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Lanthanide hexafluoroacetylacetonates vs. nitrates for
the controlled loading of luminescent polynuclear
single-stranded oligomers†

Amir Zäım,a Natalia Dalla Favera,a Laure Guénée,b Homayoun Nozary,a

Thi Nhu Y. Hoang,a Svetlana V. Eliseeva,cd Stéphane Petoudc and Claude Piguet*a

This work demonstrates how minor structural and electronic changes between Ln(NO3)3 and Ln(hfac)3
lanthanide carriers (Ln ¼ trivalent lanthanide, hfac ¼ hexafluoroacetylacetonate) lead to opposite

thermodynamic protocols for the metal loading of luminescent polynuclear single-stranded oligomers.

Whereas metal clustering is relevant for Ln(hfac)3, the successive fixation of Ln(NO3)3 provides stable

microspecies with an alternated occupancy of the binding sites. Partial anion dissociation and anion/

ligand bi-exchange processes occur in polar aprotic solvents, which contribute to delay the

unambiguous choice of a well-behaved neutral lanthanide carrier for the selective complexation of

different trivalent lanthanides along a single ligand strand. Clues for further improvement along this

stepwise strategy are discussed.
Introduction

Lanthanide-centred Yb/Er or Tm/Er upconverting pairs doped
into ionic solids,1 nanoparticles,2 metal–organic frameworks,3

nanotubes4 and nanocrystals5 are currently the subject of
intense investigations for potential applications as spectral
concentrators for solar cells6 and as imaging agents for bio-
logical systems.7 Independently of the level of theoretical
modelling,8 the indirect sensitization of the activator via energy-
transfer upconversion (ETU) mechanisms appears to be the
most efficient way for inducing metal-centred upconversion. Its
rational and tuneable implementation requires the precise
spatial location of different trivalent lanthanide cations, LnIII,
displaying controlled intermetallic communications, a chal-
lenge which is difficult to address by using statistically doped
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materials.9 As a rst step toward this goal, the recent
programming of linear Cr–Ln–Cr sequences10 indeed demon-
strated unprecedented Cr-sensitized Er-centred upconversion,11

and this strategy might offer an attractive alternative to doped
solids considering that Wolf type II metallopolymers can be
selectively fed with different lanthanides (Fig. 1a).

The thermodynamic Ising model limited to near–neighbour
interactions (Fig. 1a) predicts that organized sequences of
Fig. 1 (a) Thermodynamic model adapted for the successive intermolecular
connections of different lanthanide cations (Ln1 or Ln2) to multi-site Wolf type II
metallopolymer (fLni is the microscopic affinity of site i for Ln and DELn,Lni,j is the
intermetallic interaction between cations occupying sites i and j), and pictorial
representation of associated microstates for (b) homometallic loading process for
half-saturation and (c) heterobimetallic competition for saturation occurring
upon negative cooperativity.
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occupied and unoccupied sites can be obtained upon half-
saturation with a single type of metal ion undergoing repulsive
vicinal intermetallic interactions (DELn,Ln1,2 > 0 in Fig. 1b).12 This
prediction can be extended to the design of a strict alternation
of two different lanthanides Ln1 and Ln2 if the mixing rule
DEmix

1,2 ¼ DELn1,Ln11,2 + DELn2,Ln21,2 � 2DELn1,Ln21,2 > 0 is obeyed in
saturated metallopolymers (Fig. 1c),13 a situation ideally suited
for some future optimization of metal-centred upconversion.11

The current lack of accessible linear single-stranded oligomeric
or polymeric receptors containing regularly spaced binding
sites for encapsulating Ln(III) prevented the experimental vali-
dation of this strategy. Nevertheless, we note that the related
competitive complexation of two different lanthanides into four
adjacent binding sites in self-assembled linear triple-stranded
helicates indeed displayed weak, but perceptible anti-
cooperative behaviour for the La–Lu pair (DEmix

