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Different mechanisms for lanthanide(i)
sensitization and Yb-field-induced single-
molecule magnet behaviour in a series of
pentagonal bipyramidal and octahedral lanthanide
complexes with axial phosphine oxide ligandsf

® Maria A. Palacios, () *

¢ Renaldo T. Moura Jr., (¢
*© and

Hadjer Allia, \2? Ana Rodriguez-Exposito,
Juan-Ramén Jiménez, (22 Albano N. Carneiro Neto,
Fabio Piccinelli, i ¢ Amparo Navarro, ©2° Maria Mar Quesada-Moreno
Enrique Colacio (2 *°

Seven mononuclear lanthanide complexes have been isolated and structurally characterised. Four of them
are cationic, whose charges are balanced by chloride counteranions, and exhibit pentagonal bipyramidal
coordination geometry, whereas the rest of them are neutral and display octahedral coordination
environment. In all cases, the coordination sphere of the Ln"
benzylphosphine oxide ligands in axial positions, whereas in the equatorial plane the former contains a

ions consists of two di(l-adamantyl)-

chloride and four water molecules and the latter a solvent molecule and three chloride ligands. We report a
theory (TD-DFT)
calculations and intramolecular energy transfer (IET) analysis, which reveals two distinct lanthanide

detailed photophysical investigation, including time-dependent density functional
sensitization mechanisms. Compound-specific energy transfer pathways occur through either the S; or Ty
states, as supported by calculated IET rates and resonance with lanthanide acceptor transitions. In addition,
dc and ac magnetic properties were measured on complexes 1 and 2, showing that compound 1 behaves as
a bi-functional compound, exhibiting field-induced single molecule magnet behaviour together with Yb'"-

centred NIR luminescence. The relaxation of the magnetization in this pentagonal bipyramidal complex takes
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Introduction

Lanthanides are widely recognized for their unique electronic
properties, attributed to the configuration of their 4f orbitals,
making them valuable for various technological applications,
including magneto-luminescent materials and imaging agents.'
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place through Raman and direct processes, as supported by ab initio calculations.

The 4f electrons are shielded by the filled 5s and 5p shells, which
limits their interaction with the external environment, making the
luminescence and magnetic properties intrinsic to the lanthanide
ions."” For instance, they exhibit sharp emission bands, long-lived
excited states and/or significant pseudo Stokes shift. However,
lanthanide ions display low molar extinction coefficients because
their f-f transitions are Laporte forbidden. Thus, direct excitation
leads to weak photoluminescence.*”

One strategy to overcome their weak luminescence is
through the “antenna effect”, which uses highly absorbing
organic ligands™® or d-block chromophores’™ to sensitize the
lanthanide center via efficient energy transfer. In the case of
organic chromophores, sensitization occurs when the lowest
excited state of the lanthanide is populated through energy
transfer from the T; state of the antenna. While energy transfer
can also take place from the S; state’®™* or via other pathways,
such as a charge transfer state,"> energy transfer from the T,
state is generally accepted as the primary mechanism due to its
longer lifetime.” This indirect sensitization method has been

This journal is © the Owner Societies 2025
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proven to be highly efficient when both the antenna and the
lanthanide ion are in close proximity within coordination
complexes that remain stable over the duration of the lumines-
cence experiment. This property makes luminescent lantha-
nides suitable for live-cell and in vivo imaging.>**

Furthermore, the combination of Iuminescence with
another physical property in a single crystalline solid enables
the development of multifunctional materials, featuring the
coexistence of two or more electronic properties of interest
(such as luminescence and magnetism).">'® These magneto-
luminescent materials hold potential applications in optoelec-
tronics, sensors, and various biological fields, including lumi-
nescent markers, neurobiology, cancer research, stem cell
biology, and the study of infectious diseases.'”

Single molecule magnets (SMMs) are metal coordination
compounds that can, below a critical temperature known as
blocking temperature (Tg), block the magnetization through an
anisotropy barrier (U.g) for long periods of time in the absence of
an external magnetic field."*?* In other words, they display
magnetic storage at the nanometer scale. SMMs have been
extensively studied due to their significant technological potential
in molecular spintronics, ultra-high-density data storage, and as
spin qubits in quantum information technologies.”>>> However,
the primary challenge in the magnetism field remains achieving a
magnetic memory effect at high temperatures, while simulta-
neously ensuring high thermal air and humidity stability.

In the early stages of SMMs discovery, the focus was primarily
on 3d SMMs, particularly Mn-based polynuclear compounds.®®
However, since the first report of {Tb(Pc),},>” Ln-based complexes
have made significant advancements in magnetic performance,
owing to their inherent large magnetic moments and magnetic
anisotropy, which are further enhanced by the surrounding ligand
field. This includes complexes such as Dy™ 228731 Tp™ 3233
Ho™** and Er'™**® which have all contributed to notable pro-
gress in this research field.

The Dy™ mononuclear [Dy(CsMes(Cp™™))[[B(C¢Fs),]*” and the
mixed-valence Dy™Dy" dinuclear [Dy,lI;(Cp*™),] metallocene®
compounds have achieved remarkable performance with Uk
values of 2217 K and 2347 K, respectively, and a Ty of 80 K in
both cases, surpassing the temperature of liquid nitrogen. This
breakthrough paves the way for potential commercial applications
of these molecules in technology. However, their major limitation
is their extreme instability. Mononuclear SMMs with Ds;, geometry
occupy a relevant place®® because they display in most of the cases
(there are some exceptions®**?) thermal air and humidity stabi-
lity, with U.g and Ty value as high as 1162 K** and 36 K** in Dy™
SIMs (single ion magnets), respectively.

It should be noted that the combination of SMM and
luminescence in the same compound to give magneto-lumi-
nescent multifunctional materials*>*® has attracted much
attention not only because these materials can exhibit distinct
physical properties, but also because they can display a syner-
gistic effect due to the interaction of both properties.'”*”*®
In fact, some luminescent SMMs show emission switching
under magnetic field,*® and field-induced Yb™ SMMs show
potential and luminescent thermometers.***”*7:4%5% Moreover,
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these systems are useful to establish an experimental correla-
tion experimental between the emissions, the electronic struc-
ture and the relaxation dynamics.’*

In view of the previous considerations, we focused our
efforts on the preparation of a series of multifunctional mono-
nuclear lanthanide complexes with bipyramid pentagonal geometry,
luminescent properties and SMM or field-induced SMM behaviour.
Their synthesis rendered two different type of coordination com-
pounds, one of general formula [Ln(OPAd,Bz),(H,0),Cl|CL,- xTHF-
ZH,0 (ln =Yb™, x=2,2=0 (1); Ln =Tb™, x = 3,z= 1.5 (2); Ln =
Gd"™, x = 1.8, z = 0 (3); Ln = Dy, x = 2, z = 0 (4)), where the
lanthanide ion exhibits a pentagonal bipyramidal coordination
geometry and, other of general formula [Ln(OPAd,Bz),(z)Cl;]-xTHF
(Ln = Eu™, z = H,0, x = 1.4 (5); Ln = Gd™, z = THF, x = 0 (6); Ln =
Dy™, z = THF, x = 0 (7)), in which the Ln™ atom presents
an octahedral coordination environment. We describe here the
synthesis and X-ray crystal structures of compounds 1-3, 5 and 6,
as well as an in-depth photophysical study of all the complexes,
in which we also include a similar complex of formula
[Dy(OPAd,Bz),(H,0),Br|Br,-4THF (8) prepared by some of us,*
whereas dc and ac magnetic properties are displayed for 1 and 2.
Magnetic properties and structures of compounds 4, 7 and 8 are
reported in ref. 52 (compound 8) and ref. 53 (compounds 4 and 7).
In this work, we used comprehensive spectroscopic characteriza-
tion and state-of-the-art time-dependent density functional the-
ory (TD-DFT) calculations to investigate the photophysical
properties and lanthanide sensitization mechanisms of lantha-
nide complexes 1-8. Notably, our findings demonstrate that
several pathways contribute to the sensitization of lanthanide
emission in this series of compounds.

