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1. Introduction

From discrete to polymeric assemblies: exploring
supramolecular structural diversity in transition
metal phosphinates with N-donor ligands

Archana Kumari Pattnaik (2 ** and Gobinda Chandra Behera®

A series of coordination complexes derived from diphenylphosphinic acid (DPP) and transition metal ions
(Mn(u), Co(n), Ni(i), Cu(i), and Cd(i)) were developed in the presence of various N-donor ligands, including
4,4'-bipyridine (bpy), 1,2-bis(4-pyridyl)ethane (bpyea), 1,2-bis(4-pyridyl)ethene (bpyee), and 1,10-phenan-
throline (phen). The resulting structures unveil monomeric, dimeric, and polymeric frameworks, demon-
strating the rich structural diversity achievable with phosphinate coordination chemistry. Single-crystal
X-ray diffraction analysis revealed variable metal coordination environments—ranging from distorted
octahedral to square pyramidal geometries—and highlighted the versatile and intriguing binding modes of
DPP, particularly the formation of M—(O-P-0),—M eight-membered rings and pseudo-chelating motifs.
Notably, rigid co-ligands such as phen result in discrete or dimeric units, while linear spacers like bpy and
bpyea facilitate polymeric chain and extended framework development. Solvothermal and ambient crys-
tallisation conditions produced distinct structural outcomes, with cases of polymorphism and framework
interconversion observed. Non-covalent interactions, especially hydrogen bonding and n—= stacking, sig-
nificantly influence the crystal packing pattern and are responsible for the stability of the network solids.
These findings highlight the potential of phosphinate-based ligands in constructing coordination net-
works with tunable dimensionality and topology, thereby expanding the utility of organophosphorus
ligands in secondary building unit (SBU) formation and advancing the rational design of supramolecular
architectures.

solution, reaction environment, etc., to facilitate complexation
without hydrolysis.™® Replacing the ~OH group with direct P-C

Organophosphorus acids are an important class of organic
substrates for the formation of organic-inorganic hybrid com-
plexes and discrete species to clusters, along with extended
networks, showing promising applications in the fields of ion
exchange," sorption,”™ catalysts,”” photoluminescence,®
magnetism,”'® etc. Organophosphonates, derived from phos-
phonic acids, show promising applications with variable
coordination modes; however, their utility is limited, due to
the presence of several strong and potential binding sites that
form coordination bonds and non-covalent interactions,
leading to the formation of random assemblies rather than tar-
geted structures. However, alkoxy/phenoxy derivatives limit the
number of such binding sites to yield targeted ensembles.'*
But, as ester bonds are prone to hydrolysis, the synthetic con-
ditions need to be modulated carefully, such as the pH of the

“Supramolecular and Solid State Structural Chemistry Laboratory, School of Basic
Sciences, Indian Institute of Technology Bhubaneswar, Bhubaneswar 752 050, India.
E-mail: akp18@iitbbs.ac.in, arcpattnaik@gmail.com

bDepartment of Chemistry, Maharaja Purna Chandra Autonomous College,
Takhatpur, Baripada 757003, Odisha, India

This journal is © The Royal Society of Chemistry 2025

bonds—thus avoiding labile alkoxy or phenoxy moieties—
enhances the supramolecular features of organophosphorus
acids. The resulting phosphines or phosphinites are not only
more resistant to hydrolysis, but their tunable functional
groups also allow precise control over binding sites, enabling
the formation of tailored hybrid structures under more flexible
reaction conditions.*"> This strategy opens up adequate ways
to achieve complexes with active metal sites within the frame-
work to exhibit substantial applications.’® In fact, diaryl and
dialkyl phosphinic acids represent a relatively small fraction of
known MOF structures compared to carboxylates, although
they readily form coordination complexes through diverse
metal-oxygen binding modes, typically resulting in non-
porous and layered architectures."* Among the possible coordi-
nation modes (Scheme 1), the common mode seen in phosphi-
nate complexes is II (Scheme 1), which generally forms an
8-membered ring (M-O-P-O-M-O-P-O), as also noted in
phosphates and phosphonates.

Apart from these modes of coordination, pseudo-chelation
is also observed in many heteroleptic complexes, due to strong
H-bond donors/acceptors in the ligands. When both phosphi-
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nates and phosphinic acids are coordinated to a single metal
atom, then pseudo-chelation (O-PR,=O---H-O-PR,=0) is
established. These distinctive features, indeed, exhibit a sig-
nificant role in the metal extraction process mechanism using
phosphinate ligands (Fig. 1)."”*®

From a CSD search, it is apparent that among the eighteen
possible modes, the most common binding mode is the dinu-
cleating form 2.11 (Harris notation for mode II in Scheme 1),
which is frequently observed in discrete, oligomeric and poly-
meric structures reported. For example, [Niy(p,-L1),(2,2
dipy),]*" and [(py);Coas(p2-L2);py]" are two complexes as illus-
trated in Fig. 2, in which the phosphinate group (O-P-O)
bridges metal atoms.?>*" The Ni complex [Fig. 2(a)] which con-
tains -PH group as a bridging unit, is of high significance
because it enables direct functionalisation to tailor the struc-
ture and the properties of materials, such as catalysts and
magnetoactive systems.>* Ni-(O-P-0),-Ni with the eight mem-
bered heterocycle in a chair form involves a distorted octa-
hedral environment around Ni(u), with a cis arrangement of
oxygen atoms [Fig. 2(a)]. However, the complex shown in
Fig. 2(b) is a dinuclear complex with mixed geometry of cobalt
(both octahedral and tetrahedral sites), with the dibenzyl phos-

R OH R —H-..
4 \P/ ————— \p/o 2
R \\\‘ %o R\\‘.