1,2 ¼ +2 kJ
mol�1).14 Having gained some experience in the coordination of
trivalent lanthanides with tridentate polyaromatic ligands,15 we
foresee to exploit the segmental linear polymeric single-
stranded receptor 1, in which well-known rigid tridentate N3

and N2O binding sites are separated by Z-spacers for its selective
loading with neutral LnX3 metallic carriers, X being a didentate
monoanion (Scheme 1a). Whereas carboxylates (X ¼ RCOO�)16

and nitrates (X ¼ NO3
�)17 anions failed to support a simple

thermodynamic rationalization because of the formation of
polynuclear dimers with L1, hexauoracetylacetonates (X ¼
F3C–CO–CH–CO–CF3

� ¼ hfac�) showed more encouraging
results with the formation of saturated nine-coordinated
mononuclear complexes with L1 (Scheme 1b).18

We therefore explore in this contribution the structural and
thermodynamic consequences of the metal loading of
Scheme 1 Chemical structures for (a) the target single-stranded polymer with
Z-spacers and (b) the segmental oligomeric ligands L1–L4 used in this work.
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segmental oligomeric ligands of increasing size (L1–L4) with
Ln(hfac)3 and Ln(NO3)3. The short methylene spacer (Z ¼ CH2)
has been selected because it is sufficiently rigid to prevent
intramolecular chelation events, which are not compatible with
a straightforward analysis within the frame of the Ising model.19
Results and discussion
Synthesis, structural characterization and photophysical
properties of the complexes [Lnm(Lk)(hfac)3m] (Ln ¼ La, Eu,
Gd, Lu; Lk ¼ L2–L4; m ¼ 1–3)

Reactions of stoichiometric amounts of L2 (1 eq.),20 or L3
(0.5 eq.),21 or L4 (0.33 eq.)22 with [Ln(hfac)3(diglyme)] (1.0 eq.,
Ln ¼ Eu, Gd, Lu)23 in dichloromethane/acetonitrile yielded
70–80% of microcrystalline powders whose elemental analyses
were compatible with the formation of the single-stranded
complexes [Ln(L2)(hfac)3], [Ln2(L3)(hfac)6]$xH2O and
[Ln3(L4)(hfac)9]$xH2O (Table S1, ESI†). Slow evaporation of
concentrated acetonitrile solutions gave X-ray quality prisms for
[Eu(L2)(hfac)3] (2), [Eu2(L3)(hfac)6] (3), [Eu3(L4)(hfac)9]$
5.5CH3CN (4), [Lu(L2)(hfac)3] (5) and [Lu2(L3)(hfac)6] (6)24 (Table
S2 and Fig. S1–S3, ESI†). Careful inspection of the crystal
packing revealed no remarkable intermolecular interaction for
2, whereas all other complexes exhibited one type of weak offset
p-stacking interaction between pairs of parallel aromatic
benzimidazole rings belonging to neighbouring complexes
related by inversion centres (Fig. S4–S6, ESI†).25 The molecular
structures for the pertinent pairs of analogous Eu and Lu
complexes (2–5 in Fig. S7, 3–6 in Fig. S8†) are almost superim-
posable, and the discussion is therefore limited to the series of
europium complexes 2–4 (Fig. 2). Each europium cation is nine-
coordinated by the three donor atoms of a meridionally bound
tridentate ligand (N3 or N2O donor sets) and by the six oxygen
atoms of three didentate hexauoroacetylacetonate anions, one
lying close to the coordination plane dened by the Eu atom
and the three donor atoms of the tridentate binding unit
(¼ equatorial hfac), whilst the two remaining hfac� ions are
arranged on both sides of this plane (¼ axial hfac, Fig. 2 and 3).

The EuN2O7 coordination spheres found in [Eu(L2)(hfac)3],
[Eu2(L3)(hfac)6] and [Eu3(L4)(hfac)9] are almost superimposable
(Fig. S9 and S10†), as are the EuN3O6 coordination spheres in
[Eu3(L4)(hfac)9] and [Eu(L1)(hfac)3]18 (Fig. S10†). However, both
types of coordination spheres differ by the combined rotation (a)
and nutation (b) of the equatorial hfac� ion (Fig. 3, Table S3†).