Experimental
General procedures

The analytical reagents were purchased from commercial
sources and used without further purification. The ligand
di(1-adamantyl)benzylphosphine oxide was prepared according
to a previously described procedure.>

Synthesis of [Yb(OPAd,Bz),(H,0),CI[CL,-2THF (1). Solid
anhydrous YbCl; (23.75 mg, 0.085 mmol) in dry THF (7 mL)
was heated at 80 °C in aerobic conditions until YbCl; was
dissolved and a clear solution was obtained. Additional dry THF
was added when necessary while heating. After that, the ligand
di(1-adamantyl)benzylphosphine oxide (70 mg, 0.17 mmol) was
added and next, dry THF until reaching a final volume of
10 mL. The resulting mixture was sealed in a 15 mL Teflon-
lined stainless container and kept at 100 °C for three days. The
solution obtained was filtered and after several days, X-ray
quality pale yellow crystals were obtained by slow evaporation
of hexane into the mother solution. Yield: 31%. Anal. Calcd for
Ce>HogClYDOgP,, C: 57.72%, H: 7.52%. Found C: 57.72%, H:
7.75%. IR (ecm™'): 2900-2800, »(C-H); 1600-1500, (C=C);
1500-1300 §(C-H); 1200-1100, (P=0); 700, (P-C).

Synthesis of [Tb(OPAd,Bz),(H,0),Cl|Cl,-3THF-1.5H,0 (2).
This complex was synthesised following the same procedure
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as for 1 but using anhydrous TbCl; instead of YbCl; and
different quantity of reagents (TbCl; (32.46 mg, 0.125 mmol);
ligand (100 mg, 0.25 mmol)).

After several days, suitable colourless crystals for X-ray
diffraction were obtained by slow evaporation of the mother
solution. Yield: 29%. Anal. Caled for CggH;oCIl3TbO;4 5P,, C:
56.71%, H: 7.86%. Found C: 56.61%, H: 8.02%. IR (cmfl):
2900-2800, (C-H); 1600-1500, »(C—C); 1500-1300 J(C-H);
1200-1100, »(P=0); 700, (P-C).

Synthesis of [Gd(OPAd,Bz),(H,0),CI|Cl,-1.8THF (3). This
complex was synthesised following the same procedure as for
1 but using anhydrous GdCl; instead of YbCl; and double
quantity of reagents (GdCl; (44.82 g, 0.17 mmol); ligand (140 mg,
0.34 mmol)). Crystallization from slow diffusion of hexane into the
THF solution produced quality colourless single crystals for X-ray
diffraction. Yield: 14%. Anal. Calcd for Cg; ,Hoe4Cl;GdO; ¢P,, C:
57.31%, H: 7.58%. Found C: 57.29%, H: 7.73%. IR (cm™): 2900~
2800, {C-H); 1600-1500, 1{C=C); 1500-1300 5(C-H); 12001100,
P=0); 700, {P-C).

Synthesis of [Dy(OPAd,Bz),(H,0),CI|Cl,-2THF (4). This
complex was synthesised following the same procedure as for
1 but using anhydrous DyCl; (22.85 mg, 0.085 mmol) instead of
YDbCl;. After several days colourless crystals were obtained from
slow evaporation of the mother solution. Yield: 27%. Anal.
Caled for CgyHogCl3DyOgP,, C: 57.18%, H: 7.59%. Found C:
57.17%, H: 7.48%. IR (cm™'): 2900-2800, »(C-H); 1600-1500,
1(C=C); 15001300 5(C-H); 1200-1100, 1(P=O0); 700, (P-C).

Synthesis of [Eu(OPAd,Bz),(H,0)Cl;]-1.4THF (5). In a two-
neck round bottom flask, anhydrous EuCl; (21.96 mg,
0.085 mmol) in THF (8 mL) under inert atmosphere was
refluxed until the metal salt was completely dissolved. Next, a
solution of the ligand di(1-adamantyl)benzylphosphine oxide
(70 mg, 0.17 mmol) in dry THF (8 mL) was added drop by drop
using a syringe and, the resulting solution was refluxed for one
hour. Then, the solution was filtered and suitable pale pink
single crystals for X-ray diffraction were obtained from slow
diffusion of hexane into the mother solution. Yield: 18%. Anal.
Calcd for Cs¢ 4Hge sCI3EUO, 4P,, C: 59.95%, H: 7.21%. Found C:
59.94%, H: 7.21%. IR (cm™%): 2900-2800, 1(C-H); 1600-1500,
Y(C=C); 1500-1300 §(C-H); 1200-1100, (P=O0); 700, 1(P-C).

Synthesis of [Gd(OPAd,Bz),(THF)Cl;] (6). This complex was
synthesised following the same procedure as for 5 but using
anhydrous GdCl; (22.41 mg, 0.085 mmol) instead of EuCls.
Crystallization from slow diffusion of hexane into the mother
solution produced suitable colorless single crystals for X-ray
diffraction. Yield: 25%. Anal. Calcd for Cs5gHg,Cl;GdO5P,, C:
60.43%, H: 7.17%. Found C: 60.37%, H: 7.16%. IR (cmfl):
2900-2800, »(C-H); 1600-1500, 1(C—C); 1500-1300 6(C-H);
1200-1100, »(P=0); 700, 1(P-C).

Synthesis of [Dy(OPAd,Bz),(THF)Cl;] (7). This complex was
synthesised following the same procedure as for 5 but using
anhydrous DyCl; instead of EuCl; and different quantities
(DyCl; (32.90 mg, 0.12 mmol); ligand (100 mg, 0.25 mmol)).
After few days, colourless crystals were obtained from slow
diffusion of hexane into the mother solution. Yield: 71%. Anal.
Caled for CsgHg,Cl;DyOsP,, C: 60.15%, H: 7.14%. Found C:
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60.18%, H: 7.14%. IR (cm™'): 2900-2800, ©(C-H); 16001500,
¥(C=C); 1500-1300 §(C-H); 1200-1100, (P=0); 700, (P-C).

Physical measurements

Elemental analyses were performed on a Fisons-Carlo Erba
analyser model EA 1108 and IR spectra were recorded on a
Bruker Tensor 27 spectrophotometer by using ATR detection.