"

+2H°

R —H---
\P/o H o\\P .\\R
RY N 7
o) (o Sr
o.\\\ N
R\P/ o\\P .\‘\R
RY \\o ---H—o/ =R

Fig.1 Monomeric and dimeric forms of phosphinic acid showing
retention of interligand H-bonding upon the formation of a tetrahedral
complex.?®
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(@) [(2,2"dipy)Ni(n2-L1),Ni(2,2"dipy) "~ (b) [(py)sCo(2-L2)sCo(py)]*

/

Fig. 2 Examples of dinuclear structures containing (a) two and (b) three
bridging motifs (see Scheme 1(ll)).

phinate ligand bridging the metal nodes, showing antiferro-
magnetic activity.

Apart from this, these versatile phosphinate ligands also
form linear polymeric chains bridging metal ions and show
trinucleating,*>* tetranucleating,”® and pentanucleating®®>®
motifs through different coordination modes (Scheme 1).
Similarly, polyphosphinic acids with non-chelating auxiliary
ligands like bpy and its derivatives generate polymeric com-
plexes with 2D and 3D frameworks acquiring permanent poro-
sity. In fact, by using these strategies, a series of MOFs (ICR 2,
4, 6 and 7) have been reported in the literature.”® As the most
common bridging is bidentate bridging, the obtained geome-
try, in general, is 1D polymeric chains, which show magnetic
activity. Also, it is observed that phosphinates have more pro-
pensity for the formation of a large number of high-density
polynuclear clusters than MOFs. In this study, we have used
diphenyl phosphinic acid as a phosphorus containing ligand
along with different N-donor coligands, incorporating tran-
sition metal ions to investigate herein the interactions of
ligands with metal ions. Thus, the intriguing structural land-
scape with diverse architectures depends on novel arrange-
ments and directions of building blocks to form discrete, poly-
meric and cluster structures that disperse ligand coordination
features.

Possible coordination modes (Scheme 1) of phosphinic
acids are able to develop interesting building blocks for coordi-
nation complex assemblage, as their coordination modes are
similar to those of widely studied carboxylates, but their com-
plexation process follows a distinct way. According to the
HSAB principle, the acidity of phosphinic acids also falls
between those of carboxylic and phosphonic acids.

To achieve the higher dimensionality of the polymer
network containing metal phosphinates, auxiliary ligands also
play a pivotal role, which ultimately influence the topology and
the physico-chemical behaviour of the complexes. Therefore,
diphenylphosphinic acid (DPP), which is a monophosphinic
acid along with different N-donor compounds such as 4,4"-
bipyridine (bpy), 1,2-bis(4-pyridyl)ethane (bpyea), 1,2-bis(4-
pyridyl)ethene (bpyee) and 1,10-phenanthroline (110phen), in

This journal is © The Royal Society of Chemistry 2025
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the presence of transition metal species (Mn(i), Co(i), Ni(11),
Cu(u) and Cd(u)) is crystallised, as listed in Scheme 2 through
various crystallisation procedures. The structural features in
terms of bonding and spatial arrangement of molecules in the
lattice for the crystals obtained as listed in Scheme 2 are dis-
cussed in the following sections.

2. Experimental section

All reagents (metal salts - Mn(NO;)-4H,0, Co(NO3),-6H,0, Ni
(NO3),-6H,0, Cu(ClO,4),-6H,0 and Cd(NOj3),-6H,0) and
organic ligands - diphenyl phosphinic acid (DPP), 4,4"-bipyri-
dine (bpy), 1,2-bis (4-pyridyl)ethane (bpyea), 1,2-bis(4-pyridyl)
ethene (bpyee) and 1,10-phenanthroline (110phen) of utmost
purity - were purchased from commercial suppliers and used
without any further purification. For the crystallisation experi-
ments, spectroscopy-grade solvents and distilled water were
used.

2.1. Preparation of molecular complexes

All complexes were prepared by dissolving DPP (0.05 mmol) in
3 mL of CH;0H by gentle heating on a water bath and adding
an aqueous solution of the corresponding metal ion
(0.1 mmol in 2 mL of H,0), followed by dropwise addition of
methanolic solution of ligands (a-d) (0.05 mmol in 2 mL of
CH;O0H), thus maintaining a molar ratio for DPP:metal
salt: N-donor ligands of 1:2:1 in all complexes. The reaction
mixture was allowed to slowly evaporate at room temperature
to afford the crystals of C2d, C3a_1, and C5a. Within 24-72 h,
crystals appeared in the solution. All other complexes except
C4a were crystallised using a solvothermal method, keeping
the reaction mixture solution in a 25 mL Teflon vessel inside a
stainless steel chamber maintained at 130 °C for two days, fol-
lowed by cooling at a rate of 5 °C h™". After that, the solution
was allowed to slowly evaporate at room temperature. The C4a
reaction mixture solution was kept in a vacuum for crystallisa-
tion through vacuum evaporation. In these processes, crystals
appeared within a week, which were separated for the charac-
terization using the X-ray diffraction technique.

