the stability of the metal phosphonate
coordination bonds, hybrid metal organic materials with non-coordinated phosphonate groups (Ionic

Crystals 2019, 9, 301; doi:10.3390/cryst9060301 80 www.mdpi.com/journal/crystals



Crystals 2019, 9, 301

Metal-Phosphonates), are relatively scarce. However, notable examples are found in the literature,
and are briefly presented below.

The hydrated salt [Co(NH3)s](O3P(CeHy),COO)-4H,0O was crystallized from an aqueous
ammonia solution of 4-phosphono-biphenyl-4’-carboxylic acid [11]. In a similar approach,
4-phosphonobenzoic acid was crystallized with hexaaquacobalt(Il) [12].  The compound
[CdyCL(HaO)slos[HaL] [L = 2-morpholinoethyliminobis(methylenephosphonic acid)] contains
a Cd chlorodimer as the cationic moiety [13]. The salt [Ni(phen);](H7L2)os5(HsL2)5-2H20
(phen = 1,10-phenanthroline, L = hydroxyethylidene-1,1-diphosphonic acid) showed two
forms of the ligand in the same structure, with different degrees of deprotonation [14].
A series of divalent transition metal phosphonates containing hydrogen-bonded layers of
phenylphosphonate anions, namely [M(phen);]-C¢H5PO3-11H,O [M = Co?*, Ni?*, Cu?*] and
[Cd(phen)3]-CcH5PO3H-C1-7H,O were synthesized and structurally characterized by single-crystal
X-ray diffraction methods [15]. The synthesis and crystal structures of five new analogues
of the supramolecular copper(ll) arylphosphonate [Cu(phen),Cl][(CeH5PO3H;)(HO3PCeHs)]
were reported. The structures contain substituted phenylphosphonic acids, and are
of the general formula [Cu(phen),Cl][(XPOsH,)(HO3PX)]-Z, where X = 0-CH3(CeHy);
X Zp-CH3(C6H4), Z = HzOZCH3CH20H, X = O-NOz(C6H4), m-NOz(C6H4); X = m-NOz(C6H4),'
X = CyoHz [16]. The salt [Mg;.5(H20)9]-(L-Hz)1.5-6H0 (L-Ha = O3PCHN(H)(C4Hg)N(H)CH,PO3,
N,N’-piperazine-bis(methylenephosphonic acid) was hydrothermally synthesized and structurally
characterized [17]. The crystal structure of the zinc hexaaqua compound [Zn(H,O)s][TDTMP]
(TDTMP = tetramethylenediamine-tetrakis(methylenephosphonate)) was reported [18]. Alkaline-earth
metal phosphates containing nitrogen-donor ligands were prepared by the reaction of alkaline-earth
metal acetates M(OAc),-xH,O (M = Mg, Ca, Sr, Ba) with 2,6-diisopropylphenylphosphate (dippHb).
Interaction of strontium or barium acetate with dippH, in methanol at room temperature leads to
the isolation of ionic phosphates [{M(u-H,0)4(H20)10}{dipp}2]-4L [M = Sr, L = CH3;0H; M = Ba,
L = HyO] [19]. The structure of the compound bis(hydrogen diphenylmethylphosphonato)-magnesium
octahydrate contains polar and non-polar layers. The polar layers contain Mg(H,O)s>" ions,
water of hydration and the phosphonate O atoms, and the non-polar layers contain benzhydryl
groups. Two-dimensional hydrogen-bonding networks link Mg(H,O)s>* and the water of
hydration to the phosphonate O atoms [20]. Three 1D nickel coordination polymers based
on PP’-diphenylethylenediphosphinic acid and three different bis-pyridine co-ligands, namely
4,4'-bipyridine, 1,2-bis(4-pyridyl)ethane and 1,2-bis(4-pyridyl)ethane, were prepared in mild
hydrothermal conditions. They all contained 1D “Ni-bipyridyl” chains, with the phosphinate
playing the role of the counterion [21]. The synthesis and crystal structure of Mg(2-AEPH),-8H,O
(2-AEPH = 2-aminoethylphosphonate) were reported [22]. The compound is built from octahedral
magnesium hexaaqua dications, uncoordinated 2-AEPH" anions, and interstitial water molecules.
The latter have no metal contacts but are engaged in hydrogen bonding, in which the water molecules,
the (protonated) amino functions and the O-acceptor sites of the anions participate. The structures of
the alkaline earth metal (Mg, Ca, Sr and Ba) complexes with (4-aminophenyl)arsonic acid (p-arsanilic
acid) have been determined [23]. Of these, only the Mg analog, hexaaquamagnesium bis[hydrogen
(4-aminophenyl)arsonate] tetrahydrate, [Mg(H,0)s](C¢H7AsNO3)-4H;0, is ionic. The octahedral
[Mg(HZO)6]2+ cation, the two hydrogen p-arsanilate anions and the four water molecules of solvation
form a three-dimensional network structure through inter-species O—H and N—H hydrogen-bonding
interactions with water and arsonate O-atom and amine N-atom acceptors.

In this study we present the synthesis and structural characterization of five novel ionic metal
phosphonates containing divalent metal ions, such as alkaline-earth metals (M = Mg?*, Ca®*,
Sr?*) and the 3D transition metal Ni?*. The alkaline-earth metal compounds contain the aromatic
amino-phosphonate ligand p-aminobenzylphosphonic acid (H,PABPA), or the tetraphosphonic acid
ligand tetramethylenediamine-tetrakis(methylenephosphonic acid) (HsTDTMP) (when M = Mg2+).
The two Ni%*-containing compounds both contain the ligand 1,2-ethylenediphosphonic acid (EDPA),
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but one of them also contains the bridging co-ligand 4,4"-bipyridine. The latter is a Ni-4,4"-bipyridine
coordination polymer having the EDPA as the counterion. Schematic structures of the ligand used
herein are presented in Figure 1.

o
o]
HO~ C"H o
=
HO P.
PN o
=z
o7 |
OH
1,2-ethylenediphosphonic acid
H,EDPA
NH,* (H4l )
p-aminobenzylphosphonic acid
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HO ﬁ OH
| o
+ Z
HO__ /\HV\/\/NH\/ ~,
_P N OH
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X
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tetr thyl. diamine-tetrakis(methylenephosphonic acid)
(HgTDTMP)
N/ \ \ /N
4,4'-bipyridine
(4,4-bpy)

Figure 1. Phosphonic acids and N-heterocyclic ligand used in this paper. Phosphonato groups are
highlighted in red, and N groups in blue. Amine-containing ligands are shown in their zwitterionic form.

2. Materials and Methods

2.1. Instrumentation

1H, 31P{'H} NMR spectra were recorded on a Jeol JNM-ECZ 400S Research FT NMR spectrometer
(JEOL Ltd., Tokyo, Japan) operating at 400 MHz and 161.7 MHz for 'H and 3'P nuclei, respectively.
ATR-IR spectra were collected on a Thermo-Electron NICOLET 6700 FTIR optical spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Elemental analyses (C, H, N) were measured on a Perkin-Elmer
2400 analyzer (Perkin-Elmer, Waltham, MA, USA). Thermogravimetric analysis (TGA) data were
recorded on an SDT-Q600 analyzer from TA instruments (TA instruments, New Castle, DE, USA).
The temperature varied from RT to 900 °C at a heating rate of 10 °C-min~!. Measurements were carried
out on samples in open platinum crucibles under air flow.

2.2. General

Starting materials were of reagent grade purity, obtained from commercial sources, and used
without further purification. Deionized (DI) water was purified by a cation-exchange column.

2.3. Synthesis of 4-(bromomethyl)nitrobenzene

A 100 mL flask was charged with 4-(hydroxymethyl)nitrobenzene (5.00 g, 0.0326 mol), and 30%
HBr solution in glacial acetic acid (35 mL). The obtained mixture was stirred at gentle reflux for 2 h.
After cooling down, 48% HBr solution in water (20 mL) was added in order to precipitate as much crude
4-(bromomethyl)nitrobenzene as possible. The obtained brownish solid was filtered out, dissolved
in chloroform and passed through a thick plug of finely ground K,COj3, to remove acidic impurities
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and residual water. After solvent evaporation, crude 4-(bromomethyl)nitrobenzene was crystallized
from hexanes affording light beige crystals. Yield: 6.41 g (91%). Spectral data match those previously
reported [24]. TH NMR (400 MHz, CDCl3): & 8.20(d, 3]y = 8.4Hz, 2H), 7.55 (d, *Jyy= 8.4Hz, 2H),
451 (s, 2H).