X-ray powder diffraction (XRPD) spectra were registered on a
Bruker D8 DISCOVER using CuKo (1 = 1.5406 A) radiation and
DECTRIS PILATUS3R 100K-A detector, from 5 to 50° (26) at a
scanning rate of 0.02° 20 min " at the “Centro de Instrumenta-
cion Cientifica” (University of Granada). The experimental
X-ray powder spectra of 5-6 are, practically coincident with
the theoretical ones, just indicating that the compounds are
pure and homogeneous (Fig. S1, ESIf). However, the X-ray
powder diffractograms of 1-3 do not match exactly with those
generated from the corresponding X-ray structures, but these
small differences are due to the quick loss of the crystallization
solvent molecules in these crystals (Fig. S2, ESIT). The experi-
mental powder X-ray diffractograms of 4 and 7 match well with
the theoretical ones and they are superimposable with those of
1 and 6, respectively, as expected for isostructural compounds.
In Fig. S1 and S2 (ESI¥) it can be seen that the diffractograms
present the same diffraction peaks, thus confirming that 4 and
1 (and 7 and 6) are isostructural.

Variable-temperature (2-300 K) magnetic susceptibility mea-
surements were carried out on polycrystalline samples under an
applied field of 1000 Oe using a DynaCool PPMS-9 physical
properties measurement equipment at the CIC-UGR. Alternating-
current (ac) susceptibility measurements in the temperature range
of 2-15 (1) or 2-20 (2) were performed in a PPMS-9 equipment in
the 50-10000 Hz (1) or 100-10 000 Hz (2) frequency range, using
an oscillating field of H,. = 3 Oe. The magnetic susceptibility
values were corrected for the diamagnetism of the molecular
constituents and sample holder.

The UV-Vis spectrum of the ligand in solution was recorded
on an AGILENT CARY-100 spectrophotometer. In addition, the
solid UV-VIS-NIR of the ligand and compounds 1-8 were
measured on a VARIAN CARY-5E spectrophotometer at the
CIC-UGR.

Emission and excitation spectra were measured on a UV-VIS-
NIR HORIBA QuantaMaster-8000 spectrofluorometer equipped
with a UV-VIS PMT PPD850C Detector (210-870 nm) (2-8) or
NIR PMT R5509-73 detector (300-1700 nm) (1) and a contin-
uous Xenon Short Arc Lamp (190-2000 nm, USHIO). All the
spectra (emission and excitation) were corrected with real-time
correction functions.

Time correlated single photon counting (TCSPC) lifetime
measurements were performed using a flash lamp (1 us pulse,
HORIBA Scientific).

Single-crystal structure determinations

Suitable crystals of 1-3 and 5-6 were mounted on a glass fibre
and used for data collection. X-ray diffraction data were col-
lected at 100 K using a Bruker D8 Venture diffractometer (MoKa
radiation, 4 = 0.71073 A) outfitted with a PHOTON 100 detector.

This journal is © the Owner Societies 2025
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Unit-cell parameters were determined and refined on all
observed reflections using APEX2 software.>* Correction for
Lorentz polarization and absorption were applied by SAINT*®
and SADABS’® programs, respectively.

The structures were solved using SHELXT>” and refined by
the full-matrix least-squares method on F* using SHELXL-
2018°® and OLEX2 program.” In 1 and 3 the non-coordinated
chloride atoms, in 2 the THF solvent molecule, in 6 the coordi-
nated THF molecule and in 5 the coordinated water molecule
and two chloride atoms as well as the benzene ring belonging to
the ligands are disordered and, the disorder models were
satisfactory. However, the disordered THF solvent molecules in
1 and 4 and the non-coordinated water molecule in 2 could not
be modelled with a satisfactory model. Moreover, in 1 and 3
there exist solvent accessible voids, even after assigning electron
density peaks to solvent molecules, that should be occupied for
others volatile solvent molecules that probably were evaporated
from the crystal lattice before measuring the crystal data. Also,
the hydrogen atoms bonded to coordinated water molecules in
1, 3 and to solvent water molecules in 2 as well as in the methyl
benzene part of the ligand in 5 could not be directly located from
difference Fourier maps. For this reason, the calculated and
reported SumFormula differs. In all cases, hydrogen atom posi-
tions were calculated and isotropically refined as riding models
to their parent atoms.

A summary of selected data collection and refinement para-
meters can be found in ESIt (Table S1) and CCDC 2411638-
2411642.

Theoretical calculations

Initially, a conformational study of the di(1-adamantyl)-
benzylphosphine oxide ligand (OPAd,Bz) was conducted to
identify its most stable geometries. This conformational
search, carried out in both CH,CI, solution and gas phase, is
described in detail in the ESI.t The optimized structures from
this analysis served as an initial investigation of the electronic
properties of the ligand in the intramolecular energy transfer
processes.

Intramolecular energy transfer (antenna effect)

The molecular geometries of compounds 1, 2, 4, 5, and 7 were
extracted from their crystallographic data (CIF files) and used
as starting points for structure optimization via density func-
tional theory (DFT) calculations using Gaussian 16 program
package (revision A.03).°° Subsequently, time-dependent DFT
(TD-DFT) was also employed to obtain important photophysical
parameters, including donor-acceptor distances (denoted as
Rp). The M06-L®" was used in combination with the def2-SVP
basis set®® for O, H, C, P, and Cl atoms. For the Ln™ ions, the
MWB®® pseudopotentials and corresponding basis sets were
employed (MWB52 for Eu™, MWB54 for Tb™, and MWB55 for
Dy™"). This level of theory (M06-L/def2-SVP/MWB) was selected
due to its demonstrated balance between computational
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efficiency and accuracy in reproducing geometries of lantha-
nide complexes.®*

From TD-DFT calculations, the donor-acceptor distance (Ry) can
be extracted using the methodology proposed by Moura Jr. et al.:*®

Za, Ci RL( /)

fo= Zajz ? )

In this expression, a; represents the contribution of the j-th
orbital excitation to the excited state, c; is the atomic coefficient
of the i-th atom contributing to the ligand donor state (either
singlet or triplet), and Ry (i) is the distance between the centre of
atom 7 and the Ln™ ion.

After extracting the Ry values, the intramolecular energy
transfer (IET) rates can be calculated through three primary
mechanisms: dipole-dipole (W4_q4), dipole-multipole (Wq_p,),
and exchange (W.,), as follows:*°*¢”

4nSL(1—a1)* A

Wad =507 706 RS
(2)
x S Q5P ||| U |y F
on Spe? (r*)?
Wim =S (24 1)
‘ m Q2+ 1)02; (R2) .
< (A CO )2 5 (1= 0 ' 7 [U e
e, = SElo) IS
T h 2+ 1)G
. (4)

F

X E Sm

m

(oeineiofe

where 7 is the reduced Planck’s constant, e is the elementary
charge, and S;, are dipole strengths of the ligand transitions
involved in the IET (typically 10> and 10™*° esu® cm? for S;
and T, respectively).® Q5P (with 1 = 2, 4, 6) are the Judd-
Ofelt intensity parameters, considering only the forced electric
dipole (FED) mechanism.® The shielding factors (1 — o), with
X =0, 1, or 4, can be estimated from overlap integrals involving
the ligand and the 4f orbitals.®® The term (2/ + 1) represents the
degeneracy of the lanthanide ion acceptor state, while G is the
degeneracy of the ligand donor state, with G =1 for singlets and
G = 3 for triplets.

The terms () are 4f radial integrals,®® and (f]|CY”)|f) repre-
sents the reduced matrix element of Racah’s tensor operators.”®
The squared reduced matrix elements |(y/J'||U%| |y |?
were taken from Carnall et al.,”* except for the Yb™ transition
%F,, — 2Fs,, which was sourced from Kushida.”> The reduced
matrix elements of the spin operator (/]| S||ys]), relevant to the
Ln™ side in eqn (4), were calculated using intermediate cou-
pling scheme wavefunctions.™”?