When a symmetrical N3 binding unit is connected to the
metal ion in [Eu(L1)(hfac)3] and [Eu3(L4)(hfac)9], the equatorial
hfac� ion lies opposite to the bound tridentate aromatic unit
(b ¼ 176–180�, Fig. 2c and 3a-right). The replacement of a
terminal benzimidazole ring by a tertiary amide in the N2O site
in [Eu(L2)(hfac)3], [Eu2(L3)(hfac)6] and [Eu3(L4)(hfac)9] shis
this anion toward the bound amide oxygen atom (b¼ 132–135�,
Fig. 2a, b and 3b-right, Table S3†). This distortion is accompa-
nied by a rotation of the plane of the equatorial hfac� ion
around the R ¼ (Eu–O1) + (Eu–O2) direction, which amounts to
a ¼ 40–45� for the tridentate N3 unit and a ¼ 83–88� for the
unsymmetrical N2O ligand (Fig. 3-le, Table S3†). In view of
the minor intermolecular packing forces present in the
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 Perspective views of the molecular structures of the complexes (a)
[Eu(L2)(hfac)3], (b) [Eu2(L3)(hfac)6] and (c) [Eu3(L4)(hfac)9] in the solid state.
Colors: grey ¼ C-atoms, dark blue ¼ N-atoms, red ¼ O-atoms, pale blue ¼ F-
atoms, yellow ¼ Eu-atoms. H atoms are omitted for clarity. Numbering schemes
and thermal ellipsoids can be found in Fig. S1–S3.†

Fig. 3 Perspective views along (left) and perpendicular (right) to the aromatic
tridentate ligand in the molecular structures of (a) the central [Eu(N3)(hfac)3] unit
and (b) the distal [Eu(N2O)(hfac)3] unit in the trinuclear [Eu3(L4)(hfac)9] complex
showing the rotation (a) and nutation (b) angles adopted by the equatorial
didentate hfac anion (noted here as O1, O2).

Edge Article Chemical Science
crystals, this structural change can be safely assigned to
specic stereoelectronic effects induced by the change of donor
atoms of the bound tridentate aromatic ligand. We however do
not detect any signicant intramolecular interligand interac-
tions in [Eu(L1)(hfac)3], [Eu(L2)(hfac)3], [Eu2(L3)(hfac)6] and
[Eu3(L4)(hfac)9], and this contrasts with a recent structural
report focussed on closely related tris(b-diketonate)lanthanide
adducts with chiral tridentate bis(oxazolinyl)pyridine ligands.26

EuIII coordination spheres in 2–4 can be best described as
slightly distorted monocapped square antiprisms with the
pyridine nitrogen atom occupying the capping position (see
Appendix I, Fig. S11 and Tables S4 and S5 in the ESI†). Since the
Ln–N and Ln–O bond lengths are standard (Tables S6–S15,
ESI†),18,26,27 calculated ionic radii t the expected values for
nine-coordinate EuIII (RCN¼9

Eu ¼ 1.12 Å) and LuIII (RCN¼9
Lu ¼

1.032 Å),28 and the associated bond valences display the
usual affinity trend nLn,O-amide $ nLn,O-hfac > nLn,N-bzim > nLn,N-py

(Table S3, S16–S20, ESI†).29 Compared with the analogous ten-
coordinate nitrate complexes [Eu(L2)(NO3)3(CH3CN)] and
[Eu2(L3)(NO3)6(H2O)2],19 the much stronger interactions
between EuIII and the oxygen atoms of the didentate hfac anions
(nLn,O-hfac [ nLn,O-nitrate) restraints the coordination number
to CN ¼ 9 in 2–4. Finally, the variable intramolecular interme-
tallic contact distances and helicity indexes H of the
This journal is ª The Royal Society of Chemistry 2013
diphenylmethane spacers30 computed for [Eu2(L3)(NO3)6(H2O)2]
(Eu/Eu ¼ 8.564(1) Å, H ¼ 0.76),19 [Eu2(L3)(hfac)6] (Eu/Eu ¼
12.594(1) Å, H ¼ 0.52) and [Eu3(L4)(hfac)9] (Eu1/Eu2 ¼ 9.593(1)
Å, H ¼ 0.71 and Eu1/Eu3 ¼ 12.806(1) Å, H ¼ 0.83) highlight the
relative looseness of the helical conformation in these single-
stranded helicates (Tables S21 and Appendix 2, ESI†).