2.4. Synthesis of 4-(diethoxyphosphorylmethyl)nitrobenzene

A threeneck 50 mL flask fitted with trap and gas inlet was charged with
4-(bromomethyl)nitrobenzene (5.00 g, 0.0231 mol), and triethyl phosphite (10 mL, 0.0583 mol).
The mixture was heated to 120 °C under constant flow of nitrogen. Ethyl bromide, which is a coproduct
of the Arbuzov reaction, was collected in the trap. After two hours of reaction the volatiles were
distilled off under reduced pressure at the same temperature. Dark orange-colored crude product was
subjected to column chromatography (silica gel, eluent: ethyl acetate, R¢ = 0.40) yielding yellowish
oil. Yield: 5.63 g (89%). Spectral data matched those previously reported [25]. 1'H NMR (400 MHz,
CDCly): & 8.24 (d, 3Jun = 8.7 Hz, 2H), 7.54 (dd, *Jup = 8.7 Hz, *Jpy = 2.5 Hz, 2H), 3.93 (m, 4H), 3.30 (d,
2Jpy = 22.4 Hz, 2H), 1.32 (t, 3]y = 7.0 Hz, 6H). 3'P{'H} NMR (161.7 MHz, CDCl3): & 25.10 (s).

2.5. Synthesis of 4-(diethoxyphosphorylmethyl)aniline

This procedure is an adaptation of a reduction protocol employed for the
synthesis of 4-(diethoxyphosphoryl)aniline [26]. A 250 mL flask was charged with
4-(diethoxyphosphorylmethyl)nitrobenzene (4.80 g, 0.0175 mol), triethylamine (50 mL, 0.358 mol),
and 100 mg 10%Pd/C catalyst. The reaction mixture was preheated to 50 °C and 90% Formic acid (8 mL,
0.18 mol) was added in small portions. Note that the reaction is strongly exothermic, and that hydrogen
gas is evolved. After addition of all formic acid the reflux was maintained for 30 min, then the reaction
mixture was cooled down, and evaporated. The crude product was dissolved in chloroform (100 mL),
extracted with water (2 X 50 mL), and brine (50 mL). The organic phase was collected, dried with
K»COg3, and evaporated. Column chromatography (silica gel, eluent: ethyl acetate, R¢ = 0.22) provided
pure 4-(diethoxyphosphorylmethyl)aniline as a light yellow oil that crystallizes upon standing. Yield:
3.35 g (79%). Spectral data match those previously reported [27]. TH NMR (400 MHz, CDCl3) 5 7.05
(dd, 3Jyy = 8.6 Hz, 4Jpy= 2.6 Hz, 2H), 6.61 (d, 3]y = 7.9 Hz, 2H), 4.05-3.88 (m, 2H), 3.61 (br. s, 2H),
3.02 (d, ?Jpy = 20.9 Hz, 4H), 1.22 (td, 3Jyp= 7.1, *Jpy = 0.5 Hz, 6H). 3'P{'H} NMR (161.7 MHz, CDCls):
§27.83 (3).

2.6. Synthesis of 4-(dihydroxyphosphorylmethyl)aniline (HyPABPA)

4-(Diethoxyphosphorylmethyl)aniline (3.20 g, 0.0131 mol), concentrated hydrochloric acid (25 mL)
and water (25 mL) were mixed together in a 100 mL flask. The obtained mixture was heated at reflux for
20 h. After hydrolysis the reaction mixture was evaporated to dryness. Crude product was boiled with
ethanol (30 mL) for 30 min, cooled down and left overnight. A beige precipitate was filtered out and
dried, providing pure 4-(dihydroxyphosphorylmethyl)aniline. Yield: 2.19 g (89%). TH NMR (400 MHz,
D,0 + DyS0y) §7.16 (dd, 3]y = 8.8 Hz, 4Jpy= 2.6 Hz, 2H), 7.09 (dd, 3]y = 8.8 Hz, °Jpy= 0.8 Hz, 2H),
2.99 (d, ?Jpy = 21.5 Hz, 2H). 3'P{'H} NMR (161.7 MHz, D,0 + D,SOy): & 25.48 (s).

2.7. Synthesis of [Mg(H,0)s]-[HPABPA],-6H,0 (Mg-PABPA)

Solid H,PABPA (132 mg, 0.7 mmol) was added to 140 mL of deionized water in a 250 mL glass
beaker. A small quantity of 2 M NaOH solution was added until the pH of the solution reached
the value of ~12.0. The solution was then heated to 80 °C and stirred vigorously until all the solid
H,PABPA dissolved. The solution was left to reach room temperature and then a small amount of a
2 M HCl solution was added until the pH dropped to 7.7. In a separate glass beaker, a quantity of
MgCl,-6H,0 (70 mg, 0.35 mmol) was dissolved in 70 mL of DI water. The two solutions were finally
transferred to a polypropylene vessel and mixed under vigorous stirring. The pH of the resulting
solution was adjusted to 7.0. This clear, colorless solution was left to stand at room temperature for

83



Crystals 2019, 9, 301

~2 weeks and product crystallization was achieved via slow evaporation of the solvent. The dark
brown crystals were isolated by filtration, washed with small amounts of DI water, and left to air-dry.
Yield: 55 mg (35%). Elemental analysis for [Mg(H,O)e]-[HPABPA],-6H,O, MW 612.74. Calculated
(Found) %: C 27.42 (27.39), H 6.85 (6.04), N 4.57 (4.60).

2.8. Synthesis of [Ca(H,O)g]-[HPABPA], (Ca-PABPA)

The same method as for [Mg(H,0)e]-[HPABPA],-6HyO was used for this synthesis. The reactants
used were: HyPABPA (132 mg, 0.7 mmol) and CaCl,-2H,O (50 mg, 0.35 mmol). Yield: 66 mg (34%).
Elemental analysis for [Ca(H,O)s]-[HPABPA],, MW 556.45. Calculated (Found)%: C 29.39 (30.19),
H 5.97 (6.11), N 4.92 (5.03).

2.9. Synthesis of [Sr(H,0)g]-[HPABPA], (Sr-PABPA)

The same method as for [Mg(H,0)s]-[HPABPA],-6H,O was used for this synthesis. The reactants
used were: HyPABPA (132 mg, 0.7 mmol) and SrCl,-6H,O (90 mg, 0.35 mmol). Yield: 70 mg (33%).
Elemental analysis for [Sr(H,O)s]-[HPABPA],, MW 603.99. Calculated (Found)%: C 27.82 (25.87),
H5.63 (5.13), N 4.64 (4.35).

2.10. Synthesis of [Ni(H,0)g]-[H,EDPA]-H,0 (Ni-EDPA)

Ni(NO3),-6H,0 (290 mg, 1.0 mmol) and H4EDPA (196 mg, 1.0 mmol) were simultaneously
dissolved in DI water (100 mL) in a polypropylene vessel under vigorous stirring and the pH of the
solution was adjusted to 4.0 with a small quantity of a2 M NaOH solution. This clear, greenish solution
was left to stand at room temperature and product crystallization was achieved via slow evaporation
of the solvent. Emerald green crystals formed after 15 days and were filtered and washed with a
small quantity of DI water. Yield: 217 mg (78%). Elemental analysis for [Ni(H,O)s]-[H,EDPA]-H,O,
MW 390.84. Calculated (Found)%: C 6.14 (5.77), H 5.63 (5.53), N 0 (0.05).

2.11. Synthesis of {[Ni(4,4"-bpy)(H,0)4]-[H,EDPA]-H,O},, (Ni-bpy-EDPA)

Ni(NO3),-6H0 (290 mg, 1.0 mmol), H4EDPA (196 mg, 1.0 mmol), and 4,4’-bpy (156 mg, 1.0 mmol)
were simultaneously dissolved in DI water (100 mL) in a polypropylene (PP) vessel under vigorous
stirring and the pH of the solution was adjusted to 5.0 with a small quantity of a 2 M NaOH solution.
This clear, greenish solution was left to stand at room temperature and product crystallization was
achieved via slow evaporation of the solvent. Emerald green crystals formed after 15 days and were
filtered and washed with a small quantity of DI water. Yield: 219 mg (45%). Elemental analysis for
[Ni(4,4"-bpy)(H,0)4]-[H,EDPA]-H, O, MW 511.00. Calculated (Found)%: C 28.18 (28.42), H 5.09 (5.73),
N 5.48 (6.13).

2.12. Synthesis of [Mg(H,0)s]-[HsTDTMP] (Mg-TDTMP)

In a PP vessel solid HsTDTMP acid (46 mg, 0.1 mmol) was mixed with MgCl,-6H,O (20 mg,
0.1 mmol) in 10 mL DI water under continuous stirring until complete dissolution of the solids.
The pH was adjusted to ~ 3.0. The clear colorless solution was then left to stand at ambient conditions
for partial solvent evaporation. A crystalline precipitate was obtained after 15 days, isolated by
filtration, washed with DI water and left to dry under air. Yield 36 mg (60%). Elemental analysis for
[Mg(H,0)s]-[He TDTMP], MW 594.56. Calculated (Found)%: C 16.15 (16.31), H 5.72 (5.66), N 4.71 4.54).

