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Europium stands out amongst the lanthanoid elements because of its accessibility in the divalent state, in
addition to the more common trivalent state. To explore europium-based redox chemistry in the pres-
ence of redox-active ligands, we have synthesised a series of dinuclear europium complexes with
different redox-active bridging ligands containing oxygen and nitrogen donor atoms. Here, we report
three new dinuclear europium complexes containing different redox-active bridging ligands:
KEU"()2(tpa)}ta(u-bpym)] (1), KEU" (), (tpa))a(p-bptz )] (2), and HEU"(tpa)s}(u-Bracat)s] (3) (tpa = tris(2-pyri-
dylmethyl)amine; bpym = 2,2'-bipyrimidine; bptz = 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine and BrycatH, =
tetrabromocatechol). Across the series, the varying oxidation states of europium and the bridging ligands
highlight the redox diversity accessible with these compounds. Characterization using X-ray crystallogra-
phy, electronic spectroscopy, electrochemistry, and magnetometry has allowed confirmation of the oxi-
dation states of both the metal centers and the ligands, showcasing the rich redox chemistry of these

rsc.li/dalton molecular europium systems.

Introduction

Although lanthanoid ions are predominantly studied in the tri-
valent state in which they are most stable, the divalent and tet-
ravalent states are of increasing interest as routes to access
new physical and chemical properties. Among the lanthanoid
metals, europium stands out as the most readily accessible in
both divalent and trivalent states, with distinct differences in
the electronic structures enabling unique magnetic, redox and
photophysical characteristics." ® Europium compounds are
presently employed in catalysis, optics and magnetic reso-
nance imaging, and separation and recycling.”"" Advancing
the understanding of their redox chemistry has the potential
to enhance the application of europium compounds in diverse
scientific and technological domains.*%'**

Incorporating redox-active ligands into molecular lantha-
noid chemistry can modulate the, magnetic and photo-
physical properties and reactivity.”'*"” For example, redox-
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active bridging ligands available in a radical oxidation state
can provide additional magnetic interactions in dinuclear
lanthanoid complexes, leading to enhanced single-molecule
magnet behavior.'®° Furthermore, radical ligands can also
impart distinct spectroscopic features, such as new elec-
tronic transitions and differences in luminescence pro-
perties.'® Finally, redox-active ligands influence the redox
potential of coordinated lanthanoid ions, thereby offering
precise control over the electronic structure and resulting
physical and chemical properties of lanthanoid
compounds.’** Despite the demonstrated impact of redox-
active ligands in transition metal chemistry, their incorpor-
ation into europium systems remains comparatively
underexplored.*®%?

The redox capabilities of molecular europium compounds
are extended in this work by introducing the redox-active
ligands 2,2"-bipyrimidine (bpym), 3,6-bis(2-pyridyl)-1,2,4,5-tet-
razine (bptz), and tetrabromocatechol (Br,catH,). Each of
these ligands is potentially accessible in closed shell neutral
and dianionic redox states, as well as a radical monoanionic
form. Herein, we employ bpym, bptz'~ and Brycat*~ as brid-
ging ligands in dinuclear Eu complexes that all feature tetra-
dentate tris(2-pyridylmethyl)amine (tpa) blocking ligands. The
tpa family of ligands has been used extensively in d-block
chemistry,** % but relatively little in f-element chemistry.®*°
We report the synthesis and physical investigation of
[{Eu"((tpa)}y(p-bpym)] (1), [{Eu"()s(tpa)l(u-bptz 1] (2),
and [{Eu™(tpa),}(n-Brcat)s] (3).

This journal is © The Royal Society of Chemistry 2025
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Experimental
Synthesis

Synthetic manipulation for 1 and 2 was performed under
anaerobic conditions (N, atmosphere) using glovebox tech-
niques unless otherwise mentioned. Compound 3 was syn-
thesized under ambient conditions. Europium diiodide (Eul,,
yellow powder, >99.9% rare metal basis) was purchased from
Sigma-Aldrich and used as received in the glovebox. Tris(2-pyr-
idylmethyl)amine (tpa) was purchased from Combi-Blocks and
was used after recrystallization from hexanes. Eu(NO;);-6H,0
was purchased from Sigma-Aldrich and was used without any
further purification. Diisopropyl ether (iPr,O) was dried over
molecular sieves (3 A) for a minimum of 3 days and stored
under N, on molecular sieves until used. Solvents - aceto-
nitrile (MeCN) and tetrahydrofuran (THF) - were purified and
dried using a solvent purification system (SPS) from MBraun
(MB SPS-800, with standard MBraun drying columns). The sol-
vents were degassed via three freeze-pump-thaw cycles before
transferring them into the glovebox and were stored on mole-
cular sieves inside the glovebox. The redox-active ligands -
bpym, bptz and Br,catH, - were prepared according to litera-
ture procedures. %>

