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Introduction

Electron-withdrawing groups as property tuners in
functionalized terpyridine-based ligands in Eu(in)
and Tb(in) complexes

Oksana Fizer,? Sina Chiniforoush,® Thomas J. Summers,® Mohammad Zafar Abbas,?
David C. Cantu {2° and Ana de Bettencourt-Dias (2 *2

Three terpyridine derivatives with electron-withdrawing groups in the ortho-position of terpyridine, —NO,
(terpyNO,), —CHO (terpyCHO) and —Br (terpyBr), were isolated and the influence of these substituents on
the chemical and photophysical characteristics of the corresponding Eu(m), Tb(m) and Dy(i) complexes
was assessed and compared with the complexes with unsubstituted terpyridine. A direct correlation
between the complex stability constants and the second pK,, values of the free ligands was found.
Emission quantum yields indicate moderate ability to sensitize the metal-centered emission. Judd—-Ofelt
intensity parameters and energy transfer rates were calculated for all complexes. A direct correlation was
found between the forward energy transfer rates and the sensitization efficiency for the Eu(i) complexes.
For the Tb(i)-based complexes back-energy transfer from the metal ion to the ligands’ triplet level domi-
nates. At 298 K, the Eu(il) complexes displayed emission lifetimes in the range 1.49-1.68 ms, while for the
Tb() complexes the lifetimes were in the range 0.71-1.17 ms. The lifetimes of all the complexes could be
fit with a single exponential at this temperature. However, at 77 K, double-exponential decay was
observed. Nuclear magnetic resonance (NMR) analysis and density functional theory (DFT) calculations,
modeled on the Eu(i)-terpyNO, complex are consistent with decomplexation and subsequent rotation of
one of the ligand's pyridine rings, which lead to the observed two species in frozen solution.

the ligand butoxide with a more hindered phenylethanolate in
[Dy(OR),(py)s|[BPh,4] leads to reduced quantum tunnelling at low

The interest in luminescent lanthanide (Ln(m)) ion complexes is
dictated by the metal ions’ unique optical properties," which
make them useful for a variety of functional materials,” such as
OLEDs and lighting,® " biosensors,""** and chemical sensors."®
Moreover, Ln(m) ion complexes have interesting metal-based
magnetic properties, and are explored as single-molecule
magnets'’° and as magnetic resonance imaging contrast
agents; they have also garnered interest as therapeutic agents in
chemotherapy.”®*' While the magnetic and optical properties
are metal-based, variation of the ligand structure enables fine-
tuning the properties of the complexes depending on the
application.”*”

The molecular design of ligands for lanthanide-based com-
plexes is a powerful approach to developing new materials and
compounds with predefined and tuned properties. While search-
ing for design criteria for enhancing magnetic hysteresis of Dy(i)
single-molecule magnets (SMMs), Yu et al. found that replacing
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temperatures and thus higher temperature of magnetic hyster-
esis.”® Corner et al. showed that adding one halobenzene PhX (X
= F, Cl, Br) as additional equatorial ligand in a dysprosocenium-
based SMM reduces the magnetic hysteresis temperature com-
pared to the unsubstituted compound, due to an increase in the
Orbach and two-phonon relaxation mechanisms, which correlate
with the presence of the halide atoms bound to the metal ion.>
In the presence of two equatorial halobenzenes, a significant
bending of the Cp*---Dy---Cp* moiety occurs, which promotes
relaxation mechanisms.*® Building on the dysprosocenium archi-
tecture, Ullah et al. showed that it was possible to tune the block-
ing temperature of dysprosocenium-type SMMs by varying the
cyclopentadienyl ring substituents.®* Photoluminescence can be
modulated as well through ligand substitution, as demonstrated
by Romanova et al, who showed the use of the substituted
2-phenoxy-1,10-phenanthroline sensitizer for improved Eu(u)
luminescence.*?

In the search for efficient sensitizers for Ln(u) ion emis-
sion, and unique modes of coordination for Ln(m) ion com-
plexes, our group isolated several complexes with ligands
bearing a -NO, functional group, including a terpyridine func-
tionalized at the ortho-position, terpyNO,. We found that the
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nitro moiety coordinated to the metal ion through one of its
oxygen atoms and that the ligand sensitized metal-centred
emission for both Eu(ur) and Tb(u), yet yielded relatively weak
luminescence.*

With the purpose of investigating the influence of other
electron-withdrawing groups (EWGs) in the ortho-position of
terpyridine ligands on the spectroscopic properties of their
complexes with Eu(m), Tb(m) and Dy(u) ions, we isolated
terpyBr, terpyCHO and compared the photophysical properties
of their complexes with the complexes of terpyNO, and the
unsubstituted terpy. Our focus on these systems was made due
to versatility of terpyridine heterocyclic system in coordination
chemistry of Ln(u1),**® and the ease of functionalization.?”°
While the selected EWGs should decrease the electron density
on the terpyridine system and thus decrease its complexation
ability, their localization at the ortho-position should allow to
form an additional coordination bond to the central Ln(m)
ion, thus increasing complex stability and decreasing the
ability of solvent molecules to coordinate to the metal ion,
which frequently results in vibrational quenching of the
emission.

Experimental
General information

Starting materials purchased from commercial sources were
used as received without further purification, unless otherwise
indicated, and the solvents were dried by standard methods.
All lanthanide salts were dried under reduced pressure at
60 °C for 12 h. Stock solutions of the Ln(m) (Ln = Eu(m), Gd
(m), Th(m) and Dy(m)) nitrate salts were prepared in spectro-
scopic grade acetonitrile. Concentration of the Ln(m) salt solu-
tions was determined by complexometric titrations with EDTA
(0.01 M) using xylenol orange as indicator.*® Unless otherwise
indicated, all reactions were done under inert atmosphere.

NMR spectra were recorded on Varian 400 and 500 MHz
spectrometers, and the chemical shifts were reported (ppm)
against tetramethylsilane (TMS, 0.00 ppm) as the reference.

Mass spectra were recorded using an Agilent Technologies
6230 TOF LC/MS system with an electrospray ionization
source.