2.13. Crystal Data Collection And Refinement

Crystals for measurements were handled under inert conditions. They were immersed in
perfluoropolyether as a protecting oil for manipulation. Suitable single crystals were mounted
on MiTeGen Micromounts™ and subsequently used for data collection. X-ray diffraction data for
Ni-bpy-EDPA and Mg-TDTMP were collected at room temperature from a single-crystal mounted
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atop a glass fiber with cyanoacrylate glue, using a Bruker SMART APEX II diffractometer with
graphite-monochromated Mo-Ka radiation. Data for Mg-PABPA, Ca-PABPA, Sr-PABPA and Ni-EDPA
were collected with a Bruker D8 Venture diffractometer. The data were processed with the APEX3
suite [28]. The structures were solved by direct methods [29], which revealed the position of all
non-hydrogen atoms. These atoms were refined on F2 by a full-matrix least squares procedure using
anisotropic displacement parameters [30]. All hydrogen atoms were located in difference Fourier maps
and included as fixed contributions riding on attached atoms with isotropic thermal displacement
parameters 1.2 or 1.5 times those of the respective atom. Crystallographic data for the reported structures
have been deposited with the Cambridge Crystallographic Data Center as supplementary publication
no. CCDC 1914866 — 1914868 and 1914870-1914872. Additional crystal data are shown in Table 1.
Copies of the data can be obtained free of charge at http://www.ccdc.cam.ac.uk/products/csd/request.

Table 1. Selected crystallographic data for all compounds.

Compound Mg-PABPA Ca-PABPA Sr-PABPA Ni-EDPA Ni-bpy-EDPA Mg-TDTMP
Space group Pc C2/c C2/c P-1 C2/c P-1
Chemical formula  C14H;pMgN,OgsPy  C1aH3qCaN,OpqPy  CpgHyNpOpgPoSr  GHpNiOpPy  CrpHogNoNiOpP,  CyHayMgN,OsPy
Formula Mass 61274 55645 60399 390.84 51100 59456
(g/mol)
A( A) 0.71073 0.71073 1.54178 1.54178 0.71073 0.71073
a(A) 7.2039(17) 29.350(2) 29511(7) 6.4856(4) 16.953(1) 5.8972(1)
b (A) 5.9781(13) 62111(4) 6.2928(13) 6.5560(3) 14.810(1) 8.9705(1)
c (A) 31.547(7) 12.9940(7) 13.122(3) 10.1363(5) 10.5126(9) 11.8486(1)
o) 90 90 90 89.192(3) 90.000 73.577(1)
) 91.521(9) 107.220(3) 106.947(7) 73.902(3) 127.430(3) 76.201(1)
v ) 90 90 90 62.131(3) 90.000 75.534(1)
V (A3) 1358.1(5) 2262.5(3) 2331.009) 362.66(3) 2096.0(3) 572.58(1)
Crystal size (mm) 0.13 x 0.10 x 0.08 0.12x0.10 x 0.10 0.10 x 0.10 x 0.08 0.12x0.11 x 0.11 0.37 x 0.13 x 0.12 0.45x0.20 x 0.15
V4 2 4 4 1 4 1
Peate (g-em™) 1.498 1.634 1.721 1.790 1.619 1.724
26 range (°) 2.583-25.043 2.906-27.523 3.131-66.167 4.583-66.836 2.04-38.60 1.82-33.17
Data/Restrains/
Parameters 4709/2/339 2604/0/151 2018/0/155 1259/0/99 5872/5/150 4349/8/175
N° reflections 21287 23620 11945 4686 46140 49091
Independent
reflections [1 > 20(1)] 4709 2604 2018 1259 5090 4043
GoF 1.096 1.019 1.137 1.056 1.042 1.443
R Factor [I > 20(I)] AR1 =0.0762, aR1 =0.0397, AR1 = 0.0460, aR1 = 0.0464, aR1 = 0.0262 aR1 = 0.0277
2wR2 =0.1948 AwR2 = 0.0811 2wR2 =0.1304 AwR2 =0.1189 AwR2 = 0.0643 AwR2 = 0.0905
R Factor (all data) AR1 =0.1015, aR1 = 0.0695, AR1 = 0.0483, aR1 = 0.0480, aR1 = 0.0333 AR1 =0.0299
AwR2 = 0.2059 AwR2 = 0.0864 AwR2 =0.1330 AwR2 = 0.1203 AwR2 = 0.0679 AwR2 = 0.0923
CCDC Code 1914866 1914867 1914868 1914870 1914871 1914872

ARy (F) = Z|IFo| — [Fell/Z[Fo|; WRo(F?) = [Ew(F,2 — Fe2)?/SF4]V2.

The structures of Ni-bpy-EDPA and Mg-TDTMP were solved by employing SHELXTL direct
methods and refined by full-matrix least squares on F?, using the APEX2 software package [31].
All non-H atoms were refined with independent anisotropic displacement parameters. Hydrogen
atoms were placed at calculated positions and refined using a riding model, except for the water and
phosphonic acid O—H hydrogens, which were located from the Fourier difference density maps and
refined using a riding model with O—H distance restraints. Crystallographic details are summarized
in Table 1.

2.14. Computational Studies

Electronic Structure Calculations. DFT calculations [32] were performed at the B3LYP/6-31+G* [33-35]
level to obtain the distribution of the electronic density p of the ligands colored with the Molecular
Electrostatic Potential value. Partial charges for all phosphonic oxygen atoms were calculated using
the Mulliken [36] and Lowdin [37] Population Analysis. Comparison between the ligands that are used
in this study and the non-electron withdrawing group (EWG) analogues should show the deficiency
of electron density around the phosphonate groups as a result of the co-existence of the EWGs on
each molecule. Furthermore, to better mimic the experimental conditions, the Polarization Continuum
Model (PCM) [38] implied in GAMESS(US) [39,40] was used for all the calculations by adding solvent
effects. The electronic densities were rendered using wxMacMolPlt [41]. The non EWGs analogs
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used were ethylphosphonic acid (H,EPA) for H4EDPA and benzylphosphonic acid (H,BPA) for the
H,>PABPA.

Computational Methodology. The starting geometries for all compounds except HPABPA!~ were
created using the molecular editor Avogadro [42] (Version 1.2.0) and the Universal Force field (UFF) [43].
The next step is the geometry refinement and it was done on the B3LYP/6-31 + G*/PCM level using
GAMESS(US) [44-46]. The resulting energetically minimized structures were used for the electronic
structure calculations. Since the ligand HPABPA~ is found as a dimer in all crystal structures, we used
both the monomer and the dimer of HPABPA~ for all calculations. Therefore, for the starting geometry
of the dimer anion of the ligand, the (HPABPA'~), supramolecule was isolated from the CIF file of
the Sr-PABPA compound using the Avogadro software. This geometry was refined at the B3LYP/6-31
+ G*/PCM level using GAMESS(US). The resulting, energetically minimized structure was used for
the electronic structure calculations. The geometry of the monomer of HPABPA~ was created using
Avogadro and the MMFF94 Molecular Force Field created by Merck [47]. The Geometry refinement
and the electronic calculations were done at the same level of theory as for the rest compounds.

3. Results

3.1. Synthetic Considerations

One of the major factors affecting metal phosphonate syntheses is pH [48]. In most cases, low
pH favors protonation of the phosphonate groups and drastically reduced affinity for metal ions.
In contrast, high pH values cause deprotonation, high negative charge on the phosphonate and
rapid formation and precipitation of an amorphous metal phosphonate product. Hence, for each
metal/phosphonate system there is an optimum pH regime for crystalline product formation [49].

However, even if solution pH ensures electroneutrality, i.e., positive charge from the metal cation
equals the negative charge from the phosphonate ligand, the ligand can be found to be non-coordinated
(albeit deprotonated), acting simply as the counterion. The metal ion is commonly found bound by
water molecules in an aqua complex or coordinated by other ligands present in the system. Other
electron-withdrawing, or cationic moieties on the phosphonate ligand backbone may withdraw electron
density from the anionic phosphonate group, thus making it less nucleophilic.

The PABPA was found as the “free” anion in the structures of Mg-PABPA, Ca-PABPA,
and Sr-PABPA. The phosphonate moiety was found to be doubly-deprotonated, whereas the amine
group was protonated. This renders the entire ligand monoanionic, hence each divalent metal
center requires two HPABPA ligands for charge balance. All metal centers were coordinated by
water molecules (six in the case of Mg, and eight in the case of Ca and Sr). In spite of the fact
that the phosphonate moiety was doubly deprotonated, it remained non-coordinated, apparently
due to the decrease in its negative charge because of the -NH3" group (this aspect is analyzed
in the DFT calculations section, vide infra). In this case, water as a ligand was stronger than the
phosphonate oxygens.

A similar situation was seen for the HeTDTMP?™ tetraphosphonate ligand in Mg-TDTMP. Here,
every phosphonate moiety was singly-deprotonated, whereas the N atom (a tertiary amine) was found
to be protonated. This is the common bis-anionic form of this ligand at the pH region 2—4 [50]. Again,
it is assumed that the NH* moieties deplete the phosphonate moieties of anionic charge, thus making
them less nucleophilic.

