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Structure Directing Effects of the Tetraphenylphosphonium

Cation upon the Formation of Lanthanoid Anilate

Coordination Polymers

Carol Hua*®

Four lanthanoid anilate coordination polymers (CPs) were
synthesised using fluoranilate and chloranilate ligands with
La(lll), Eu(lll) and Dy(lll), and PPh,* as the countercation. The
presence of the PPh,™ countercation had a structure directing
effect on the CP topology, with a 3D diamondoid (dia) network
obtained with La(lll) whilst 2D square grid (sql) networks were

Introduction

Coordination polymers (CPs) and metal organic frameworks
(MOFs) containing 1,4-disubstituted 2,5-dihydroxy-1,4-benzo-
quinone, commonly called anilic acids (H,Xan, where X=F, Cl,
Br, CN, NO,) have been widely investigated for a range of
applications including molecular magnetism,!'2"
conductivity, ! and gas adsorption.”>?” The appeal of using
anilic acids in the synthesis of CPs stems from the ability of the
ligand to exist in multiple redox states including Xan*~, Xan>~*
and Xan*". The Xan®* state is of particular interest due the
stability of the radical anion when the ligand is coordinated and
potentially able to mediate electronic communication between
metal centres. Iron anilate CPs have outstanding conductivity®
and magnetic ordering®®'? for porous materials due to the
favourable orbital overlap between the iron and the ligand, as
well as the ability of iron to exist in mixed valence states, Fe(ll)
and Fe(lll).

The use of lanthanoid ions in anilate CPs is desirable due to
the unique spectroscopic and magnetic properties of the
lanthanoids. The large majority of anilate containing CPs have
been synthesised with transition metals, with fewer studies
dedicated to the study of lanthanoid anilate coordination
polymers. The synthesis of lanthanoid CPs is more challenging
due to the greater ionic nature of lanthanoids when compared
to transition metals leading to larger variability of coordination
environments, and the lack of predictable coordination geo-
metries. Control over the topology of lanthanoid anilate CPs is
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obtained with Eu(lll) and Dy(lll). This work represents the first
use of fluoranilate in lanthanoid anilate CPs. The additional
hydrogen bonding sites afforded by the fluorine substituent
influences the packing of the crystal structure whilst the
variation in lanthanoid ion size helps determine the topology of
the CP.

therefore challenging to achieve. The majority of lanthanoid
anilate coordination polymers are obtained as 2D (6,3)-honey-
comb structures commonly containing three anilate ligands
bound in a bidentate manner to the lanthanoid ion with the
remaining coordination sites filled with solvent molecules such
as water.'3151819212328371 Tha honeycomb structures formed
from lanthanoids are commonly corrugated due to the facial
coordination from the solvent molecules which contrasts with
the planar 2D honeycomb obtained with transition metals.®*®
One method for obtaining predictable topologies with lantha-
noid anilate coordination polymers is the use of a countercation
template.>%**3 Previous studies have used tetraalkylammo-
nium cations including Me,N* and Et,N* to yield 2D square
grid structures®?%3*) as well as larger aromatic cations including
PPh,* and 1-(diphenylmethyl)-pyridinium (DPMP™) to obtain
diamondoid topologies with Ce(lll) and Er(lll).¥ Other top-
ologies obtained with lanthanoid anilates (some with the use of
cationic templates) includes noq*” a mixed 2D (8,8)-(4,4)-
square topology,”” xah™" and chiral 3D 10,3-a networks.”’

A range of substituents on the anilate ligand have been
investigated including chloranilate (Cl),['7192126333441-431 hromani-
late (Br),B121>18213032 dihydroxybenzoquinone (H),"®?"%%?% and
chlorocyananilate (mixed Cl and CN).'22331374044-46 £} oranilic
acid (F), however remains significantly underexplored, with the
few studies using fluoranilate involving transition metal
ions.P363847 49 The yse of fluoranilate may yield intriguing
properties when compared to chloranilate due to the greater
electron withdrawing nature of the fluorine, and its ability to
form hydrogen bonds with other framework components,
counterions and guest molecules within the framework voids.
The smaller size of the fluorine substituent when compared to
other anilate ligands (except H) may also enable the formation
of novel or intriguing topologies that are otherwise not possible
with the presence of larger 3,6-anilate substituents.