Spectroscopic characterization

Absorption data were collected on a Perkin Elmer Lambda 35
spectrometer equipped with deuterium and tungsten halogen
lamps and a concave grating with 105 lines per mm. Spectra
were collected using a scan speed of 480 nm min~" in the
range 190-700 nm with a photodiode detector. All spectra were
background corrected using solvent as the blank.

The emission and excitation spectra of the complexes were
recorded on a Perkin Elmer LS-55 spectrometer equipped with
a 450 W xenon discharge lamp at 298 and 77 K. All spectra
were collected in the 200-800 nm range with a maximum scan
speed of 250 nm min~". Emission lifetimes were measured on
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the same instrument using the Short Phosphorescence Decay
software package.

Standards used for emission quantum yield measurements
were Csz[Eu(dpa)s] (peq = 24%, 7.5 x 107> M in TRIS/HCI
buffer (0.1 M, pH ~ 7.4) and Cs;[Tb(dpa);] in TRIS/HCI buffer
(sta = 22%, Ayze = 0.18, 6.5 x 107> M)*! The excitation wave-
length for the standards was 279 nm, while for the samples
the excitation wavelength was 335 nm. The concentration of
the samples was adjusted to have an absorption value 4 < 0.10.
The quantum yield of the samples was determined by the
dilution method using eqn (1), which accounts for the need to
use of different excitation wavelengths of sample (x) and stan-
dard (std).

Istd
X — 1
. M

2
e S (1)

Gradgyq Nstq

Grad is the slope of the plot of the integrated emission as a
function of absorbance, 7 is the refractive index of the solvent,
I is the intensity of the excitation source at the excitation wave-
length and ¢ is the quantum yield.

The intrinsic quantum yield ¢ was determined using eqn
(2).42

Ln krad _ Texp (2)
n = =
" kot Trad

kot is the total emission rate (keot = kraa + knrad = 1/Texp)y Kraa iS
the radiative rate constant, k,..q is the non-radiative rate con-
stant and 7., is the observed excited state lifetime. In the case
of the Eu(m) complexes, kg can be determined using
eqn (3).42—44

I
:AMD.O X n3 X fot (3)

krad =
Trad Ivyp

Ioc and Iyp are the total integrated emission spectrum and
integrated intensity of the magnetic dipole-allowed *D, — "F;
transition of the Eu(m) ion, respectively, and Aup, is the
Einstein coefficient of spontaneous emission in vacuum
(14.65 s71).

Due to our inability to measure the absorption spectra of
the f-f transitions for the Th(m) complexes and thus determine
Traa €Xperimentally,**** its value was taken as 4 ms, as pro-
posed by Klink et al.*’

The sensitization efficiency (1sens) Was determined using
eqn (4).42,43

L
thews = 212 (1
Ln

Unless otherwise indicated, all data were collected at 25.0 +
0.1 °C and are the average of at least three independent
measurements.

Synthesis of compounds

Synthesis of [2,2":6',2"-terpyridine]-6-carbaldehyde
(terpyCHO).***” Following a modified literature procedure,
6-bromo-2,2"-bipyridine (0.971 g, 4.13 mmol, 1.0 eq.),*® 2-(1,3-

This journal is © The Royal Society of Chemistry 2025
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dioxolan-2-yl)-6-(tributylstannyl)pyridine (1.99 g, 4.54 mmol,
1.1 eq.)* and Pd(PPh;), (0.286 g, 0.25 mmol, 0.06 eq.) were
stirred to reflux in dry toluene (30 ml) for 72 h. The solvent
was removed under reduced pressure, 20 ml 4 M HCI was
added, and the reaction mixture was stirred overnight at 60 °C.
After cooling to room temperature, the mixture was neutralized
with 2 M NaHCO;. The suspension was extracted with CHCl;
(3 x 30 ml), the organic phase separated, washed with water (3
x 30 ml), and brine (1 x 40 ml) and dried over magnesium sul-
phate. The isolated solid was purified by flash chromatography
(ethylacetate : hexanes 1:2) to give the desired product in 12%
yield (95 mg, 0.36 mmol).

"H-NMR (500 MHz, CDCl;) § 7.32-7.26 (m, 1H), 7.81 (td, J =
7.7, 1.8 Hz, 1H), 8.01-7.91 (m, 3H), 8.45 (d, J = 7.8 Hz, 1H),
8.55 (d, J = 7.7 Hz, 2H), 8.66 (d, J = 4.8 Hz, 1H), 8.81 (d, /= 7.6
Hz, 1H), 10.13 (s, 1H) ppm (Fig. S1).

BC-NMR (126 MHz, CDCl;) § 193.76, 156.78, 156.00,
155.61, 154.21, 152.34, 149.25, 138.10, 137.86, 136.89, 125.21,
123.91, 121.64, 121.44, 121.19, 121.13 ppm (Fig. S3).

ESI-MS (Fig. S12): terpyCHO. ESI-MS: [terpyCHO + H,0]; m/
2:279.101 (calc), 279.088 (exp).

Synthesis of 6-bromo-2,2;6',2"-terpyridine  (terpyBr).>®
Following a modified literature procedure, to a solution of 2,6-
dibromopyridine (2.0 g, 4.5 mmol) and Pd(PPh;), (0.26 g,
0.225 mmol) in dry toluene, 6-(tributylstannyl)-2,2'-bipyridine
(1.006 g, 4.5 mmol) was added and the mixture was heated to
reflux overnight. The reaction mixture was cooled, diluted with
water, mixed with a concentrated aqueous solution of caesium
fluoride (3.3 g, 22.2 mmol) and stirred for 30 min at room
temperature. The mixture was filtered through a Celite pad
and extracted with toluene (3 x 30 ml) and the combined
organic layer was dried over magnesium sulfate, filtered and
the solvent removed under reduced pressure. The product was
obtained as an off-white solid in 10% yield (126 mg,
0.40 mmol) after flash column chromatography with hexane :
ethylacetate (3 : 1) as the eluent.

"H-NMR (500 MHz, CDCl3): § 8.71 (d, J = 5.2 Hz, 1H), 8.58
(d, J = 7.9 Hz, 2H), 8.49-8.43 (m, 2H), 7.96 (t, J = 7.7 Hz, 1H),
7.86 (td, J = 7.7, 1.8 Hz, 1H), 7.71 (t,] = 7.7 Hz, 1H), 7.51 (d, J =
7.8 Hz, 1H), 7.37-7.31 (m, 1H) ppm (Fig. S2).