[{Eu™(1),(tpa)}>(n-bpym)] (1). In a 14 mL screw-cap vial, Eul,
(40.6 mg, 0.100 mmol) and tpa (29.1 mg, 0.100 mmol) were
dissolved in MeCN (5 mL) to produce a bright orange solution.
Separately, bpym (7.9 mg, 0.050 mmol) was dissolved in MeCN
(2 mL) in another vial and the resulting solution was slowly
added to the orange-coloured solution, which immediately
became dark red (Fig. S1}). The mixture was stirred for 5 min
and then allowed to settle for 10 minutes before filtering to
remove the undissolved starting materials. THF was carefully
layered on top of the dark red-coloured filtrate and then sealed
with tape to prevent the loss of solvent. Dark red crystals suit-
able for single crystal X-ray diffraction were formed in a week
and were collected by washing with THF, with crystallographic
analysis suggesting the formulation 1-2.5MeCN. The crystals
collected were dried under several purge cycles in a glove box.
Yield: 28 mg (35%). The bulk sample indicated partial desolva-
tion, analyzing as 1-MeCN; found: C 35.18, H 2.93, N 11.02;
calc: C 34.72, H 2.85, N 11.44.

[{Eu™(1)5(tpa)}o(n-bptz )][1] (2). In a 14 mL screw-cap vial,
Eul, (40.6 mg, 0.100 mmol) and tpa (29.1 mg, 0.100 mmol)
were dissolved in MeCN (5 mL), to produce a bright orange
solution. The bptz ligand (17.7 mg, 75.0 pmol) was sus-
pended in iPr,0 (5 mL) in a different vial and was carefully
layered on top of the above solution and then sealed with
tape to prevent the loss of solvent. An immediate colour
change from bright orange to purple-red was observed at the
interface. Dark red crystals suitable for single crystal X-ray
diffraction formed after a week, with crystallographic analysis
indicating  hydration  [{Eu™(1),(tpa)}.(p-bptz 7)][1]-0.7H,O
(2-0.7H,0). Crystals were collected by washing with iPr,O
and dried under several purge cycles in a glove box. Yield:
5 mg (6%). It was not possible to obtain an analytically pure
bulk sample of this compound.
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[{Eu™(tpa),}(n-Br,cat);] (3). Complex 3 was synthesized
under ambient conditions. In a 28 mL push-cap vial, Eu
(NO3);-6H,O (51.4 mg, 0.120 mmol) was dissolved in dry
MeCN (5 mL). In another vial, tpa (34.8 mg, 0.120 mmol) and
BrycatH, (76.6 mg, 0.180 mmol) were dissolved in dry MeCN
(10 mL) and deprotonated with triethylamine (NEt;) (50.1 pL,
36.4 mg, 0.360 mmol). The Br,cat>” and tpa mixture was then
added dropwise to the Eu(NOj;); solution, resulting in a
yellow-orange solution (Fig. S31). The solution was then gently
agitated and left under ambient conditions for 48 hours, after
which dark red crystals formed, with crystallographic analysis
suggesting the formulation 3-MeCN. The crystals were col-
lected by vacuum filtration in air, washed with minimal MeCN
and diethyl ether (Et,0), and air dried. Yield: 54%. The bulk
sample also analyzed as 3-MeCN: found: C 30.67, H 1.87, N
5.45; calc: C 30.62, H 1.79, N 5.74.

Crystallography

Single-crystal X-ray diffraction data for complex 1 were col-
lected at 100 K using a Rigaku Synergy X-ray diffractometer
system using CuKa (A = 1.5418 A). The crystals of 1 were trans-
ferred into a closed vial with crystallographic oil inside a glove-
box and quickly mounted onto the diffractometer under a cold
N, gas stream to avoid contact with the atmosphere. The data
were processed using CrysAlisPro software,”® employing a
numerical absorption correction based on Gaussian inte-
gration over a multifaceted crystal. Single-crystal X-ray diffrac-
tion data for compounds 2 and 3 were collected at 150 K and
100 K, respectively, on the MX2 beamline at the Australian
Synchrotron,** tuned to approximately MoKa radiation (4 =
0.71076 A) fitted with a silicon double crystal monochromator.
Due to the sensitivity of the crystals of 2 to atmospheric oxi-
dation, the crystals were carefully transferred in a closed vial
under N, and the crystal for data collection was selected using
a cold mount apparatus to avoid contact with the atmosphere.
Data reduction was performed using XDS,*’ using strong
multi-scan absorption correction in SADABS.*® The structures
of 2 and 3 were solved using CX-ASAP?” and SHELXT,"® while
the structure of 1 was solved using SHELXT.*® All three struc-
tures were refined using a full matrix least squares procedure
based on F? using SHELXL*® within OLEX2-1.5.**°%%! During
structure refinement, all non-hydrogen atoms were refined
with anisotropic displacement parameters while all hydrogen
atoms were placed at geometric estimates and refined using
the riding model with an isotropic displacement parameter of
1.2 Ugq. of the parent atom for all other atoms. The structure
of 1 showed the presence of solvent voids filled with diffuse
solvent. The contribution of the solvent to the diffraction
pattern was modelled using the OLEX2 Solvent Mask routine;
the electron density peaks were consistent with the presence of
1.5 molecules per formula unit. The structure of 2 showed elec-
tron density peaks close to the Eu and I atoms, suggesting
some disorder of the complex. The I" anion was modelled as
being disordered over two positions with final occupancy
factors of 0.921(3):0.079(3). Attempts to model the disorder of
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the cation were unsuccessful, and so the refinement was con-
tinued without any modelling of the disorder.

