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Abstract: A series of tridentate benz-
imidazole-substituted  pyridine-2-car-
boxylic acids have been prepared with
a halogen, methyl or alkoxy group in
the 6-position of the benzimidazole
ring, which additionally contains a solu-
bilising N-alkyl chain. The ligands form
neutral homoleptic nine-coordinate
lanthanum, europium and terbium
complexes as established from X-ray
crystallographic analysis of eight struc-
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plexes with absorption maxima in the
range  321-341nm  (e=(4.9-6.0)x
10*°Mm'em™) and triplet-state energies
between 21300 and 18800 cm™!; the
largest redshifts occur for bromine and
electron-donor alkoxy substituents. The
ligands efficiently sensitise europium
luminescence with overall quantum
yields (Qf") and observed lifetimes
(tons) reaching 71% and 3.00 ms, re-
spectively, in the solid state and 52 %

and 2.81 ms, respectively, in CH,Cl, at
room temperature. The radiative life-
times of the Eu(°D,) level amount to
T,4=3.6-4.6ms and the sensitisation
efficiency 7sens = OF(Trad/Tons) 1S close to
unity for most of the complexes in the
solid state and equal to approximately
80 % in solution. The photophysical pa-
rameters of the complexes correlate
with the triplet energy of the ligands,
which in turn is determined by the

tures. The coordination polyhedron
around the lanthanide ion is close to a
tricapped trigonal prism with ligands
arranged in an up-up-down fashion.
The coordinated ligands serve as light-
harvesting chromophores in the com-

um -
time

Introduction

Trivalent europium is one of the most intriguing and re-
sourceful lanthanide luminescent ions. Its red emission line
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nature of the benzimidazole substitu-
ent. Facile modification of the ligands
makes them promising for the develop-
ment of brightly emissive europium-
containing materials.

at 610 nm (°D,—F, transition) was first detected by Sir Wil-
liam Crookes in the spectrum of Sm™ in 1885 and confirmed
by Lecoq de Boisbaudran in 1892; the entire phosphores-
cence spectrum from both the *D, and °D; levels was subse-
quently recorded and assigned in 1900 by Demargais, who a
short while later positively identified the new element.!]
Some specific emission features of Eu™ are responsible for
its wide use in photonic applications, namely: 1) the energy
gap between the most emissive °D, level and the highest
sub-level of the ground state, 'F,, is large enough
(12000 cm™) to minimise non-radiative de-activations,
except when high-energy phonons (i.e., OH or NH) are op-
erative in the inner coordination sphere; in this case, howev-
er, the luminescence quenching may be turned into an ad-
vantage for the determination of the hydration number;*?
2) the lifetime of the °D, level is in the millisecond range
and may even reach values up to 14 ms™** in inorganic com-
pounds, thus allowing time-resolved detection with simple
instrumentation, a definite advantage for analytical applica-
tions; 3) depending on the inorganic matrix or organic com-
plex the Eu™ ion is embedded into, the emission may be ex-
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tremely monochromatic; in [-diketonates, for instance, the
’D,—F, transition accounts for up to approximately 80 %
of the total emission intensity; in addition, the colour is tun-
able: when Eu™ lies on an inversion centre, the magnetic
dipole *D,—’F, transition (~590 nm) is favoured over the
electric dipole transitions, thereby shifting the emitted
colour to orange; 4) the D, level is un-split by ligand-field
effects, thus leading to easy interpretation of the F, ligand-
field sub-levels of the ground term in terms of site symme-
try; this makes Eu" an ideal structural probe.*”

As a consequence, practical applications for europium lu-
minescence have proliferated since the first phosphor with
bright red emission, Y,0;:Eu (quantum yield=90%),® was
discovered by Urbain at the beginning of the twentieth cen-
tury.”! Following this initial success, a wealth of other Eu-ac-
tivated luminescent materials and molecular compounds
have been prepared.'“' Electroluminescent devices,'” se-
curity inks," plastic films for agriculture," analytical and
sensing probes,['”l as well as bioprobes for immunoassays!'®
or for imaging live cells,'”! all benefit from europium lumi-
nescence and are the subject of very active research.

One of the key features in the design of highly lumines-
cent Eu-containing compounds is the fact that dipole
strengths of the f—f transitions are very faint,"® which re-
quires a sensitisation process in which energy absorbed by
the Eu™ surroundings is transferred onto the excited states
of the ion. The entire process is intricate since several mech-
anisms and numerous ligand and metal-ion states are in-
volved.'] The overall efficiency of a luminescent material is
given by (1)Q(4), in which (1) is the molar absorption co-
efficient at the wavelength used for the determination of the
quantum yield Q. Optimising the design of such a com-
pound requires a large ¢(4) value, as well as Q as close to
unity as possible. In fact, O, or more precisely OF', the
quantum yield obtained upon ligand excitation, depends on
two essential parameters. The first is the efficiency with
which the ligands transfer energy onto the europium ion,
Nens and the second is the intrinsic quantum yield, QF,
namely, the quantum yield upon direct excitation into the f
level [Eq. (1)]:

Eu = ”sensQEE = nsens(robs/rrad) (1)

In turn, the intrinsic quantum yield is governed by two fac-
tors: 1) non-radiative de-activations, which can be minimised
by designing a rigid Eu™ environment devoid of high-
energy vibrations, thus leading to a longer observed lifetime,
Toe and 2) the value of the radiative lifetime, 7,,4. The small-
er the latter, the more easily radiative de-activation can
compete with non-radiative ones, as we have shown recently
for a series of luminescent Yb™ complexes.’’ Decreasing
T,aq implies mixing ligand states in the 4f orbitals to render
f—f transitions less forbidden but, in turn, this may lead to
enhanced non-radiative de-activation and no clear strategy
has been proposed yet for controlling this parameter. An-
other feature of Eu™ relevant to the design of luminescent
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compounds is its ability to form relatively low-lying ligand-
to-metal charge-transfer (LMCT) states; when the energy of
this state is too low (typically <25000cm™), efficient
quenching of the metal-centred luminescence occurs,*!!
whereas when it is higher, energy can be pumped from the
ligand to the metal ion through such a state.*

With respect to molecular complexes, several classes of
organic ligands have been tested for generating highly lumi-
nescent europium compounds, the most studied ones being
B-diketonates, ™ with QF" reaching 85% for [Eu(thenoyl-
trifluoroacetylacetonate),(dibenzylsulfoxide),].'”]  However,
bidentate B-diketonates cannot provide neutral homoleptic
lanthanide complexes with a saturated coordination sphere
and, in addition, they are sensitive to photobleaching under
UV irradiation.”"! Therefore the search for other types of li-
gands is actively ongoing;*” for instance, Q" values of 60
and 70 % have been recently reported for [Eu{4-(phenyl)-6-
(2'-pyridyl)pyridine-2-carboxylate};]*  and  for  [Eu-
(NO,)5(2,2-bipyrimidine),], respectively.”" In a preliminary
communication,”” we have described a strategy based on
benzimidazole-substituted pyridine-2-carboxylic acids® for
obtaining homoleptic neutral europium chelates. The wrap-
ping of three of these tridentate ligands around the Eu™ ion
provides a saturated N4O; nine-coordinate environment;®
the benzimidazole—pyridine chromophore acts as efficient
antenna for sensitising Eu™ luminescence,”! thereby leading
to quantum yields as large as 61 % for EuL1 (Scheme 1).*
In this paper, we expand this initial work by synthesising a
series of ligands fitted with various substituents at the benzi-
midazole ring. The resulting tris complexes are structurally
characterised and their photophysical properties reveal
highly luminescent molecular europium compounds with
large molar absorption coefficients and quantum yields and
long excited-state lifetimes.
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R'=CH, R'= C4Hg
HL1: R=H HL4Me: R = CH;,
HL401: R = OCH,

- A
YOY

R'= CgHq7
HL8:R=H

HL8R: R =F, CI, Br
HL8Me: R = CHj3
Ln: La, Eu, Tb HL808: R = OCgH47
Scheme 1. Synthesis of benzimidazole-substituted pyridine-2-carboxylic
acids and their lanthanide complexes. Reaction conditions: a) Na,S,0,, 2-
methoxyethanol/H,O, under N,, 110°C; b) SeO,, dioxane, under N,,
110°C; ¢) H,0,, formic acid, under air, 0°C; d) LnCl;n H,O, NaOH, eth-
anol/H,0, under air, heating.
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Results and Discussion