2.2. Characterization

2.2.1. Single crystal X-ray structure determination. Good
quality single crystals of all complexes were chosen with the
help of a Leica Stereo Zoom microscope and mounted using a
loop with Paratone-N on the goniometer of a Bruker Single
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Crystal X-ray diffractometer (D8 VENTURE) equipped with a
PHOTON 100 CMOS detector and microfocus Mo-Ka radiation
(A = 0.71073 A). The crystals were stable and data collection
was smooth without any complications. Single-crystal X-ray
diffraction data were collected for the complexes at different
temperatures depending on the crystal quality: for some struc-
tures, measurements were carried out under ambient con-
ditions (293 K), while for others, data were collected at a low
temperature (100 K) to improve diffraction quality. The crystal
structures were solved by the intrinsic phasing method and
refined using full-matrix least-squares procedures against F>
with SHELXTL. All non-hydrogen atoms were refined anisotro-
pically, while hydrogen atoms were either located from differ-
ence Fourier maps or placed in geometrically calculated posi-
tions and refined using a riding model. The obtained three-
dimensional structures of the complexes, in the form of
ORTEP, are given in the SI. All intermolecular interactions
were computed by using PLATON software and packing dia-
grams were generated using Diamond (version 4.6.8). All H
atoms, including those on coordinated/lattice water molecules,
were included in the refinement model. Water H atoms were
located from difference maps and refined with restrained geo-
metry. For clarity, hydrogen atoms are omitted from the struc-
tural drawings/packing diagrams.

3. Results and discussion

3.1. Structural description of the metal phosphinate
ensembles

3.1.1. Structural arrangement in Mn(u) complex with DPP
and bpyea. Crystallization of Mn(CH;COO),-4H,0 in the pres-
ence of DPP with N-donor ligands, listed in Scheme 1, from a
solution of MeOH-H,O0, forms corresponding single crystals
suitable for structure determination by X-ray diffraction, except
with 110phen. The complexes with bpy and bpyee (Cla and
C1c, respectively) correspond to the structures already reported
in the literature, which form 1D polymer chains containing
DPP, and tetraphenylimidodiphosphinates along with Mn(u)
and bpy or bpyee, as the case may be. However, Cilb:
C36H3,N,0,P,Mn (DPP, Mn(u) and bpyea) crystallises in a
monoclinic space group, P2,/n, which contains Mn(u) in an
octahedral core, coordinating with four DPP and two bpyea
molecules. C1b (P2,/n, Z = 2) Mn1 lies on an inversion centre
at (0.5, 0, 0.5) (ASU occupancy 0.5, tied to fvar(1)) and is co-
ordinated by N1 of a symmetry-related half bpyea ligand and
O1 of a DPP ligand; the complete complex is generated by
inversion symmetry. Contents of asymmetric units in the form
of ORTEP at 50% probability are given in the SI. The pertinent
crystallographic parameters are listed in Table 1.

In such coordination bonding, Mn-N distances lie in the
range of 2.141-2.171 A and the Mn-O distance is 2.331 A. The
pertinent bond characteristics are listed in Table 2. In particu-
lar, the bonding pattern between DPP and Mn(u) is in the
most common bidentate bridging form, mode II (Scheme 1),
thus yielding a M—(O-P-0),-M ring motif. Packing analysis of
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Table 2 Bond distances (A) of the coordination environment and P-O
in DPP (esds are shown in parentheses)

Complex M-O M-N P-O
Cib 2.141(1) 2.331(1) 1.493(1)
2.171(1) 1.502(1)
C2a 2.051(2) 2.159(3) 1.507(2)
2.056(2) 2.205(3) 1.510(3)
2.130(2) 1.511(3)
2.183(3) 1.515(3)
C2b 2.056(1) 2.148(2) 1.482(1)
2.059(1) 2.152(2) 1.492(1)
2.097(1) 1.498(1)
2.197(1) 1.501(1)
C2c 2.094(1) 2.107(1) 1.505(1)
2.104(1) 2.166(1) 1.506(1)
2.121(1) 1.515(1)
2.129(1)
cad 1.997(1) 2.119(2) 1.489(1)
2.005(1) 2.122(2) 1.501(1)
2.154(1)
2.267(1)
C3a_1 2.060(1) 2.086(3) 1.498(2)
2.124(1) 2.095(2) 1.499(2)
C3a_2 2.089(5) 2.107(4) 1.501(5)
2.095(5) 2.110(4) 1.508(5)
2.115(4) 1.550(5)
2.124(4) 1.551(5)
C4a 1.924(1) 2.013(1) 1.504(1)
1.939(1) 2.016(1) 1.509(1)
1.962(1) 1.512(1)
1.963(1) 1.519(1)
1.984(1)
2.029(1)
2.320(1)
2.339(1)
C4b 1.929(1) 1.995(2) 1.509(1)
1.934(1) 2.004(2) 1.511(1)
2.561(1)
Cad 1.939(1) 1.997(2) 1.498(1)
1.955(2) 2.009(2) 1.514(1)
2.325(2)
C5a 2.250(2) 2.365(3) 1.487(3)
2.274(3) 2.377(3) 1.495(3)
2.275(2) 1.523(3)
2.276(2) 1.535(3)

molecules in C1b reveals that the coordination moieties also
form polymeric chains, as observed in Cla and Cic (reported
in the literature). In the three-dimensional arrangement, the
units in C1b are held together by C-H:--m interactions as
denoted in Fig. 3, representing an arrangement of polymeric
chains, stabilized by appropriate metal-organic bonds (Mn-O
and Mn-N). Apart from two weak intermolecular C-H---O con-
tacts (D---A = 3.620 and 3.954 A), no other significant hydro-
gen-bonding interactions are present; the packing is thus
dominated by van der Waals contacts (see SI(II)).