In eqn (4), s,, denotes the spin operator acting on the ligand,
us refers to the dipole operator (specifically, its z-component).
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2

Thus, the term Y is assumed to have
m

(9] Z}: 15 (7)sm(f)le")

typical value on the order of ~10*° esu®* cm?.”

The F in eqn (2)-(4) represents the spectral overlap factor,
which accounts for the energy resonance condition between
donor and acceptor transitions. It can be calculated using
eqn (5):°¢

_G.T) fin() - () mo)

h'}/L T

Here, 4 is the energy difference between the donor and
acceptor transitions, and yy, is the full width at half maximum
(FWHM) of the ligand donor transition. The term G(4,T) =
exp(4/kgT) applies an energy barrier correction (where kg is the
Boltzmann constant and 7T is the temperature) when 4 < 0, i.e.,
when the donor transition is at lower energy than the acceptor.
For A > 0, G(4,T) = 1.

The JOYSpectra web platform”® was employed to calculate
the energy transfer rates for compounds 1, 2, 4, 5, and 7.

The energy transfer rate for a particular pathway is given
by the sum of all contributing mechanisms: W(p) = Wy_q4(p) +
Wa-m(p) + We(p). When considering the sum over all possible
pathways for a given intramolecular energy transfer (IET)
channel (e.g. S; — Tb™ and T; — Yb™), including backward
energy transfer (ie., from the lanthanide to the ligand), the
total IET rate is expressed as:

Wy =Y W(C.ap) (6)

In this context, the superscript C refers to the excited ligand
state channel—either S (from the singlet S, state) or T (from the
triplet T, state). The subscript a indicates the direction of energy
transfer. If no letter is present in the subscript, it denotes
forward energy transfer (ligand-to-lanthanide), whereas the
presence of b indicates backward transfer (lanthanide-to-ligand).

Magnetic properties

Post-Hartree-Fock ab initio calculations were carried out on the
crystal structure of 1 using the ORCA 5.0.4 quantum chemistry
program package.”*”® The electronic structure and magnetic
properties have been computed using state averaged complete
active space self-consistent field calculations (SA-CASSCF(13,7)).”
The employed active space includes thirteen electrons in seven 4f
orbitals of Yb™ CAS(13,7). Within this active space, we have
computed the 7 doublets.®® Spin-orbit effects were included using
the quasi-degenerate perturbation theory (QDPT).5*"#* Scalar rela-
tivistic effects were taken into account by second-order Douglas-
Kroll-Hess (DKH) procedure.®*® In these calculations, all the
atoms are described by the def2-TZVPP basis set,**”*® including
the corresponding auxiliary basis sets for correlation and Cou-
lomb fitting for all the atoms apart from Ytterbium, for which the
SARC2-DKH-QZVP® basis set was used. The SINGLE_ANISO*°
approach was also used, which enables calculations of anisotropic
magnetic properties, g tensors for the ground and first excited
Kramers doublets (KD) and the matrix elements of the transition
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magnetic moments, which gives an estimation about the
probability of transition between two different states of the
molecules.”

Results and discussion

The reaction in solvothermal conditions of anhydrous LnCl;
(Ln = Yb™, Tb™, Gd™, Dy™) with the ligand di(1-adamantyl)-
benzylphosphine oxide in a 1:2 molar ratio using THF as
solvent and further slow diffusion of hexane into the mother
solution or slow evaporation of the resulting solution, leads to
the formation of complexes of formula [Ln(OPAd,Bz),-
(H,0)4Cl|Cl,-xTHF-zH,0 (Ln = Yb™, x = 2, z = 0 (1); Ln = Tb"™,
x=3,z=1.5(2); Ln=Gd™, x=1.8,z=0(3); Ln=Dy"™, x=2,z=0
(4)), where the lanthanide ion exhibits a pentagonal bipyrami-
dal coordination geometry. However, if the synthetic conditions
are changed, a series of complexes of formula [Ln(OPAd,Bz),-
(z)Cl;]-XTHF (Ln = Eu™, z = H,0, x = 1.4 (5); Ln = Gd™, z = THF, x =
0 (6); Ln = Dy™, z = THF, x = 0 (7)) are obtained by refluxing, in
inert atmosphere, the ligand with anhydrous LnCl; in a 2: 1 molar
ratio using THF as solvent and further slow evaporation of hexane
into the mother solution. In these cases, the Ln™ ions present a
distorted octahedral coordination environment.

In view of these results, it seems that the coordination
geometry adopted by the metal ion depends, to a greater extent,
on the synthetic methodology employed in each case (sol-
vothermal methods or reflux) rather than on the nature of the
lanthanide ion.

Crystal structures

The crystal structures of 1-3 and 5-6 have been solved by single
crystal X-ray diffraction.

The structures of compounds 1-3 are very similar, so that
only the structure of 1 will be described as a representative
example, indicating, in any case, the differences between them.
Complex 1 crystallizes in the tetragonal I, space group while
compounds 2 and 3 crystallize in the P4; space group.

The structure of 1 consists of distorted pentagonal bipyr-
amidal mononuclear [Yb(OPAd,Bz),(H,0),CI]*" cationic units
together with two chloride counteranions and two THF solvent
molecules, while in compound 3 there are 1.8 THF molecules
(Fig. 1). Compound 2 crystallizes with two chloride anions,
three THF and one and a half water solvent molecules.

Within the mononuclear unit, two phosphine oxide ligands
coordinate to the Yb"™ atom in axial positions through the
oxygen atom with a bond distance of 2.163 (4) A. In the
equatorial position, one chloride atom (2.673 (2) A) and four
water molecules (average distance of 2.321 (5) A) are coordi-
nated to the Yb™, leading to a YbOgClI coordination sphere. The
Ln-O and Ln-Cl distances decrease from Gd™ ion to Yb™ due
to the lanthanide contraction. The most significant bond
lengths and angles are listed in Tables S2-S4 (ESIT).

Continuous shape measurements using SHAPE software®
(see Table S5, ESIf) indicate that the YbOeCl coordination
geometry is very close to the ideal pentagonal bipyramid
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Fig. 1 Crystal structure of 1. Hydrogen atoms, anions and solvent molecules
are omitted for clarity. Color code: Yb pink, C grey, O red, P orange, Cl green.

polyhedron (S(PBPY-7) = 0.648). The apical distances are
shorter than the equatorial ones, just indicating that the
cationic unit shows a compressed PBPY-7 geometry with an
almost linear axial 01-Yb1-O1 angle (179.5 (2)°) and equatorial
Cl1-Yb-02, 02-Yb-03 and 03-Yb-O3 angles of 75.1 (2)°, 71.3
(3)° and 67.3 (4)°, respectively, close to the ideal angle of 72°. It
seems that the coordinated chloride atom causes certain steric
repulsion with the water molecules close to it, which is reflected
in a Cl1-Yb-O2 angle greater than 72° for an ideal pentagon.
Consequently, this implies a nearness between these two water
molecules with the other two, leading to 02-Yb-0O3 and O3-Yb-
03 angles smaller than 72°. The P-O1-Yb angle is also very
close to linearity (173.5 (3)°) and the angles between the
equatorial and axial atoms are around 90° (Table S2, ESIt).