Powder X-ray diffraction (PXRD) data were measured on a
Rigaku Synergy dual wavelength rotating anode X-ray diffract-
ometer system using CuK, (4 = 1.5418 A) at room temperature.
Data were collected in the range 5 < 20 < 60° with an exposure
time of 60 seconds per frame and processed using CrysAlisPro
software.*® The collected data were compared with powder pat-
terns simulated from the crystal structures in Mercury.

Elemental analysis

The samples were sealed under vacuum into ampoules and
analysed at the London Metropolitan University, London,
United Kingdom.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed on a Mettler
Moledo TGA/SDTA851e using a ramp rate of 5 °C min™" to a
maximum temperature of 400 °C under a flow of N,.

Electronic spectroscopy

Diffuse reflectance ultraviolet-visible (UV-vis) spectra were col-
lected for the samples diluted ~5% in KBr (inside a glove box
for 1 and under ambient conditions for 3) on a Thermo
Scientific Evolution 220 UV-visible spectrophotometer. The
diluted sample was placed into the quartz holder and the
spectra were collected from 200 nm to 800 nm with a bandwidth
of 3 nm. Solution measurements for 3 were performed using an
Agilent Technology Cary 60 UV-visible spectrometer in CH,Cl,.

Magnetic measurements

The sample of 1 for magnetic measurements was prepared in a
glovebox. The sample was weighed into an NMR tube with
small amounts of eicosane inside the glovebox. A Young’s
valve was connected to the NMR tube and transferred to the
Schlenk line. The sample tube was then flame sealed under
vacuum. The sample of 3 was prepared under atmospheric
conditions in gelatine capsules and sealed in eicosane.

The susceptibility and magnetization measurements were
performed using a Quantum Design MPMS3 SQUID magnet-
ometer. Susceptibility measurements were measured between
1.8 K and 300 K in an applied field Hpc = 1000 Oe (0.1 T).
Magnetization (M) vs. field (H) measurements were performed
between 0 and 7 T, at 2 K, 4 K and 6 K. The data were corrected
for the diamagnetic contributions of the NMR tube and eico-
sane for 1, while the diamagnetic contributions for the gela-
tine capsule and eicosane for 3 were also accounted for. The
diamagnetic corrections for the molar magnetic suscepti-
bilities were applied using Pascal’s constants, approximated as
MW/2 (x 10~°) emu mol".>* Fitting of magnetic susceptibility
experimental data for 1 was performed using the PHI program,
v3.1.5.%

Electrochemistry

All electrochemical measurements were performed under an
N, atmosphere at room temperature and referenced to the

9210 | Dalton Trans., 2025, 54, 9208-9218

View Article Online

Dalton Transactions

ferrocene/ferrocenium (Fc/Fc') couple. The insolubility of
1-MeCN in all standard solvents prevented conventional solu-
tion-state measurements, and therefore solid-state electro-
chemistry was performed instead. Voltammetric measure-
ments were not performed on 2:0.7H,0 due to the low yield
and considerable air sensitivity. Voltammetric measurements
of 3-MeCN were performed in CH,Cl,.

In all cases, electrochemical measurements employed a
three-electrode system, with a glassy carbon working electrode
(1.0 mm for cyclic voltammetry and differential pulse voltam-
metry, 3.0 mm for rotating disc electrode voltammetry), a Pt/Ti
auxiliary electrode, and an Ag/AgCl reference electrode. Cyclic
voltammetry (CV) measurements were conducted at 100 mV
s~', differential pulse voltammetry (DPV) at 10 mV s~ ', and
rotating disc electrode (RDE) at 100 mV s~ with a rate of 500
rotations per minute (rpm). DPV and RDE measurements were
not performed in the solid-state due to desorption of the
sample from the electrode.

Compound 1 was immobilized on a glassy carbon electrode
as follows. A concentrated suspension of the compound in
CH,Cl, was added dropwise onto the electrode surface and
allowed to evaporate completely under a N, stream. All voltammo-
grams in the solid-state were recorded in MeCN with tetrabutyl-
ammonium hexafluorophosphate (TBAPFs, 0.25 M) as the sup-
porting electrolyte. Upon the completion of the measurements, a
blank voltammogram was obtained using a clean glassy carbon
electrode to confirm no dissolution of any compounds through-
out the measurements. Solution-state voltammograms of 3 were
obtained at an analyte concentration of 1.0 mM in CH,Cl, with
TBAPF; (0.25 M) as the supporting electrolyte.