BC-NMR (126 MHz, CDCly): § 157.44, 156.02, 155.47,
149.20, 141.58, 139.14, 138.01, 136.86, 128.00, 123.86, 121.58,
121.41, 121.12, 119.77 ppm (Fig. S4).

ESI-MS (Fig. S8): terpyBr. ESI-MS: [terpyBr] + m/z: 312.014
(calc), 312.012 (exp).

Synthesis of 6-nitro-2,2';6',2"-terpyridine  (terpyNO,).**
Following a literature procedure, 6-tributylstannyl-2,2"-bipyri-
dine (1.0 g, 2.25 mmol) and 2-bromo-6-nitropyridine (0.50 g,
2.47 mmol) were mixed with 1 mol% Pd(PPh;), and LiCl
(0.24 g, 5.6 mmol) and toluene were added. The mixture was
heated to 110 °C overnight. The solvent was removed under
reduced pressure and the reaction mixture purified by flash
chromatography with hexane : ethylacetate (2:1) as eluent to
afford a brown solid, which was washed with a small volume
of acetonitrile to give the desired product as a white solid.
Yield: 0.056 g (0.2 mmol, 9%).

This journal is © The Royal Society of Chemistry 2025
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"H-NMR (500 MHz, CDCl,): § 7.34-7.30 (m, 1H), 7.86-7.82
(m, 1H), 7.97 (t, J = 7.8 Hz, 1H), 8.12 (t, J = 7.8 Hz, 1H), 8.20 (d,
J=7.8 Hz, 1H), 8.47 (d, J = 7.8 Hz, 1H), 8.53 (t, ] = 7.8 Hz, 2H),
8.71-8.67 (m, 1H), 9.00-8.97 (m, 1H) ppm.

Synthesis of metal complexes

Equimolar solutions of terpyR (R = H, NO,, Br, CHO) and the
Ln(NO3); (Ln = Eu, Tb, Dy, and Gd) were refluxed for 24 h in
acetonitrile. Each solution was filtered, and the solvent
removed under reduced pressure. The obtained solid was
washed with chloroform and dried under reduced pressure to
afford the corresponding metal complexes in 80-86% yield. No
yield is indicated when the complexes were not isolated, and
the solutions were used as is for spectroscopy.

Eu-terpy. ESI-MS (Fig. S5): [Eu(terpy)(NO3),(CH;CN)|'; m/z:
509.991 (calc), 509.996 (exp).

Th-terpy. ESI-MS (Fig. S6): [Tb(terpy),(NO;),]"; m/z: 749.092
(calc), 749.094 (exp).

Dy-terpy. ESI-MS (Fig. S7): [Dy(terpy),(NOs),]"; m/z: 754.091
(calc), 754.101 (exp).

Eu-terpyCHO. Yield: 82%. ESI-MS (Fig. S13): [Eu(terpyCHO)
(NO;),]"; m/z: 536.987 (calc), 536.973 (exp).

Th-terpyCHO. Yield: 85%. ESI-MS (Fig. S14): [Tb(terpyCHO)
(CH5CN)(NO;),]"; m/z: 585.018 (calc), 584.995 (exp).

Dy-terpyCHO. Yield: 80%. ESI-MS (Fig. S15): [Dy(terpyCHO)
(CH;CN)(NO;),]"; m/z: 590.022 (calc), 590.012 (exp).

Eu-terpyNO,. ESI-MS (Fig. S16): [Eu(terpyNO,),(NO;),]"; m/
2: 835.056 (calc), 835.061 (exp).

Tb-terpyNO,. ESI-MS (Fig. S17): [Tb(terpyNO,)(NO3),]"; m/z:
560.981 (calc), 560.986 (exp).

Dy-terpyNO,. ESI-MS (Fig. S18): [Dy(terpyNO,)(NO;),]"; m/z:
565.981 (calc), 565.982 (exp).

Eu-terpyBr. ESI-MS (Fig. S9): [Eu(terpyBr)(NOs),(CH;CN)
(H,0)]"; m/z: 646.938(calc), 647.055 (exp).

Th-terpyBr. ESI-MS (Fig. S10): [Tb(terpyBr),(NO;)s]"; m/z:
969.908 (calc), 969.902 (exp).

Dy-terpyBr. ESI-MS (Fig. S11): [Dy(terpyBr)(NO;),]"; m/z:
598.907 (calc), 598.907 (exp).

Computational methods

Molecular geometries were optimized using the M06 func-
tional.>® For Eu, effective core potentials and the corres-
ponding basis set (Stuttgart RSC Segmented + ECP)’* were
used, and the CC-PVTZ >3 basis set was used for the rest of the
atoms. The thermal contribution to the Gibbs free energy was
computed using vibrational frequencies obtained from fre-
quency calculations.

To compute the energies of the optimized structures, the
MO6 functional was used in combination with the relativistic
DKH-def2-TZVPP>* basis set for non-metal atoms and
SARC-DKH-TZVP for the Eu atom.”*™® The relativistic
Hamiltonian DKH2 was utilized during the calculations.’” The
solvent effect of the acetonitrile medium was modeled with
the conductor-like polarizable continuum (CPCM) model in
geometry optimizations and single point calculations.’®

Dalton Trans., 2025, 54,17851-17863 | 17853
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Solvent molecules were explicitly included in cases where their
coordination was expected.