The shortest Yb---Yb intermolecular distance of 12.456 A
indicates that the mononuclear [Yb(OPAd,Bz),(H,0),CIJ** units
are well isolated in the structure.

In compounds 1-3, there are hydrogen bond interactions
between the coordinated water molecules and THF solvent mole-
cules with donor-acceptor distances of 2.717 A for 1, 2.747 A and
2.756 A for 2 and 2.782 A and 2.926 A for 3. In addition, there exist
intermolecular interactions between the coordinated water mole-
cules and the non-coordinated chloride anions with O---Cl dis-
tances of 2.786 and 2.819 A for 1, 2.973 A and 3.044 A for 2 and
average distances of 2.562 A and 2.887 A for 3. Moreover, in 2
there are also hydrogen bond interactions between the water
molecules (coordinated and non-coordinated), as well as between
the coordinated chloride atom and non-coordinated water mole-
cules with average O- - -O distances of 2.554 A and CI. - -O distances
of 3.087 A, respectively. There are no 7. - -n stacking interactions in
1-3 between the aromatic benzene rings of different units.

This journal is © the Owner Societies 2025

View Article Online

PCCP

On the other hand, the structures of complexes 5 and 6 are
similar, so only the structure of 5 will be described, indicating
in any case the differences existing between them. The com-
pound 5 crystallizes in the P1 triclinic space group while
compound 6 crystallizes in the C2/c monoclinic space group.

The structure of 5 is made of mononuclear neutral
[Eu(OPAd,Bz),(H,0)Cl;] units together with 1.4 THF solvent
molecules (Fig. 2) while compound 6 consist of mononuclear
neutral [Gd(OPAd,Bz),(THF)Cl;] without solvent molecules in
the crystal structure.

Within the octahedral unit, the Eu " ion is coordinated to
two di(1-adamantyl)benzylphosphine oxide ligands with an
average Eu-O bond distance of 2.301 (2) A, which are slightly
longer than those found in compound 1. These ligands occupy
the axial positions with a nearly linear O1-Eu-O2 angle of
175.37 (8)°. The Eu™ atom is also coordinated in the equatorial
plane by three chloride atoms in a T-type disposition, with an
average Eu-Cl bond distance of 2.652 (15) A, and by a water
molecule with an Eu-O bond distance of 2.437 (5) A. In the case
of 6, this equatorial position is occupied by a coordinated THF
molecule with a Gd-O bond distance of 2.501 (15) A. It should
be noted that Cl2 presents a shorter CI-O bond distance than
the other two chloride ligands in the equatorial plane. Selected
bond distances and bond angles are shown in Tables S6 and S7
(ESIY).

In this arrangement, the Eu" metal ion presents a distorted
octahedral coordination environment. This coordination geo-
metry adopted by the Eu™ ion has been evaluated using the
SHAPE software,”® confirming that it is closer to the ideal

I

juis

o1

Fig. 2 Molecular structure of 5. Hydrogen atoms and solvent molecules
are omitted for clarity. Only one position of disordered methyl benzene
moieties and coordinated water/chloride atoms (O3, Cl1, Cl2, and Cl3) is
shown. Colour code: Eu pink, C grey, O red, P orange, Cl green.
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octahedron (OC-6) polyhedron than the other possible ideal
polyhedrons with a value of S(Oy,) of 1.605 (Table S8, ESIT).

As in compound 1, the axial Eu-O distances are shorter than
the Eu-Cl and Eu-O bond distances in the equatorial plane,
thus indicating that the Eu™ atom presents a compressed
octahedral coordination geometry. The O3-Eu-Cl2 bond angle
has a value of 167.71 (16)°, while the Cl1-Eu-CI3 bond angle is
160.36 (5)°. Within the equatorial plane, the bond angles are:
Cl2-Eu-Cl1/Cl13 of 107.57 (3)° and 91.95 (5)°, and O3-Eu-Cl1/
CI3 of 76.43 (16)° and 84.24 (16)°.

Moreover, the coordinated chloride atoms, as in the case of
1, undergo some repulsion from each other and this causes that
the bond angles between them acquire values greater than 90°,
and consequently, the angles between the CI1/Cl3 and the
oxygen atom of the coordinated water molecule are less than
90°. The angles between the axial and equatorial atoms are
close to 90°. Finally, the angles Eu1-O1-P1 and Eu1-O2-P2 are
177.68 (15) and 172.94 (15)°, respectively.

The shortest intermolecular Eu---Eu distance is 7.162 A,
considerably less than that of compound 1, indicating that the
molecules are not so well isolated in the crystal lattice.

In 5, there exist hydrogen bond interactions between the
coordinated water molecule and the THF solvent molecules
with a O- - -O distance of 2.697 A, while the packing of 6 reveals
the absence of hydrogen bond interactions. There are weak
n---m stacking interactions in 5 and 6 between the aromatic
benzene rings of different units with a centroid-centroid dis-
tance of 4.824 and 4.528 A, respectively.

Magnetic properties

The dc magnetic properties of 1-2 were collected in the 2-300 K
temperature range under an applied magnetic field of 1000 Oe
and they are shown in the form of the temperature dependence
of ymT (xm is the molar magnetic susceptibility) in Fig. 3 (the
magnetic properties of 4 and 7 will be described in another
manuscript under preparation®?).

At room temperature, the yT values of 2.30 cm® K mol " for
1 and 11.22 cm® K mol™" for 2 match well with the expected
values for a free Yb"™ jon (2.57 cm® K mol " with S =1, g; = 8/7)
or a Tb™ jon (11.82 em® K mol ™" with § = 3, g; = 3/2). Upon
cooling, the y\T value of 1 steadily decreases until it reaches a
value of 1.23 cm® K mol ™" at 2 K. In the case of 2, the 7T value
slightly decreases until 50 K and then abruptly drops to reach a
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Fig. 3 Temperature dependence of ymT and field dependence of the
magnetization at the indicted temperatures (inset) for 1 (left) and 2 (right).
The solid black line in 1 represents the ab initio calculated ymT curve
(scaled by 0.94).
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minimum of 6.41 ecm® K mol™! at 2 K. In both cases, this
decrease is due to the depopulation of the m; levels of the Ln™
ions, caused by the splitting of the spin-orbit coupling ground
level by the crystal field created by the ligands. This decrease
cannot be due to weak intermolecular interactions between the
Ln'™ ions, because the molecular units are well isolated in the
crystal structure.

The field dependence of the magnetization for 1-2 (inset
Fig. 3) indicates that the magnetization increases rapidly at low
fields and slightly from 1 T to H = 7 T, reaching the saturation
in the case of 1 but not in the case of 2. The M values at the
higher applied field of 7 T (1.79 Nf for 1 and 4.66 N for 2 at
2 K) are significantly lower than the expected saturation values
for these Ln™ ions (4 NB for 1 and 9 N for 2), probably due to
the existence of a significant magnetic anisotropy caused by the
splitting of the m; levels by the crystal field created by the
ligands.