Results and discussion
Synthesis

Compounds 1 and 2 were synthesized using similar methods
(Scheme 1), with the initial step involving the reaction of equi-
molar amounts of europium(u) iodide and tpa in MeCN, result-
ing in a bright orange solution. For 1, bpym dissolved in
MeCN was added to the above solution, immediately resulting
in a dark red solution, from which the crystalline product was
obtained by layering with either THF or iPr,O, with a better
yield obtained with THF. In contrast, the poor solubility of
bptz mandates a different method for 2, involving a small
excess of the bptz ligand suspended in iPr,O carefully layered
on top of the Eul, and tpa mixture, which results in very low
yields of red crystals of 2. This reaction involves reduction of
bptz to the monoanionic radical form and concomitant oxi-
dation to Eu(m), with compound 2 comprising a monocationic
dinuclear complex (2*) and an iodide counteranion. Complex 3
was synthesized under ambient conditions by reacting Eu
(NO5)3-6H,0 with stoichiometric amounts of tpa and Brycat®~
in MeCN, which resulted in dark red crystals in good yield.
Elemental and thermogravimetric analyses were performed to
determine the solvation of bulk samples of compounds 1 and
3 (Fig. S51). Despite multiple attempts at growing crystals via

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 General synthetic scheme for complexes 1 (top), 2* in 2 (middle), and 3 (bottom).

various methods, it was not possible to obtain an analytically
pure bulk sample of 2, so the discussion that follows is limited
to a structural investigation only for this compound.

Compound 1 is highly air-sensitive under atmospheric con-
ditions; thus for physical characterization of 1, the samples
were prepared under a N, atmosphere. In contrast, 3 is stable
under ambient conditions, allowing for straightforward charac-
terization. In all cases, the powder X-ray diffraction patterns of
the bulk products are in good agreement with the patterns
simulated from single crystal data, consistent with the phase
purity of the bulk samples (Fig. S4t). Solution-state character-
ization of 1 was prevented by poor solubility in all standard
solvents. Unlike 1, 3 is soluble in some common organic sol-
vents and spectroscopic and electrochemical measurements
were performed in CH,Cl,.

Structure description

The solid-state structures for 1-2.5MeCN and 3-MeCN were
determined by single-crystal X-ray diffraction at 100 K, while

This journal is © The Royal Society of Chemistry 2025

that of 2-0.7H,0 was determined at 150 K (Fig. 1), with crystal-
lographic details given in Table S1t and average bond lengths
and intramolecular and intermolecular distances tabulated in
Table 1. All compounds are dinuclear with europium centers
bridged with different redox-active ligands - bpym for 1, bptz™™
for 2, and three Brycat>™ for 3. The europium compounds
exhibit different metal oxidation states: 1 contains two Eu(u)
centers bridged by a closed shell neutral ligand, 2 contains two
Eu(m) centers bridged by a monoradical monoanionic ligand,
and 3 contains two Eu(m) centers bridged by three diamag-
netic dianionic bridging ligands (Fig. S67).

Compound 1-2.5MeCN crystallizes in the triclinic P1 space
group. The asymmetric unit contains two different half dinuc-
lear complexes along with MeCN lattice solvent. The structure
is thus composed of two distinct centrosymmetric dinuclear
complexes (molecule 1 with Eul and molecule 2 with Eu2),
which are approximately isostructural. Each dinuclear complex
is composed of two tpa-coordinated Eu(u) centers bridged by a
bipyrimidine ligand, with each Eu(u) also bound to two mono-

Dalton Trans., 2025, 54, 9208-9218 | 9211
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Fig. 1 Molecular structures of one of the two distinct dinuclear complexes in 1 (left), 2* (middle) and 3 (right). Solvent molecules, hydrogen atoms
and counter ions are omitted for clarity. Color code: Eu (green), N (blue), O (red), | (purple), Br (orange), and C (grey).

Table 1 Selected interatomic distances (A) for compounds 1, 2 and 3

1-2.5MeCN 2-0.7H,0 3-MeCN

Molecule 1 (Eu1) Molecule 2 (Eu2) Eul Eu2 Eu1® Eu2?
AVg. EU-Nipym/bpts 2.766(1) 2.755(8) 2.547(6) 2.548(7) — —
Avg. Eu-Ocye — — — 2.374(4) 2.433(4)
Avg. Eu-Np, 2.726(13) 2.706(13) 2.568(11) 2.561(10) 2.654(4) 2.706(4)
Avg. Eu-1 3.363(1) 3.320(1) 3.115(1) 3.150(1) — —
Eu---Eu (intramolecular) 7.118(1) 7.017(1) 7.805(1) 3.633(5)
Eu---Eu (intermolecular) 10.154(1) 8.968(1) 10.936(3)