3.2. Structural description of Co(u) complexes (C2a-C2d)

DPP, along with metal ion species Co(u), successfully forms
complexes, C2a-C2d, with N-donors, as listed in Scheme 2.
These complexes show some similarities despite each one
showing its specific molecular arrangement. All complexes
contain the metal ion Co(u), in a distorted octahedral geometry
by coordinating with four oxygen atoms and two nitrogen
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Fig. 3 Coordination fragment of Clb (left). Packing diagram showing C—H---x interaction (right).

atoms, which are from organic ligands and solvent molecules.
Among the structures, C2a:C3,H3,N,0,P,Co and C2d:
C4sH36N6010P,Co, crystallise in the monoclinic space groups
P2,/c and P24/n respectively, whereas C2b:C3H34N,05P,Co and
C2c:Cg4HogN60,,P,Co, crystallise in the triclinic space group,
P1. The complete structure determination parameters are
listed in Table 1. The asymmetric unit contents in each
complex are presented in the SI. Thus, apart from coordination
spheres, in crystals of C2a and C2c, uncoordinated water mole-
cules are also present, while in the C2d counter anion, nitrate
is also present in the asymmetric unit, coordinating to Co(i),
apart from the other bonding features mentioned above.
Furthermore, interestingly, the coordination of solvent mole-
cules (H,0), indeed, leads to a pseudo-chelation form, instead
of metal phosphinate 8-membered ring formation via biden-
tate bridging of DPP, in some complexes. Furthermore, in the
structure of C2c, surprisingly, DPP molecules lie in the asym-
metric unit without coordinating to Co(u) at all. Complete
details of each complex with pertinent details of interactions
between molecules, bonding patterns, coordination features,
etc., are discussed below.

In C2a, as shown in Fig. 4, two bpy and DPP molecules
along with a similar number of water molecules coordinate to
Co(u). Col (general position) binds two DPP O atoms, 03/05

Fig. 4 Coordination sphere of C2a, with two water molecules coordi-
nating and one in the lattice site (oxygen atom in purple).

Dalton Trans.

(H0), and N1(bpy); the sixth site is occupied by N2(phen) from
a symmetry mate at 1 + x, y, z. Apart from this, lattice water O7
also occupies a general position as shown in the ORTEP (SI). All
H atoms—including those on O3, O5 and O7—are sensibly
located and refined. In such bonding, the observed Co-O and
Co-N distances are in the ranges of 2.051-2.183 A and
2.159-2.205 A, respectively. Complete details of the bonding
parameters are given in Table 2. The coordination spheres
further extend through bpy molecules bridging adjacent metal
centres, in the form of a 1D polymeric structure.

In two-dimensional assembly, the adjacent chains while
interact with each other through C-H:.-O hydrogen bonds,
with a H---O distance of 2.47 A, formed between coordinated
water (O) and bpy (-CH) molecules. In addition, the occluded
water molecules between the chains also interact through
similar interactions but with a H--O distance of 2.51 A.
Besides, though DPP possesses bidentate features, in complex
C2a, the coordination reflects a monodentate feature, ensuring
0-H---0 (0---0, 2.673 and 2.778 A) and C-H---O (H---0, 2.73 A)
hydrogen bonds with water molecules by connecting primary
coordination spheres (inset in Fig. 5). Besides these, lattice
water molecules (O7W) are also attributed to strong O---O
interactions, as shown in Fig. 5.

Complex C2b upon structure determination by X-ray diffrac-
tion reveals that in its crystal lattice, the asymmetric unit shows
a Co(n) ion along with three DPP and two bpyea molecules as
well as a water molecule. The asymmetric unit as shown in
ORTEP (see the SI(I)) has Col in a general position directly
bonded to N1 of a (bpyea) ligand, to O2 and O4 of two DPP
ligands, and to water oxygen O3. The Col coordination is com-
pleted by a bond to N2 of the (bpyea) ligand at (x, y, —1 + z). All
H atoms including those on the water molecule O3 appear to be
correctly placed. The salient crystallographic data are listed in
Table 1.

The observed coordination bonds are in the ranges of
2.056-2.197 A and 2.148-2.152 A, respectively. In this process,
each Co(u) center exists in an octahedral geometry (see Fig. 6).
The coordination bond features are listed in Table 2.
Furthermore, such coordination spheres extend into a poly-
meric form (see Fig. 7).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Packing diagram of C2a; phenyl rings are omitted from DPP for clarity and water molecules are presented in purple (left). Pseudo-chelation

through H-bonding (right).