In order to know if 1 and 2 present slow relaxation of the
magnetization, temperature and frequency dependent mea-
surements of the ac magnetic susceptibility have been carried
out, under an alternating field of 3 Oe on polycrystalline
samples of 1 and 2. In absence of external field (Hgq. = 0 Oe),
none of the complexes presents out-of-phase signals (x};)
above 2 K, indicating that either the thermal activation barrier
is very small or there exists fast magnetization relaxation by
QTM, which is generated from transverse anisotropy and
dipolar and/or hyperfine interactions. In view of this, to elim-
inate partially or completely the QTM, a small external mag-
netic field can be applied to break off the degeneracy of the
levels with the same m; value at both sides of the energy barrier.
To determinate the optimal magnetic field, ac measurements
in the presence of different magnetic fields at 3 K have been
performed for 1. In this case, the field of 1000 Oe was chosen
due to the maximum intensity in the yj; signal, and also
because, above this field, the maxima of yj; signals are super-
imposed (Fig. S3, ESIY).

Under an external field of 0.1 T, complex 1 shows a clear
temperature and frequency dependence of the out-of-phase sig-
nals with maxima between 3 K (800 Hz) and 5.5 K (10000 Hz).
Moreover, the out-of-phase susceptibility signals approach to zero
at temperatures below the maximum, indicating that the QTM
has been significantly eliminated, allowing the observation of
slow magnetization relaxation (Fig. S4, left, ESIt).

However, compound 2 in the presence of a dc field of 0.1 T
shows out-of-phase signals but without reaching a maximum,
even at the maximum frequency used of 10000 Hz (Fig. S4,
right, ESIt), just indicating that this compound presents a weak
slow relaxation of the magnetization above 2 K.

The relaxation times for 1 have been determined from the fitting
of the frequency dependence of the yj; signals to the generalized
Debye model (Fig. 4, left). The fitting of the high temperature
extracted relaxation times to an Arrhenius law, for a thermally
activated process (Orbach process), leads to an effective energy
barrier of Ue = 18.77(10) K and 1, = 6.74 x 10 7(2) s (Fig- 4, right).
These parameters are similar to those previously published for
other pentagonal bipyramidal field-induced Yb™ SIMs.”>%?
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Fig. 4 (left) Frequency dependence of the yy; signals at different tem-
peratures for 1 under a field of 0.1 T. The solid lines represent the best
fitting to the Debye model. (right) Representation of Lnt vs. 1/T for 1 at
0.1 T. The solid lines represent the best fit of the experimental data to the
Arrhenius equation for a thermally activated process (blue) or for a
combination of Raman and Direct relaxation processes (green).

The Cole-Cole plot (Fig. S5, ESIt) shows, in the 2-5 K
temperature region, semicircular shapes with o values in the
range of 0.06-0.1. Considering that o values close to zero
indicate a single relaxation process, whereas o = 1 corresponds
to an infinitely wide distribution of relaxation times, the o
values observed for 1 at low temperature suggests the existence
of several competitive relaxation processes.

In view of this, new fittings have been carried out in the
entire studied temperature range (2-5.5 K) using the eqn (7):

2 (_ Ueff)

1 n kg T

—— 4+ CT B 7
T em T + o eXp )

= AT +
where the first two terms represent the field-dependent direct
and QTM processes, respectively, while the third and fourth
terms represent the field-independent Raman and Orbach
relaxation processes.

However, if the Orbach and/or QTM processes are considered
in the eqn (7), the fitting does not reproduce the experimental
relaxation times. In fact, it is well known that the magnetic
relaxation in Yb™ complexes generally takes place through a
Raman process.’”**% In the case of 1, the theoretically calcu-
lated energy gap between the ground and first excited Kramers
doublets of 244.5 cm™' (see ESIt) is much larger than the
effective energy barrier, U = 18.77 K, extracted from the
Arrhenius plot thus supporting that the Orbach process, which
takes place through excited states, could be discarded for 1.
Therefore, the extracted t vs. T data were fitted to eqn (7) but
considering only that both direct and Raman processes contri-
bute to the magnetic relaxation. The fit of the magnetic data to
this combination of processes was excellent, leading to the
following parameters: A = 1027 s * K, C = 12.65 s~ * K " and
n = 4.80. Although for Kramer ions as Yb™ ion the n value should
be theoretically 9, n can also have values between 1 and 6
depending on the structure of the energy levels.””®® These
parameters are similar to other Yb™ SIMs with the same relaxa-
tion mechanisms.>*?%%%1%

Ab initio calculations based on the experimental X-ray struc-
tural data of complex 1 were performed in order to confirm that
the target molecule possess the expected energetic scheme and
to provide insight into the mechanism that governs the magnetic
relaxation of complex 1. In particular, multiconfigurational
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CASSCF calculations” with the SINGLE_ANISO code® imple-
mented in ORCA 5.0.4 program package’®’® were carried out.
These methodologies are quite helpful to elucidate and predict
the electronic structure and relaxation mechanism of SIM com-
plexes. The computed seven Kramers Doublets (KDs) for 1,
corresponding to the four KDs of *F,, and three KDs of *Fs,
span an energy range of about 565 cm™ ' and 10585 cm
respectively (ESL,t Table S9). The computed temperature depen-
dence of ;T reproduces rather well the experimental tempera-
ture dependence of yyT (Fig. 3, left). The ground KD1 is an
almost pure m; = |£1/2) state that shows large g,./g,, values (gy, =
5.14, g,, = 3.94 and g,, = 1.17, Fig. S6, ESI), which could promote
QTM within the ground state.

In order to better understand the relaxation mechanism, we
have attempted to use computed crystal field parameters (Table
S10, ESIt). The corresponding crystal field Hamiltonian is given
as Hep = B{Of, where B is the crystal field parameter while Of is
the Steven’s operator. The QTM contributions are negligible
where the non-axial B{ (where g # 0, and k = 2, 4, 6) terms are
smaller than the axial B (where g = 0, and k = 2, 4, 6) terms.
In the case of 1, axial and non-axial terms are of similar
magnitude and, therefore, a significant contribution of the
QTM to the magnetic relaxation is expected. The large positive
axial terms compared to non-axial terms stabilizes the ground
KD with the smaller m; value in 1 (easy-plane magnetic aniso-
tropy), which is in agreement with the calculated g-values.

The anisotropy g, axis is almost collinear with the pseudo-
C; axis lying along the axial O-Yb-O bonds, but as commented,
its value is quite low. However, the three first excited states
(KD2-KD4) lie at 282.3 cm ™', 432.3 cm ™" and 564.7 cm™ " above
the ground state, respectively, and present respective large g,
values of 3.42, 7.10 and 6.88, passing also through the O-Yb-O
direction and almost coincident with the g,, anisotropy axis of the
ground state. They correspond to an almost pure n1; = |£3/2) state
(KD2) and a mixture of m; = |£5/2) and m; = |£7/2) (KD3 and KD4).

These statements are supported by the computed transverse
magnetic moments (Fig. S7, ESIt). Thus, the ground state shows a
substantial transverse magnetic moment (1.51pg) that could
indicate a large operative QTM relaxation, whereas its values are
smaller for the first excited state (0.28up). This is consistent with
the absence of slow magnetization relaxation at zero-field. Experi-
mentally, this QTM is quenched when a dc field is applied,
leading to the observed slow relaxation of the magnetization.
Moreover, the transverse moment for the Orbach process con-
necting the ground and KD1 of opposite magnetization is also
predicted to be smaller (0.62 x 10~ "), which could point out
that this relaxation pathway is not operative, in agreement with
the experimental results. Accordingly, the ab initio studies support
the magnetic findings: the QTM prevents the observation of slow
magnetic relaxation and possible SIM behaviour at zero field, and
the calculations also indicate that the Orbach process can be ruled
out in favour of a combination of Raman and direct processes.