@ Coordination number of Eul center: 8. ” Coordination number of Eu2 center: 9.

dentate iodo ligands (Fig. S107). Each Eu(u) center is 8-coordi-
nate with six nitrogen donors (four from the tetradentate tpa
ligand and two from the bridging bpym ligand) and two iodo
ligands. Continuous shape measurements using the program
SHAPE 2.1°*°° were employed to determine the coordination
geometry of the europium centers (Table S37%), indicating a
biaugmented trigonal prism (BPTR-8, 2.385) for Eul in mole-
cule 1 and a triangular dodecahedron (TDD-8, 2.745) for Eu2
in molecule 2 (Fig. S7). The average Eu-N¢p, and Eu-Nppm,
bond lengths are 2.716(13) A and 2.761(8) A, respectively, con-
sistent with divalent Eu(n) at 100 K.° A comparison of the
bipyrimidine bridging ligand bond lengths with literature
examples is consistent with the ligand being in its neutral
state.”®

Compound 2:0.7H,0 crystallizes in the orthorhombic Pbca
space group. The asymmetric unit contains a complete dinuc-
lear complex with two independent Eu(ui) centers bridged by
the bptz ligand in trans coordination mode along with iodide
as the counter ion and a partial water molecule. The dinuclear
complex is monocationic with each Eu center coordinated to a
tpa ligand and two iodo ligands, and with an iodide counter-
ion for charge balance. A partially occupied water molecule of
hydration forms hydrogen bonds with the iodide counterion.
Shape analysis of 2 suggests a triangular dodecahedron
(TDD-8, 2.481/2.616) for both Eu centers (Fig. S8 and
Table S3t). The average Eu-Nyp, and Eu-Ny,,, bond lengths are

9212 | Dalton Trans., 2025, 54, 9208-9218

2.544(8) A and 2.548(1) A, respectively, shorter than those of 1,
consistent with Eu(m) at 150 K.>” The one-electron reduction
to bptz'~ is consistent with elongation of the N=N bonds
within the tetrazine moiety to around 1.383 A (Fig. 2).2%-%57°°
Compound 3-MeCN crystallizes in the monoclinic P2,/c
space group. The asymmetric unit consists of a complete
dinuclear complex, with two independent Eu(m) centers
bridged by three bromocatecholate ligands along with the
lattice solvent MeCN. This neutral dinuclear complex has two
Eu(m) centers with different coordination numbers, resulting

2. 596(2) N = 2. 568(4) N P
||| Eu'"
2. 548(2) 2.526(4)

NZ-s
1. 383(3)|- — -|1 375(3) 1.379(5) || - -|1 386(5)

521(4)
\ ult

517(3)
\D n
Z N/z 575(4)

% N/598(2)
I
NS NS
Fig. 2 Structural comparison of the structure fragment in 2 (right) with

that of a previously reported Dy bptz'~ complex (left) with an equivalent
binding mode.?°

This journal is © The Royal Society of Chemistry 2025
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in different coordination geometries. Center Eul is 8-coordi-
nate with a biaugmented trigonal prism geometry (BTPR-8,
5.038) and Eu2 is 9-coordinate with a spherical capped square
antiprism geometry (CSAPR-9, 2.035) (Fig. S9t). The average
Eu-Ny,, bond length is 2.654(4) A/2.706(4) A and the average
Eu-O bond length is 2.406(5) A, consistent with Eu(m) in both
cases.’® The increase in average Eu-Ny,, bond lengths in
complex 3 compared to 2 is due to different coordination
numbers (8 and 9) for the europium centers. The oxidation
state of dioxolene ligands can be determined by empirical
metrical oxidation state (MOS) calculations.®* The MOS values
for the bridging ligands in 3 (Table S2t) range between —1.65
and —1.85 (Table S27), consistent with tetrabromocatecholate
rather than the semiquinonate analogue.

For 1-2.5MeCN, the Eul and Eu2 dimers form zig-zag
chains via I---H-C short links (Fig. S13t) creating a 3D network
interlinked via short contacts through MeCN solvent mole-
cules. Compound 2-0.7H,O exhibits an intricate network of
hydrogen bonding interactions between water molecules,
iodide counter ions, and cationic dimers, with each iodide ion
accepting four short contacts (Fig. S14 and S157t). In contrast,
3-MeCN displays weaker intermolecular interactions, with
neighbouring molecules crosslinked via Br---Br interactions
forming a chain along direction ¢ (Fig. S16f). The intra-
molecular Eu---Eu distances for dimers of 1 are 7.118(1) and
7.017(1) A, and 7.805(1) A for 2. On the other hand, the
Eu--Eu distance for 3 is notably shorter (3.633(5) A). The
nearest neighbour intermolecular Eu---Eu distances are
similar for 1 and 3 (10.154(1) and 10.936(3) A, respectively)
and shorter for 2 (7.608(1) A).