(@

Fig. 6

Fig. 7 2D packing diagram of C2b with the O---O distance shown in A.

Among three DPP ligands, two follow bidentate bridging, as
shown in Fig. 6(b) in the form of a typical 8-membered ring,
involving the M-(O-P-O),-M moiety. The remaining DPP
molecule also indeed forms a similar (pseudo) chelating
bonding pattern, with the aid of hydrogen bonds along with
coordination bonds (Fig. 7). The hydrogen bonds [O-:--O,
2.747 A (intermolecular) and 2.760 A (intramolecular)], that
constitute this motif are annotated in Fig. 7, where the corres-
ponding hetero atom distances are indicated. Thus, herein,
the flexibility of phosphinate ligands further demonstrates the

This journal is © The Royal Society of Chemistry 2025

(b)

(a) Octahedral coordination sphere of C2b, with one-water molecule coordinating (oxygen atom in purple). (b) Dimeric complex of C2b.

efficacy of H-bonds in accordance with coordination bonds,
towards establishing specific topological arrangements.

In coordination polymers, C2¢, DPP and Co(u), in the pres-
ence of a linear spacer, bpyee, under solvothermal conditions,
crystallise as rod like crystals, in the triclinic P1 space group.
Complete crystallographic parameters are given in Table 1 and
the ORTEP is illustrated in SI(I). The asymmetric unit has two
Co atoms, Col and Co2, lying on inversion centres. The half-
occupancy Col atom is directly bonded to N2 of a complete
bpyee ligand and to two water oxygens O1 and O2. The half-
occupancy Co2 atom is directly bonded to two water oxygens
03 and 04 and to the N1 atom of half of a bpyee ligand, which
lies about another inversion centre. There are also three water
molecules, 09, 010, and O11, in general positions in lattice
sites. All H atoms, including those on the water oxygen atoms,
appear to be correctly placed. Thus, in the crystal lattice, apart
from coordinated motifs, two uncoordinated molecules of DPP
and three molecules of water are also present. In crystals C2c,
Co(u) forms two different coordination environments, labelled
as A and B, as shown in Fig. 8, with the environments shown
in different colors (A in grey and B in yellow). In both the
environments, Co(u) is present in an octahedral geometry, with
the coordination of two bpyee and four water molecules, with
the corresponding Co-O and Co-N distances in the ranges of
2.094-2.129 A and 2.107-2.166 A, respectively.

Dalton Trans.
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Fig. 8 Two independent units present in C2c illustrated in grey colour
bonds and yellow colour bonds along with coordinated/uncoordinated
water molecules (purple) and DPP molecules (green colour bonds).

In the crystal lattice, the two independent coordination
units, A and B, aggregate through O-H:--O, O-H---N and C-
H---:O hydrogen bonds. All hydrogen bond parameters are
listed in SI(II). The corresponding H---O (O-H---O) distances
lie in the range from 1.66 to 1.91 A, whereas H---O (C-H---0)
distances are observed to be between 2.37 and 2.55 A. O11-
H11A---N3 with a H---N distance of 1.78 A is also attributed to
the consolidated packing of the coordination assembly (see
Fig. 9). Furthermore, the coordination sphere A polymer is
found to be a linear chain extended to a polymeric form
through the N-terminal of bpyee ligands coordinating with Co
(), while B is a discrete unit arranged in such a manner that it
forms a host-kind of assemblage such that unit A is fit within
the voids thus created. The arrangement of such a topology is
shown in Fig. 9. Thus, it is clearly reflective that unlike in C2a

View Article Online
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and C2b, DPP molecules do not form coordination bonds with
Co(u) and only participate in the creation and stabilization of
secondary spheres.

Coordination assembly of C2d is obtained upon crystalliza-
tion of Co(NO;),-6H,0 in the presence of DPP along with the
rigid linker 110phen by slow evaporation of a CH;O0H solution,
under ambient conditions. A peculiar observation during the
formation of crystals is that block shaped crystals were
obtained at the neck of the conical flask rather than in the
bulk of the solution. Structure determination by X-ray diffraction
reveals that the asymmetric unit consists of a nitrate anion
(counter ion in the metal salt) along with other organic ligands
and Co(u). C2d crystallizes in a monoclinic space group, P24/n.
Structure determination parameters are listed in Table 1 and
contents of the asymmetric unit (ORTEP) are presented in SI(I).
Co(u) is coordinated with DPP and 110phen molecules and also
the nitrate anion. Another interesting feature in the coordi-
nation aspects is that the coordination sphere remains in the
form of discrete units as 110phen molecules do not modulate
the propagation and in fact, it binds to Co(u) in a bidentate
mode with Co-N distances being 2.119 and 2.122 A. Also, the co-
ordinated nitrate anion does not facilitate the realization of an
infinite network in any direction, due to its bidentate mode of
bonding. With such a coordination network around Cof(u), it
forms an octahedral geometry. Thus, the molecule is a centro-
symmetric dimer; Col (general) binds N2/N3(phen), 03/05
(NO,), and O2(DPP), with the sixth site occupied by O1 from the
inversion-related position at (1 —x,1 —y, 1 — 2).