ChemAxon®® online program was used for the prediction of
pK, values of the terpyR ligands. LUMPAC®*®* was used to
obtain the experimental and theoretical Judd-Ofelt parameters
and energy transfer rates for the Eu-based complexes.
Quantum chemical calculations needed for the LUMPAC algor-
ithm were performed with RM1-Sparkle®>®® and ZINDO/S
levels of theory using MOPAC2016 °> and ORCA,** respectively.
Judd-Ofelt parameters and energy transfer rates for the com-
plexes were obtained with JOYSpectra.®®

The distortion parameter § of the central polyhedron from
the ideal polyhedron in RM1-Sparkle-optimized Ln-complexes
was calculated with the Polynator program.®® Complex stoi-
chiometry in solution and corresponding stability constants
were obtained from UV-VIS spectrophotometric titrations and
estimated using the SupraFit software.®”

Results and discussion

Complex formation and stability

33,47 68-78

Previous work by us and others showed that the ter-
pyridine scaffold can bind Ln(m) ions and sensitize their
luminescence. Moreover, its ease of functionalization provides
opportunities to tune electronic and structural properties of
the resulting metal complexes. In this work, we focused on
three known terpy-based compounds with EWG groups,
namely, 6 nitro-2,2';6',2"-terpyridine (terpyNO,),**> 6-bromo-
2,2'16',2" terpyridine (terpyBr),”® and [2,2:6,2"]-terpyridine-]-6-
carbaldehyde (terpyCHO).*® terpyNO, was studied by our
group and showed its ability to function as a tetradentate
ligand and as a sensitizer in Eu(m) and Tb(m) complexes.**>°
terpyCHO and terpyBr were intermediates in the synthesis of
other terpy-based compounds, namely in the synthesis of oli-
gopyridylimines*® and of a ruthenium complex with a terpy-
substituted porphyrin,”® respectively. terpyBr was used to add
the terpy moiety during the synthesis of polypyridyl-containing
ligands®®®' The vibrational energy features of terpyCHO were
explored via two-dimensional infrared spectroscopy.?” Despite
a general interest in terpyridine-based ligands to sensitize Ln
(m)-centred emission,**®* neither terpyCHO nor terpyBr had
been studied in this context. This could stem from the known
lability of lanthanide complexes with the terpyridine ligand
(vide infra).

Nine complexes (Fig. 1) were isolated with these three func-
tionalized terpyridine-based ligands with the nitrate salts of
Eu(m), Tb(ur), and Dy(m) in acetonitrile. We also synthesized
the known terpyridine (terpy) complexes®® of the same metal
ions for comparison purposes. All complexes showed 1: 1 stoi-
chiometry (Fig. S19 and S30) with stability constants (Table 1)
that decreased in the order terpy > terpyCHO > terpyBr >
terpyNO,. While the stability constants of the Gd(ur) complexes
were not determined, they were prepared as well, to determine
singlet and triplet state energies (vide infra).
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3+

Ln-terpyR
Ln = Eu(llly, Tb(lll), Dy(lll)
R =H, CHO, NO,, Br

Fig. 1 Complexes studied here.

Table 1 Experimentally determined stability constants (logK) for the
[Ln(terpyR)]3+ (R = H, NO,, CHO, Br; Ln(n) = Eu(m), Tb(m), Dy(i)) com-
plexes in acetonitrile and ionic radii (fiop)

log K
Ln Tion 86
() [A] terpy terpyNO, terpyBr  terpyCHO
Eu 1.120 8.1+0.2,79 (ref. 52+04 55+ 6.6 + 0.1
77) 0.1
Tb 1.095 7.9+0.4 5.4+0.5 5.5+ 6.4+0.1
0.2
Dy 1.083 7.9+0.3 5.2+0.5 54+ 6.8+0.4
0.1

The log K values of the substituted terpyridines, in the
range 5.24-6.84, are smaller than the ones obtained for terpy,
despite the possibility of tetradentate coordination. For the
latter, the obtained value logK of 8.1 is in line with the
reported value of 7.9;”7 the small difference is likely due to the
different experimental conditions used, namely the 3:1 stoi-
chiometry of the terpy complexes and our use of nitrate
counter-ions, that are reported to successfully compete in
acetonitrile for binding to the metal ion.*®* We do not observe
statistically significant differences between stabilities of com-
plexes of the same ligand with different metal ions, consistent
with the similar sizes of the ions. Of the three terpyR ligands,
terpyCHO binds Ln(m) most strongly.

To unravel the observed trend in log K, we studied the proto-
nation of the ligands and found that the protonation of the
outer unsubstituted pyridine ring appears most favourable
(Table 2). For terpy, the calculated value of 4.46 compares well
with the reported value of 4.54.>” In the case of the substituted

Table 2 Protonation constants of the terpyR ligands, electronegativity
(y) of the R-groups

R= -H -NO, -Br -CHO

PK,, 4.46 (ring 3), 4.54 4.17 (ring  4.17 (ring  4.17 (ring
(ref. 87) 3) 3) 3)

PKa,, 3.85 (ring 1), 3.57 0.22 (ring  0.37 (ring  1.67 (ring
(ref. 87) 2) 2) 1)

pK,, n.a.” (ring 2) n.a.? (ring n.a.(ring -1.70 (ring

1) 1) 2)
x (ref. 1.71 3.91 2.94 2.61
88)

“n.a. - calculation did not converge.

This journal is © The Royal Society of Chemistry 2025
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terpyridines, the calculated pK, of 4.17 indicates that the
R-substituent has negligible influence on the electronics of this
ring. The second protonation step is more complex; in the case
of terpy, it occurs on the other outer pyridine ring and the calcu-
lated value of 3.85 agrees well with the reported value of 3.57.%
In the case of the bromo- and nitro-substituted ligands, the pro-
tonation occurs on the middle pyridine ring, with pK,, values of
0.37 and 0.22, respectively. In the case of terpyCHO, the pK, of
1.67 corresponds to the protonation of the first, functionalized
pyridine ring. We attribute this difference to the high electron-
withdrawing effect of the Br- and NO,-groups, which decrease
the basicity of the neighbouring ring, and absence of protona-
tion of the substituted ring. Despite this discrepancy, pK,, corre-
lates well with log K (Fig. 2a). Similar arguments involving substi-
tuent electronegativity y, following the scale developed by Dailey
and Shoolery,®® indicate that y decreases for NO, > Br > CHO >
H and tracks with log K (Fig. 2b).