Since larger lanthanides (Ln ¼ La–Pr) tend to adopt higher
coordination numbers, the reactions of stoichiometric amounts
of L2 (1 eq.), or L3 (0.5 eq.), or L4 (0.33 eq.) with [La(hfac)3(di-
glyme)] (1.0 eq.) in dichloromethane/acetonitrile are expected to
give intricate mixtures resulting from the bi-exchange process
previously evidenced for L1 (eqn (1)).18

2[La(L1)(hfac)3] # [La(L1)2(hfac)2]
+ + [La(hfac)4]

� (1)

Accordingly, we were unable to obtain microcrystalline mate-
rials with satisfactory elemental analyses for this cation, but
maturation in acetonitrile yielded X-ray quality prisms of the
double-stranded complex [La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4]$
2CH3CN (7). In this complex, the presence of double-stranded
cations [La(L2)2(hfac)2]

+ conrms the operation of equilibrium
(1) (Fig. 4a, Table S22 and Fig. S13†), while the formation of the
dinuclear [La2(hfac)4(O2CCF3)4]

2� anion benets from the slow
retro-Claisen condensation of hfac� in presence of traces of
water,whichproduces triuoroacetate anions.31Noticeable intra-
and intermolecular offset p-stacking interactions involving
benzimidazole rings observed in the crystal structure of 7 prob-
ably contribute to the driving force shiing equilibrium (1) to the
right (Fig. S14†).

The unusual quadruply bridged complex dianion
[La2(hfac)4(O2CCF3)4]

2� is located on an inversion centre, each
Chem. Sci., 2013, 4, 1125–1136 | 1127



Fig. 4 (a) Perspective view of the molecular structure of the complex salt
[La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4] in the unit cell of 7. (b) View of the
double-stranded [La(L2)2(hfac)2]

+ cation along its pseudo-twofold axis. (c)
View of the dinuclear [La2(hfac)4(O2CCF3)4]

2� anion perpendicular to its
pseudo-twofold axis. Colors: grey ¼ C-atoms, dark blue ¼ N-atoms, red ¼ O-
atoms, pale blue ¼ F-atoms, green ¼ La-atoms. H atoms and solvent molecules
are omitted for clarity. Numbering scheme and thermal ellipsoids can be
found in Fig. S13.†

Fig. 5 Solid-state (a) reflectance absorption spectra (293 K), (b) emission spectra
(�nexc ¼ 30 300–29 500 cm�1, 77 K), (c) phosphorescence spectra (�nexc ¼ 30 300–
29 500 cm�1, delay time after excitation flash 5 ms, 77 K) and (d) luminescence
spectra (�nexc ¼ 28 170 cm�1 at 293 K) recorded for L2 (black traces), [Lu(L2)(h-
fac)3] (blue traces), [Gd(L2)(hfac)3] (green traces) and [Eu(L2)(hfac)3] (red traces).

Chemical Science Edge Article
La atom being eight-coordinated in an approximate square-
antiprism arrangement (Fig. S15a†), and separated from its
neighbour by a distance of 4.5230(3) Å (Fig. 4c). In the
[La(L2)2(hfac)2]

+ cation, LaIII is ten-coordinated in a pseudo-
bicapped square-antiprismatic geometry (Fig. S15b†), where the
two nitrogen atoms of the pyridine rings occupy the opposite
capping positions (Fig. 4b, Tables S23–S25†). We conclude (i)
that each tridentate N3 unit in L1 or in L4, or N2O unit in L2–L4
are able to coordinate one neutral Ln(NO3)3 or Ln(hfac)3 moiety,
and (ii) that the stronger interaction of the b-diketonate anions
excludes additional complexation with solvent molecules.
Moreover, the use of the largest cation Ln ¼ La favours the
anion/ligand bi-exchange process shown in equilibrium (1),
which makes the situation more complicated.