Photophysical properties of the ligand

We carried out an in-depth photophysical study for the di(1-
adamantyl)benzylphosphine oxide ligand (OPAd,Bz) and the
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energy transfer calculations for the complexes 1, 2, 4, 5 and 7
which contain Yb™ (1), Tb™ (2), Dy™ (4 and 7), and Eu'" (5).

In the first place, we focus on the photophysical properties
of the antenna ligand OPAd,Bz. Its absorption and lumines-
cence spectra in CH,Cl, solution and in the solid phase at room
temperature are shown in Fig. S11 (ESIt). The antenna ligand
exhibits one sharp and one broad absorption maxima at
235 nm and 261 nm in solution, respectively, while it shows
two broad bands at 234 nm and 265 nm in the solid phase (Fig.
S11a, ESIt).

Interestingly, the emission spectrum of the free ligand in
CH,CI, displays two broad bands centred at 409 and 431 nm
(Fig. S11b, ESIt), while no emission is detected in the solid
state. Notably, TD-DFT calculations predict that only high-
energy singlet excited states (above 4.5 eV) possess significant
oscillator strength (Fig. S13 and Tables S12, S13, ESIT), suggest-
ing that direct population of lower-lying singlet states is unli-
kely. This apparent mismatch between absorption and
emission suggests a triplet-state origin. Accordingly, we attri-
bute the 409/431 nm emission band to phosphorescence from
the ligand’s T, state, facilitated in CH,Cl, by solvent-induced
stabilization and potentially enhanced intersystem crossing
(ISC). The absence of this band in the solid state may be
attributed to weaker ISC efficiency under these conditions.

The OPAd,Bz ligand exhibits strong electronic characteris-
tics of the benzene ring, as reflected by the dominant 1 — n*
nature of its excited states. This is supported by comparison to
benzene’s emission spectra, where the S; and T, states are
observed at approximately 253 and 344 nm, respectively, con-
sistent with corrected fluorescence and phosphorescence data
at 77 K from R. B. Cundall, D. A. Robinson and L. C. Pereira.'*!
TD-DFT calculations for the coordination compounds (Fig. S26,
ESIT) further confirm the main involvement of the aromatic
ring in the formation of both S; and T; states of the OPAd,Bz
ligand. As a consequence of the donor centroid being located
on the aromatic rings, the donor-acceptor distances calculated
from eqn (1) exceed 5 A (Table S14, ESIT), which may reduce the
efficiency of the energy transfer process.

Intramolecular energy transfer analysis

Secondly, we investigated the photophysical properties of the
synthesized lanthanide complexes in the solid state, namely
Yb™ (1), Tb™ (2), Gd™ (3 and 6), Dy™ (4 and 7) and Eu™ (5). The
Gd™-based compounds, which lack emissive 4f-4f transitions
in the visible range, served as references for determining the
ligand’s triplet-state energy (T,) via phosphorescence spectra.
Following Jacobian transformation,’®® the barycenters and
FWHM (y;) of the emission bands were extracted (Fig. S16,
ESIt). The triplet-state energies were determined as Er(3) =
20899 cm™ " and y.(3) = 6413 cm ™" and E(6) = 19535 cm™ " and
7.(6) = 3889 cm ™, for compounds 3 and 6, respectively. Due to
structural similarities, the values extracted from compound 3
(with one coordinated Cl) were applied to complexes 1, 2, and 4,
while those from compound 6 (with three coordinated Cl) were
used for complexes 5 and 7.

13274 | Phys. Chem. Chem. Phys., 2025, 27, 13266-13279

View Article Online

Paper

Fig. S15 (ESIt) shows the experimental absorption spectra
recorded in the solid phase for compounds 1-8. All of them
exhibit two intense bands in the 200-280 nm range. The
emission spectra of compounds 1-2, 4-5 and 7-8 and the
appearance of the well-defined, narrow Yb™, Tb™, Dy™ and
Eu™ luminescence emission bands confirm the antenna per-
formance of the ligand (Fig. 5 and 6). It is striking that in
compounds 4 (Fig. S17, ESIY), 5 (Fig. 5b), 7 (Fig. S18, ESIT) and 8
(Fig. 5a), the emission band from the ligand is also visible
depending on the Ze, presenting thus dual emission proper-
ties. This is probably due to partial energy transfer from the
ligand T, state to the emitting level of the Ln™.'*® The design
and synthesis of dual-emission systems are at the forefront in
the research development of advanced luminescent materials
and sensors.'%*

Fig. 5a shows the emission spectra of compound 8 as an
example of this dual emission behaviour in one of the Dy™
complexes, particularly at Aex. = 250, 284, 350, and 375 nm. In
the emission spectrum at Ae. = 250 nm several narrow transi-
tions were detected in the visible to near-infrared region
(Fig. 5a). These bands are ascribed to the dysprosium centred
f-f transitions and can be assigned to the *Fo, — °Hisp
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Fig. 5 Emission spectra of compounds 8 (a) and 5 (b) at the indicated Aexc
in solid state at room temperature.
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Fig. 6 Emission spectra of 2 (a) and 1 (b) at the indicated Jeyc in solid state
at room temperature.

(482 nm), *Fo, — °Hys), (576 nm), *Fo;, — °Hyq, (665 nm), and
*Fo, — ®Hop (755 nm) electronic transitions. The excitation
spectrum was monitored at Ae,, of 576 nm and it displays a
series of sharp lines in the 230-490 nm region, which are
ascribed to the transitions from the ground state, °Hys, to
the excited states in the 4f° configuration of Dy"" (Fig. S19,
ESIt). The emission spectrum upon excitation at 350 nm, ie.
upon ligand-centred excitation, displays n* — m phosphores-
cence at 440 nm together with visible to NIR dysprosium-
centred radiative relaxations (Fig. 5a). As indicated above, the
observation of ligand emission is probably due to partial energy
transfer from the ligand T; to the *F,,, emitting level of Dy™ at
this Aexe = 350 nm.

In the emission spectrum recorded at Aey = 375 nm this
effect is even more pronounced, as the n* — = ligand phos-
phorescence dominates the spectrum and only the strongest
Dy™ band at 576 nm corresponding to the *Fo, — °®Hyzp
transition is barely observed.

The same effect is observed in the emission spectra recorded
for compound 5. In this case, the emission spectra upon
excitation at 350 nm and 392 nm show n* — m phosphores-
cence at 440 nm together with the characteristic europium
centred f-f transitions (Fig. 5b). These last bands can be
attributed to the °D, — ’F, (580 nm), °D, — “F; (592 nm),

This journal is © the Owner Societies 2025
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°Dy, —» ’F, (613 nm), °D, — 'F; (652 nm), and °D, — ’F4
(703 nm) transitions. The sensitisation is more efficient at Aex. =
392 nm (excitation at the Eu™ "Fy; — °Lg) than at Jee =
350 nm, since the relative intensity of the emission band of
the ligand is weaker at Aey. = 392 nm.

Compound 2 (Tb) does not present dual emission proper-
ties, since its emission spectrum only shows the characteristic
terbium centred f-f transitions, that is, the °D, — "F4 (492 nm),
°D, — ’Fs (550 nm), °D, — ’F, (586 nm) and D, — ’F;
(618 nm) transitions (Fig. 6a). This indicates an efficient
intramolecular energy transfer (IET) mechanism among all
compounds reported in this paper. In the case of compound
1, the Yb™ %F;, — 2F,, transition is observed at 978 nm
(Fig. 6b), proving again that antenna effect takes place even
when a high energy gap is involved."