Photophysical characterization

All substituted terpyR sensitized the emission of Eu(ur), Tb(i)
and Dy(m). Absorption, emission, and excitation spectra of

8.4 8.4
—=—Eu terpy, terpy —=—Eu
8.0 8.0 Tb
764 [——Dy 7.6
7.2 7.2
568 s68
(s} o

terpyCHO 6.4

561 5.6 terpyBr
5.2 5.2
terpyNO, terpyNO,
0 1 2 3 4 16 20 24 28 32 36
(a) PK,, (b) X

Fig. 2 Correlation of logK of the Ln(m) (Ln = Eu, Tb, Dy) complexes
with (a) pK;,, and (b) electronegativity y of the ligands. The connecting
lines are visual aids.
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acetonitrile solutions of the Eu(ui)-based complexes are shown
in Fig. 3, those of the Tb(m)-based complexes are in Fig. S31-
S34 and those of the Dy(m)-based complexes are in Fig. S35-
S37. The analogous spectra at 77 K are shown in Fig. S38-5S48.
The absorption was most red-shifted for the complexes with
terpyCHO and most blue-shifted for the complexes with
terpyBr. As all complexes absorbed around 335 nm, the com-
plexes were excited at this wavelength in all cases. The corres-
ponding emission spectra display peaks at 588, 595, 617, 656,
and 685 nm characteristic of the Eu(m)-centred Dy — "F; (J =
0, 1, 2, 3, 4) transitions, 490, 545, 583, 623 nm, D, — 'F; (J =
6, 5, 4, 3) for the Tb(ui)-centred and 482, 575, 663 nm, *Fo/, —
°H; (J = 15/2, 13/2, 11/2) for the Dy(m)-centred transitions.

Table 3 summarizes the photophysical data for the Eu(m)
and Th(m) complexes. The 'S and T excited-state energies for
terpy, determined in this work, were 27 950 and 22 200 cm™,
respectively, higher than the reported values of 26178 and
20041 cm .77 This difference is likely due to the slightly
different complex used by the authors, namely 3 : 1 [La(terpy)s]
ClO,,”” as well as slight differences in the deconvolution of the
experimental spectra. For terpyNO,, terpyBr and terpyCHO 'S
energies were 27 900, 27 330 and 28 000 cm™, respectively, and
3T energies were 22200, 22860, 21740, and 21880 cm™,
respectively. All 'S->T gaps are larger than 5000 cm™", which
facilitates the intersystem crossing.”® The >T states are higher
in energy than the emissive states of both Eu(m) and Tb(i),
consistent with their ability to sensitize the metal-centered
emission. The sensitized emission efficiency ¢}, of the Eu(m)
complexes is highest for terpyBr and terpyCHO, which have *T-
f* gaps of 4510 and 4650 cm ™", respectively, and lowest for
terpy and terpyNO,, which have the largest *T-f* gaps, at 4970
and 5630 cm™', respectively. For all Eu(u) complexes we
observed that the sensitization efficiency 7s.ns correlates inver-
sely with the energy of the triplet state (Fig. 4a).

Tb(m), with its °D, emissive level at 20500 cm™, is most
efficiently sensitized by terpyBr, for which the *T-f* gap is
1240 cm™". This is, surprisingly, the narrowest gap, and should
yield a substantial degree of back-energy transfer.”’ In fact, the

1

0.6
|
1044 [ NO: 10004 [——Br i Br
o ——CHO 800 —— CHO|
; NO, ——NO,
0.8 800 |—H -
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3 8, s
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2 ’ ‘@ D
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< 0.4 E 4001 £
2004
0.2 200
0.0 ; - 0+ : " 0+
200 300 400 500 250 300 350 400 550 600 650 700 750
(a) Wavelength [nm] (b) Wavelength [nm] (c) Wavelength [nm]

Fig. 3 Absorption (a), excitation (b), and emission (c) spectra of Eu-terpyR complexes [R = H (green), NO, (black), Br (blue), and CHO (red)] in aceto-

-1.

nitrile at 298 K. Adexc = 335 nm, dem = 617 nm, slit widths excitation = emission = 5 nm; scan rate = 250 nm min™; gain = 650 V; [complexes] =

0.10 mM.
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Table 3 Energies (E) of singlet (1S) and triplet (°T) states of the ligands, distance (R,) between acceptor (Ln(in)) and singlet (*S) or triplet (°T) states of
the donor ligand, bandwidths () of the peaks corresponding to 'S and T states of the ligands, emission lifetimes (z) at 77 and 298 K, quantum yields
of sensitized emission (¢},,), intrinsic quantum efficiency (4-") and sensitization efficiency (7sens) for the Ln-terpyR (Ln = Eu, Tb, R = H, NO,, CHO, Br)
complexes

terpy terpyNO, terpyBr terpyCHO
E(*S)* [em™"] 27950 + 130 (lit. 26 178)"7 27900 + 50 27330 + 200 28000 + 120
ECT) [em™] 22200 * 50 (lit. 20 041)"7 22 860 + 40 21740 + 40 21880 + 50
AEg 1 [cm™] 5750 5040 5590 6120
AFEp¢
Eu 4970 5630 4510 4650
Tb 1700 2360 1240 1380
R (*S) [A] 3.8071 3.8378 3.7071 3.8378
R.(T) [A] 4.0296 4.1221 3.9202 3.9694
b1y [%]
Eu 9 + 6 (lit. 1.3 (ref. 77)) 26 +4 29+6 29+5
Tb 16 + 6 (lit. 4.7 (ref. 77)) 2+2 2246 16 + 4
i o]
Eu 15+ 1 53+2 41+3 46+2
Tb 32.5£0.3 20.3 0.3 17.8+0.3 29.3 0.3
Msens [%]
Eu 60 + 40 49+8 71+16 63 +11
Tb® 49 + 18 10 + 10 >90% 55 + 14
¥ (*S)? [em™] 1120 490 1870 1560
¥ CT)? [em™] 770 400 890 750
7 [ms] (77 K)
7, (population) Eu 0.30 + 0.01 (70%) 0.40 + 0.01 (61%) 0.75 + 0.02 (44%) 0.25 + 0.01 (69%)
7, (population) 0.93 £ 0.01 (30%) 1.55 + 0.01 (39%) 2.14 £ 0.02 (56%) 0.73 £ 0.01 (31%)
7, (population) Tb 0.42 + 0.06 (15%) 0.24 + 0.01 (30%) 0.79 + 0.02 (63%) 0.53 + 0.01 (21%)
7, (population) 1.14 + 0.03 (85%) 1.13 + 0.01 (70%) 2.04 + 0.01 (37%) 1.23 + 0.01 (79%)
Tay [Ms] (77 K)
Eu 0.49 £ 0.01 0.85 + 0.01 1.53 + 0.04 0.40 £ 0.01
Tb 1.03 + 0.03 0.86 + 0.01 1.25 + 0.02 1.08 + 0.01
7 [ms] (298 K)
Eu 0.92 +0.01 1.49 + 0.01 1.66 = 0.01 1.68 = 0.01
Tb 1.30 + 0.01 0.81 + 0.01 0.71 £ 0.01 1.17 + 0.01
krad [Sil]
Eu 164.0 £ 9.2 358.0 + 21.9 246.9 + 5.3 272.6 + 11.2
Tb® 250.0 250.0 250.0 250.0
knrad [5_1]
Eu 923.0 + 9.2 313.1+21.9 355.5+5.3 322.6 +11.2
Tb 519.2 984.6 1158.5 604.7