In agreement with the abundant literature dealing with
indirect lanthanide sensitization via ligand excitation,32 the
absorption spectra of the polyaromatic ligands L2–L4 are
dominated by broad and intense 1p*) 1p transitions in the UV
(Fig. 5a, S16a–S17a†). Direct photo-excitation in this energy
domain produces dual short-lived uorescence (1p* / 1p

around 28 000 cm�1 with characteristic lifetimes in the sub-
nanosecond range, Fig. 5b, S16b–S17b†)33 and long-lived phos-
phorescence (3p*/ 1p around 20 500 cm�1 with characteristic
lifetimes in the millisecond range, Fig. 5c, S16c–S17c and
Table S26†). Upon complexation to the Ln(hfac)3 metallic core in
[Gdm(Lk)(hfac)3m] and [Lum(Lk)(hfac)3m] (Lk ¼ L2–L4, m ¼ 1–3),
the electronic reorganization shis both 1p*) 1p absorption34
1128 | Chem. Sci., 2013, 4, 1125–1136
and 1p* / 1p uorescence35 by ca. 2000–4000 cm�1 towards
lower energies (Fig. 5a and b and S16a, b–S17a, b, and
Table S26†), whilst the energy of the 3p*/ 1p phosphorescence
is not signicantly affected (Fig. 5c, S16c–S17c†). Because of the
additional paramagnetic coupling produced by Gd(III), both
1p* / 3p* intersystem crossing and 3p* / 1p emission are
boosted, thus leading to stronger 3p* / 1p phosphorescence
and shorter s(3p*) lifetimes (Table S26†).36 Finally, irradiation
into the spin-allowed ligand-centred 1p* ) 1p transition in
[Eum(Lk)(hfac)3m] at �nexc ¼ 28 170 cm�1 produces intense long-
lived red emission signals, arising from quantitative Lk /

Eu(III) energy transfers followed by Eu(5D1) and Eu(5D0)-centred
luminescence (Fig. 5d, S16d–S17d–S18†). The latter emission
spectra are dominated by the hypersensitive forced electric
dipolar Eu(5D0/

7F2) transition centred at 16 340 cm�1 leading
to absolute quantum yields FL

Eu in the 24–35% range (Table 1
column 5, solid state, 293 K). Using Einstein's result for
the spontaneous radiative emission rate,37 the radiative lifetime
This journal is ª The Royal Society of Chemistry 2013
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sEurad of the Eu(5D0) emitting level is deduced from the Itot/IMD

ratio (Table 1 column 3), where Itot is the integrated emission for
the Eu(5D0) level (

5D0 /
7FJ, J ¼ 0–4) and IMD is the integrated

intensity of the magnetic dipolar Eu(5D0 / 7F) transition
(Table S27†). Combined with the characteristic Eu(5D0) lifetime
sEuobs (Table 1, column 2), we calculate FEu

Eu ¼ sEuobs/s
Eu
rad ¼ 51–60%

for the intrinsic Eu-centered quantum yield in these complexes
(Table 1, column 4), whereas the sensitization process amounts
to hsens¼ hISCh

L/Eu
en.tr. ¼FL

Eu/F
Eu
Eu¼ 48–59% (Table 1, column 6, i.e.

hISC is the efficiency of intersystem crossing and hL/Eu
en.tr. is that of

ligand / Eu(III) energy transfer).35 These photophysical char-
acteristics are comparable with those reported for the analogous
tridentate N3 binding unit bound to Eu(hfac)3 in [Eu(L1)(hfac)3]
(FEu

Eu ¼ 86% and hsens ¼ 35% leading to FL
Eu ¼ 30(2)%).18 We

conclude that all [Eum(Lk)(hfac)3m] complexes (Lk ¼ L1–L4, m ¼
1–3) are fairly emissive and could be exploited as luminescent
tags for metal binding in extended polymers involving these
binding units.
Fig. 6 Aromatic parts of selected 1H NMR spectra recorded upon the titration
of L2 with [Ln(hfac)3(diglyme)] in CD3CN at 293 K. (a) L2, (b) La : L2 ¼ 1 : 1, (c)
Y : L2 ¼ 1 : 1, (d) Y : L2 ¼ 3 : 1, (e) Lu : L2 ¼ 1 : 1 and (f) Lu : L2 ¼ 3 : 1. Protons
with standard numbering correspond to those of [Ln(L2)(hfac)3], whereas those
with the marks are assigned to the dissociated complex [Ln(L2)(hfac)2]

+ (see text).
Speciation of the diamagnetic complexes [Lnm(Lk)(hfac)3m]
(Ln ¼ La, Y, Lu, Lk ¼ L2–L4, m ¼ 1–3) in solution