The nitrate ion, however, participates in noncovalent inter-
actions (C-H---O hydrogen bonds) connecting adjacent co-
ordinated fragments, as shown in the inset of Fig. 11. Such
interactions are through both DPP (H---O, 2.19 A) and 110phen
(H---0, 2.29 and 2.58 A). In addition, 110phen ligands present

Fig. 9 Grid arrangement of A and B in C2c with a host—guest topology (left) and enlarged picture showing the O—H---O bonds between co-

ordinated and uncoordinated motifs (right).

Dalton Trans.
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Fig. 10 Asymmetric unit of C2d illustrating the chelated coordination environment (left) and the dimeric complex (right).
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Fig. 11 2D packing arrangement of fragments in the crystal lattice of C2d. C—H---O and n—= interaction distances are shown in the inset.

in adjacent coordinated fragments contribute to structure
stabilization through n-n interaction (3.55 A). Such inter-
actions are presented in the inset of Fig. 11 and other hydro-
gen bond parameters are listed in SI(II).

3.3. Structural elucidation of Ni(u) complexes, C3a_1 and
C3a_2, with DPP in association with 4,4"-bipyridine (bpy)

Ni(u) nitrate along with DPP and bpy upon crystallisation
forms different types of crystals, depending upon the methods
followed and also the solvent employed in the crystallization
process, although the same molecular composition is main-
tained. The crystals obtained from a slow evaporation of a
CH;OH solution are labelled as C3a_1 (Cs;4Hj3,N,O6P,Ni),
while the crystals obtained from a solvothermal process are
labelled as C3a_2 (C,4H47N504,P,Ni). The solvothermal
process involves keeping the solution in a Teflon container
inside the stainless steel chamber maintained at 130 °C for
three days followed by cooling at 5 °C per hour. X-ray diffrac-
tion analysis reveals that both types of crystals show different
compositions and cell parameters. C3a_1 crystallises in a
monoclinic C2/c space group, whereas C3a_2 crystallises in a
tetragonal P4;22 space group. Complete crystallographic para-

This journal is © The Royal Society of Chemistry 2025

meters are presented in Table 1. In both cases, metal centres,
Ni(u), adopt distorted octahedral but asymmetric units and
accordingly the coordination environment shows wide differ-
ences. The asymmetric unit (ORTEP) contents are presented in
SI(1), which clearly indicate the presence of uncoordinated
DPP molecules, a nitrate anion and two water molecules in
C3a_2, as also observed in C2c, except for the nitrate anion,
while all ligands are involved in the coordination sphere in
C3a_1. Thus, two molecules each of DPP, bpy and water coor-
dinate with Ni(n) in C3a_1, while the same is observed in
C3a_2 with four bpy and two water molecules.

The asymmetric unit in C3a_1 has Ni1 in a twofold axis and
directly bonded to O2 of a DPP ligand, to O3 of a water oxygen
and to N1 of the bpy ligand, which also lies about the twofold
axis. The corresponding Ni-O distance range is 2.060-2.124 A
in C3a_1 and 2.086-2.095 A in C3a_2, respectively. Similarly,
Ni-N distances are in the range of 2.086-2.095 A for C3a_1 and
the same are 2.107-2.124 A in C3a_2 (see Table 2). The
different coordination spheres present in both structures
(C3a_1 and C3a_2) are shown in Fig. 12.

Furthermore, in C3a_1, the coordination spheres extend in
the form of a 1D linear chain [Fig. 13(a)] through the

Dalton Trans.
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Fig. 12 View of octahedral coordination spheres of complexes (a) C3a_1 and (b) C3a_2. Water molecules are shown in purple color.

Fig. 13

N-terminal of bpy only. However, DPP, being mononucleating
(Scheme 1 mode I) in this structure, is involved in the for-
mation of strong O-H.--O hydrogen bonds (O---0, 2.737(2) A,
intermolecular and 2.785(2) A), establishing connectivity with
coordinated water molecules in the adjacent chains, as well as
C-H.--m interactions (3.148 and 3.448 A) between adjacent DPP
molecules, as shown in Fig. 13, thereby effectively contributing
to the stabilisation of chains and also crystal lattice.

The asymmetric unit contains Nil on a twofold axis co-
ordinated to O1 (H,O, general position) and to N1 (twofold
axis) and N4 (general position) from two bpy ligands. A half
nitro group (N3/03) lies on a twofold axis. One DPP ligand and
a second water O6 occupy general positions, and another
water O7 resides on a twofold axis (half occupancy). Hydrogen

Dalton Trans.

(a) 1D linear chain of C3a_1. (b) Packing diagram of C3a_1 showing O---O distances and C—H---x interactions.

atoms attached to O6 and O7 were not modelled due to weak/
ambiguous difference map density (ORTEP in the SI). Contacts
involving these sites are given as O---O distances only. Crystal
structure analysis of complex C3a_2 shows that the uncoordi-
nated DPP molecules remain in the crystal lattice as the struc-
ture stabilization moiety through the formation of appropriate
hydrogen bonds [SI(II)] (C-H---O distances are in the range of
2.33 to 2.89 A and O---O distances accompanying strong hydro-
gen bonds are in the range of 2.64 to 3.02 A.) with further
uncoordinated species nitrate and water molecules, as pre-
sented in Fig. 14. The coordinated water molecules participate
in O-H---O hydrogen bonding, with O---O distances in the
range of 2.63-3.67 A. As four bpy molecules are coordinated to
Ni(u) in C3a_2, they construct a 2D framework with a square

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Nitrate ions and uncoordinated DPP connected by H-bonds
formed through uncoordinated fragments in C3a_2.

grid, which leads to the formation of channels along the rep-
resented axes, and the uncoordinated DPP, nitrate and water
molecules occupy these channels, as shown in Fig. 15. The
corresponding hydrogen bonds [SI(II)] between coordinated
and uncoordinated fragments extend the structure through a
channel like topology.