“Indicated as the 0-0 transition after deconvolution of the fluorescence or phosphorescence spectra at 77 K (Fig. S57-564).

89 b petermined as the

full width at half maximum of the 0-0 transition. ¢ Calculated assuming ,,q(Tb(u)) = 4 ms.* ¢ Calculations yielded an unrealistically high value
of 124 + 34, the more realistic lower limit value is presented in the table. Likely, this value is due to the assumed free ion 7,,q4 of 4 ms.
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Fig. 4 Correlation between sensitization efficiency 7sens, the triplet
state energy and the donor—acceptor distance R, (*T) for the (a) Eu(m)
complexes and (b) Tb(i1) complexes.

narrow gaps observed for all systems should lead to substantial
back-energy transfer for all except terpyNO,, which has a gap of
2360 cm™ " (vide infra). A similar inverse correlation between #gens
and the triplet energies is seen for the Tb(m) complexes (Fig. 4b).

17856 | Dalton Trans., 2025, 54, 17851-17863

While the *T-f* gap®' is frequently cited as the main cri-
terion for efficient Ln(u) emission, it has been demonstrated
that Ry, the distance between emissive state of the acceptor (Ln
(1)) and the excited state of the donor (ligand) involved in the
energy transfer to the Ln(m), also impacts the sensitization
process.”>®® Assuming that the energy transfer occurs mostly
through the triplet, an increase in R, (*T) is observed in the
order terpyBr (3.9202 A) < terpyCHO (3.9694 A) < terpy
(4.0296 A) < terpyNO, (4.1221 A). If the singlet is considered,
the R;(*S) are in the order terpyBr (3.7071 A) < terpy (3.8071 A)
< terpyNO, (3.8378 A) = terpyCHO (3.8378 A). These values
show a good correlation of the triplet energy, with 7.5 and
R (*T) for Eu(m) (Fig. 4a) and Tb(um) (Fig. 4b) complexes.

The room temperature emission lifetimes ¢ of the Eu(m)
complexes (Table 3 and Fig. S49a-S56a), measured in aceto-
nitrile, range from 0.92 to 1.68 ms; they could be fit to a single
exponential, and are within the expected for this type of com-
plexes. We attribute the longer lifetimes of the substituted

This journal is © The Royal Society of Chemistry 2025
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ligands to increased steric hindrance around the metal ion.
Overall, the lifetimes for the Tb(ur) complexes (Table 3 and
Fig. S49-S56(a)) are in the range 0.71-1.30 ms. They are
shorter than those of the Eu(m) complexes, except in the case
of the terpy-based complexes. We attribute this difference to
the slight size decrease of Tb(ur) with respect to Eu(m); the
structure of the terpyNO, complexes showed a slightly better
fit of Eu(m) in the ligand cavity than Tb(m).** The lifetimes of
the terpy-based complexes, 0.92 ms and 1.30 ms for the Eu(m)
and Tb(m) complexes, are shorter than the reported values of
2.31 ms and 1.20 ms,”” consistent with different ligand-to-
metal ion stoichiometry of the complexes studied here (1:1),
and by Miirner et al. (3:1).”7 At 77 K the emission decay
(Fig. S49-S56b) is best fit with a double exponential for both
ions, which is consistent with two conformations of the Ln(i)-
complexes, as is discussed below.

The radiative (k;.q) and non-radiative (k,..q) rate constants
are similar for all substituted Eu-terpyR complexes. In contrast,
the corresponding rate constants for the terpy complex are
approximately 2 times lower for k.4 and about 2.5-3 times
higher for kpraq. This indicates that adding an EWG to the ter-
pyridine ortho-position, regardless of its nature, leads to a sim-
ultaneous increase in luminescence emission rates and a
decrease in non-radiative luminescence quenching. In the case
of the Tb-complexes, the non-radiative processes dominate,
particularly in the case of the highly electronegative groups
-NO, and -Br.

Determination of the Judd-Ofelt parameters and energy
transfer rates

To further unravel the complexity of the photophysical pro-
perties, we determined the experimental and theoretical Judd-
Ofelt parameters £2,, 2,, and €2, (Table 4). We used, as starting
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geometries for all complexes, the known X-ray single crystal
structures of Eu-terpyNO, and Tb-terpyNO,.** A good match
between the calculated and experimental geometries
(Fig. S65), and the calculated and experimental parameters £2,
and £, (Table 4) was obtained.

These spectral intensity parameters reflect numerous
crystal field effects between the Ln(m) ion and its ligand
environment; £, is very sensitive to distortions of the coordi-
nation sphere symmetry and changes in covalency of the Ln-
ligand bonds, while £2, and £, are more affected by bulk pro-
perties such as viscosity and rigidity.>** For Eu(m) complexes,
0, is strongly related to the hypersensitive D, — "F, emission
peak.94 The observed differences in 2, correlate with the dis-
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Fig. 5 Forward (W) and back energy transfer rates (W,) related to !S—Ln
(%) (a) and *T-Ln (") transitions; (a) for Eu(i) complexes and (b) for Tb(in)
complexes.