NMR monitoring of the titration of L2 with [Ln(hfac)3(diglyme)]
in CD3CN shows that (i) equilibrium (2) holds in this solvent for
Ln ¼ La, Y, Lu (Fig. 6b, c and e), (ii) the bi-exchange process
depicted in equilibrium (1) for Ln ¼ La is severely shied to the
le in CD3CN so that [La(L2)(hfac)3] exists as a single (>95%)
complex in solution, but (iii) an additional Cs-symmetrical
complex can be detected in excess of metal for the heavier
lanthanides Ln ¼ Y, Lu according to equilibrium (3) (Fig. 6d–f
and Table S28†).

L2þ ½LnðhfacÞ3ðdiglymeÞ� *) ½LnðL2ÞðhfacÞ3� þ diglyme;

b
LnðhfacÞ3 ;L2
1;1

(2)

[Ln(L2)(hfac)3] + [Ln(hfac)3(diglyme)] # [Ln(L2)(hfac)2]
+ +

[Ln(hfac)4]
� + diglyme (3)

Support for equilibrium (3) comes primarily from (i) 19F NMR
spectra showing the stepwise replacement of the signal of
[Ln(L2)(hfac)3] with those of [Ln(L2)(hfac)2]

+ and [Ln(hfac)4]
�

(Fig. S19 and Table S29†) and (ii) the detection of an identical 1H
NMR spectroscopic signature corresponding to the dissociated
species [Ln(L2)(hfac)2]

+ (Ln ¼ Y, Lu) whatever its origin is (equi-
librium (4), LA is a Lewis Acid such as Ln3+,38 Li+ or H+, Fig. S20†).

[Ln(L2)(hfac)3] + LAz+ # [Ln(L2)(hfac)2]
+ + [LA(hfac)](z�1)+(4)
Table 1 Experimental global (FL
Eu) and intrinsic (FEu

Eu) quantum yields, lumines-
cence lifetimes (sEuobs) and calculated radiative lifetimes (sEurad), sensitization
efficiency (hsens) for [Eum(Lk)(hfac)3m] (Lk ¼ L2–L4, m ¼ 1–3) in the solid state
at 293 K

Compound sEuobs/ms sEurad
a/ms FEu

Eu
a (%) FL

Eu (%) hsens
a (%)

[Eu(L2)(hfac)3] 0.79(1) 1.3(1) 60(7) 28(3) 48(9)
[Eu2(L3)(hfac)6] 0.80(1) 1.4(1) 59(7) 35(3) 59(10)
[Eu3(L3)(hfac)9] 0.74(2) 1.5(2) 51(6) 24(2) 48(9)

a Calculated using standard equations, n taken equal to 1.5.37

This journal is ª The Royal Society of Chemistry 2013
Interestingly, 1H NMR Diffusion-Ordered Spectroscopy (i.e.
NMR-DOSY) experiments performed on the lutetium complexes
in CD3CN give translational self-diffusion coefficients with a
decrease of 6% going from [Lu(L2)(hfac)3] (Dx ¼ 1.25(2) � 10�9

m2 s�1) to [Lu(L2)(hfac)2]
+ (Dx ¼ 1.18(1) � 10�9 m2 s�1) despite

the smaller molecular weight of the cation. Application of the
Stokes–Einstein equation (eqn (5)),39 corrected for the micro-
frictional theory (where rsolv is the hydrodynamic radius of the
solvent, T¼ 293 K is the temperature and h¼ 3.65� 10�4 kgm�1

s�1 is the viscosity of acetonitrile at 293K),40provides thepseudo-
spherical hydrodynamic radii rxH ([Lu(L2)(hfac)3])¼ 4.91(9) Å and
rxH ([Lu(L2)(hfac)2]

+) ¼ 5.21(4) Å, from which pseudo-spherical
hydrodynamic volumes VxH ([Lu(L2)(hfac)3]) ¼ 492(39) Å3 and VxH
([Lu(L2)(hfac)2]