Synthetic aspects: The ligands have been synthesised in
three steps from 2-carboxaldehyde-6-hydroxymethylpyridine
and substituted o-nitroanilines (Scheme 1). An efficient syn-
thesis of the former intermediate has been recently de-
scribed by our group,® whereas the latter are available by
means of a facile reaction of primary alkylamines with 2-hal-
onitrobenzenes in dimethylsulfoxide (DMSO; Scheme 2). In

F. OH F OCgH
e
O,N 95% O,N
CgH17
Cl Cl HN Cl
2 1T
N 8% o
CgHi7
F

Q

R HN R
o T
O,5N
R = H: 100%; F: 82%; Br: 67%;
CHs: 97%; OCgH,7: 100%

O,N

Scheme 2. Synthesis of precursors. Reaction conditions: a) 1-octylbro-
mide, K,CO;, dry DMF, under N,, 80°C; b) n-octylamine (excess, used as
a reagent and as a base), dry DMSO, under N,, heating.

the first step, the benzimidazole ring was formed by reacting
2-carboxaldehyde-6-hydroxymethylpyridine with o-nitroani-
line in the presence of Na,S,0, in 2-methoxyethanol/H,0.5")
In the second step, a hydroxymethylpyridine was oxidised to
a carboxaldehyde with SeO, in dioxane. Finally, the alde-
hyde was oxidised with H,O,/formic acid to yield a carboxyl-
ic acid.’® The advantages of this synthetic approach are
1) the easy availability of the starting materials, 2) the effi-
cient formation of the benzimidazole ring under mild condi-
tions, and 3) the selective step-wise oxidation that does not
result in degradation of the alkyl groups or in N-oxide for-
mation. At least two convenient attachment points are avail-
able for subsequent grafting of the ligands with functional
groups (e.g., chromophore or charge transport), namely, the
amine nitrogen on benzimidazole ring and a hydroxyl group
of 3-fluoro-4-nitrophenol, which is a precursor to HL401
and HL808 (Scheme 2). In addition, a bromine group in
ligand HL8Br and its precursors offers opportunities for
carbon-carbon or carbon-heteroatom coupling.

To test the influence of the substituents on both the for-
mation of the complexes and their photophysical properties,
ligands have been prepared that bear electron-acceptor (F,
Cl), or electron-donor groups (CH,;, OCH;, OCgHy;), or a
‘heavy’ atom (Br) at the 6-position of the benzimidazole
ring (Scheme 1). Introducing a substituent in this position
prevents its steric interference with metal binding while still
allowing it to influence the electron density of the coordi-
nating benzimidazole N atom, as a result of the two groups
being in para configuration. Additionally, variation of the
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length of the N-alkyl chain allows one to control the solubil-
ity of both ligands and complexes.

Complexes with composition [Ln(i*-ligand);]-nH,0 (n=
0-2; Ln=La, Eu, Tb; abbreviated as LnLigand) have been
isolated as air- and moisture-stable white solids by reacting
the ligand, sodium hydroxide, and lanthanide chloride in
3:3:1 ratio in hot aqueous ethanol (Scheme 1). The com-
plexes containing N-methyl or N-butyl benzimidazoles are
only soluble in DMSOj; the ones with longer N-octyl chains
are also soluble in non-coordinating CH,Cl,. They have
been characterised by elemental analysis (C, H, N), X-ray
crystallography, electronic absorption and luminescence
spectroscopy. Syntheses of ligands HL1, HL4Me, their La
and Eu complexes, and discussion of their spectroscopic
properties have been reported in a preliminary communica-
tion.[*!

Structural characterisation of the complexes: Single crystals
suitable for X-ray analysis could be obtained for [Ln(L1);],
[Ln(L4Me);] (Ln=La, Eu, Tb) and [Ln(L401);] (Ln=La,
Eu); their molecular structures are shown in Figure 1 and
selected parameters are collected in Table 1.

All of the complexes share similar structural properties.
The lanthanide ion is 9-coordinated by three ligands and its
coordination polyhedron can be described as a distorted tri-
capped trigonal prism (TCTP, Figure 2),*! with N(py) (py=
pyridine) atoms in capping positions and forming a plane
with Ln. Two triangular faces of the prism are defined by O-
N(b)-N(b) and O-O-N(b) atoms (b=benzimidazole). Each
of the three ligands spans both triangular faces of the TCTP
through a capping position. However, the complex lacks C;
symmetry as the ligands are arranged in an up-up—-down
fashion around the metal. The crystal structures of [Ln-
(L4Me);] (Ln=La, Tb) contain two independent molecules
with slightly different metal-ligand bond lengths.

The coordinated ligands are generally not planar with di-
hedral angles between pyridine and benzimidazole in the
range of 2-40°. They are not equally strongly bonded to the
metal ion, as reflected in the different respective sets of
bond lengths that decrease in the order La>Eu~Tb as a
result of lanthanide contraction. The metal ion is preferen-
tially bound to the pyridine-2-carboxylate, whereas bonding
to the benzimidazole is relatively weak, which is reflected in
longer bond lengths, Ln—O < Ln—N(py) <Ln—N(b), and in
their wider variation. Within a complex, the distribution of
bond lengths is surprisingly uniform for pyridine compared
to carboxylate with A=0.004-0.060 A for Ln—N(py), 0.018—
0.127 A for Ln—O and 0.072-0.283 A for Ln—N(b) (Table 1).

In all LnL1 structures, two of the ligands are likely to be
involved in an intra-complex stacking interaction, as their
imidazole rings are nearly parallel and partially overlap with
distances of approximately 3.5 A (Figure 1A-C). The co-
crystallised water molecule in LnL401 forms a hydrogen
bond with the carbonyl oxygen of a carboxylate group with
O--O(water) =2.781(5) A for La and 2.791(10) for Eu; how-
ever, the Ln--O(water) distances are >7.1 A and preclude
interaction between them. The structure of ThL4Me con-
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Figure 1. Molecular structures of the lanthanide complexes (50% probability ellipsoids; H atoms, N-butyl
groups and co-crystallised solvent molecules omitted). Heteroatoms: O, red; N, blue; Ln, black. A—C) LnL1
(Ln=La, Eu, Tb). D-F) LnL4Me (Ln=La, Eu, Tb). G, H) LnL401 (Ln=La, Eu). Only one of the two inde-

pendent molecules is shown for LaL4Me and TbL4Me.

tains four co-crystallised water molecules that form three
hydrogen bonds with two independent molecules of the
complex. The interaction with the first complex consists of a
bond to a carbonyl group with O--O(water)=2.865 A and
Tb1--O(water)=7.169 A. For the other complex there are
bonds to 1)the hydroxy group of one ligand with
O--O(water)=2.774 A and a short Tb2--O(water) distance
of 4.643 A, which may allow interaction between Tb™ and
water; and 2)a carbonyl of another ligand with
O--O(water)=2.778 A and Tb2--O(water)=6.986 A. Final-
ly, the inter-metal distances in the structures are >9.3 A,
which is likely to prevent intermetallic interaction, an a
priori favourable situation for luminescent properties.

The relative bonding strengths of the ligands have been
quantified with the bond-valence method“” wherein a

Chem. Eur. J. 2009, 15, 10790 -10802

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

donor atom j lying at a dis-
tance dp,; from the metal ion
is characterised by a bond-va-

lence contribution 20
[Eq. (2)]:
Vinj = e<RLn./’dLn./)/b (2)

in which R,,; are the bond-va-
lence parameters for the pair
of interacting atoms (Ln—O!
or Ln—NM) and b is a con-
stant equal to 0.37A. The
bond-valence sum (BVS) of
the metal ion Vi, defined by
Equation (3) is supposed to
match its formal oxidation
state if average bond lengths
are standard:

Vin = Z VLnj (3)

As Table 2 shows, the BVS
values for the new structures
are in the range of 2.85-3.13
and match well the expected
value for Ln™ (3.00) within the
variability of the method, ac-
cepted to be +0.25 valence
units, and therefore confirm
the good quality of the crystal-
lographic data. For the majori-
ty of La and Eu structures,
BVS=3.01-3.05. The only ex-
ception is one of the two inde-
pendent molecules in LaL4Me,
which has a slightly larger than
expected BVS of 3.13; the lan-
thanum ion in this complex ap-
pears to be on the borderline
between 9- and 8-coordination
and exclusion of the longest La—N(b) bond results in BVS =
2.94. For the smaller Tb ion, a consistently lower BVS is cal-
culated (2.85-2.93), which may indicate steric crowding of
the ligands resulting in weaker, thus longer bonds. The aver-
age contributions from the various coordinating groups are
nearly constant and are in the expected series, v(O),
0.42(4) > v(N(py)), 0.31(2) > v(N(b)), 0.27(6), and very simi-
lar to the parameters obtained for a series of Yb—Na binu-
clear complexes with benzoxazole-substituted 8-hydroxyqui-
nolines.?