In this work, we aim to explore the role of the PPh,”
countercation in influencing the topology of lanthanoid fluo-
ranilate and chloranilate CPs with La(lll), Eu(lll) and Dy(lll). Given
the rarity of the diamondoid topology in lanthanoid chloranilate
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coordination polymers, we additionally wished to obtain
diamondoid structures with other lanthanoid ions beyond Ce(lll)
and Er(lll) from a previous study.?” The interplay between the
anilic acid substituent size with the lanthanoid ion radii on
topology will be probed and the templation effects of PPh,*
assessed.

Results and Discussion

All coordination polymers were synthesised by layering a
solution of fluoranilic acid (H,Fan) or chloranilic acid (H,Clan) in
acetone over a solution of PPh,Br, LiOAc and Ln(NO;);xH,0
(Ln=La, Eu, Dy) in a mixture of methanol and water (ratio 1:3)
to yield (PPh,)[La(Fan),(H,0)] (M,
(PPh,),[La,(Clan),(C;Hs0),]-3 C;HO-4H,0 (2,  (PPh,)[Eu-
(Fan),(CH,0)]-C;HO (3) and (PPh,)[Dy(Fan),(CH,0)]-2 C;H;O (4).
1 and 3 were obtained as deep blue crystals, 2 as maroon
crystals and 4 as deep green crystals. LIOAc is used in the
synthesis to deprotonate the H,Fan and H,Clan ligands. The
Fan®" and Clan*" ligands in 1-4 all exist in their —2 state as
indicated through the C—O and C—C bond lengths and
corroborated through their FT-IR stretches (ESI, Table S4). The
PPh,* counterion used for charge balance is located within the
voids in 1-4. The bulk purity of all compounds was determined
using PXRD (ESI, Figures S3-6).

Diamondoid (dia) Networks

Frameworks 1 and 2 were formed as isostructural networks
featuring a diamondoid (dia) topology. The La(lll) centres in 1
and 2 both exhibit a 9-c coordination environment from O-
donors from four fluoranilate ligands binding in a bidentate
manner and one acetone (1) or water (2) solvent molecule
(Figure 1a and Figure S1a). Typical La(lll)-O bond lengths are
obtained for both 1 and 2 (ESI, Table S5). The La(lll) ion contains
different coordination geometries with a square antiprism for 1
and a tricapped trigonal prism for 2. The change in coordination
geometry upon changing the Fan®" ligand in 1 for Clan*™ in 2
may be attributed to the larger steric bulk imposed by the
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chlorine atom on the ligand when compared to the fluorine
atom. 1 and 2 both exhibit an adamantane unit with minor
distortion along one direction (forming a compressed hexagon)
as indicated through the La-La-La angles of 90.34(1), 115.13(1)
and 118.39(1)° for 1 (Figure 1b) and 100.87, 100.87, 101.78,
116.74, 119.67, 138.18° for 2 (ESI, Figure S1b).

The PPh,* counterion occupies the void space in each of
these dia networks featuring multiple non-covalent interactions
including hydrogen bonding and n-n stacking with the anilate
ligands within the coordination polymer (Figure 1c, Figure S1c).
Framework 1 exhibits a close interaction of the PPh," counter-
ion with Fan*™ in the framework with n- stacking (d=3.692 A)
between one of the phenyl rings in PPh,* with a Fan*~ ligand,
hydrogen bonding between the coordinated acetone molecule
with hydrogens from the PPh,* (dy_,=3.326(2) and 3.678(2) A)
and between the fluorine in the Fan®" ligand with hydrogens
from the PPh,* (d;_;=2.950(2) and 3.709(2) A) (Figure 1c).