In the H,EDPA?~ ligand, and in the salt Ni-EDPA, each phosphonate moiety was
singly-deprotonated, thus rendering the ligand a “2—" anion, balancing the “2+” charge of the
[Ni(H,0)]?* cation. In spite of the absence of any electron-withdrawing moieties in H,EDPA2~
it still remained non-coordinated in the Ni-EDPA salt. This has been observed before in the salt
[Ni(2,2"-bpy)(H,0)4]-[H,EDPA] [51]. Similarly, in the cationic coordination polymer Ni-bpy-EDPA
the Ni?* center was coordinated by four water molecules at equatorial positions, whereas the axial
positions were occupied by the N atom of the bridging 4,4"-bpy ligand, leaving the H,EDPA%
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diphosphonate to play the role of the counterion for the cationic 1D chain. Here, the 4,4"-bpy ligand
displayed strong affinity for the Ni>* center, certainly stronger than the phosphonate oxygens.

3.2. Materials Characterization

Purity of all products was confirmed by elemental analyses (CHN) and powder X-ray diffraction
(see Figures S1-S5, in the Supplementary Materials). In some cases (e.g., Mg-PABPA and Ni-EDPA)
additional peaks were identified in the XRD diagrams, indicating the presence of impurities, but all
our synthetic efforts did not improve product purity.

ATR-IR spectra for all ligands and metal-containing compounds are given in Figure S6, in the
Supplementary Materials). For phosphonate-containing materials the region 900-1100 cm™ is
commonly used as a “fingerprint” region, in order to confirm changes in the environment of the
phosphonate group. Phosphonate bands appeared in this region due to a combination of bands
originating from P=0, P-OH and O-P-O vibrations, similar to other reported compounds [52].

For example, for the “free” ligand H,PABPA bands assigned to the —-PO3; moiety appeared
at 933, 1064, and 1085 cm™!. In the Mg-PABPA compound bands appeared in the same region,
but at different positions, namely at 968, 1004, 1058, and 1091 cm~L. The spectra of Ca-PABPA and
Sr-PABPA compounds (essentially identical, since these compounds are isostructural) showed the
bands assigned to the -PO3; moiety in the same region, as expected, but slightly shifted, at 953, 1028,
1061, and 1097 cm™!. In the spectra of the “free” ligand H;PABPA and Metal-PABPA compound,
the bands due to the aromatic ring were essentially identical. Similar observations can be made for the
“Nickel-EDPA” system. The “free” ligand H4EDPA showed bands for the -PO3; moiety at 921, 953, 993,
and 1014 em™!. Spectra for the Ni-EDPA compound showed these bands slightly shifted, at 926, 996,
1029, and 1052 cm™!. Similarly, the Ni-bpy-EDPA compound showed very similar bands to those for
Ni-EDPA, in addition to the strong peaks assigned to the 4,4"-bpy ligand.

Thermogravimetric analyses (TGA) revealed the thermal behavior of the compounds. For example,
Mg-PABPA (Figure S7 in Supplementary Materials) demonstrated a number of consecutive losses.
The first one (~16.5%), starts almost at RT and is completed at ~100 °C. It corresponds to removal of
the lattice waters (six calculated, 5.6 found). The second loss (~16.0), starting thereafter was complete
at ~150 °C and corresponded to removal of the Mg-coordinated waters (six calculated, 5.5 found).
There were some additional small losses at temperatures above 200 °C, which might correspond to
the loss of ammonia from the ligand. Similar observations can be noted for Ca-PABPA (Figure S8
in Supplementary Materials). The difference here is that Ca-PABPA had no lattice water molecules.
Hence, the first substantial loss (~23%) completed at ~100 °C corresponded to loss of the Ca-bound
waters, followed by some small additional losses that were tentatively assigned to loss of ammonia from
the ligand. Sr-PABPA (Figure S9 in Supplementary Materials) behaves similarly. Compound Ni-EDPA
(Figure S10 in Supplementary Materials) loses all its water molecules (six that are Ni-coordinated
and one in the lattice) in one single step (~37%) at ~200 °C. Similarly, Ni-bpy-EDPA (Figure S11 in
Supplementary Materials) showed a one-step loss (~30.3%) of all of its water molecules (four that are
Ni-coordinated and one in the lattice). Loss of water molecules will create coordination sites for the
phosphonate to bind, provided there is no ligand decomposition. As these phenomena are rather
complex, they will be studied in detail and reported in a future publication.

3.3. Crystallographic Description

The structure of Mg-PABPA can be described as a salt with [Mg(HZO)6]2+ being the cation and
two monoanionic HPABPA™ ligands being the anions, see Figure 2a. Two HPABPA™ ligands are
required for charge balance. There are numerous hydrogen bonds between Mg-bound water molecules,
lattice water molecules, the phosphonate moiety and the protonated amine group. The structure
(Figure 2b,c) is composed of layers of [Mg(HZO)6]2+ cations and layers of HPABPA™ ligands that run
along the b axis. The orientation of the ligand was syn-anti, with the phosphonate groups sitting close
to the -NH;3™ moieties. Lattice water molecules are situated in the vicinity of the Mg-OH,, -PO;2~ and
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-NH;* moieties forming a multitude of hydrogen bonds. The Mg?* center 1s situated in a near perfect
octahedral environment, coordinated by six water molecules.

(a)

(b)

Figure 2. Crystal structure of Mg-PABPA: (a) View of the cation-anion pair; (b) The [Mg(H20)6]2+
polyhedron; (c) Packing along the b axis. Lattice waters are shown as magenta spheres.

The salts Ca-PABPA and Sr-PABPA are isostructural, so only the former is discussed. The structure
of Ca-PABPA can be described as a salt of [Ca(H,0)s]** aqua complex cation and two monoanionic
HPABPA™ anions, see Figure 3a. The Ca®* center is coordinated by eight water molecules and is found
in a coordination environment best described as bicapped prism, see Figure 3b. In contrast to the
Mg-PABPA structure, there are no lattice water molecules in the lattice. The structure (Figure 3c) can
be described as being composed of layers of [Ca(H,O)g]?* cations and layers of HPABPA™ ligands that
run along the c axis. The orientation of the ligand is syn-anti, with the phosphonate groups sitting close
to the -NH3* moieties. The -PO3%~ and -NH3* moieties of the HPABPA™ ligand form a multitude of
hydrogen bonds with the Ca-coordinated water molecules.

@

Ca1l

(a)

Figure 3. Crystal structure of Ca-PABPA: (a) View of the cation-anion pair; (b) The [Ca(H,0)s]**
polyhedron; (c) Packing along the b axis.

The structure of Mg-TDTMP can be described as a salt with [Mg(H,O)g]>* being the cation and the
bis-dianionic HsTDTMP?™ tetraphosphonate ligand being the anion, see Figure 4a. One He TDTMP?~
ligand is required for charge balance. There are numerous hydrogen bonds between Mg-bound water
molecules, the phosphonate moiety, and the tertiary protonated NH" group. The structure (Figure 4c)
is composed of layers of [Mg(H,O)e]>* cations and layers of HsTDTMP? ligand that run along the b
axis. The orientation of the tetramethylene chain on the ligand is almost parallel to the c axis. There are
no lattice water molecules in the structure. The Mg?* center is situated in a near perfect octahedral
environment, coordinated by six water molecules (Figure 4b). The salts Mg-TDTMP and Zn-TDTMP
are isostructural [18].
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Figure 4. Crystal structure of Mg-DTTMP: (a) View of the cation-anion pair; (b) The [Mg(HZO)é]2+

polyhedron; (c) Packing along the a axis.

The crystal structure of Ni-EDPA is composed of the [Ni(H,O)s]?* dication, the H,EDPA%~
dianion, and one lattice water molecule, see Figure 5a. The Ni2* center adopts an octahedral geometry,
coordinated by six water molecules, see Figure 5b. One H,EDPA?~ ligand is required for charge
balance. There are numerous hydrogen bonds between the Ni-bound water molecules, the lattice
water molecule, and the phosphonate moieties. The structure (Figure 5c) can be described as being
composed of layers of [Ni(H,0)g]** cations and layers of the H,EDPA%~ ligand that run along the b
axis. The lattice water molecule is situated in the vicinity of the Ni-OHj, and -PO3H™ moieties, forming
a multitude of hydrogen bonds.

(b)

(@

Figure 5. Crystal structure of Ni-EDPA: (a) View of the cation-anion pair; (b) The [Ni(H,O)s]**
polyhedron; (c) Packing along the a axis. Lattice waters are shown as magenta spheres.