Ligand-centred electronic states: UV/Vis absorption spectra
of the ligands have been recorded in DMSO, whereas for
the complexes, the chosen solvent was non-coordinating
CH,Cl, (the ligands themselves are insoluble in CH,CL,).
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Table 1. Selected structural parameters of the complexes.!

Bond lengths [A]" Angle [°]* Ln-Ln
Ln—O Ln—N(py) Ln—N(b) py-b [A]¢
[La(L1);] 2.423(4) 2.707(5) 2.723(5) 2.41 9.391
2.459(4) 2.709(5) 2.796(5) 26.64
2.470(4) 2.685(5) 2.785(5) 40.28
2.451(20) 2.700(11) 2.768(32) 23(16)
0.047 0.024 0.073 38
[Eu(L1);] 2.339(2) 2.594(3) 2.632(3) 4.10 9.314
2.355(3) 2.585(3) 2.701(3) 26.60
2.357(2) 2.555(3) 2.704(3) 38.73
2.350(8) 2.578(17) 2.679(33) 23(14)
0.018 0.039 0.072 35
[Tb(L1)] 2.327(3) 2.546(3) 2.579(3) 12.32 9.534
2.328(3) 2.562(3) 2.673(3) 29.27
2.377(3) 2.564(3) 2.682(4) 33.290
26.46!°!
2.344(23) 2.557(8) 2.645(47) 25 (8)
0.05 0.018 0.103 21
[La(L4Me),] (1)1 2.429(11) 2.651(12) 2.750(12) 20.03 10.128
2.449(11) 2.698(12) 2.588(13) 6.48
2.499(13) 2.699(12) 2.871(12) 34.35
2.459(29) 2.683(22) 2.736(116) 20 (11)
0.07 0.048 0.283 28
[La(L4Me),] (2)1 2.429(11) 2.695(13) 2.741(13) 8.28
2.430(10) 2.699(12) 2.631(12) 20.65
2.556(11) 2.698(12) 2.839(12) 36.77
2.472(60) 2.697(2) 2.737(85) 22 (12)
0.127 0.004 0.208 28
[Eu(L4Me);,] 2.342(2) 2.588(3) 2.564(3) 428 9.633
2.365(2) 2.588(3) 2.613(3) 8.33
2.393(2) 2.604(3) 2.735(3) 31.86
2.367(21) 2.593(8) 2.637(72) 15 (12)
0.051 0.016 0.171 28
[Tb(L4Me);] (1)1 2.336(3) 2.576(3) 2.601(4) 19.69 10.094
2.337(3) 2.551(4) 2.560(3) 6.29
2.363(3) 2.575(4) 2.772(4) 31.29
2.345(12) 2.567(12) 2.644(92) 19 (10)
0.027 0.025 0.212 25
[Tb(L4Me);] (2)1 2.332(3) 2.564(4) 2.572(3) 9.73
2.337(3) 2.551(3) 2.575(4) 19.70
2.430(3) 2.596(4) 2.776(3) 36.70
2.366(45) 2.570(19) 2.641(95) 22 (11)
0.098 0.045 0.204 27
[La(L401),] 2.4458(17) 2.6726(19) 2.692(2) 8.38 9.700
2.4620(17) 2.702(2) 2.7229(19) 18.24
2.4815(18) 2.688(2) 2.881(2) 33.03
2.463(15) 2.688(12) 2.765(83) 20 (10)
0.036 0.029 0.189 25
[Eu(L401);] 2.347(4) 2.533(5) 2.574(5) 7.80 9.647
2.356(3) 2.593(4) 2.592(5) 14.31
2.394(3) 2.584(4) 2.808(4) 34.19
2.366(20) 2.570(26) 2.658(106) 19 (11)
0.047 0.060 0.234 26

[a] Each line in the table corresponds to one and the same ligand in the complex. Numbers in bold are aver-
aged data (with standard deviations o in the parenthesis); values in bold and in italic are the differences be-
tween the minimum and the maximum values. [b] N(py) and N(b) are nitrogen atoms of pyridine and benzimi-
dazole rings, respectively. [c] Dihedral angles between the planes of pyridine and benzimidazole defined by C
and N atoms of core rings. [d] The shortest Ln-Ln distance in the structure. [¢] Benzimidazole group is disor-
dered over two positions. [f] Two independent molecules are present in the unit cell of these complexes.

The corresponding spectra are shown in Figure 3 and Figur-
es S1-S8 (see the Supporting Information), whereas the
main spectral features are summarised in Table3 and
Table S1 (also in the Supporting Information).
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The ligands display a compo-
site broad absorption band in
the UV range corresponding to
m—o¥ transitions with a maxi-
mum at 315-331nm, two
shoulders at shorter and longer
wavelengths and a cut-off be-
tween 350 and 375nm.
The maximum is shifted to
lower energies in the order
(F, H)>Cl~Br>CH;>OCH;~
OCsH;;. The largest redshift is
recorded for electron-donor
alkoxy groups (=17 nm) and
can be explained by a contri-
bution of a charge-transfer
transition localised on benz-
imidazole ring wherein the
imine moiety acts as an ac-
ceptor. The shifts are smaller
for the other substituents,
<6nm. The intensity of the
band is in the range (2.2-2.6) x
10*m'em™', and decreases in
the order Br>Cl>(OCH,,
CH;) > (OCgH,;, F) >H.

Upon complex formation,
the ligand-centred absorption
bands sustain redshifts of
about 10nm for the maxima
and 10-25 nm for the cut-offs.
The wavelengths of the absorp-
tion maxima in the complexes
follow the trend observed in
the free ligands. A small red-
shift, <3 nm, is observed as
lanthanum is substituted by eu-
ropium. The ligand absorption
in the complexes is significant,
with the molar absorption co-
efficient reaching (4.9-6.0)x
10°m'em™'. These features
point to the ligands being ade-
quate light-harvesting chromo-
phores for the sensitisation of
lanthanide luminescence.

In one of the preferred
energy migration paths in lan-
thanide complexes, excitation
energy is funnelled to the
metal ion through the long-
lived ligand-centred triplet

state.'>*) Thus, for a ligand to be a suitable sensitiser, its
triplet state should be situated above the Ln emitting level
and the energy gap between them is often correlated with
the overall quantum yield; too large a gap leads to ineffi-
cient transfer, whereas too small a gap results in back trans-

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2009, 15, 10790 -10802


www.chemeurj.org

Luminescent Europium Complexes

Figure 2. Coordination environment of Eu" in the complex [Eu(L1);].
Heteroatoms: O, red; N, blue; Eu, black.

Table 2. Calculated bond valence parameters.!

Vin VLa (O) Viai(N)

N(py) N(b) N(av.)
[La(L1)s] 3.01 0.44(3) 0.31(1) 0.26(3) 0.28(3)
[Eu(L1)3] 3.01 0.43(1) 0.32(1) 0.25(2) 0.29(4)
[Tb(L1),] 2.93 0.41(3) 0.32(1) 0.25(3) 0.28(4)
[La(L4Me);] (1)® 3.13 0.43(3) 0.32(2) 0.29(9) 0.31(7)
[La(L4Me),] (2)"! 3.04 0.42(6) 0.31(1) 0.28(6) 0.30(5)
[Eu(L4Me);] 3.01 0.41(2) 0.31(1) 0.28(5) 0.30(4)
[Tb(L4Me);] (1) 291 0.41(1) 0.31(1) 0.26(6) 0.28(5)
[Tb(L4Me);] (2)!"! 2.85 0.39(5) 0.30(2) 0.26(6) 0.28(5)
[La(L401);] 3.02 0.43(2) 0.32(1) 0.26(5) 0.29(5)
[Eu(L401);] 3.05 0.41(2) 0.33(2) 0.27(7) 0.30(6)
all data 0.42(4) 0.31(2) 0.27(6) 0.29(5)

[a] Averaged bond-valence contribution is listed with standard deviation
(0) in parentheses. [b] Two independent molecules are present in the unit
cell of these complexes.