Table 4 Coordination polyhedra around the Eu(i) ion (yellow — Eu, red — O, blue — N, purple — Br), distortion of the experimental polyhedra (5),
and experimental and theoretical Judd—Ofelt parameters ©,, 24, Qg, for the Eu(n) and Tb(i) complexes of terpyR (R = H, NO,, Br, CHO)

9, monocapped square antip

rism 10, bicapped square antiprism

Coordination number, polyhedron

Complex terpyBr terpyCHO
s 18.1 20.2 14.7 21.4
Eu-terpyR experimental parameters

0, [x107%° cm?] 3.76 + 0.25 8.57 +0.26 10.35 + 0.50 12.83 +0.10
Q4 [x107%° cm?] 4.29 +0.19 2.65 + 0.07 1.56 + 0.28 4.50 + 0.241
Eu-terpyR theoretical (RM1 Sparkle) parameters

0, [x107%° cm?] 3.76 8.57 10.36 12.83

04 [x107%° cm?] 4.29 2.65 2.14 3.30

Q6 [¥107%° cm?] 2.22 0.98 0.46 2.25
Tb-terpyR theoretical (RM1 Sparkle) parameters

0, [x107%° cm?] 4.61 9.10 10.16 6.75

04 [x107%° cm?] 7.89 5.07 2.84 7.02

Q6 [¥107%° cm?] 3.31 1.59 0.58 2.42
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tortion parameter § from the ideal polyhedron; the larger 6 for
a coordination polyhedron with the same coordination
number, the larger the value of £,. Lower values of £, and £,
correspond to higher molecular rigidity. Based on this, the Eu
(m) complexes with terpyBr and terpyCHO should have the
longest emission lifetimes, which is observed experimentally.
The calculated forward W and back-energy W}, transfer rates
involve transitions from the singlet ('S — Ln (W) (Fig. 5a) and
triplet (*°T — Ln (W")) (Fig. 5b) states to the Ln(m) excited states
and from those back to the ligand singlet (Ln - S (W})) and
triplet (Ln — *T (W})) states; their calculated numerical values,
along with the Ln(m) energy levels participating in the tran-
sitions, are summarized in Tables S1-S2. W° and corres-
ponding WP are higher in the case of Tb(m) complexes.
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Fig. 6 Correlation between energy transfer rates and different para-
meters. Correlations related to the Eu(terpyR) complexes, between the
logarithm of total forward transfer rates and sensitization efficiency (a),
ligand triplet energy (b), donor—acceptor distance (c). Correlations
related to the Tb(terpyR) complexes, between the logarithm of total
forward transfer rates and sensitization efficiency (d), ligand triplet
energy (e), and donor—acceptor distance (f).
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Oppositely, W' of Th-complexes are considerably lower compar-
ing to the Eu-terpyR, except Eu-terpyNO,, for which W' value is
also very low. Thus, W} are higher than W" for all Tb-terpyR,
whereas in the case of Eu-terpyR, W' are higher than W}.

Predominance of back-transfer processes in Tb(u) com-
plexes correlates with the expectation that an efficient ligand-
to-metal energy transfer with negligible back energy transfer is
expected if the ligand’s triplet state is >1850 cm ™" higher than
the Tb(m) °D, level (20 500 cm™").>* This explains the higher
values for Tb-terpyR W} than W' as the ligands’ triplets ener-
gies lie in the range 21 740-22 860 cm ™", close to the °D, level.
For Eu(m), experimental data indicates that ligands with a
minimum triplet state energy of 19800 cm " should easily
transfer energy to the metal.”®™’

Despite significant W], the sensitization of Tb still takes
place, as evidenced by relatively large values of sensitization
efficiency #sens (Table 3). This includes an overestimated #gens
for Tb-terpyBr, likely caused by simplifying the estimate of this
value with the assumption that 7., = 4 ms. Overall, the deter-
mined #ens values correlate with the total rate of forward
energy transfer W*'" values, as shown in Fig. 6. An increase in
total rate of energy transfer from ligand to Ln(m) increases
fsens (Fig. 6a and d). Conversely, W>*T decreases with an
increase in °T and R (*T) (Fig. 6b, c, e and f).®> Moreover, as
W5*T depends on 1/R;, * and 1/R;,° a modest increase of accep-
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Fig. 7 Jabtonski diagram for Eu(terpyBr) (a) and Tb(terpyBr) (b)with
energy transfer (red dashed lines and numbers) and back transfer (blue
dashed lines and numbers) rates.
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tor-donor distance leads to an increase in total W**" of almost
two orders of magnitude from 7.9 x 10° to 3.7 x 10% s,

A Jabtonski diagram for the Eu-terpyBr complex (Fig. 7),
which exhibits the highest efficiency of sensitized emission
@k, = 29% (Table 3), summarizes that the rates of forward
energy transfer are higher than those of back energy transfer.
Jablonski diagrams for the other Eu complexes are presented
in the SI (Fig. S66-S68). A similar predominance of forward
energy transfer is seen for the complexes Eu(terpyNO,), and Eu
(terpyCHO), which have efficiencies of sensitized emission
close to 30%. The efficiency is smaller for Eu(terpy) (9%);
while for this complex the forward rates are also higher, kyaq
is significantly larger than k.,q and thus also has the lowest
intrinsic emission efficiency ¢[? of 15%, while for the other Eu
complexes this value is close to 50%, indicating a better
vibrational shielding of the emissive state with the tetradentate
ligands.

Tb(terpyBr) also displays the largest efficiency of sensitized
emission ¢f, = 22% (Table 3) and its Jablonski diagram is
shown in Fig. 7b. The analogous diagrams for the remaining
Tb complexes are shown in Fig. S69-S71. For all four com-
plexes, uniformly the rates of back-energy transfer to the °T
state are higher than the forward energy transfer, consistent
with the small *T-f* gap (Table 3). Moreover, large values of

View Article Online

Paper

knraa lead to low values of qﬁ‘ﬂn for these complexes. The dia-
grams in Fig. 6 demonstrate that the triplet energy of the
studied ligands decreases in the order NO, > CHO > Br. This
trend inversely correlates with the forward energy transfer
rates, which in turn directly correlate with the sensitization
efficiency. Consequently, among the substituents considered,
the sensitization efficiency of terpy ligands for Eu(m) and Tb
() increases in the order NO, < H » CHO < Br. However, this
trend is not apparent from other properties, such as the
complex stability constants (Table 1) or the distortions of the
metal coordination sphere (Table 4). These observations high-
light the importance of continuing the search for suitable syn-
thetic modifications to design efficient Ln(m) sensitizers, as
not only the energies of the singlet and triplet states influence
energy transfer and sensitization efficiency, but also the
donor-acceptor distances R;, and, as discussed below, the
coordination environment around the Ln(u) ion.