The structure of Ni-bpy-EDPA is different from the ones of other salts described thus far,
in that the cationic portion of the salt is a cationic coordination polymer, composed of a cationic
trans-[Ni(Hy0)4(4,4’-bpy)]** unit, propagating along the ab plane (Figure 6a,c). The Ni’* center
was coordinated by four water molecules at equatorial positions, whereas the axial positions are
occupied by the N atom of the bridging 4,4’-bpy ligand (Figure 6b), leaving the dianionic HyEDPA2~
diphosphonate to play the role of the counterion for the cationic 1D chain. There is one lattice water
molecule (Figure 6¢c). The H;EDPAZ~ ligand moiety runs parallel to the c axis. There is a complex
network of hydrogen bonds that involve the Ni-coordinated waters, the lattice water molecules, and the
—-PO3H™ moieties. The structure of Ni-bpy-EDPA is reminiscent of that in the 1D nickel coordination
polymer based on P,P’-diphenylethylenediphosphinic acid and 4,4’-bipyridine [21].
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Figure 6. Crystal structure of Ni-4,4"-bpy-EDPA: (a) View of the cation-anion pair; (b) The
[Ni(H,0)4(4,4"-bpy ke polyhedron; (c) Packing along the ¢ axis. Lattice waters are shown as
magenta spheres; (d) Portion of the 1D “Ni(H,0)4-4,4"-bpy” chain.

3.4. Computational Results: Total Electronic Densities and Partial Charges

In order to visualise the electrostatic potential distribution around the molecular entities, the total
electron densities were coloured with the Molecular Electrostatic Potential (MEP) value using the
wxMacMolPlt software. All MEP surfaces were constructed using 80 Grid Points and a 0.1 max
iso-value for the maps. The RGB surface colouration was used and the colour maps were inverted.
The transparency was set to 50 and the surfaces were rendered as smooth and solid. After the energy
minimisation of the molecular geometries the partial charges were calculated with Mulliken and
Lowdin methods. For this study the partial charges on the phosphonic oxygen atoms are presented,
since the oxygen atoms were considered as the coordination centers of the ligands. The mean values
of the partial charges per oxygen atom were calculated for each method, and the % reduction of the
partial charge was found using Equation (1):

< 0GNon-EwG > — < dqewg >

%|Charge Reduction] = <00 . x 100% (1)
Non—-EWG

The MEP surfaces and the partial charges of all studied phosphonate molecules are presented
below in Table 2 and Figure 7.

From the results above, one can see that comparison of BPA?~ with either HPABPA'~ or
(HPABPA1"), demonstrates the partial charge reduction for both Mulliken and Lowdin methods.
The results also show that the formation of the dimer (HPABPA!"), from the monomer HPABPA1~
leads to even greater partial charge reduction, so the formation of the dimer results in lower electron
density around the oxygen atoms and in lower probability for coordination to the metal ion. On the
other hand, comparison of HEPA!~ with H,EDPA2~ demonstrates partial charge reduction for both
Mulliken and Lowdin methods. Finally, by comparing EPA2~ with H,EDPA?"~ a greater partial charge
reduction is demonstrated by both methods and in lower probability for coordination to the metal ion.
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Table 2. B3LYP/PCM calculated partial charges on the oxygen atoms.

HBPA1- BPAZ-

Atom # 8q Mulliken 8q Lowdin Atom # 8q Mulliken 8q Lowdin
16 —0.932911 -0.884627 16 —-1.062429 -0.999545
17 —-0.969105 -0.891882 17 —-1.064163 -1.005116
18 —0.895888 —0.796636 18 —1.072408 —0.986760

mean —-0.932635 -0.857715 mean -1.066333 —0.997140
(HPABPA1-), HPABPA-

Atom # 8q Mulliken 8q Lowdin Atom # 8q Mulliken 8q Lowdin
2 -1.011181 -0.817501 15 —-1.024967 -0.976540
3 —0.946950 -0.905140 16 -1.062499 -0.994478
4 —0.982415 -0.894151 17 -1.050593 -0.974468
23 —0.975002 -0.898125
24 —-0.936067 -0.911068
25 —0.974519 -0.821586

mean —-0.971022 -0.874595 mean —1.046020 -0.981829
H,EDPA2-

Atom # 8q Mulliken 8q Lowdin
9 -0.972095 —0.893946
10 —0.961244 —-0.900770
11 —-0.936159 —0.814461
13 —0.974152 —0.889730
14 -0.959120 —0.811834
16 —-0.956155 —0.905960

mean —0.959821 —0.869450
HEPA- EPAZ-

Atom # 8q Mulliken 8q Lowdin Atom # 8q Mulliken 8q Lowdin
9 —-0.965273 -0.893808 9 -1.101121 -1.004788
10 —0.964247 -0.819322 10 —-1.103426 -1.014740
12 —0.991020 -0.907261 11 —-1.116413 -1.012214

mean —-0.973513 —0.873464 mean —-1.106987 -1.010581

Molecules Pair

% Charge Reduction

Mulliken Lowdin
HBPAl- - HPABPA!- -12% -15%
BPA2~ - HPABPA~ +2% +2%
HBPA'- - (HPABPA"), —4% —2%
BPA2~ - (HPABPA!"), +9% +12%
HPABPA'~ - (HPABPA'"), +7% +11%
HEPA!~ - H,EDPA2~ +1% +1%
EPA2~ - HyEDPA2~ +13% +14%
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(d)

(e) () (®

Figure 7. DFT calculated total electron density colored with the Electrostatic Potential Map value for
a) HBPA'~, b) (HPABPA'"),, c) HPABPA'~ d) BPA%~ e) H,EDPA2", f) HEPA'~, and g) EPA2", at the
B3LYP/PCM geometry.

4. Discussion

It is common in metal phosphonate chemistry to seek for MOFs, coordination polymers,
and networks that represent new and exciting structures in which the metal-phosphonate bonds play a
key role. However, there is a class of metal phosphonate compounds (salts) where the deprotonated
(anionic) phosphonate plays the role of the counterion to a cationic metal complex, or to a cationic
coordination polymer. Such non-coordinating systems are useful in modeling phosphonate compounds
in biological [53], polymeric, [54], or hydrogel matrices [6,55].

In the ionic metal phosphonates presented herein, there are two major structural features that draw
attention: (a) the cationic metal center and its coordination environment, and (b) the deprotonated
anionic phosphonate. The metal cation is bound by aqua ligands (solvent), and occasionally, by other,
externally-added ligands (4,4"-bpy in this case for Ni-bpy-EDPA). As reported before, there is a
correlation between the ionic radius of the metal ion and the bond distances between the metal and the
ligand atoms coordinated to the metal center [2,56-58]. Since there is no direct metal-phosphonate
bonding in the compounds reported herein, the only correlations that can be drawn are those for
metal-Oyater bonds. By calculating the average metal-Oyater bond lengths, an increasing trend can be
observed, see Figure 8.

Metal-Oyyater bond lengths for the divalent metal ions Zn [18], Ba [58], and Co [12] were taken
from literature sources, whereas those for Mg, Ni, Ca and Sr were taken from the structures described
in the present paper.

The phosphonate anion is invariably stabilized by hydrogen bonds. For the “simple” system
Ni-EDPA (i.e., the phosphonate ligand contains only phosphonate groups, without other ligands
present) the H,EDPAZ" dianion interacts with a total of 16 hydrogen bonds (with neighboring
H,EDPA?~ dianions and water molecules). Similar observations can be made for the system
Ni-bpy-EDPA. The HPABPA™ ligand possesses a doubly-deprotonated phosphonate group, but a
protonated amine group. The -PO32~ moiety in the isostructural compounds Ca-PABPA and Sr-PABPA
participates in seven hydrogen bonds, whereas the -NH;* moiety participates in three. In the structure
of Mg-PABPA, where there are also lattice waters, the -PO32~ moiety participates in five hydrogen
bonds, whereas the -NH3;* moiety participates in three. Here, the lattice and Mg-coordinated
waters form a multitude of hydrogen bonding interactions. Finally, in the Mg-TDTMP salt, the four
phosphonate groups, overall, participate in twenty one hydrogen bonds, and each protonated tertiary
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amine group, in one. In general, it has been observed that the higher the coordination state of the
phosphonate ligand, the lower is the extent of hydrogen bonding [2].

3.10
2.90 B
2.70

2.50 A sr
2.30

2.10 A A
M: Zn NiA Co
1.90

M-O Bond Distance (A)
o
Q
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0.50 0.70 0.90 1.10 1.30 1.50

lonic Radius (A)

Figure 8. Dependence of M-O(H,0) bond lengths in divalent metal-aqua species on metal ionic radius.
5. Conclusions

Herein, we presented a family of metal phosphonate-based inorganic-organic salts, which share a
common characteristic, i.e., the phosphonate anion is not coordinated to a metal center, but merely plays
the role of the counter-anion. In contrast to the majority of metal phosphonate materials reported in the
literature, in which the phosphonate ligand was found coordinated to the metal center, the compounds
Mg-PABPA, Ca-PABPA, Sr-PABPA, Ni-EDPA, Mg-TDTMP, and Ni-bpy-EDPA contained the metal
center as a hydrated complex, except Ni-bpy-EDPA, which contained the Ni2* center as part of a
coordination polymer with the 4,4’-bpy bridging ligand. The formation of these “platonic” compounds
can be explained based on the high affinity of the M>* metal ions for water as a ligand (or for 4,4’-bpy)
and the reduced affinity of the phosphonate ligand, particularly in the case of HPABPA, for the metal
centers. Another factor that plays a role in the stabilization of such compounds in the solid state is
the multitude of hydrogen bonding interactions that occur, due to the plethora of hydrogen bonding
donors and acceptors. Hence, these compounds could be attractive for applications such as proton
conductivity, and such studies are currently under way in our laboratories.