Changing from Fan®" to Clan*™ in 2 results in the inclusion
of acetone and water solvent molecules between the frame-
work and the PPh,* counterion within the crystal structure. The
inclusion of the solvent molecule may be attributed to the lack
of hydrogen bonding ability from the chlorine atom in Clan®" in
addition to the smaller coordinated water molecule (when
compared to the coordinated acetone in 1). The water and
acetone solvent molecules assist in the formation of hydrogen
bonding (do_=3.795(4), 3.614(4), 3.749(3) A) and CH-m inter-
actions (d=3.263, 3.776 A) between the framework structure
and the PPh,™ counterion whilst offset n-n stacking between a
Clan?” ligand and a phenyl ring from PPh,* (d=4.145A) is
present between the framework structure and the PPh,™
counterion (ESI, Figure S1c). The PPh,™ counterion is clearly
observed within the voids of the framework structure in both 1
(Figure 1d) and 2 (ESI, Figure S1d).

No accessible void spaces are present for 1 reflecting the
close packing of the framework structure with the PPh,”
counterion in 1. The lack of accessible voids in 1 is reflected in
the thermal gravimetric analysis (TGA) where no mass losses are
observed below 180°C (ESI, Figure S11). The first mass for 1
occurs at 208°C with the 6% mass loss corresponding to the
coordinated acetone molecule. The significantly higher temper-
ature above the boiling point (56°C) required to remove the
acetone molecule is indicative of the tight crystal packing. A
steep mass loss at 350°C is due to decomposition of 1.

In contrast to 1, an accessible void space of 19.3% is present
in 2 due to the inclusion of acetone and water solvent
molecules within the crystal structure (ESI, Figure S12). Two
stepwise mass losses are observed in the TGA, with a 5.5%
mass loss between 25-80°C due to the liberation of acetone
molecules, and a 5.8% mass loss between 80-130°C due to the
loss of water molecules. The larger mass loss above 400°C is
due to decomposition of 2.

The diamondoid topology is a relatively rare in lanthanoid
anilate coordination polymers with only a handful of examples
reported. Diamondoid topologies were previously obtained
through templation with aromatic cations including PPh,* and
1-(diphenylmethyl)-pyridinium (DPMP*) together with Ce(lll)
and Er(ll) to form (DPMP)[Ce(Clan),(H,0)]-H,0-C;H,O,"
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(b)

Figure 1. Structure of (PPh,)[La(Fan),(C;H¢0)] (1) showing (a) the coordination environment around La(lll), (b) the adamantane unit (without the PPh, "
counterion), (c) the hydrogen bonding interactions (in black and white bonds) between the PPh,” counterion with the framework structure and (d) the
packing of the PPh,* counterions within the diamondoid topology. Colour codes for parts (a) and (b) are as follows: carbon = black, fluorine =green,

oxygen = red, maroon = lanthanum. Hydrogen atoms are omitted for clarity.

(DPMP)[Er(Clan),] and (PPh,)[Ce(Clan),(H,0)1.2¥ The Ce(lll) dia-
mondoid networks all contained a 9-c coordination geometry
containing nine O-donors through bidentate coordination of
the Clan®" ligand to Ce(lll) and one coordinated water molecule.
The Er(lll) framework contained a 8-c coordination environment
with no coordinated water molecule due to the smaller ionic
radius of Er(lll) vs. Ce(lll). The La(lll) ion used in this study has a
larger ionic radius than Ce(lll) and it is therefore not surprising
the coordination of both acetone and water solvent molecules
can be accommodated on the axial position of the lanthanum
ion. The influence of using aromatic cations to generate
diamondoid topologies in lanthanoid anilic acid coordination
polymers is further demonstrated in this study with 1 through
the generation of a diamondoid topology upon changing the
substituents on the anilic acid from chlorine in Clan* to
fluorine in Fan®". While not strictly a lanthanoid, yttrium has
previously been used to obtain a diamondoid network where
the oxonium ion acts as the counterion.”