+) ¼ 593(12) Å3 and hydrodynamic molecular
weight MMx

H ([Lu(L2)(hfac)3]) ¼ 728(43) g mol�1 and MMx
H

([Lu(L2)(hfac)2]
+)¼ 878(19) gmol�1 are deducedwith eqn (6) and

(7) (rxH¼ 2.46 g cm�3 is themolecular density andNAv is Avogadro
number).41

Dx ¼
�

kT

6p hrxH

��
1þ 0:695

�
rsolv=r

x
H

�2:234�
(5)

V x
H ¼ 4

3
p
�
rxH
�3

(6)

MMx
H ¼ rxHV

x
HNAv (7)

The counter-intuitive increase of the hydrodynamic molec-
ular weight by 135(47) g mol�1 upon release of one hfac� ion on
Chem. Sci., 2013, 4, 1125–1136 | 1129
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going from [Lu(L2)(hfac)3] to [Lu(L2)(hfac)2]
+ (eqn (3)) suggests

the partial formation of [Lu(L2)(hfac)2]
+[Lu(hfac)4]

� ion pairs in
solution, a phenomenon oen reported when measuring the
apparent diffusion coefficients of charged organometallic
complexes in organic solvent.42 Finally, the discrepancy between
pseudo-Cs symmetry observed for [Ln(L2)(hfac)3] in the solid
state (Fig. 2a) and the detection of three equivalent bound hfac
anions in solution can be solved for [Y(L2)(hfac)3] by using
variable-temperature 1H NMR. The slow rate observed for the
exchange between axial and equatorial didentate hfac� anion at
238 K on the NMR time scale is indeed compatible with a Cs

point group, while the coalescence of the signals occurring
around 275 K in CD3CN eventually results in a single average
NMR peak for the coordinated hfac anions at room temperature
(Fig. S21a†). A kinetic Eyring treatment of the data (Fig. S21b†)43

gives DHs
exch ¼ 48.3(1.9) kJ mol�1 and DSsexch ¼ �23.5(0.9) J

mol�1 K�1, in agreement with a concerted exchange between
axial and equatorial hfac anions within the coordination sphere
of [Y(L2)(hfac)3].44

The 1H NMR titrations of the bis-tridentate ligand L3 with
[Ln(hfac)3(diglyme)] (Ln ¼ La, Y, Lu) in acetonitrile mirrors the
behaviour depicted for L2, with the xation of a maximum of
two Ln(hfac)3 units per ligand (equilibrium (8) with Lk¼ L3 and
m ¼ 1, 2) and the operation of partial anion dissociation in
excess of metal for YIII and LuIII (equilibrium (9) with Lk ¼ L3
and m ¼ 2, Fig. S22†).

Lkþm½LnðhfacÞ3ðdiglymeÞ� *) ½LnmðLkÞðhfacÞ3m� þm diglyme;

b
LnðhfacÞ3 ;Lk
m;1

(8)

[Lnm(Lk)(hfac)3m] + [Ln(hfac)3(diglyme)] #

[Lnm(Lk)(hfac)3m�1]
+ + [Ln(hfac)4]

� + diglyme (9)

With the tris-tridentate ligand L4, the loading of the three
binding sites leads to the formation of the trinuclear
[Ln3(L4)(hfac)9] complexes for Ln ¼ La, Y, Lu (equilibrium (8)
with Lk ¼ L4 andm ¼ 1–3), but the central N3 coordinating unit
is subject to an efficient bi-exchange process with the largest
lanthanum cation, which complicates the interpretation of
NMR data (Fig. S23†). For the small Ln ¼ Y, Lu cations, the
partial dissociation of a terminal hfac anion in excess of metal
gives non-negligible amounts of the cationic species
[Ln3(L4)(hfac)8]

+ (equilibrium (9) with Lk ¼ L4 and m ¼ 3;
Fig. S24–S25†).