60 [EulL8)]
50

40-

301 HL8
20

102 /M cm™

101

Q T . r T )
250 275 300 325 350 375
A/nm

Figure 3. Absorption spectra of ligand HL8 (1.60x 10*m) in DMSO and
its complex [Eu(L8);] (5.29x107°m) in CH,Cl,. All other absorption
spectra are similar and are provided in the Supporting Information.

fer.**%] The phosphorescence spectra of the lanthanum
complexes display bands with vibrational spacing on the
order of 1060-1530 cm™, which is attributable to ring-
breathing modes (Figure 4, Table 4). The triplet energies of
the ligands (E;) have been determined from the zero-
phonon transition and are in the range of 21300-18760 cm™!
(Table 4) and decrease as a function of the substituents as
(H, F, C1) > CH; > Br>OCgH,;, > OCHj, that is, roughly fol-
lowing the trend observed in the absorption spectra
(Table 3). The largest redshift, 1800-2400 cm™!, is observed
for alkoxy-substituted ligands; for others the shift is within
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Table 3. Absorption spectra of the ligands in DMSO and their europium
complexes in CH,Cl,.1"

Amax [nm] (¢ [10°m~'cm™'])

HLS 315 (22) [Eu(L8),] 321 (51)
HLSF 315 (23) [Eu(L8F),] 322 (52)
HLSCI 318 (25) [Eu(L8CI),] 325 (56)
HLSBr 319 (26) [Eu(L8Br);] 326 (60)
HL8Me!"! 321 (24) [Eu(L8Me);]-0.5H,0 328 (53)
HLSOS 332 (23) [Eu(L808),]-1.5H,0 341 (49)
HL401" 331 (24) [Eu(L401);]-H,0O' 336 (56)

[a] Spectra were recorded at room temperature at 250-500 nm. Estimated
errors are +1 nm for A,,, and 5% for e. Absorption data for La™ and
Tb™ complexes are similar and are provided in Table S1 in the Support-
ing Information. [b] Elemental analyses correspond to compositions
HL8Me-0.5 HCO,H-0.25H,0 and HL401-H,0, respectively. [c] Recorded
in DMSO. The complex is insoluble in CH,Cl,; its ¢ has been calculated
by assuming that it remains un-dissociated in DMSO.

L401

L8O8

L8Br

O

L8ClI

L8F

Intensity / a.u.

L8

450 500 550 600 650 700
Alnm

Figure 4. Phosphorescence spectra (corrected and normalised) of lantha-
num complexes in the solid state at 77 K (4., =320-340 nm; emission
slit: 5 or 7 nm).

Table 4. Energies of the phonon transitions in the phosphorescence spec-
tra of lanthanum complexes in solid state at 77 K.

E [cm™]

0-0 0-1 A 0-2 A
[La(L8)3] 21140 19650 1490 18300 1350
[La(L8F)] 21100 19570 1530 18300 1270
[La(L8CI),] 21300 - - - -
[La(L8Br);]-2H,O 20280 19120 1160 17920 1200
[La(L8Me);] 20790 19310 1490 17950 1360
[La(L808);]-1.5H,0 19340 17950 1390 16810 1140
[La(L401);]-H,O 18760 17700 1060 16470 1230

500 cm™' apart from a surprisingly low energy for L8Br~
(down by 860 cm™). With respect to the aim of this work,
the energy gap between Ep and °D, states is in the 3900-
1500 cm ™' range, which is an almost ideal situation for sensi-
tisation of Eu™ luminescence (Figure 5).

Europium-centred luminescence: Under ligand excitation,
all europium complexes emit characteristic metal-centred lu-
minescence in the solid state, CH,Cl, and under the form of
thin film with a thickness of approximately 50 nm. The cor-
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Figure 5. Partial energy diagram of Eu™ and Tb" ions, and energy of the
ligand-centred triplet states in La™ complexes at 77 K; 1) LaL8ClI,
2) LaL8, 3)LaL8F, 4)LaL8Me, 5)Lal4Me, 6)LaL8Br, 7)Lall,
8) LaLPh, 9) LaL808, 10) LaL4OL.

responding spectra are shown in Figure 6 and Figures S9-
S14 (see the Supporting Information), whereas relevant pa-
rameters are listed in Table 5 and Tables S2-S3 (Supporting

thin film

solution

Intensity / a.u.

575 600 625 650 675 700 725
Alnm
Figure 6. Luminescence spectra (corrected and normalised) of [Eu(L8);]
that display the “D,—’F, (/=0-4) transitions at room temperature for
samples in the solid state, 8.3x107*M in CH,Cl,, and as thin film spin-
coated on a quartz substrate; 4., =330 nm; emission slit: 0.2 nm (solid)
or 0.5 nm. Emission spectra for other europium complexes are similar
and are provided in the Supporting Information.

Information). The excitation spectra display prominent
ligand bands in the UV range and faint f-f transitions at 395
(’L¢«"F,;) and 463 nm (°D,+F,,), thus confirming the sen-
sitisation of the europium luminescence by the ligands (Fig-
ures S15-S16 in the Supporting Information).

The europium-centred emission spectra are similar for all
complexes and display sharp bands in the solid state that
become broader in solution and more so in the thin film
(Figure 6). They are typical of Eu™ ions in a low symmetry,
pseudo-TCTP environment in accordance with X-ray analy-
sis (Figure 2), with emission intensity fairly equally distribut-
ed in the 590-720 nm spectral range. The relative band in-
tensities normalised with respect to the magnetic-dipole
’D,—F, transition depend on the medium (Table S2 in the
Supporting Information) and the total integrated relative in-
tensity increases by up to 20% in going from the solid state
to the solution and to the thin film. The ’D,—’F, transition
is very weak and represents only 0.5 % of the total emission.
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Table 5. Photophysical parameters of europium and terbium complexes
at room temperature.”

Ln Eu
Complex Tobs Trad Eu Msens

ms] (%] [ms) [%]

[Eu(L8),] solid 295(2) 71(1) 460 64  ~100
CH,Cl, 276(1) 52(1) 439 63 83
thin film  2.46(2) - 364 68 -

[Eu(L8F);] solid 3.002) 68(3) 442 68 100
CH,Cl, 274(2) 51(1) 434 63 81

[Eu(L8CI);] solid 294(3) 71(2) 442 67  ~100
CH,Cl, 271(1) 512) 435 62 82

[Eu(L8Br);] solid 251(1) 54(1) 415 60 89
CH,Cl, 273(2) 51(1) 428 64 80

[Eu(L8Me);-0.5H,0 solid 269(1) 68(4) 438 61  ~100
CH,Cl, 281(1) 52(1) 440 64 81

[Eu(L808),]-1.5H,0 solid 245(1) 52(4) 388 63 82
CH,Cl, 239(2) 42(1) 438 55 77

[Eu(L401);]-H,0 solid 293(2) 43(2) 448 65 66

[Tb(L1),]-2H,0 solid 0302) 902 - - -

[a] In the solid state, thin film or (6.2-8.3)x107*m in CH,Cl,. A .=
330 nm. Standard deviations (20) are given between parentheses; esti-

mated relative errors: 7o, £2%; OF", £10% (solid state); O, £5%

(solution); Ty, £10%; OF, £12%; e £22% (solid state); Hens
+17% (solution).

The hypersensitive D,—’F, transition is dominant, with I-
('F,)/I('F,)=1.8-2.7, but the *D,—’F, transition also has a
sizeable intensity, with I(’F,)/I('F,)=1.4-1.8. Although the
relative intensities of the *D,—’F, and *D,—’F, transitions
vary with the complex and the medium, the proportion of
light emitted by them with respect to total emission is
nearly constant with averages and o of 45(2) and 35(1) %,
respectively.