Eur. J. Inorg. Chem. 2024, 27, €202400026 (3 of 7)

Square Grid (Sql) Networks

Frameworks 3 and 4 were obtained as networks with a square
grid (sql) topology (Figure 2, Figure S2). The Eu(lll) centre in 3
and the Dy(lll) centre in 4 are 9-c with a spherical capped
square antiprism coordination geometry. The nine O-donors to
the Ln(ll) centres contain four Fan*" ligands coordinated in a
bidentate manner and one coordinated methanol solvent
molecule (Figure 2a, Figure S2a). Typical Ln(lll)-O bond lengths
are obtained for both 3 with Eu(lll)-O of 2.419(4), 2.422(5),
2.437(4), 2.445(5), 2.484(5) A and 4 with Dy(lll)-O of 2.367(3),
2.390(3), 2.397(2), 2.406(3) and 2.458(4) A. The longer Eu(lll)-O
bond lengths when compared to Dy(lll)-O is a reflection of the
contraction in lanthanoid radii along the series. The square
grids (sql) formed in 3 and 4 consist of 2D planar sheets where
the sql grids display minor distortion from an ideal (90°) square
with Eu—Eu-Eu bond angles of 85.28, 85.35, 91.64, 91.78° for 3
and Dy—-Dy-Dy bond angles of 85.88, 86.00, 91.09, 91.37° for 4
(Figure 2b, Figure S2b).

The PPh,* counterions are located in the interstitial space
between the 2D sqgl networks resulting in a layer-to-layer
distance of 11.855A for 3 and 13516 A for 4 (Figure 2c,
Figure S2¢). Previous sql structures obtained with Clan*” have

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 2. Structure of (PPh,)[Eu(Fan),(CH,0)]-C;HsO (4) showing (a) the coordination environment around the Eu(lll) ion, (b) the 2D square grid sheet (without
the PPh,™ counterions) and (c) the stacking of the 2D sheets (in blue) with the PPh,™ counterions (in yellow and red) located in the space between the sheets.
Colour codes are as follows for parts (a) and (b): carbon =black, fluorine =green, oxygen =red, europium =blue. Hydrogens have been omitted for clarity.

predominately involved the use of Me,N*?* and Et,N* ents on the anilate CP, helping to template the square grid
countercations®™®* as the tetrahedral symmetry enables topology. The slight distortion of the square grid in 3 and 4
effective non-covalent interactions with the halogen substitu-  contrasts with previous sql grids formed using Et,N* counter-
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ions where 90° Ln—Ln—Ln bond angles are obtained, which may
be attributed to more suitable shape and orientation of Et,N*
over PPh,".?** The higher symmetry of the 2D square grids
synthesised using Et,N* is also reflected in the tetragonal /4/
mcm or 14/m space group they crystallise in compared to the P-
1 triclinic space group of 3 and 4. Other sqgl structures have
either H;0** or Me,NH, 2 as the countercation. The interlayer
distance is predominately influenced by the countercation that
is located between the 2D layers, with larger counterions
resulting in larger interlayer distances. The use of the Et,N*
counterion yields layer-to-layer separations of between
10.036(2) - 10.3349(2) A, which is dependent upon the
lanthanoid ion used.”*** The PPh,™ counterion therefore
enables greater layer-to-layer distances of the 2D sheets to be
generated, which may be advantageous for isolating the effect
of through space magnetic coupling between adjacent 2D
sheets. The methanol molecule coordinated on the axial
position of the Ln(lll) centre alternates pointing up and down
along the 2D sheet but is always paired with a methanol
molecule from the 2D sql sheet below such that they are facing
towards each other through the interstitial space. The methanol
molecules are linked through hydrogen bonding interactions
with the acetone solvent molecules located within the voids of
the crystal structure.

Strong hydrogen bonding interactions (3: dr_,=3.021(7),
3.22(1), 346(1) A, 4: diy=3.029(5), 3.469(7), 4.070(9) A) exist
between the fluorine atom in the Fan®>" ligand with one of the
phenyl rings of the PPh,™ counterion such that the phenyl ring
is “sandwiched” between three Fan?~ ligands within the square
of the sql grid (Figure 2c, Figure S2c). Hydrogen bonding
interactions additionally occur between the coordinated meth-
anol molecule and the hydrogens on the PPh,™ counterion (3:
Aoy =4.08(1), 4: dy_,=3.98(1) A). Disorder of the PPh,* counter-
ion is observed in the crystal structure refinement of both 3 and
4 indicating the fluxional movement of the counterion within
the voids, which contrasts with the more rigid orientation of
the counterion in 1 and 2.