3.4. Structural elucidation of Cu(u) complexes (C4a, C4b
and C4d)

Crystallisation experiments of Cu(ClO,),-6H,0 with DPP in the
presence of different N-heterocyclic ligands (a-d, as listed in
Scheme 2) are carried out as mentioned in section 1.2. Three
complexes, labelled C4a (C34H,oCIN,O4P,Cu,), C4b
(C24H,CIN,06PCu) and C4d (C,4H,oCIN,O,PCu), with good
quality mountable crystals, are formed with bpy, bpyee and
110phen, respectively. Their structural descriptions with a view
of the different coordination modes of DPP and the counter-
ion in the crystal lattices are given in the following paragraphs.

()

Fig. 15
(purple) inside the channel.

This journal is © The Royal Society of Chemistry 2025
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3.4.1. Crystals of 4a. In a controlled vacuum evaporation of
a solution of DPP along with copper salt and bpy, the crystals
obtained, C4a, show an asymmetric unit in a monoclinic C2/c
space group. It contains two copper metal ions in the asym-
metric unit along with two DPP and one molecule each of bpy
and a water molecule coordinating to them with an uncoordi-
nated counter ion ClO,”, as shown in Fig. 16(a). Cul is
bonded to O2 and 06 from two DPP ligands, and Cu2 is
bonded to N1(bpy), O1(DPP), and O4 (hydroxyl group) as
shown in ORTEP (see SI(II)). A perchlorate anion is present in
a general position. Cu-O and Cu-N distances are in the ranges
of 1.924-2.339 A and 2.013-2.016 A, respectively (see Table 2).
The distance between two metal centres Cul and Cu2 is found
to be 3.230 A, and the dimeric unit forms a cage-like structure
upon extension.

The cage-type moieties thus formed (made up of metal,
oxygen and phosphorous atoms) further expand into the poly-
meric form through bridging by bpy ligands, as presented in
Fig. 17. Furthermore, ClO,~ ions contribute to the stabilization
of the structure with the formation of appropriate C-H::-O
(H---0, 2.43-2.79 A) hydrogen bonds with both DPP and bpy
ligands, as depicted in the inset of Fig. 17. Hydrogen bond
parameters are listed in SI(II).

3.4.2. Coordination assembly of 4b. DPP and bpyea, along
with Cu(u), by a solvothermal crystallization process form crys-
tals in a monoclinic P2,/c space group. The structure determi-
nation parameters are given in Table 1. In the crystal lattice,
Cu(u) forms a distorted square pyramid coordinating to two
bpyea, two DPP equatorially and ClO,~ axially, as shown in
Fig. 18. The asymmetric unit has Cul in a general position,
directly bonded to perchlorate (O3), bpyea (N1) and DPP (O1).
The axially placed Cu-O distance is 2.561 A, which is compara-
tively larger than those known in the related structures, due to
Jahn-Teller distortions, and equatorial bond distances are in
the ranges of 1.929-1.934 A for Cu-O and 1.995-2.004 A for
Cu-N (Table 2).

In this complex, DPP molecules follow a bidentate bridging
mode, expanding the chain infinitely in the a direction.

(a) 2D square grid framework of C3a_2. (b) Channel structure of C3a_2 showing DPP (maroon), nitrate (space filling) and water molecules

Dalton Trans.
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Fig. 16 (a) Representation of the asymmetric unit of C4a illustrating two copper metal centres. Oxygen (—OH) in purple colour with an O-0O dis-
tance of 2.975 A with ClO,~ (b) dimeric unit with two distorted square pyramidal copper metal centres aggregated into a cage-like structure.

H(C)DPP

0
Q

***H(C)bpy

o
-

-
H(C)DPP

Q

H(C)bpy

Fig. 17 Packing diagram of the cage-based framework of C4a encapsulating ClO4~. Hydrogen bonding involving ClO,™ is illustrated in the inset.

Fig. 18 View of distorted square pyramidal C4b.

Dalton Trans.

Similarly, bpyea, coordinated with Cu(u), also contributes to
the extension of the molecular arrangement in the other direc-
tions, thus leading to the formation of a 2D framework (see
Fig. 19). As noted in the structure of C4a, herein ClO,™ anions
also contribute to the crystal stabilization by participating in
the formation of C-H---O (H:--O, 2.40 and 2.41 A) and hydro-
gen bonds with DPP, as shown in the inset of Fig. 19. Apart
from this, bpyea is also involved in strong C-H::-O bonds, as
shown in SI(II).