More insight into the structural properties of EuL8 and
EuL4Me has been gained by analyzing the emission spectra
of polycrystalline solid-state samples at 10 K and under high
resolution (Figure S11 in the Supporting Information). The
’D,—'F, transition, which is expected to provide a single
line for a single coordination environment, does display one
extremely narrow component at 17236 cm™' for EuL8 both
in the emission (full width at half-height, fwhh=1.8 cm™)
and in the excitation spectra (fwhh=1.1 cm™), see Figure 7
and Figure S11 in the Supporting Information. The *Dy—"F,
transition of EuL8 displays three main bands, which is typi-
cal of a low-symmetry species; these are further split
(Figure 7). A comparison with the IR spectrum points to the

17232 17236 17240

16700

16800 16900 17000
E/om’
Figure 7. High-resolution emission spectrum of the *D,—’F, transition of

[Eu(L8);] at 10 K. Inset: Excitation spectrum of the *D,«F, transition
at 10 K.
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Fermi-type interaction between the electronic and vibration-
al states being most likely responsible for the splitting of the
high-energy components (Figure S13 in the Supporting In-
formation), as has been reported for an Eu™ complex with a
crown ether.! The splitting of the low-energy component is
too large for such an interaction, but this transition could be
essentially of vibronic nature. Overall, the high-resolution
spectrum is consistent with a single-coordination environ-
ment of the Eu™ ion in EuL8. The situation is quite differ-
ent for EuL4Me in that the 0-0 transition is much broader
(fwhh=7 cm™") and displays two components both in excita-
tion and in emission spectra (in the latter as a shoulder; Fig-
ure S14 in the Supporting Information). Each of the equally
intense three components of the 0-1 transition is split into
two main components with some further fine structure (Fig-
ure S15 in the Supporting Information). Therefore, these re-
sults indicate that EuL4Me contains at least two slightly dif-
ferent europium sites that could arise from its less good
crystallinity compared to EuLS8.

The luminescence decays (t,,) are single-exponential
functions for all of the complexes in all media. For solid-
state samples, 7., decreases by 15% when the excitation
wavelength is changed from 300 to 380 nm; in other media,
it is independent of A... The observed lifetimes are long:
2.45-3.00 ms in the solid state (4..=330nm) and 2.71-
2.81 ms in solution (2.39 ms for EuL80S8; Table 5). They are
essentially temperature independent, with 7., varying by
less than 5-10% in going from 300 to 10 K, thereby reflect-
ing the absence of thermally activated deactivation process-
es, either vibrational or electronic, that is, through LMCT
states (Table S3 in the Supporting Information). Therefore,
the results of the luminescence lifetime measurements are
consistent with the absence of water in the inner coordina-
tion sphere of europium and suggest that it is well shielded
from non-radiative deactivations in the rigid N,O; environ-
ment.

Quantum yields and sensitisation efficiency: The quantum
yields of the ligand-sensitised Eu™ luminescence (QF") are
large and independent of the excitation wavelength. Their
values range between 43 and 71 % for solid-state samples
and between 42 and 52% for solutions in CH,Cl, (Table 5).
In the solid state, they correlate with the energy of the
ligand triplet state, both parameters decreasing in the order
(H, F, Cl)~CH;>Br>OCzH,,>OCH; (Figure 8). In solu-
tion, OF* and 7., are less sensitive to small changes in trip-
let-state energy and are essentially constant for all the com-
plexes, apart from the lower values for EuL808 (Figure 8).

The intrinsic quantum yields of Eu™ (i.e., measured upon
direct f-f excitation) could not be determined experimental-
ly due to very low absorption intensity. Therefore, quantita-
tive analysis of the photophysical parameters has been per-
formed in terms of Equation (1), whereas the radiative life-
times of Eu(°D,) have been calculated from Equation (4), in
which n is the refractive index (1.5 for solid-state metal-or-
ganic complexes; 1.4242 for CH,Cl,), Ayp, is the spontane-
ous emission probability for the *D,—F, transition in vacuo
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Figure 8. Dependence of the overall quantum yield of europium on the
triplet-state energy (at 77 K) of the ligands in the solid state (m) and in
CH,C], (o) at room temperature. The data points have been taken from
the present study and from ref. [32]. 1) EuL8Cl, 2) EuL8, 3) EuL8F,
4) EuL8Me, 5) EuL4Me, 6) EuL8Br, 7) EuL1, 8) EuLPh, 9) EuL8OS,
10) EuL401. The dashed lines indicate the energy of the °D; and D,
levels of europium.

(14.65s™"), and I,/I\p is the ratio of the total integrated in-
tensity of the corrected Eu™ emission spectrum to the inte-
grated intensity of the magnetic dipole *D,—’F, transition
(Table S2 in the Supporting Information):*°!

1/rrad = AMD.O }’13 ([lol/IMD) (4)

The calculated radiative lifetimes fall into the narrow range
of 4.15-4.60 ms in the solid state (3.88 ms for EuL808) and
4.28-4.40 ms in solution. The intrinsic quantum yields of eu-
ropium estimated from the ratio 7,,,/7,,4 are large (Table 5),
with averages equal to 62(4) % for solid-state samples and
63(1) % for solutions in CH,Cl, (55% for EuL808). Again,
the small variation of both the radiative lifetimes and intrin-
sic quantum yields is to be traced back to the similar N;O;
coordination environment for all the complexes.

The sensitisation efficiencies calculated from the ratio
QOFY/QE" are close to unity for solid-state complexes, apart
from the ones containing ligands with alkoxy groups (66—
82%). In solution, 7, values become smaller (77-83%),
thereby resulting in lower overall quantum yields. The de-
crease of 7., in solution can be explained by energy losses
within the ligands both through collisional deactivation with
solvent molecules and through their spatial re-arrangement
with respect to the metal ion as a result of labile ligand-lan-
thanide binding (the latter may also be responsible for the
broadening of the emission spectra in solution).

With respect to sensitisation of terbium luminescence in
the solid state at room temperature, only the complex ThL1
is emissive with O["=9.0% and 7,,,=0.3 ms (Figure S17 in
the Supporting Information), whereas TbL4Me is not. The
triplet states of these ligands (20160 and 20410 cm ™!, respec-
tively, at 77 K) are close in energy to the °D, emissive level
(~20500 cm ™), which probably results in Tb-to-ligand back
energy transfer. On the other hand, both terbium complexes
are emissive at 10K with relatively long lifetimes:
1.45(1) ms for TbL1 and 1.05(2) ms for TbL4Me. These two
complexes represent an interesting study case since, despite
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very similar E; energy, they show very different luminescent
properties at room temperature.

Conclusion

Tridentate benzimidazole-substituted pyridine-2-carboxyl-
ates readily form 9-coordinate neutral homoleptic anhy-
drous lanthanide complexes and very efficiently sensitise the
luminescence of europium, thereby leading to overall quan-
tum yields as large as 71 % in the solid state and 52% in
CH,CL,.

The photophysical properties of the europium complexes
with ligands L8R~ are not very sensitive to the nature of the
substituent on the benzimidazole ring and remain essentially
the same for R=H, F, Cl and Me. The heavy bromine atom
redshifts the triplet energy of the ligand, which results in a
large detrimental effect in solid-state samples. Other major
changes are observed in the case of alkoxy groups, which
significantly redshift absorption and triplet energy. As a
result, the triplets in EuL401 and EuL808 are found to be
only <2050 cm™! above the D, state, therefore allowing po-
tential thermal back-energy transfer from europium to the
ligand. However, a significant contribution of this deactiva-
tion pathway is unlikely since the observed lifetimes are
almost temperature independent (Table S3 in the Supporting
Information). On the other hand, temperature-independent
energy losses in these two complexes may occur within li-
gands through the alkoxy-to-imine intra-benzimidazole
charge-transfer state before energy transfer to the metal ion
takes place. Whatever the exact mechanism is, its outcome
is a lower sensitisation efficiency (7y,,<82%). However,
despite these energy losses, EuL401 and EuL808 display
sizeable quantum yields in the range of 42-52%.

Figure 8 reveals that QF" is approximately a monotonic
function of the triplet-state energy in the investigated range
and that quantum yields equal to or larger than 50 % are ob-
tained when E;>19300 cm™ for solid-state samples or Ey >
20300 cm™! for samples in CH,Cl,. This provides a guideline
for the design of ligands suitable for the sensitisation of
Eu™ Iuminescence. In the investigated systems, the ligand-
to-Eu™ energy transfer is almost quantitative in the solid
state and approximately 80 % in CH,CIl, for all of the com-
plexes apart from EuL808 and EulL401.

The remarkable photophysical properties of the europium
complexes further result from the good protection of the
metal ion by the ligands from non-radiative deactivation
provided by the N4O; coordination environment. As a con-
sequence, long and temperature-independent lifetimes are
observed (2.4-3.0 ms). At the same time, the radiative life-
times of Eu™ are relatively short (in the 3.6-4.6 ms range),
which allows emissive processes to compete efficiently with
non-radiative ones. As a comparison, a radiative lifetime of
9.7 ms is reported for the Eu aqua ion,'® which would cor-
respond to 6.8 ms in the solid state when applying the re-
fractive index correction [1.5 vs. 1.333; see Eq.(4)]. The
shorter lifetime implies more orbital mixing in the com-
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plexes, probably due to the larger polarisability of N and
O(carboxylate) atoms of the organic ligand compared to O-
(water) and the lower symmetry of the coordination envi-
ronment (C; for NyO; and D5, for Oy).