Accessible void spaces are present in both 3 (21.2%) and 4
(21.7%). The similarity of the accessible void spaces is a
reflection on the isostructural nature of these frameworks
where the lower void space for 3 is due to the larger ionic radii
of Eu(lll) vs Dy(lll) in 4. The TGA of 3 (ESI, Figure S13) and 4 (ESI,
Figure S14) are very similar, with a ~8% mass loss below 110°C
corresponding to the loss of the acetone solvent molecules in
the crystal structure and the coordinated methanol molecule. A
further mass loss is observed >300°C in both structures due to
the decomposition of the frameworks.

Lanthanoid square grid coordination polymers containing
chloranilate, bromanilate or cyanochloranilate bridging ligands
have previously been reported, predominately with Me,N* or
Et,NT counterions.?>**41 There exists a careful balance
between the size of the lanthanoid ion and the substituent on
the anilate ligand as to whether the lanthanoid ion will contain
a coordinated solvent molecule on the axial position. The use of
larger substituents such as Cl for Clan>~ or Br in bromanilate
(Bran®") with the late lanthanoids Gd(Ill) to Lu(lll) resulting in 8-
¢ lanthanoid centres with no solvent molecules coordinated. It

Eur. J. Inorg. Chem. 2024, 27, €202400026 (5 of 7)

was previously demonstrated that another type of sql grid can
be formed with the early lanthanoids La(lll) to Nd(lll) where a
solvent molecule was coordinated in the axial position, forming
a 9-c coordination environment, whilst lanthanoids with slightly
smaller ionic radii, Sm(lll) and Eu(lll) formed 8-c coordination
geometries with no coordinated solvent.®” The use of Nd(Ill)
was demonstrated to be the “tipping point” where the 9-c
Nd(lll) centre could be transformed in a single crystal to single
crystal transformation to an 8-c Nd(lll) centre through removal
of the axially coordinated water upon reduced pressure with
heating. The use of the Fan* ligand containing the smaller
fluorine substituents likely had an impact upon the formation
of sql grids containing 9-c Eu(lll) and Dy(lll) lanthanoid centres
given that 8-c coordination environments are formed when the
larger Clan*~ ligand is used.

The PPh," counterion as a template has enabled a degree
of control over the topology in the otherwise unpredictable
synthesis of lanthanoid anilate coordination polymers. The
lanthanoid ion size is an important consideration as demon-
strated in these results where La(lll) yielded coordination
polymers 1 and 2 with diamondoid topologies whilst the use of
later lanthanoids with smaller ionic radii, Eu(lll) and Dy(lll)
yielded square grids 3 and 4 respectively. The larger La(lll) and
longer La(lll)-O bonds may better accommodate the inclusion
of the PPh,™ counterion within the adamantane units of the
diamondoid topology, being able to fully encompass the
counterion through multiple non-covalent interactions. The
formation of square grids in the case of Eu(lll) and Dy(lll) in the
presence of PPh,™ is likely influenced by the shorter Ln(lll)-O
bond distances and smaller Ln(lll) ionic radii, where the four-
fold symmetry of PPh," aids in the formation of the sql
topology. The shorter Ln(ll)-O bonds may preclude the
formation of the diamondoid topology due to the size of the
adamantane unit that can be formed which may not be large
enough to accommodate the PPh,* counterion. The impact of
the Ln(lll) ion radius upon the formation of the diamondoid
topology is supported by a previous study where the use of
Er(lll) was unable to form a diamondoid topology in the
presence of the PPh,*, only yielding a (6,3)-honeycomb
structure containing no counterions.*”

Conclusions

The tetraphenylphosphonium cation has been used as a
template to influence the topology in a series of lanthanoid
containing fluoranilate and chloranilate coordination polymers.
The use of lanthanoid ions with large ionic radii such as La(lll)
yielded the formation of diamondoid topologies in 1 and 2
where the PPh,"™ counterion was located within the adaman-
tane units enveloped by the framework structures. The use of
later lanthanoids with smaller ionic radii, Eu(lll) and Dy(lll)
yielded 2D square grids 3 and 4, where the PPh,* counterion
was located in the interstitial space between the Ln(lll) anilate
sql grids. The use of fluoranilate in the synthesis of lanthanoid
coordination polymers has yielded additional hydrogen bond-
ing interactions with the fluorine substituent on the anilic acid.
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This study has demonstrated the effect of cation templation for
the synthesis of predictable topologies in lanthanoid anilate
coordination polymers along with the subtle interplay between
the size of the anilic acid substituent and the Ln(lll) ionic radius.