3.4.3. Structure of C4d. Crystals of C4d, obtained from a
solvothermal crystallisation method, crystallize in an ortho-
rhombic space group Phca. In the asymmetric unit, Cu(u)
adopts a distorted square-pyramidal geometry, coordinated
equatorially by one DPP ligand (O1), one H,O molecule (03),
and two N donors from 1,10-phenanthroline (N1, N2); the
axial site is occupied by a perchlorate O atom (04) (Fig. 20a).
In this structure, DPP molecules act as a monodentate ligand,

This journal is © The Royal Society of Chemistry 2025
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Fig. 20
molecules are shown as purple spheres.

resulting in discrete coordination units in complex C4d, unlike
in C2d, where a bidentate mode constructs the dimeric form
(cf. Fig. 10).

Fig. 20(b), however, shows the interconnection between
adjacent discrete molecules via C-H---O (H---O, 2.33-2.83 A)
and O-H---O (H--O, 1.64 A) hydrogen bonds, as detailed in
SI(2). The two-dimensional packing arrangement of the

Fig. 21 Packing arrangement view of C4d along the a-axis. n—x inter-
action between phenanthroline ligands is shown in the inset.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

(b)

(a) View of the distorted square pyramidal environment of C4d. (b) Non-covalent interactions between adjacent discrete molecules. Water

complex along the a-axis is illustrated in Fig. 21, with an inset
of n-m interaction (3.52 A) between 110phen ligands.

3.5. Structural elucidation of Cd(u) complex (C5a)

C5a (C46H3sN,06P3Cd), a coordination complex of DPP and
bpy coordinated to Cd(u), is the lone structure obtained upon
crystallization of DPP with Cd(u) and different N-donor ligands
(a-d), following a slow evaporation method at room tempera-
ture. The asymmetric unit contains Cd1 at a general position,

Fig. 22
covalent interactions (C—H---O shown in A) between adjacent dimeric
fragments.

(@) View of the octahedral environment of C5a. (b) Non-

Dalton Trans.
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Fig. 23 2D packing arrangement of C5a illustrating polymeric chains.

directly bonded to one 4,4"-bipyridine (bpy), and three crystal-
lographically independent DPP ligands (all in general posi-
tions). X-ray diffraction analysis confirms the monoclinic C2/c
space group. All the characteristic crystallographic parameters
are listed in Table 1 and the contents of asymmetric units, in
the form of ORTEP, are presented in section SI(1).

Packing analysis further reveals that Cd(u) is octahedrally
coordinated by four DPP and two bpy molecules as shown in
Fig. 22(a), with typical Cd-O and Cd-N distances in the ranges
of 2.250-2.276 A and 2.365-2.377 A, respectively (Table 2).

The packing arrangement of C5a is similar to that of C2b.
Because both DPP ligands are involved in bidentate bridging,
they form the eight-membered ring M-(O-P-0),-M, as well as
pseudo-chelation through C-H---O hydrogen bonding (H---O,
2.55 and 2.87 A), as projected in Fig. 22(b). In this process,
water and DPP molecules in C2b and only DPP molecules in
C5a are involved in pseudo-chelation. These dimeric com-
plexes are extended through bpy molecules to form linear poly-
meric chains (Fig. 23).

5. Conclusion

In summary, different coordination assemblies are developed
by varying the metal ions with a specific organophosphorus
ligand and by varying N-donor species to form various supra-
molecular motifs with discrete to dimeric and polymeric struc-
tures including MOF and cage architectures. All complexes are
thoroughly characterized and analysed by single crystal X-ray
diffraction, unravelling diverse coordination geometries like
square pyramidal and octahedral depending on central metal
ions and the ligand environment. C1b is a 1D coordination
polymer with dinucleating behaviour of DPP. Generally, when
similar ligands are employed with the same metal ion species,
isostructural/isomorphous structures are predicted, as is the
case with Co(u), DPP and N-donors (a-c). However, this is not
the case among C2a-C2c complexes; though N-donor ligands
act in a similar way, DPP’s coordination modes are different.
Consequently, C2a does not have any metal phosphinate

Dalton Trans.

8-membered ring structure like C2b; meanwhile, in the case of
C2c¢, a completely different host-guest topology is found,
without the formation of any coordination bonds by DPP.

Mixed ligand strategies proved crucial in directing the
assemblage of these architectures, particularly in the MOF struc-
ture of Ni(u) complexes. Also, different reaction conditions
(solvothermal and slow evaporation at room temperature) result
in different types of crystals; for example, C3a_2 (tetragonal) is
found to exhibit a higher symmetry lattice in comparison with
C3a_1 (monoclinic). Copper complexes adopt square pyramidal
geometries, yet the 2D networks of C4a and C4b differ consider-
ably, with C4a displaying a distinctive cage structure. The use of
rigid N-donors like 1,10-phenanthroline (phen) results in both
dimeric (C2d) and discrete (C4d) structures, even though they
show similar coordination behavior. The only Cd(u) complex,
C5a, displays a packing pattern analogous to C2b with alternat-
ing M-(O-P-0),-M ring motifs. Noncovalent interactions,
especially O-H:--O and C-H---O hydrogen bonds and n-= inter-
actions, formed by organic ligands contribute extensively to the
aggregation of the complexes. This study emphasizes the impor-
tance of mixed ligands and highlights relatively less explored
phosphinates in supramolecular coordination chemistry. Their
versatile coordination modes and compatibility with diverse
N-donors enable the construction of structurally tunable and
functionally diverse architectures, highlighting their role as flex-
ible building blocks for both discrete and polymeric assemblies
with potential applications.
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