In conclusion, the described europium complexes with
readily accessible benzimidazole-substituted pyridine-2-car-
boxylates are promising building blocks for the design of lu-
minescent materials since they display large absorption, high
luminescence efficiency, long luminescence lifetimes and ad-
equate film-forming properties.

Experimental Section

General methods, equipment and chemicals used: Elemental analyses
were performed by Dr. E. Solari, Service for Elemental Analysis, Insti-
tute of Chemical and Chemical Engineering Sciences (EPFL). '"H NMR
spectra were recorded using a Bruker Avance DRX 400 MHz spectrome-
ter. Absorption spectra were measured using a Perkin—Elmer Lambda
900 UV/Vis/NIR spectrometer at room temperature in the spectral range
250-500 nm. Estimated errors are +1 nm for 4,,,, and £5% for &. Lumi-
nescence spectra were measured using a Fluorolog FL 3-22 spectrometer
from Horiba—Jobin Yvon-Spex equipped for both visible and NIR meas-
urements and were corrected for the instrumental function. Quantum
yields were determined using the same instrument through an absolute
method with a home-modified integrating sphere. Luminescence lifetimes
were measured with a previously described instrumental setup.t*3 Spec-
troscopic studies were conducted in optical cells of 2 mm path length or
2 mm i.d. quartz capillaries under air with the samples of lanthanide com-
plexes obtained directly from the synthesis and used without further pu-
rification. The solutions of the complexes in CH,Cl, (Fisher Scientific, an-
alytical reagent grade) were freshly prepared before each experiment.
Thin films have been spin-coated from a solution of [Eu(L8);] in
CH,CL(2 mgmL™") on quartz substrates using a P-6708D spin-coater
(Cookson Electronics). The rotation of substrate was 2000 rpm, and the
solution volume was 1 mL. Their thickness has been estimated by profil-
ometry to be approximately 50 nm.

X-ray crystallography: The crystal data and structure refinement parame-
ters are presented in Table 6. To grow crystals for X-ray analysis, a small
batch (1-2 mg) of the complex was dissolved in a small volume (1-3 mL)
of boiling CH;CN in the case of EuL4Me and LnL401 (La, Eu), or
CH,;CN/CH;OH for others. This was followed by cooling and slow evapo-
ration of the solution for 1-4 weeks under air in the dark.

Data collection for the eight crystal structures was performed at low tem-
perature using Mog, radiation. An Oxford Diffraction Sapphire/KM4
CCD was employed for EuL1, EuL401 and LnL4Me (La, Eu), whereas
the remaining samples were measured using a Bruker APEX II CCD.
Both diffractometers have a kappa geometry goniometer. Data were re-
duced by means of CrysAlis PRO¥" for EuLl, EuL401 and LnL4Me
(La, Eu) or EvalCCD™ for others and then corrected for absorption.*’)
Solution and refinement for all crystal structures were performed by
using SHELX.! All structures were refined using full-matrix least-
squares on F* with all non-hydrogen atoms anisotropically defined. Hy-
drogen atoms were placed in calculated positions by means of the
“riding” model.

The following disorder problems have been encountered during the last
stages of refinement. 1) For LnL401 (La, Eu), two CH;CN were highly
disordered and their disorder dealt also with the presence of 0.5H,O.
They have been treated by the split model and then some constraints
(equal anisotropic displacement parameters (EADP) command in
SHELX)" applied in the case of EuL401. 2) In the case of EuL4Me, an
alkyl chain (C14, ..., C17) was disordered and a split model with some re-
straints (SADI, SIMU)P” was applied to treat it. 3) The very low quality
and weakness of the measured diffraction for LaL4Me prevented us from
treating the solvent as was done for TbL4Me. The SQUEEZE routine in-
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Table 6. Crystal data and structure refinement.!
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[La(L1);] [Eu(L1),] [Tb(L1);] [La(L4Me);]
formula C,,H3LaNyO¢-CH;CN C,,H3EuNyO¢-CH;CN C,,H3NoO¢Th-2.5 CH;CN CsH;,LaNgOy
M, 936.71 949.76 1018.30 1063.97
T [K] 100(2) 140(2) 100(2) 140(2)
crystal system monoclinic monoclinic triclinic monoclinic
space group P2/c P2/c Pl P2/c
a[A] 11.3182(15) 11.2030(4) 11.0872(14) 21.8689(17)

b [A] 24.856(2) 24.5654(8) 11.2398(17) 20.4015(12)
c[A] 14.053(2) 14.0980(5) 18.0694(15) 25.951(2)
a[°] 90 90 78.929(9) 90

BI°] 100.331(10) 100.659(3) 74.700(8) 111.986(9)

v [°] 90 90 85.722(10) 90

V[A%] 3889.4(8) 3812.9(2) 2130.9(5) 10736.3(14)
z 4 4 2 8

Peatea [Mgm ] 1.600 1.655 1.587 1316

u [mm™] 1.164 1.712 1.726 0.851
F(000) 1888 1912 1026 4368

crystal size [mm’] 0.36x0.23x0.19 0.40%x0.32x0.22 0.34x0.26x0.14 0.10%0.08x0.06
0 range [°] 3.37-27.51 2.70-26.37 3.40-27.50 2.57-25.03
index ranges —14<h<14 —4<h<14 —14<h<14 —26<h<23

—-32<k<31 -30<k<17 —-14<k<14 —24<k<24

—-18<1<18 -17<1<17 —23<1<23 -30<1<30
reflns collected 85674 28347 42605 86741
independent reflns 8927 (R;,,=0.0715) 7752 (R;, =0.0672) 9645 (R;,,=0.0518) 18927 (R;, =0.2666)
completeness to 6 [°] ([%]) 27.51 (99.7) 26.37 (99.5) 27.50 (98.4) 25.03 (99.8)
max/min transm 0.802/0.677 0.686/0.659 0.785/0.552 0.950/0.816
data/restraints/params 8927/0/550 7752/0/550 9645/18/676 18927/900/1177
GOF on F* 1.345 0.911 1.165 0.911

final R indices (I> 20([))
R indices (all data)
largest diff. peak/hole [e A~

R1=0.0534, wR2=0.1456
R1=0.0653, wR2=0.1496
1.870/-1.352

R1=0.0360, wR2=0.0569
R1=0.0703, wR2=0.0618
0.725/-0.769

R1=0.0392, wR2=0.0962
R1=0.0491, wR2=0.1022
1.867/—-1.137

R1=0.1127, wR2=0.2190
R1=0.2711, wR2=0.2752
3.488/-2.676

[Eu(L4Me);] [Tb(L4Me);] [La(L401);] [Eu(L401);]

formula Cs5H5,EuN, Oy 2 C5H5,NyO4Thb- CsHs,LaNyOy Cs,Hs5,EuNyOy
2CH;CN 3CH,;CN-4H,0 3CH;CN-0.5H,0 3 CH,;CN-0.5H,0

M, 1159.13 2363.19 1244.14 1257.19

T [K] 140(2) 100(2) 100(2) 140(2)

crystal system monoclinic monoclinic triclinic triclinic

space group P2,/n P2,/c Pl P1

a[A] 12.5508(3) 22.013(3) 12.7553(11) 12.5901(7)

b [A] 19.3849(4) 20.350(3) 15.0195(16) 14.9590(10)

c[A] 22.5701(6) 25.934(4) 16.1388(18) 16.1459(10)

a [°] 90 90 78.899(8) 78.632(5)

pl° 104.173(3) 112.221(7) 73.727(9) 73.446(5)

y [°] 90 90 77.393(8) 77.922(5)

vV [AY 5324.1(2) 10755(3) 2867.8(5) 2819.4(3)