Species leading to double-exponential emission lifetimes

While at room temperature the emission lifetimes fit a single
exponential, at 77 K the emission lifetimes of all complexes
could be fit with a double exponential. Chapman and co-
workers®® reported two conformations for terpy complexes of
Ln(m), consistent with decomplexation and the rotation of one

> | ()

Free Energy (kcal.mol™)

0

Fig. 8

4.2

(a) Three structures considered for the Eu(terpyNO,) complex representing isomerization via decomplexation. (b) The free energy surface for

the de-coordination of the pyridine nitrogen in the Eu(terpyNO,)(NOz)s complex. The structure on the left, right and middle are the geometries of
the bound complex, unbound complex and the transition state structure respectively.
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of the outside pyridine rings. These authors observed the
coordination of terpyridine to Eu(u) in acetonitrile as a triden-
tate ligand in a cis—cis-cis conformation, and as a bidentate
ligand with a cis-cis-trans conformation, with an acetonitrile
molecule completing the coordination sphere. To assess the
presence here of two species we calculated representatively, via
a higher level of theory (relativistic Hamiltonian DKH2DFT),
the isomerization for the Eu(terpyNO,) complexes via the
partial decomplexation of one of the pyridine rings followed by
rotation of the pyridine ring away from the metal ion (Fig. 8a),
either the unsubstituted ring, or the one containing the NO,
group. From geometry optimization, we found that an aceto-
nitrile solvent molecule coordinates to the Eu(m) ion.
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Multiple coordination modes for the coordinated aceto-
nitrile molecule were considered for the structure of the Eu
(terpyNO,) complex in the partially coordinated confor-
mations, as there are multiple binding sites for the aceto-
nitrile. The partially complexed isomer with the lowest com-
puted relative free energy is 4.2 kcal mol™" higher in energy
than the completely coordinated complex. In this confor-
mation, the NO,-containing pyridine ring rotates, followed by
a re-arrangement of the nitrate and acetonitrile molecules.
Additionally, three other partially uncoordinated conformers
with free energies at 5.9, 6.2, and 6.5 kcal mol™ were found.
Assuming the activation free energy of rotation for these
different coordination modes are similar, the presence of mul-
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Fig. 9 'H-NMR spectra of Eu(terpy)(NOs)s at (ll) +24 °C and (IV) —30 °C and Eu(terpyNO,)(NOs3)s at (VI) +24 °C and (VII) =30 °C. Corresponding

structural formulas (1, Ill, V, VII) are presented for clarity.
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tiple different coordination mode shifts the equilibrium
further towards the uncomplexed systems.

The activation free energy for the rotation of the pyridine
ring was found to be 7.6 kcal mol™' (Fig. 8b). Using the
Arrhenius equation, and assuming a pre-exponential factor in
the order of kzT/h, the rate constants of forward and backward
reactions at 77 K are in the order of 107° s~ and 10°® s7*,
respectively. This is in contrast with the much higher rates of
10”7 57" and 10"° s7* for the forward and backward reactions at
300 K. This indicates that the interconversion between the
fully coordinated complex and the partially uncoordinated
complex isomers is orders of magnitude faster at 300 K than
77 K, which enables the presence of the two species at the
lower temperature and is consistent with the double exponen-
tial decay.

Further experimental evidence for these two species was
procured by "H-NMR spectroscopy. Comparison of spectra of
Eu(terpy)(NO;); and Eu(terpyNO,)(NO3); at room temperature
(Fig. 9; and 9y;), respectively) and at —30 °C (Fig. 9yi; and 9y,
respectively) show a splitting of peaks at the lower tempera-
ture, consistent with the formation of different structures. A
noticeable downfield shift of the signal of the meta-hydrogen
in the pyridine ring (denoted as H?) was observed upon
cooling. In the case of Eu(terpy)(NO;); the downfield shift of
HY is not easily observable due to overlapping signals. The
signals corresponding to the H? protons (8.67 ppm, ddt, J =
7.99, 1.16, 1.16 Hz) and the H" protons (8.72 ppm, ddd, J =
4.83, 1.86, 0.98 Hz) are easily distinguishable (Fig. ).
Lowering the temperature causes the appearance of additional
peaks in between these two, resulting in a multiplet at
8.69 ppm (Fig. 9y).

For this complex, H* (8.71 ppm, d, J = 4.79 Hz) and H? (m,
8.66 ppm) can be easily distinguished at room temperature
(Fig. 91v); however, they overlap at —30 °C (Fig. 9vi). The shifts
of other peaks are less prominent, consistent with the assump-
tion that the distance between H® and Eu(m) shortens upon
rotation of the pyridine ring at lower temperature.

Conclusions

In this paper, we synthesized terpyridine ligands with different
electron-withdrawing functional groups to study how the
nature of these groups influences the formation of Eu and Tb
complexes and the efficiency of sensitized emission in these
complexes. We found that the higher stability constants of the
complexes are obtained for the ligands with the highest pK,,
the second protonation constant of the terpyridine-based
ligands. All complexes display Ln(m)-centred emission.
Especially in the case of Eu(m), we found that the more dis-
torted the structure of the polyhedron around the metal ion,
the largest the 2, Judd-Ofelt parameter, and such distortions
were largest for the terpyBr and terpyCHO complexes; these
also display the largest efficiency of sensitized emission for Eu
(m). Lifetime measurements indicated the formation of two
species at 77 K, which were explained, through DFT calculation

This journal is © The Royal Society of Chemistry 2025
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and supported by "H-NMR measurements, by the formation of
partially decomplexed structures, as had been previously
observed for other terpy-based lanthanide complexes. Overall,
these findings provide valuable design principles for designing
terpyridine-based ligands to optimize the luminescence pro-
perties of lanthanide complexes. Ultimately, they highlight the
complexity of tailoring ligand properties for sensitization of Ln
(m)-centred emission; in addition to the energies of singlet
and triplet states, coordination environment and donor-accep-
tor distances also play an important role.
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