Although the main focus in metal phosphonate chemistry is the synthesis and exploration of
coordination polymers [59], the class of ionic phosphonates (either with metal complexes, or organic
counter-cations) could potentially unlock new potential in this research area. Given the plethora of
structurally diverse (poly)phosphonate [60,61] and “mixed” phosphonate (e.g. with carboxy- [56],
sulfono- [62], amino- [63], or N-heterocyclic groups [64]) ligands available, one could envision countless
possibilities in the synthesis, fabrication and properties of such solids [65].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/6/301/s1,
Figures S1-S5: Calculated and measured powder XRD diagrams for all compounds; Figure S6: ATR-IR spectra of

all metal phosphonate compounds and “free” ligands; Figures S7-S11: TGA and DSC traces for all compounds;
Crystallographic Information Files (six cif files) for all compounds.
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Abstract: The first Ce(IlI)-based coordination polymer ICR-9 (ICR stands for Inorganic Chemistry Re),
with the formula Ce;(CgH10P,04)3, containing ditopic phenylene-1,4-bis(methylphosphinic acid)
linker, was synthetized under solvothermal conditions. The crystal structure, solved using electron
diffraction tomography (EDT), revealed 2D layers of octahedrally coordinated cerium atoms attached
together through O-P-O bridges. The structure is nonporous, however, the modification of synthetic
conditions led to unconventional metal-organic framework (or defective amorphous phase) with a
specific surface area up to approximately 400 m? g1,

Keywords: coordination polymer; Cerium; defects; amorphous; porosity; electron diffraction
tomography; solid state NMR

1. Introduction

Coordination polymers, and particularly the porous subgroup referred to as metal-organic
frameworks (MOFs), have been extensively studied during the past decades [1]. Since the early years,
carboxylate linkers were in the spotlight, however, the high specific surface area and tunability of the
structures is accompanied with generally low stability in air and aqueous environments, hindering
their industrial applications [2—4].

The next logical step was to use linkers based on a phosphonate group (RPO32~) which forms
stronger coordination bonds than carboxylates, however, the presence of three coordinating oxygen
atoms results in many coordination modes and the resulting structures are often nonporous [5]. Despite
progress in recent years, well crystalline porous structures are difficult to prepare [6], often utilizing
high-throughput methods [5]. We kindly refer the reader to other papers included in this issue for
more details [7]. On the other hand, syntheses of poorly crystalline or amorphous metal phosphonates,
displaying porosity due to the presence of defects, referred to as unconventional metal-organic
frameworks (UMOFs), have yielded a large number of highly stable materials [8].

Interestingly, phosphinate-(R'"R?POOH) based coordination polymers have attracted much less
attention [9]. Most of the reported phosphinate-based coordination polymers use (i) monophosphinic
acids, e.g., diphenylphosphinic acid [10], ethylbutylphosphinic acid [11], or m-carboranylphosphininc
acid [12,13] which act as bridging ligands forming 1D infinite chains; (ii) ligands with both
carboxylic and phosphinic groups, e.g., (2-carboxyethyl)(phenyl)phosphinic acid which form 2D
or 3D networks [14-16]; (iii) ligands bearing two phosphinic acid groups separated either by methylene
bridge forming a 2D network [17], or by 1,1’-substituted ferrocene forming a flexible polymer
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chain [18,19]. Recently, we reported on the first permanently porous MOF made of bisphosphinate
linkers [20].

Cerium in oxidation states Ce(IIl) and Ce(IV) is known to form stable salts. For this reason, cerium
salts in both oxidation states were used for the preparation of coordination polymers, including MOFs.
The first Ce-MOF was prepared with phosphonate linker [21], later several studies described the
synthesis of cerium analogues of carboxylate Zr-MOFs composed of the [CegO4(OH), |12+ secondary
building units [22,23]. MOFs based on Ce(III) forming a linear inorganic building units were also
reported [24]. For a recent review on Ce-MOFs, please see [25]. Interestingly, phosphinate coordination
polymers with cerium have not been reported yet.

Here, we report on the synthesis and crystal structure of ICR-9 (ICR stands for Inorganic Chemistry
Rez), a Ce(IIT) coordination polymer with phenylene-1,4-bis(methylphosphinic acid)-H, PBP(Me) linker.
Because of the microcrystalline nature of the polymer, the crystal structure was determined using
electron diffraction tomography (EDT). The pores in the structure are too small to accommodate gas
molecules; however, when defective amorphous phase (UMOF) is formed along with the ICR-9 phase,
the phase mixtures become microporous with a specific surface area up to approximately 400 m? g~!.

2. Materials and Methods

2.1. Materials

Ammonium  cerium(IV) nitrate  (>99.99%), cerium(Ill)  chloride heptahydrate
(99.9%), and cerium(Ill) nitrate hexahydrate (99%) were purchased from Sigma-Aldrich.
Phenylene-1,4-bis(methylphosphinic acid) (H,PBP(Me)) was synthetized according to a procedure
described earlier [20]. N,N-Dimethylformamide (Penta, Czech Republic; abbreviated as DMF) and
acetone (Lach-Ner, Czech Republic) were used as received. Reactions were performed using deionized
water (conductivity < 0.15 puS cm™.

2.2. Preparation of ICR-9

2.2.1. Synthesis of Well-Crystalline ICR-9

A Schlenk tube was charged with 40 mg (0.171 mmol) of H,PBP(Me) and 8 mL of water. The mixture
was preheated in an oil bath at 100 °C under stirring. Then, the solution of 93.7 mg (0.171 mmol)
of ammonium cerium(IV) nitrate dissolved in 4 mL of DMF was added. The Schlenk tube was sealed
and the crystallization was carried out at 100 °C for 3 h under continuous stirring. The resulting white
solid was centrifuged (Hettich Rotina 380 R, 5 min, 11,000 rpm), washed three times with DMF and five
times with acetone, and air-dried, yielding 38 mg of yellow powder, denoted as ICR-9Cryst. Elemental
analysis CHN calculated (%) for Cep(CgHjoP204)3: C 28.70, H 3.10, N 0.0; found C 29.13, H 3.08, N 0.0.

Well-crystalline ICR-9 was also prepared from Ce(Ill) salts—cerium chloride and nitrate.
The procedure was identical to the one described above, using 63.7 mg CeCl3-7H,O or 74.3 mg
Ce(NO3)3-6H,0 (both 0.171 mmol) instead of ammonium cerium(IV) nitrate.

2.2.2. Synthesis of ICR-9 with UMOF Phase

The synthetic protocol was similar to the one used for the well-crystalline ICR-9, however,
the solvents for preparing the reactant solutions were interchanged. Thus, a Schlenk tube was charged
with 40 mg (0.171 mmol) of H,PBP(Me) and 8 mL of DMF. The mixture was preheated in an oil bath at
100 °C under stirring. Then, the solution of 93.7 mg (0.171 mmol) of ammonium cerium(IV) nitrate
dissolved in 4 mL of water was added. The Schlenk tube was sealed and the crystallization was carried
out at 100 °C for 0.5 and 1.5 h under continuous stirring to form ICR-9A and ICR-9B, respectively.
The resulting white solids were centrifuged (Hettich Rotina 380 R, 5 min, 11,000 rpm), washed three
times with DMF and five times with acetone, and air-dried. The yield was 35 and 41 mg for ICR-9A
and ICR-9B, respectively. In the case of ICR-9A, the BET (Brunauer-Emmett-Teller) specific surface
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area varied from batch to batch as much as £10%. On the other hand, the syntheses of ICR-9B were
well reproducible with batch to batch BET specific surface differences within the experimental error.
Elemental analysis CHN calculated (%) for Cep(CgHjgP2O4)3: C 28.70, H 3.10, N 0.0; ICR-9A found
C 24.83, H 3.15, N 1.29; ICR-9B found C 25.22, H 3.00, N 0.74. The content of nitrogen is in line with
a small amount of DMF trapped in the pores of UMOF, see below. The lower content of measured
carbon can originate from defects in the structure of the UMOF phase.

2.3. Instrumental Methods

Electron diffraction tomography experiments were performed on a Philips CM120 microscope
(120 kV) with a LaBg cathode equipped with an Olympus SIS Veleta CCD camera (14 bit) (Olympus
Corporation, Tokyo, Japan). Samples were measured at 100 K (sample holder tip temperature).
The platelet crystals were twisted and preferentially oriented with [001] parallel to the electron beam.
Due to large mosaicity and a lattice parameter c of 40.7 A, it was not possible to use precession [26]
to integrate the diffraction data. Finer sampling of the reciprocal space was used instead with a tilt
step of 0.5°. Crystals were fished from the acetone suspension on a lacey-carbon Cu transmission
electron microscopy (TEM) grid. Measurements were done in a micro-diffraction mode. Datasets were
processed with the PETS program [27], indexed and refined in Jana2006 software package [28].