V4 4 4 2 2

Peaca [Mgm ] 1.446 1.459 1.441 1.481

u [mm™] 1.241 1.381 0.814 1.183

F(000) 2384 4856 1282 1294

crystal size [mm” 0.45x0.39%0.25 0.51x0.31x0.23 0.51x0.16x0.12 0.32x0.30x0.25

0 range [°] 2.69-26.37 3.31-27.51 3.31-27.50 2.62-26.02

index ranges —-15<h<15 —28<h<28 —-16<h<16 —15<h<15
—21<k<24 —26<k<26 —-19<k<19 -17<k<18
—28<1<28 —33<1<33 —20<1<20 —18</<19

reflns collected 41483 258860 70501 21213

independent reflns 10815 (R(int) =0.0730) 24631 (R(int) =0.0629) 13137 (R(int) =0.0569) 11062 (R(int)=0.1069)

completeness to 0 [°] ([%]) 26.37 (99.3) 27.51 (99.6) 27.50 (99.6) 26.02 (99.4)

max/min transm 1.00000/0.88680 0.728/0.540 1.0000/0.7964 0.744/0.663

data/restraints/params 10815/27/713 24631/0/1378 13137/3/808 11062/9/773

GOF on F? 0.886 1.140 1.130 0.798

final R indices (/> 20(1))
R indices (all data)
largest diff. peak/hole [e A~

R1=0.0389, wR2=0.0617
R1=0.0899, wR2=0.0698
0.770/-0.512

R1=0.0471, wR2=0.0982
R1=0.0713, wR2=0.1119
2.935/-2.669

R1=0.0370, wR2=0.0628
R1=0.0531, wR2=0.0681
0.483/—-0.484

R1=0.0635, wR2=0.0559
R1=0.1446, wR2=0.0668
1.147/—-0.984

[a] Data in common: A =0.71073 A; refinement method: full-matrix least-squares on F2; absorption correction: semi-empirical from equivalents.
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cluded within PLATONEY was then used to treat the unresolved solvent.
The anisotropic refinement of the light atoms (C, N and O) was very dif-
ficult as well and some restraints were applied to their displacement pa-
rameters. 4) One of the ligands in TbL1 showed two slightly different ori-
entations. The split model perfectly solved this kind of disorder that dealt
also with the presence of 0.5 CH;CN, very close to the N-methylbenzimid-
azole moiety of the ligand. Additional constraints (SIMU) were applied
to the displacement parameters of the above-mentioned disordered
ligand.

General synthesis of benzimidazole-substituted pyridine-2-carboxylic
acids: The synthesis of the precursors is described in the Supporting In-
formation. The reactions were performed under air. Substituted pyridine-
2-carboxaldehyde was dissolved in formic acid (Merck, 98-100%) at RT
to give a yellow solution that sometimes appeared as being cloudy due to
the presence of a red solid, which was probably residual Se from the pre-
vious synthetic step. The amount of formic acid was chosen to correspond
either to a minimum of 3-5 molar equivalents relative to aldehyde or to
the minimum volume necessary to dissolve the aldehyde at 0°C. This so-
lution was cooled to 0°C, stirred for 10 min and cold H,0, (30wt % aq
solution) was added in excess. The solution was stirred and occasionally
briefly sonicated at 0°C for 4-6 h, and kept overnight at 0°C. Addition
of ice-cold water (20 mL) precipitated the product. The resulting suspen-
sion was stirred at 0°C for 1 h and filtered to give a white solid. It was
washed with water, hexane and a small amount of hexane/ether (1:1) for
HL401 or water and hexane in all other cases and was dried under
vacuum. Further synthetic details are provided below.

Synthesis of HL401: The reaction was performed with L401-CHO
(555 mg, 1.79 mmol), formic acid (3mL, 3.66 g, 0.08 mol) and H,O,
(1.05 mL of 30wt% aq solution, contains 350 mg of H,0,, 10.3 mmol).
Addition of water did not result in precipitation of the product. There-
fore, aqueous NaHCO; was added dropwise to this solution until pH 2.
The resulting suspension was stirred at 0°C for 2 h and filtered, and the
solid was treated as described in the general procedure. White solid:
462 mg (1.35mmol, 75%). '"HNMR (400 MHz, [D¢]DMSO): §=_8.47
(dd, J=6.4, 1.2 Hz, 1H), 8.16-8.05 (m, 2H), 7.62 (d, J=8.8 Hz, 1H), 7.19
(d, J=2.4 Hz, 1H), 6.90 (dd, /=8.8, 2.4 Hz, 1H), 4.90 (t, /=7.2 Hz, 2H),
3.87 (s, 3H), 1.78 (p, J=7.6Hz, 2H), 1.34 (sextet, J=7.6 Hz, 2H),
0.85 ppm (t, J=7.2 Hz, 3H); CO,H proton was not observed; elemental
analysis caled (%) for C;gH;)N;O:+H,O (343.38): C 62.96, H 6.16, N
12.24; found: C 62.98, H 6.11, N 12.15.

Synthesis of HL8: The reaction was performed with L8-CHO (446 mg,
1.33 mmol), formic acid (5 mL, 6.1 g, 0.13 mol) and H,0O, (0.75 mL of
30wt % aq solution, containing 250 mg of H,0,, 7.34 mmol). White solid:
410 mg (1.17 mmol, 88%). '"H NMR (400 MHz, [D¢]DMSO): 6 =8.51 (d,
J=72Hz, 1H), 8.21-8.07 (m, 2H), 7.74 (d, J=8.0 Hz, 1H), 7.68 (d, /=
8.0Hz, 1H), 7.34 (t, J=7.2Hz, 1H), 7.28 (t, J=72Hz, 1H), 4.94 (t, J=
7.6 Hz, 2H), 1.79 (p, J=7.2 Hz, 2H), 1.35-1.10 (m, 10H), 0.81 ppm (t,
J=6.8 Hz, 3H); CO,H proton was not observed; elemental analysis calcd
(%) for C, HysN;0, (351.44): C 71.77, H 7.17, N 11.96; found: C 71.82, H
7.08, N 11.94.

Synthesis of HL8F: The reaction was performed with L8F-CHO (501 mg,
1.42 mmol), formic acid (SmL, 6.1 g, 0.13 mol) and H,0, (0.8 mL of
30wt % aq solution, containing 266 mg of H,0,, 7.83 mmol). White solid:
471 mg (1.27 mmol, 90%). '"H NMR (400 MHz, [D{]DMSO): 6 =8.49 (d,
J=6.4Hz, 1H), 8.20-8.09 (m, 2H), 7.75 (dd, J=8.8, 52 Hz, 1H), 7.62
(dd, /=10, 2.4 Hz, 1H), 7.14 (td, /=9.6, 2.4 Hz, 1H), 4.90 (t, J=7.2 Hz,
2H), 1.81-1.70 (brp, 2H), 1.35-1.09 (m, 10H), 0.81 ppm (t, /J=7.2 Hz,
3H); CO,H proton was not observed; elemental analysis calcd (%) for
C,H,,FN;0, (369.43): C 68.27, H 6.55, N 11.37; found: C 68.47, H 6.58,
N 11.38.

Synthesis of HLS8Cl: The reaction was performed with L8CI-CHO
(484 mg, 1.31 mmol), formic acid (S5mL, 6.1 g, 0.13 mol) and H,O,
(0.7 mL of 30wt% aq solution, containing 233 mg of H,0,, 6.85 mmol).
White solid: 466mg (121 mmol, 92%). 'HNMR (400 MHz,
[D¢]DMSO): 6=8.50 (d, /J=6.4 Hz, 1H), 8.22-8.11 (m, 2H), 7.87 (d, J=
1.6 Hz, 1H), 7.75 (d, J=8.8 Hz, 1H), 7.30 (dd, /=84, 1.6 Hz, 1H), 493
(t, J=72Hz, 2H), 1.81-1.70 (brp, 2H), 1.35-1.09 (m, 10H), 0.81 ppm (t,
J=17.2Hz, 3H); CO,H proton was not observed; elemental analysis calcd
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(%) for CyH,,CIN;0, (385.89): C 65.36, H 6.27, N 10.89; found: C 65.36,
H 628, N 10.71.

Synthesis of HL8Br: The reaction was performed with L8Br-CHO
(564 mg, 1.36 mmol), formic acid (4mL, 4.9¢g, 0.10 mol) and H,0O,
(0.7 mL of 30wt % aq solution, containing 233 mg of H,0,, 6.85 mmol).
White solid: 503mg (1.17 mmol, 86%). 'HNMR (400 MHz,
[Dg]DMSO): 6=8.51 (dd, /=72, 2.0 Hz, 1H), 8.21-8.12 (m, 2H), 8.01
(d, J=1.2Hz, 1H), 7.70 (d, J=8.8 Hz, 1H), 7.42 (dd, J=8.4, 1.6 Hz, 1 H),
493 (t, J=72Hz, 2H), 1.8-1.7 (brm, 2H), 1.34-1.08 (brm, 10H),
0.81 ppm (t, /J=7.2 Hz, 3H); CO,H proton was not observed; elemental
analysis calcd (%) for C,;H,,BrN;O, (430.34): C 58.61, H 5.62, N 9.76;
found: C 58.96, H 5.67, N 9.68.