These trends are consistent with the IET rates presented in
Table 1. For example, compound 1 exhibits emission upon
ligand excitation, indicating effective sensitization of the Yb™ via
the T; state, despite the involvement of a relatively large energy
(4 =10659 cm™'; see pathway 2 in Table S15, ESIT). The ligand-
to-Yb™ energy transfer occurs with a rate of 1.4 x 10”7 s},
primarily driven by the exchange mechanism strongly influenced
by the high value of the squared spin matrix element in eqn (4),
specifically ("Fs;,||S|"Fy)* = 3.429.7

In the literature, there are several examples where Tb™-
based compounds exhibit more efficient energy transfer via S,
than T,."%>'% This behaviour was theoretically addressed by
Moura Jr. et al. in the context of complexes containing Ruhe-
mann’s purple as the main ligand.'® They demonstrated that
some important acceptor transitions of Tb™ lie at relatively
high energies (in the UV region), which can, in certain cases, be
nearly resonant with the S; state of the ligand. In the case of
compound 2, the calculated rate W° = 3.3 x 10® s* (Table 1)
arises mainly from three major acceptor transitions: 'Fg — °Fs,
"Fg¢ — °Ig, and 'F; — °F, contributing 17.3%, 26.3%, and
28.4%, respectively. All of these transitions comply with the
exchange mechanism selection rule AJ = 0, +1 (exceptJ =] =0).
It is worth noting that while the “F5 state is not thermally
coupled with the “F, ground state, it still plays a significant role
in the energy transfer process due to its non-negligible
population.”**%

Turning to compounds 4 and 7, the behaviour observed in
their emission spectra upon varying the excitation wavelength
(as discussed previously in Fig. S17 and S18, ESI{) is directly

Table 1 Calculated intramolecular energy transfer (IET) rates (in units of s7%)
for the studied compounds via the singlet (S;) and triplet (Ty) ligand states. W°
and W' represent the total forward energy transfer rates from the ligand to

the Ln"" ion via the S; and T states, respectively, while Wg and WE correspond
i

to the backward energy transfer rates (from Ln™ to ligand)

Compound ~ W* wt wh W

1 1.7 x 1077 1.4 x10° 25x10°% 13 x10°*
2 3.3 x 108 9.4 x 10° 5.3 x 10° 1.4 x 10®
4 1.9 x 10* 2.9 x 10°  5.0x 102 1.7 x 107
5 9.4 x 10% 2.6 x 107 75 x 1072 2.6 x 10°
7 1.4 x 10* 53 x 10"  2.0x10% 1.4 x 107
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related to the change in the excitation channel. Specifically, when
these compounds are excited at 270 nm, energy transfer predo-
minantly occurs via W5, resulting in minimal observation of the
phosphorescence band. This is because W* > W4, as shown in
Table 1. Conversely, when the excitation shifts to the S, — Ty
transition (enabled by the spin-orbit coupling),'”” the opposite
trend is observed: backward energy transfer via the triplet state
dominates, with W' < WL In fact, the backward transfer rate Wi
is approximately 600 times higher than W' for compound 4, and
over 10° orders of magnitude higher for compound 7.

Lastly, the IET process in compound 5 is predominantly
mediated through the T, state. The calculated forward energy
transfer rate W' is exactly ten times higher than the corres-
ponding backward rate W{. This finding is consistent with the
experimentally observed higher intensity of the D, — ’F,
emission compared to the ligand-centred n* — = transition,
as shown in Fig. 5b.

Time-resolved experiments were carried out in solid state
with excitation and emission wavelengths of 375 nm and
978 nm for 1, 350 nm and 500 nm for 2, 320 nm and 575 nm
for 4, 350 nm and 620 nm for 5, 250 nm and 575 nm for 7 and
250 nm and 576 nm for 8, respectively. The experiments reveal an
mono-exponential (1, 5), bi-exponential (7-8) or tri-exponential (2,
4) decay of the luminescence signal with lifetimes (7) of 30.3 us for
1, 878.1 us (59%), 2869 ps (5%) and 328.8 ps (36%) for 2, 26.1 ps
(51%), 8.6 s (49%) and 131.9 ps (1%) for 4, 454.4 ps for 5, 127.5 ps
(0.1%), 18.7 ps (99.9%) for 7 and 2.2 ps (0.1%) and 0.7 ps (99.9%)
for 8 (Fig. S20-S25, ESIT). These lifetimes are in concordance with
other observed for recent lanthanides complexes.'®*™***

The proposed energy transfer pathways and their corres-
ponding rates, as discussed above, are summarized in the
schematic shown in Fig. 7, which illustrates the ligand-to-
lanthanide sensitisation processes via both singlet and triplet
states, as well as the roles of forward and backward energy
transfer mechanisms in determining the overall emission
behaviour of each complex.

Conclusions

We report seven lanthanide complexes with two different
geometries depending on the synthesis method, pentagonal
bipyramidal (Dsy,) and octahedral (Oy,), which contain Yb™ (1),
Tb™ (2), GA™ (3 and 6), Dy™ (4 and 7) and Eu™ (5). In all of them,
the di(1-adamantyl)benzylphosphine oxide ligand occupy axial
positions, whereas chloride atoms and water molecules are located
in the equatorial plane. Magnetic measurements carried out on
compounds 1 and 2 reveal that complex 1 shows field-induced
slow relaxation of the magnetisation and Yb™-centred NIR fluores-
cence, acting as a bifunctional compound. Ab initio calculations
support the magnetic findings and provide further insights into
the magnetic dynamics of the Yb™ complex. They explain the
presence of quantum tunnelling of magnetization (QTM) in the
absence of a magnetic field and confirm that the relaxation
process occurs primarily through Raman and direct relaxation
pathways, rather than through the first excited doublet state.
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Fig. 7 Schematic representation of the intramolecular energy transfer
(IET) processes responsible for sensitization of the Yb"' (1), To" (2), Eu"
(5), and Dy'"" (4 and 7) ions via the OPAd,Bz ligand. The Jablonski-Perrin
diagram illustrates the energy levels of the ligand's singlet (S;) and triplet
(T4) excited states, as well as the relevant f—f transitions of the lanthanide
ions. Energy transfer pathways include forward transfer via S; (W°) and T,
(WD), as well as their corresponding backward processes (W5 and WY).
Intersystem crossing (ISC) and phosphorescence from the T state are also
depicted due to their relevance in the photophysical processes.

The photophysical properties of the coordination com-
pounds and the OPAd,Bz ligand were investigated in detail
through experimental studies and TD-DFT calculations, reveal-
ing that the ligand acts as an antenna for lanthanide emission
across all compounds, with distinct intramolecular energy
transfer (IET) pathways—via either S; or T, states—driving
the sensitization depending on the specific complex, as con-
firmed by the calculated rates and resonance with important
acceptor transitions. In addition, compounds 4, 5, and 7-8
present dual emission properties, which adds a piece to the
rational design puzzle of dual emitters. Therefore, this study
contributes to increasing the knowledge in the relaxation
mechanism of the scarcely explored pentagonal bipyramidal
Yb"-based field induced SIMs and provides further insight into
the different mechanisms involved in lanthanide sensitization.
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