High-resolution scanning electron microscopy (SEM) was performed using a FEI Nova NanoSEM
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a circular backscatter detector in the
backscattered electron mode. An accelerating voltage was set to 5 kV. The samples were suspended in
acetone in an ultrasonic bath, deposited onto a silicon wafer chip, and air-dried overnight. Thermal
analyses (DTA/TGA) were carried out on a Setaram SETSYS Evolution-16-MS (Setaram, Caluire, France)
instrument coupled with a mass spectrometer. The measurements were performed in synthetic air
(30 mL min~1) from 20 to 650 °C with a heating rate of 10 °C min~!. Fourier transform infrared
(FTIR) spectra were collected with a Nicolet NEXUS 670-FT spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) in KBr pellets. Elemental analysis (CHN) was done using analyzer Thermo
Scientific FlashSmartTM 2000 Elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA).
A combustion tube was equipped by EA-2000 chromium oxidizer, high quality copper reducer,
and silver cobaltous—cobaltic oxide. All the measurements were performed three times.

The polycrystalline bulk samples were measured at room temperature on a PANalytical Empyrean
powder diffractometer (Malvern Pananalytical, Almelo, Netherlands) equipped with a Cu anode and a
PIXCel3D detector (Malvern Pananalytical, Almelo, Netherlands). The sample was measured in the
reflection Bragg-Brentano geometry. The result of the EDT experiment was confirmed by a simple
Rietveld fit in Jana2006, where the structural model was fixed and only profile parameters together with
unit cell and preferred orientation were refined, see Figure S1 with the final Rietveld plots. The solid
state NMR (ssNMR) spectra were recorded at 11.7 T using a Bruker AVANCE III HD spectrometer
(Bruker, Billerica, MA, USA). The 3.2-mm cross-polarization magic angle spinning (CP/MAS) probe
was used for 13C and 3!P characterization at Larmor frequencies of v (13C) = 125.783 MHz and v (*'P)
= 202.478 MHz, respectively. The 13C and 3'P ssNMR spectra were collected at 20 kHz spinning speed.
The 3C NMR isotropic chemical shifts were calibrated using a-glycine (}3C: 176.03 ppm; carbonyl
signal) and 3'P NMR shift using liquid 85% H3PO, in H,O at 0.0 ppm, both as external standards.
High-power 'H decoupling rCw”PA [29] and SPINAL64 were used to eliminate heteronuclear dipolar
couplings, for 13C and 3P ssNMR spectra, respectively. Directly excited '*C and 3'P MAS NMR
experiments were performed with a recycle delay of 10 s. Five thousand one hundred and twenty and
128 scans were collected in each >C and 3P MAS NMR experiment, respectively. The total of 4096
scans were accumulated for each 1*C CP/MAS NMR spectrum with a recycle delay of 2 s and 1.75 ms
cross-polarization (CP) mixing time. Each 3'P CP/MAS NMR spectrum was recorded using 512 scans
with a recycle delay of 2 s and 2 ms CP mixing time. Frictional heating of the spinning samples was
compensated by active cooling [30] and the dried samples were placed into ZrO, rotors. All NMR
spectra were processed using the Top Spin 3.5 pl7 software package.
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3. Results and Discussion

3.1. Synthesis

The coordination polymer ICR-9 with the formula Cey(CgH;9P204)3 was prepared by the
solvothermal synthesis. HyPBP(Me) was dissolved in H,O and the formed solution was preheated to
100 °C, the DMF solution of Ce(IV) salt was added, and the reaction mixture was stirred at 100 °C for
3 h. The produced sample is further denoted as ICR-9Cryst. We used (NH4),Ce(NO3)g for the standard
synthesis where Ce(IV) is reduced in situ to Ce(III), similarly as described earlier [31]. To confirm this
hypothesis, we performed the syntheses using Ce(NO3)3-6H,O or CeClz-7HO, also yielding materials
with the ICR-9 structure. Interestingly, when we exchanged the solvents in which the components
were dissolved, i.e., HyPBP(Me) was dissolved in DMEF, preheated, and then Ce(IV) salt was added in
H,0O, we obtained the mixture of the UMOF and ICR-9 phases. The amount of the crystalline ICR-9
increased with increasing reaction time. ICR-9A and ICR-9B were prepared with reaction times of
30 and 90 min, respectively. When the reaction was prolonged to 3 h, diffraction lines of additional
unknown phase appeared (Figure S2).

3.2. Structure of ICR-9

The structure was solved ab initio in the P63/m spacegroup using the SIR2014 software [32].
The lattice parameters were a = 17.4 (1), c = 40.7 (5) A. Three out of five independent linker molecules
were found in the solutions completely. The phenylene groups of the two remaining linkers were
not clearly observed in the solution, the atomic positions were found in the difference potential
map of the kinematically-refined structure model. The molecules were restrained using distance
(0.001 sigma), angular (0.01 sigma), atomic displacement parameters (ADP), and planarity parameters.
Hydrogen atoms were introduced in geometrically expected positions and their ADPs were set as
riding with extension equal to two. Kinematical refinement resulted in R(ops) = 33.17% on 1704 observed
reflections out of 3349 measured using 150 parameters. For crystallographic details see Table S1,
the crystallographic data for ICR-9 are deposited at the Cambridge Crystallographic Data Centre
(CCDC) no. 1913129 [33].

The crystal structure of ICR-9 consists of 2D layers of octahedrally coordinated cerium atoms
bound together through O-P-O bridges, see Figure 1 right. The octahedral coordination of cerium atom
is noticeably distorted. The phenylene bridges connect these 2D layers of cerium atoms into the 3D
framework (Figure 1 left). There are two rows of differently oriented phenylene bridges. In the first row,
containing a mirror plane perpendicular to [001], all three crystallographically independent phenylene
groups are arranged perpendicularly to this mirror plane and thus to the 2D layers of cerium atoms,
while in the second row the angles between bridging phenylene groups and 2D connecting layers are
67° and 75°. The structure contains voids with a calculated pore limiting diameter of approximately
1.3 A and a maximal pore diameter in cavities of approximately 3.6 A. Although the calculated values
may be affected by an error, they confirm the nonporous nature of IRC-9Cryst (see below), because the
size of the pore limiting diameter is too small for N, molecules.

The structure of ICR-9 has a similar 2D layered arrangement to Ce(Ill) coordinated by
1,4-phenylenebis(phosphonate) with the formula Ce[O3P(CsH4)PO3H], see Figure 2 [34]. In this
case, Ce(Ill) ions are coordinated by 8 oxygen atoms and create a slightly distorted dodecahedron
bisdisphenoid. The connectivities in these layers are different than those in ICR-9. The dodecahedron
bisdisphenoids are connected directly with each other through edge-sharing on two opposite sides
and by O-P-O bridges forming the final 2D layer. The layers are connected by phenylene groups that
are disordered in two positions. To the best of our knowledge, ICR-9 is the first structure with the
motive of 2D layers of cerium atoms arranged in the hexagonal honeycomb, connected by oxygen
atoms through phosphorus or through any other atoms —(O—Ce—O—X)s— where X =P, S, C, or any
other atom.
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Figure 1. Cluster of 2 X 2 X 1 unit cells of the 2D layer of cerium atoms arranged in the hexagonal

honeycomb. The cerium atoms are octahedrally coordinated with oxygen atoms (grey polyhedra)
and bound together through O-P-O bridges with phosphorus in a tetrahedral environment (magenta
polyhedra). Left is the view along the b direction. Two types of PBP(Me)>~ bridging rows are clearly
visible: (i) phenylene groups are perpendicular to the 2D layers of cerium atoms, (ii) the angles between
phenylene groups and the connecting 2D layer are approximately 70°. Right is the view along the ¢
direction, carbon atoms of phenylene groups and hydrogen atoms were removed for better clarity.
The schematic representation of the linker is in the top right corner.

Figure 2. Crystal structure of 1,4-phenylenebis(phosphonate) Ce(III) with the Cambridge Structural
Database (CSD) reference code MAXFEY consisting of 2D layers that are connected by the linker [34].
From the side view along the a direction, the crystal structure is similar to ICR-9. However,
the coordination of Ce(IIl) (grey polyhedra) by oxygen atoms as well as its arrangement in the
2D layer are different in comparison with octahedral coordination and honeycomb arrangement of
Ce(1II) in ICR-9. The tetrahedral environment of phosphorus atoms is depicted by magenta polyhedra.