Electronic spectroscopy

As indicated above, the air sensitivity and insolubility of com-
pound 1 in solution restricted electronic spectroscopy to the
solid-state, and optical measurements were performed using
diffuse reflectance (Fig. 3). Kubelka-Munk transformations

o = & .y

E (=] (-] o

1 1 1 1
—_

Normalized Kubelka-Munk

g
=}

200 300 400 500 600 700
Wavelength / nm

Fig. 3 Diffuse reflectance electronic spectra of compounds 1-MeCN
and 3-MeCN.
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involved the Kubelka-Munk equation (k/s = (1 — R)*/2R, where
k is the molar absorption coefficient, s is the scattering coeffi-
cient, and R is the absolute reflectance of the sample). The
maxima and full-width half maxima from the spectra were
obtained by deconvoluting the spectra using multi-peak
Gaussian fitting (Fig. S187).

The spectra for all compounds exhibit sharp and intense
bands around 235-278 nm, which correspond to the ligand-
based charge transfer process (n-n* transitions). Bands in the
range 260-278 nm are assigned to tpa ligand-based transition,
whereas in the case of 1-MeCN, they could additionally be due
to bpym ligand-based transitions. For 3, bands at 236 and
306 nm are assigned to Brycat’™ ligand-based absorption, as
can be observed for the free ligand (Fig. S17}). A broad and
intense band at 381 nm for 1-MeCN corresponds to a spin-
allowed 4f — 5d transition, which is typical of Eu(u) complexes
due to the relative stabilization of 5d orbitals.*” In contrast,
for 3, a broad band at 368 nm likely corresponds to ligand to
metal charge transfer (LMCT) transitions from the Brycat®”
ligand to Eu(w), as seen previously for Eu-tetrabromocatecho-
late complexes.®?

The solubility of compound 3 enabled UV-vis measure-
ments, with the spectrum recorded in CH,Cl,. The solution
spectrum exhibits intense absorption bands in the UV region,
corresponding to Brycat®” and tpa ligand-based transitions,
while an LMCT band appears around 400 nm, similar to that
observed in the solid-state spectra (Fig. S197).

Magnetochemistry

Magnetic susceptibility and magnetization measurements
were conducted on 1-MeCN and 3-MeCN. Magnetic suscepti-
bility data were acquired between 1.8 and 300 K at 0.1 T
(Fig. 4). The measured molar magnetic susceptibility thermal
product (yuT) for 1-MeCN between 15 and 300 K of 15.6 cm® K

18
15 soo oo o o _
©
£ 121
X
) 9.
£
($]
= 61
=
R s |
1 eeereree 9
00—0—0 o-o-9 P ®
Y2
O_MI . T T T T
0 50 100 150 200 o o
T/IK

Fig. 4 Magnetic susceptibility data for compounds 1-MeCN (red) and
3-MeCN (green) in the range of 1.8—-300 K. The black line represents the
fit of the data for 1-MeCN as described in the text. The dashed line for
3-MeCN are guides for the eye.
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mol ™" is consistent with the theoretical value of 15.7 cm® K
mol " expected for two non-interacting Eu(u) centers (4f7, °S,,
with g = 2). A small drop in y7T below 10 K can be attributed
to the combination of thermal depopulation, spin-orbit contri-
bution, and weak antiferromagnetic inter/intramolecular inter-
actions. The weak nature of these interactions is supported by
the intramolecular and intermolecular Eu(u)---Eu(u) distances
of 7.118(1) A and 10.154(1) A, respectively. To quantify the
strength of interactions, the magnetic susceptibility data for
1-MeCN were fit using PHI,>® to the spin-only exchange
Hamiltonian: A = —2J-8;-S,, where J represents the intra-
molecular Eu---Eu exchange coupling and § is the spin for
each Eu(u) center. The best fit (Fig. S207) yielded a small
exchange coupling constant of J = —0.6 cm™", which is indica-
tive of weak antiferromagnetic coupling between Eu(u) centers
and is consistent with similar systems of isoelectronic Gd(im)
complexes with J = —0.04 cm ".**® The magnetization
(Fig. S217) increases rapidly upon increasing the field, reach-
ing a value of 14.5u at 2 K and 7 T, which is in close agree-
ment with the magnetization value expected for two individual
Eu(u) ions.

In marked contrast to 1-MeCN, y,,T values for 3-MeCN were
found to be 2.69 and 0.03 cm® K mol™* at 300 and 2 K, respect-
ively. These values are consistent with the presence of Eu(m)
ions suggested by the X-ray crystal structure. Although the "F,
ground term of a Eu(m) ion is non-magnetic, the low lying "F,
level is generally populated at 80-100 K and non-Curie behav-
iour is observed. In addition, the low temperature magnetic
response of Eu(ir) compounds is typically dominated by temp-
erature independent paramagnetism (TIP) due to mixing of
the “F; and 'F, multiplets. These factors prohibit straight-
forward fitting of the magnetic data. The 2 K value of 0.03 cm?
K mol™" for T is consistent with that of two non-magnetic
Eu(m) ions.*" Magnetization measurements at 2 K and 7 T are
consistent with the value expected for two individual Eu(m)
ions (Fig. S227).