Synthesis of HL8Me: The reaction was performed with L8Me-CHO
(583 mg, 1.66 mmol), formic acid (4mL, 4.9¢g, 0.11 mol) and H,0O,
(0.85 mL of 30wt % aq solution, containing 283 mg of H,0,, 8.32 mmol).
White solid: 568 mg (1.45mmol, 87%). 'HNMR (400 MHz,
[DgJacetone): 6=8.63 (dd, J=6.8, 1.6 Hz, 1H), 8.23-8.14 (m, 2H), 8.12
(s, 0.5H; HCO,H), 7.61 (d, J=8.0Hz, 1H), 7.45 (s, 1H), 713 (d, /=
8.0 Hz, 1H), 4.96 (t, J=7.6 Hz, 2H), 2.51 (s, 3H), 2.0-1.85 (m, 2H), 1.48-
1.17 (m, 10H), 0.84 ppm (t, J=6.8 Hz, 3H); CO,H proton not observed;
the presence of HCO,H has been confirmed and quantified by '"H NMR
in [Dglacetone: 6=8.12 ppm (s); elemental analysis caled (%) for
C,,H»N;0,,0.5HCO,H-0.25H,0 (392.99): C 68.77, H 7.31, N 10.69;
found: C 68.76, H 7.36, N 10.72.

Synthesis of HL80S8: The reaction was performed with L808-CHO
(732 mg, 1.58 mmol), formic acid (S5mL, 6.1 g, 0.13 mol) and H,0O,
(0.81 mL of 30wt % aq solution, containing 270 mg of H,0,, 7.93 mmol).
The product separates as sticky pink oil that solidifies on stirring and
sonication. Pale pink solid: 601 mg (1.25mmol, 79%). 'HNMR
(400 MHz, [D4]DMSO): 6=8.45 (dd, J=7.6, 1.2 Hz, 1H), 8.15-8.05 (m,
2H), 7.60 (d, J=8.8 Hz, 1H), 7.16 (d, J=2.0 Hz, 1H), 6.89 (dd, J=8.8,
2.0 Hz, 1H), 4.90 (t, J=7.2 Hz, 2H), 4.06 (t, /=6.8 Hz, 2H), 1.81-1.69
(m, 4H), 1.5-14 (m, 2H) 1.4-1.1 (m, 18H), 0.87 (t, J/=6.8 Hz, 3H),
0.81 ppm (t, J=7.2 Hz, 3H); CO,H proton not observed; elemental anal-
ysis caled (%) for C,oH, N;0;5 (479.65): C 72.62, H 8.62, N 8.76; found: C
72.23, H 8.85, N 8.74.

Synthesis of lanthanide complexes: The reactions were performed under
air using a 3:3:1 molar ratio of the ligand, NaOH and LnCl;-n H,O. The
ligand was suspended in hot ethanol (70-80°C, 5 mL; the same tempera-
ture was kept throughout the reaction), followed by addition of NaOH
dissolved in water (0.5-1 mL, used as a stock solution with approx.
100 mg of NaOH per 10 mL of water) and stirring for 10 min to give col-
ourless solution. A solution of LnClynH,O (n=6 or 7; 99.9%, Aldrich)
in water (2 mL) was added dropwise over 5 min and stirred for a further
5 min. A white precipitate of the complex may form on addition. An ad-
ditional volume of water (specified below) was added to complete precip-
itation of the complex. The resulting suspension was stirred for 10 min at
70-80°C, cooled to 40-50°C and filtered while warm. The product was
washed with ethanol/water (1:1) followed by ether for LnL1, LnL4Me
and LnL401 or with ethanol/water (1:1) followed by hexane in all other
cases and was dried under vacuum at room temperature. The complexes
are white solids that are soluble in DMSO, boiling ethanol and are in-
soluble in hexane and water; the complexes with N-octyl groups are also
soluble in CH,Cl,. "H NMR spectroscopy of the diamagnetic lanthanum
complexes in CD,Cl, at 10°M was not informative, as all resonances
were very broad at room temperature. Further synthetic details and ana-
lytical data for Eu complexes are provided below, whereas data for the
La and Tb complexes are given in the Supporting Information.

Synthesis of [Eu(L8);]: The complex was precipitated with water (5 mL).
Yield: 45 mg (0.037 mmol, 80 %) from HL8 (50 mg, 0.142 mmol), NaOH
(5.69 mg, 0.142 mmol) and EuCl;-6 H,O (17.4 mg, 0.047 mmol); elemental
analysis calcd (%) for Ci;H,,EuN,Og (1203.27): C 62.88, H 6.03, N 10.48;
found: C 63.03, H 6.08, N 10.27.

Synthesis of [Eu(L8F);]: The complex was precipitated with water
(2mL). Yield: 50mg (0.040 mmol, 88%) from HLS8F (50 mg,
0.135 mmol), NaOH (5.41 mg, 0.135 mmol) and EuCl;-6H,0 (16.5 mg,
0.045 mmol); elemental analysis caled (%) for CgHgEuF;NgOg
(1257.24): C 60.19, H 5.53; N 10.03; found: C 60.32, H 5.53, N 10.04.
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Synthesis of [Eu(L8Cl);]: The complex was precipitated with water
(2mL). Yield: 43mg (0.033mmol, 77%) from HLS8Cl (50 mg,
0.130 mmol), NaOH (5.18 mg, 0.130 mmol) and EuCl;:6H,0 (15.8 mg,
0.043 mmol); elemental analysis caled (%) for CgHgpCLEUN,Og
(1306.60): C 57.91, H 5.32, N 9.65; found: C 58.03, H 5.32, N 9.52.

Synthesis of [Eu(L8Br);]: The complex was precipitated with water
(2mL). Yield: 42mg (0.029 mmol, 75%) from HL8Br (50 mg,
0.116 mmol), NaOH (4.65 mg, 0.116 mmol) and EuCl;:6H,O (14.2 mg,
0.039 mmol); elemental analysis caled (%) for CgHy3BrsEuNyOq
(1439.95): C 52.55, H 4.83, N 8.75; found: C 52.66, H 4.87, N 8.68.

Synthesis of [Eu(L8Me);]-0.5H,0: The complex was precipitated with
water (5mL). Yield: 38 mg (0.030 mmol, 72%) from HL8Me (50 mg,
0.127 mmol), NaOH (5.09 mg, 0.127 mmol) and EuCl;:6H,0 (15.54 mg,
0.042 mmol); elemental analysis caled (%) for CgHiEuNoOg0.5H,0
(1254.35): C 63.20, H 6.35, N 10.05; found: C 63.14, H 6.39, N 9.87.

Synthesis of [Eu(L808);]-1.5H,0: The complex was precipitated with
water (1 mL). Yield: 40 mg (0.025 mmol, 71%) from HL8OS8 (50 mg,
0.104 mmol), NaOH (4.17 mg, 0.104 mmol) and EuCl;-6H,0 (12.73 mg,
0.035 mmol); elemental analysis caled (%) for CgH;,EuN¢Og1.5H,0
(1614.93): C 64.70, H 7.68, N 7.81; found: C 64.72, H 7.69, N 7.71.
Synthesis of [Eu(L401);]-H,0: The complex was precipitated with water
(2mL). Yield: 45mg (0.039 mmol, 82%) from HL401-H,0 (50 mg,
0.146 mmol), NaOH (5.82 mg, 0.146 mmol) and EuCl;:6H,0 (17.7 mg,
0.048 mmol); elemental analysis caled (%) for CsHs,EuNyOyH,O
(1143.04): C 56.74, H 4.94, N 11.03; found: C 56.49, H 4.93, N 10.90.

Crystallographic data: CCDC-736923 [La(L1);], 736925 [Eu(L1)],
736925 [Tb(L1);], 736926 [La(L4Me);], 736927 [Eu(L4Me);], 736928 [Tb-
(L4Me);], 736929 [La(L401);] and 736930 [Eu(L401);] contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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