The schematic representation of the linker is in the bottom right corner.
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3.3. Characterization

The purity of the bulk ICR-9Cryst sample was confirmed by a simple Rietveld fit using fundamental
parameters approach, see Figure S1. Interestingly, the comparison of the full width at half maximum
of Bragg reflections of ICR-9Cryst, ICR-9A, and ICR-9B revealed, that the crystalline domain size
does not change significantly (approximately 170 nm). The most obvious difference is the presence
of a broad peak of amorphous phase between 6 and 12° 20 in the ICR-9A and ICR-9B patterns.
The peak / background ratio indicate various amounts of an amorphous phase, see Figure 3 [35,36].
While ICR-9Cryst does not contain the broad amorphous peak, the largest amount of the amorphous
phase is present in the ICR-9A sample, see Table 1.

»g; ICR-9Cryst
g ——— ICR-9B
kS ICR-9A

..N.,..JH

5 10 15 20 25 30 20/° 35

Figure 3. Comparison of the powder XRD patterns of ICR-9Cryst (black), ICR-9B (blue), and ICR-9A
(red). The amount of the amorphous phase can be distinguished from the peak / background ratio and
the wide peak between 6 and 12° 26. The least amount of the amorphous phase is in the sample of
ICR-9Cryst, whereas the largest amount is in the case of ICR-9A.

Table 1. Physicochemical properties of ICR-9Cryst, ICR-9A, and ICR-9B.

. mol% of Specific Surface Estimation of the
Sample mol% DMF? Uncoordinated P 2 1 Amorphous
PBP(Me)2-b* Area/m”g Content / wt%<™
ICR-9Cryst <5% 1% 13 0%
ICR-9B 37% 21% 211 36%
ICR-9A 31% 61% 395 77%

@ The mol% of DMF were determined from Equation (1). b The mol% of uncoordinated PBP(Me)? were determined
from integral areas of individual peaks of 3'P MAS NMR spectra. ¢ Estimation of the amorphous content was
calculated as the intensity ratio of the diffraction Bragg peaks (I;;t) and of the sum of all measured intensity (I;o;) from
which the constant background intensity (I;) was subtracted [1 - Lyet/(Itot-Ing)] * Determined experimental error of
mol% was estimated to + 5% in both cases. ** Precision of this method strongly depends on the determination of the
constant background intensity. The background from the Rietveld fitting of ICR-9Cryst was used for that purpose.

As mentioned above, the modification of the synthetic conditions led to the microporosity of
ICR-9A and ICR-9B. The specific surface area ranged from 13 m? g~! for the well crystalline ICR-9Cryst
up to 395 m? g‘1 for ICR-9A (Figure 4). The pore size distributions of ICR-9A and ICR-9B are rather
wide with a maximum at 7 A, see Figures S3 and S4.
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Figure 4. Nitrogen adsorption isotherms for ICR-9Cryst (black), ICR-9B (blue), and ICR-9A (red) at
77 K; adsorption is marked with full symbols and desorption with empty symbols.

The SEM image of ICR-9Cryst (Figure 5) shows uniform, well-shaped particles with hexagonal
structure. In the case of ICR-9A, the uniformity of the particles is lost, and sheet-like particles are
accompanied by a phase of an unresolved shape. Similarly, ICR-9B formed sheet-like particles.
However, the presence of the phase of unresolved shape is limited.

Figure 5. SEM images of ICR-9Cryst (A), ICR-9A (B), and ICR-9B (C).

To describe the UMOF phase and ascertain the origin of the microporosity, we performed detailed
solid state NMR (ssNMR) study. The presented 13C and 3P ssNMR (directly-excited MAS and
CP/MAS NMR) spectra indicate the formation of a 3D-coordination polymer with a different level of
defects, in other words with distinct crystallinity and porosity. In Figure 6, 3C ssNMR spectra (a)
and 3'P ssNMR spectra (b) of all prepared ICR-9 samples are depicted. The '3C MAS and CP/MAS
NMR spectra (Figure 6a,c) confirm the presence of PBP(Me)*~ incorporated into the structure in all
cases. The signals at 142 + 2 ppm and 130 + 1 ppm in all the 13C ssNMR spectra were attributed to
individual non-equivalent aromatic carbons, (>P-Ca,< and = CHa,-), respectively. Furthermore, in
the case of the highly-crystalline system (ICR-9Cryst), three distinct methyl groups are clearly resolved
with chemical shifts 28.5 ppm, 20.2 ppm, and 16.4 ppm. The presence of these methyl groups can
be expected in all samples, and this is verified based on the shape of the unresolved signal in the
relevant region (Figure 6¢). Interestingly, when a cross polarization technique ('*C CP/MAS NMR) was
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used the resonance at 28.5 ppm disappeared, which indicates higher mobility of these methyl groups
in comparison with the other two. Moreover, in the cases of samples containing the UMOF phase
(ICR-9A and ICR-9B), a considerable amount of DMF was also detected in the 13C MAS NMR spectra.
The presence of DMF was further confirmed by DTA/TGA (Figures S5-S7) and elemental analyses.
The amount of DMF in the ICR systems was determined using Equation 1 and is listed in Table 1.

(Iict0)) prar

mol%(DMF) = , 1

Iicmyar

(T)PBP(Me)

where (IcHo))pmr corresponds to the integral area of peaks at 167.1 ppm attributed to the DMF
aldehyde group. The integral area of the peak at 130 + 1 ppm is attributed to the four CH groups of the
aromatic rings and is marked as (Iicr)ar/4)PBP(Me)-

a) 3C CP/MAS NMR b) 3P CP/MAS NMR

CH DMF i C,-P(CH,)(OH)O-Ce C,-P(CH,)OOH

C,,-P(CH)(OCe),

ICR-9A

ICR-9B
m-eaL//L_’v
150 100 50 [pPpm] 100 50 0 [ppm]

Q) 13C MAS NMR d) 1P MAS NMR
: G DMF .
f C,,-P(CH,I(OH)O-Ce G P(CH,)00H

fug&9Cryst //\\

150 100 50 [ppm] 100 50 0 [ppm]

Figure 6. 13C and 3P solid state NMR (ssNMR) spectra of ICR-9Cryst, ICR-9B, and ICR-9A: (a) B¢
cross-polarization magic angle spinning (CP/MAS) NMR; (b) 3'P CP/MAS NMR; (c) '*C MAS NMR;
(d) 3'P MAS NMR experiments.

In the 3P MAS and CP/MAS NMR spectra, three distinct signals in a relatively broad range
of chemical shifts were recorded (Figure 6b, d). These signals correspond to phosphinate groups
of PBP(Me)?" in three different coordination modes: the signals at 80.6 + 2 ppm, 61.6 + 4 ppm,
and 31.5 + 1 ppm in the 3'P ssNMR spectra were attributed to phosphinate groups coordinated by
two oxygens, one oxygen, and non-coordinated phosphinate groups of PBP(Me)?~ to Ce(III) atoms,
respectively. This assignment of the individual peaks is based on the 3P NMR spectrum of neat
PBP(Me)?~ and on a significant enhancement of signal intensities at 61.6 + 4 ppm and 31.5 + 1 ppm when
a cross polarization technique (*!P CP/MAS NMR) was employed (Figure S8). The increased intensity
indicates the presence of hydroxyl groups in close proximity to phosphorus atoms. Furthermore,
the observable change of 31Pp NMR chemical shifts between “non-coordinated” PBP(Me)?~ and neat
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PBP(Me)?>~ as well as the half-width of peaks at 31.5 + 1 ppm in 3P ssNMR spectra suggests that
PBP(Me)?~ is coordinated into the framework structure by at least one functional group. Simply put,
the presence of totally uncoordinated PBP(Me)?~ is excluded in all three investigated systems. On the
other hand, the amount of uncoordinated phosphinate groups corresponds to the increasing amount
of the UMOF phase as well as to the increasing porosity (Table 1).

4. Conclusions

In the present work, we have prepared the first cerium phosphinate coordination polymer ICR-9.
For this purpose, we used phenylene-1,4-bis(methylphosphinic acid) to obtain the polymer with the
Cey[PBP(Me)]3 formula. The structure was determined by electron diffraction tomography to reveal an
unusual coordination motive of 2D layers with octahedrally coordinated cerium atoms arranged in the
hexagonal honeycomb array. These layers are connected by phenylene bridges to form the 3D polymer.
The structure is rather dense with pores smaller than the size of N, molecules; however, when the
unconventional MOF is formed from the same components, the specific surface area can be as high as
approximately 400 m? g1

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/6/303/s1,
Figure S1: Rietveld fit of ICR-9Cryst. Figure S2: Powder XRD pattern of the sample prepared by the defective
procedure with a reaction time of 3 h. Figure S3: Pore size distribution of ICR-9A. Figure S4: Pore size distribution
of ICR-9B. Figure S5: DTA/TGA curves and the evolution of gases for ICR-9Cryst. Figure S6: DTA/TGA curves
and the evolution of gases for ICR-9A. Figure S7: DTA/TGA curves and the evolution of gases for ICR-9B. Figure
S8: Assignment of 3!P peaks in the solid state NMR spectra. Figure S9: FTIR spectra of ICR-9Cryst, ICR-9A,
and ICR-9B. Table S1. Crystallographic details of ICR-9.
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