Electrochemistry

The redox properties of 1 and 3 were investigated using voltam-
metry. The insolubility of 1 in all standard solvents restricted
investigations to solid-state cyclic voltammetry (CV) with pow-
dered samples immobilized on a glassy carbon electrode.*"*
To the best of our knowledge, this is the first report of solid-
state electrochemical studies on a divalent europium complex.
On the other hand, the poor stability and solubility of com-
pound 2 prohibited voltammetric investigation. The solubility
of compound 3 in CH,Cl, (1.0 mM) allowed for characteris-
ation in solution via CV, differential pulse (DPV) and rotating
disk electrode (RDE) voltammetry. In all cases, measurements
were performed under an N, atmosphere and TBAPF; as a sup-
porting electrolyte in MeCN for 1 and CH,Cl, for 3. For the
cyclic voltammograms, the mid-point potentials (E,,) were
determined by taking the average between the peak anodic
potential (Ep,) and peak cathodic potential (Ep) for the revers-
ible processes, while either the E,, or E,. value was taken for
the irreversible processes. For the DPV measurements, the
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peak potentials (E,) were taken for all processes. All potentials
are quoted versus the ferrocenium/ferrocene couple.

The voltammograms recorded for 1-MeCN attached to the
electrode display four redox events: two oxidation processes
and two reduction processes (Fig. 5). The oxidation processes
are assigned to the sequential one-electron oxidation of Eu(u)
to Eu(m), and the reduction processes are assigned to the one
electron reduction of bpym to bpym™™ followed by a tpa based
reduction. The first Eu(u) to Eu(um) oxidation process (Iy) is
quasi-reversible and occurs at an E,, of —0.53 V, while the
second (ILy) is irreversible with an Ep, of —0.00 V (Table 2).
These values are within the range of —1.5 to 1.0 V measured
previously for Eu(u) complexes in solution.”*® The oxidation
potentials of Eu(i) complexes are highly sensitive to variations
in the ligand environment and coordination sphere."® The
bpym reduction to bpym™™ (Ippym) is also quasi-reversible and

11,

Normalised Current

Ibpym

-25 =20 -15 -10 -05 0.0 0.5
E vs FclFc* IV

Fig. 5 Solid-state cyclic voltammogram of compound 1-MeCN
attached to a glassy carbon working electrode immersed in MeCN with
0.25 M TBAPF; at a scan rate of 100 mV s™*. Arrows indicate the starting
position and direction of the scan.

Table 2 Voltammetry data for solid 1-MeCN in MeCN and a solution of
3in CH,CL,?

Process CV Ey, OF Epa/EpeV DPV E,/V
Complex 1-MeCN

Inm —-0.533" —

Ty —0.003° —
Tppym -1.590” —

tpa —2.038¢ —
Complex 3

Inm -1.7804 ~1.685
Ty -1.525¢ -1.415
Tdiox — -0.070
iox 0.070° 0.0450
Mgiox 0.240° 0.135
IV iox 0.380° 0.240
Vdiox 0.565" 0.570
tpa -2.165% —

“ Potentials reported vs. ferrocene/ferrocenium couple. bE . ¢ Epa. 'iEpC.
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Scheme 2 Assigned redox processes for 1 (left) and 3 (right).

both bpym and tpa ligand reduction potentials are consistent
with values reported for literature complexes (Scheme 2).°¢

In comparison, voltammograms for 3 in CH,Cl, solution
display eight redox events, with the RDE position of zero
current indicating five oxidation and three reduction (Fig. 6
and Fig. S237) processes. The oxidation processes Igiox, dioxs
Ilgi0x, and IVgiox are assigned to sequential one-electron oxi-
dation processes of the three o-dioxolene ligands from
{Br,cat’ -Br,cat> -Brycat>} to {Br,cat> -Brycat’ -Br,SQ "} to
{Br,cat’> -Br,SQ -Br,SQ "} to {Br,SQ -Br,SQ -Br,SQ "} to
{Br,Q°-Br,SQ "-Br,SQ "}, while Vg, is assigned to a two-elec-
tron oxidation process of {Br,Q%-Br,SQ ~-Br,SQ "} to {Br,Q’-
Br,Q’-Br,Q° as evidenced by DPV (Fig. 6) and RDE (Fig. 5231)
measurements. The first two reduction processes, IIy; and Iy,
are assigned to sequential one-electron reduction of each Eu
() to Eu(u), with a tpa reduction at a more negative potential.
The reduction potentials for the Eu(m) reduction processes are
consistent with the values reported in the literature.*®*"