Experimental

All chemicals and solvents were used as obtained and without
further purification. Fluoranilic acid was synthesised according to
literature procedures.”™ Fourier Transform Infrared spectra were
measured on a Bruker Alpha spectrometer between 4000-400 cm™’
with 4 cm™ resolution and 32 scans and normalised as absorbance
spectra. Thermal gravimetric analysis was conducted on either a
Mettler Toledo TGA/SDTA851 instrument using aluminium crucibles
as sample holders or a PerkinElmer TGA 8000 instrument using
ceramic sample holders under high purity nitrogen. Typical analysis
involved heating the sample up to 450°C with a temperature
increment of 4°C min~'. Microanalysis was carried out at the
Chemical Analysis Facility - Elemental Analysis Service in the
Department of Chemistry and Biomolecular Science at Macquarie
University, Australia.

Single crystal X-ray diffraction data was collected on either the MX1
or MX2 beamline at the Australian Synchrotron.®"*? In general,
single crystals were transferred directly from the mother liquor into
immersion oil and placed under a stream of nitrogen at 100 K.
Crystal structures were solved by direct methods using the program
SHELXT® and refined using a full matrix least-squares procedure
based on F? (SHEXL),*¥ within the Olex2®? GUI program. In
structures containing disordered solvent molecules that could not
be satisfactorily modelled, the solvent mask routine within the
Olex2 GUI was used.”

Framework Synthesis

(PPhy)[La(Fan),(H,0)1 (1). A solution of fluoranilic acid (9.1 mg,
0.05 mmol) in acetone (2.5 mL) was layered above a solution of
La(NO,);-6H,0  (10.8 mg, 0.025 mmol), PPh,Br  (52.4 mg,
0.125 mmol) and LiOAc (6.6 mg, 0.1 mmol) in a mixture of water
(1.5 mL) and methanol (0.5 mL) and left to diffuse over three days.
Deep blue crystals were obtained which were washed with acetone
before being air dried (18.2 mg, 82 %).

(PPh,),[La,(Clan),(C5H:0),]-3 C;H;0-4H,0 (2). A solution of chlor-
anilic acid (20.9 mg, 0.10 mmol) in acetone (5mL) was layered
above a solution of La(NO,);-6H,0 (24.9 mg, 0.05 mmol), PPh,Br
(209.9 mg, 0.5 mmol) and LiOAc (13.2 mg, 0.200 mmol) in a mixture
of water (3.0 mL) and methanol (1.0 mL) and left to diffuse over
three days. Maroon crystals were obtained which were washed with
acetone before being air dried (44.1 mg, 85 %).

(PPh,)[Eu(Fan),(CH,0)]-C;H,O (3). A solution of fluoranilic acid
(9.1 mg, 0.05 mmol) in acetone (2.5mL) was layered above a
solution of Eu(NO;),-6H,0 (10.7 mg, 0.025 mmol), PPh,Br (52.4 mg,
0.125 mmol) and LiOAc (6.6 mg, 0.1 mmol) in a mixture of water
(1.5 mL) and methanol (0.5 mL) and left to diffuse over three days.
Deep blue crystals were obtained which were washed with acetone
before being air dried (17.6 mg, 76 %).

(PPh,)[Dy(Fan),(CH,0)]-2 C;H,0 (4). A solution of fluoranilic acid
(9.1 mg, 0.05 mmol) in acetone (2.5mL) was layered above a
solution of Dy(NO,);-6H,0 (8.7 mg, 0.025 mmol), PPh,Br (52.4 mg,
0.125 mmol) and LiOAc (6.6 mg, 0.1 mmol) in a mixture of water
(1.5 mL) and methanol (0.5 mL) and left to diffuse over three days.
Deep green crystals were obtained which were washed with
acetone before being air dried (22.2 mg, 89 %).
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