For both 1 and 3, the europium-based processes are well
separated. For 1, the separation between the two Eu oxidation
is approximately 0.53 V, suggesting significant structural reor-
ganization and changes in the coordination environment of
the second Eu(u) center upon the first one-electron oxidation,
thereby rendering the subsequent oxidation more challenging.
Although analogous dinuclear bpym-bridged Eu(u) complexes
have not been reported, Eu(m) analogues are available for com-
parison. While the dinuclear Eu(u) complex [{Eu™(tta)s},(p-
bpym)] (tta = 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione)®”
shows a smaller separation of approximately 0.25 V between
the first and second Eu(m) reduction processes,
[{Eu™(tmhd);},(p-bpym)]*®® (tmhd = 2,2’,6,6"-tetramethyl-2,4-
heptanedione) does not exhibit any Eu reduction. This family
of related complexes clearly demonstrates the role of the non-
bridging ligands in modulating the Eu coordination environ-
ment and the sensitivity of the Eu redox potential to this

This journal is © The Royal Society of Chemistry 2025
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(b) [Euly(u-Brycat)s(tpa),]
(h-e/re reNce ()
[Euy(p-Brycat),(u-Br,SQ)(tpa),]*

(Hdiox)
[Eu',(u-Br,cat)(u-Br,SQ),(tpa) I

() -] +e e
[Eu',(u-Br,cat),(tpa),]>~
ve - (M giox)
[Eu'",(k-Br,SQ)s(tpa),)**
(IVgiox)
[Eu'y(u-Br,SQ),(u-Br,0)(tpa),J**
r2el-2e (Viiox)

[Eu'y(u-Br,Q)s(tpa),]®

+e‘u-e‘

-4 tpa

2.0 1 diox

1.5

0.5+

0.0 T T T T T T T
-25 -20 -15 -10 -05 00 05 1.0

E vs FclFc* IV

Fig. 6 Voltammograms of compound 3 in CH,Cl, (1.0 mM analyte con-
centration with 0.25 TBAPFg). Top: cyclic voltammograms obtained with
a scan rate of 100 mV s™*. Bottom: differential pulse voltammograms
obtained with a scan rate of 10 mV s~*. Arrows indicate the starting posi-
tion and direction of the scan.
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environment. For complex 3, the europium centers possess
distinct coordination environments, which afford the observed
differences in their reduction potentials. Eu(u) ions typically
adopt a higher coordination number than Eu(m), suggesting
that the initial reduction could be favoured at 9-coordinated
Eu2.! Subsequently, the second reduction occurs at a more
negative potential, influenced by both the structural modifi-
cations induced by the first reduction and the inherently lower
coordination number of Eul.

With regard to the redox activity of the bridging ligands in
the two complexes, 1 displays only the first of two possible
bpym reductions within the solvent window. The bpym ligand
is known to have two additional oxidation states, bpym™ and
bpym?~; however, the accessibility of these oxidation states can
differ depending on the coordinating metal. Previous electro-
chemical studies with [Ln™(tmhd);],(j-bpym)®® (Ln = Sm, Eu,
and Yb; tmhd = 2,2',6,6-tetramethyl-2,4-heptanedione) allows
for a comparison with the reductive behaviour of bpym of 1.
The literature complex exhibits two reduction events at ca.
—1.24 and —1.5 V (E,) assigned to the sequential one electron
reduction of bpym to bpym'~ to bpym®~. In contrast, 1 exhibits
the bpym to bpym™™ transition at Ey,, = —1.60 V. The more nega-
tive bpym reduction potential for 1 versus the Ln(m) literature
compound suggests that coordination to Eu(m) makes
reduction of bpym more difficult, which is consistent with pre-
vious observations.®®®® In contrast, all accessible oxidation
states for the Brycat”™ ligands of 3 are readily accessible, with
oxidation potentials consistent with literature Br,cat®>™ contain-
ing complexes.*

Conclusions

Herein, we report the synthesis and characterization of three
dinuclear Eu complexes [{Eu"(I)y(tpa)},(-bpym)] (1),
[{Eu™Da(tpa)}a(u-bptz)][1] (2), and [{Eu(tpa),}a(u-Bracat);]
(3), which exhibit distinct electronic configurations enabled by
bridging ligand redox activity. A combination of structural,
spectroscopic, magnetic, and electrochemical analyses pro-
vides insights into the rich redox chemistry available with
these systems. Electrochemical measurements for 1 and 3
reveal multiple redox processes that can be attributed to the
bridging ligands and europium ions undergoing both oxi-
dation and reduction. In particular, the redox chemistry of 3 is
extremely rich and suggests that a number of different mole-
cular redox states may be accessible. While the three com-
plexes studied here are each internally homovalent, electro-
chemical studies suggest the possibility of accessing more
intricate electronic configurations through mixed-valence ana-
logues, which is the focus of our ongoing investigations.
Overall, this study demonstrates the rich and diverse redox
chemistry available in molecular polynuclear europium coordi-
nation complexes with redox-active ligands, highlighting the
versatility and potential of these systems for interesting physi-
cal properties and chemical reactivity.
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