To sum up, the deleterious trend to dimerization evidenced
by single-stranded ligands bound to Ln(NO3)316,17 disappears for
Ln(hfac)3, and each N3 tridentate binding site found in L1 or in
L4 (central site) accepts a single Ln(hfac)3 unit for Ln ¼ La, Y,
Lu. However, we note that the bi-exchange process depicted in
eqn (1) produces variable quantities of the double-stranded
complexes with the largest LaIII cation. This embarrassing
competitive reaction is removed by using the unsymmetrical
N2O tridentate binding units in L2, L3 and L4 (distal sites), but
the increased electron density on the amide oxygen atom
induces partial dissociation of one didentate hfac anion in
1130 | Chem. Sci., 2013, 4, 1125–1136
presence of excesses of Lewis acids, a phenomenon previously
noticed for nitrate anions in Ln(NO3)3, but erroneously assigned
then to hemilability.18
Thermodynamic behaviours and intermetallic interactions in
[Lnm(Lk)(hfac)3m] and in [Lnm(Lk)(NO3)3m] (Ln¼ La, Eu, Y, Lu,
Lk ¼ L1–L4, m ¼ 1–3) in solution

The trans–trans toward cis–cis conformational change of each
tridentate binding unit in L1–L4 accompanying its complex-
ation to Ln(hfac)3 alters the envelope of the ligand-centred
n / p* and p / p* transitions, which allows the quanti-
tative evaluation of the coordination process by using spec-
trophotometric titrations in acetonitrile (Fig. 7).18 In
agreement with speciations established by NMR in this
solvent for Ln ¼ La, Eu and Y, factor analyses45a conrms the
successive xation of one Ln(hfac)3 unit to each binding site
leading to pronounced end points for Ln : L2 ¼ 1.0 (Fig. 7a),
Ln : L3 ¼ 2.0 (Fig. 7b) and Ln : L4 ¼ 3.0 (Fig. 7c). Global
spectrophotometric data can then be tted with non-linear
least-squares techniques to seven macroscopic equilibria: (10)
with k ¼ 1, 2, (11) with m ¼ 1, 2 and (12) with m ¼ 1–3
(Fig. 8a and Table S30†).45b,c

½LnðhfacÞ3ðdiglymeÞ� þ Lk *) ½LnðLkÞðhfacÞ3� þ diglyme;

b
LnðhfacÞ3 ;Lk
1;1

(10)

m½LnðhfacÞ3ðdiglymeÞ� þ L3 *) ½LnmðL3ÞðhfacÞ3m� þm diglyme;

b
LnðhfacÞ3 ;L3
1;1

(11)

m½LnðhfacÞ3ðdiglymeÞ� þ L4 *) ½LnmðL4ÞðhfacÞ3m� þm diglyme;

b
LnðhfacÞ3 ;L4
1;1

(12)

For the smallest Lu3+ cation, spectrophotometric titrations
conrm the operation of equilibria (10)–(12), followed by
further evolution of the absorption spectra in the presence of an
excess of metal leading to nal smooth end points for Lu : L2 ¼
2.0, Lu : L3 ¼ 3.0 and Lu : L4 ¼ 3.0–4.0 (Fig. S26†). This specic
trend can be assigned to the partial dissociation of one hfac
anion from a LuN2O7 coordination site to give [Lu(L2)(hfac)2]

+,
[Lu2(L3)(hfac)5]

+ and [Lu3(L4)(hfac)8]
+ according to equilibrium

(3). Evolving factor analysis46 satisfyingly rebuild the spectro-
photometric data with the resort of only two absorbing species
for L2 (0.0 < Lu : L2 < 1.0), respectively three species for L3 (0.0 <
Lu : L3 < 2), and non-linear least-squares ts restricted within
these stoichiometric ranges satisfyingly converge by using eqn
(10) and (11) (Fig. 8a). However, major difficulties were
encountered for modeling and tting the titration of L4 with
Lu3+ according to eqn (12) because of the early formation of the
dissociated species [Lu3(L4)(hfac)8]

+. The computed stability

constants log b
LuðhfacÞ3;L4
m;1

� �
are only mere estimates (Table S30†),

and are therefore not considered for further thermodynamic
analysis (Fig. 8).
This journal is ª The Royal Society of Chemistry 2013



Fig. 7 Variation of corrected molar extinction F (see Appendix 3†) monitored at
four different wavelengths observed during the spectrophotometric titrations of
(a) L2, (b) L3 and (c) L4 with [Eu(hfac)3(diglyme)] (298 K, CH3CN, total ligand
concentration: 10�4 mol dm�3).

Fig. 8 Variations of (a) log
�
b
LnðhfacÞ3 ;Lk
m;1

�
and (b) log

�
b
LnðNO3Þ3 ;Lk
m;1

�
19,47 for L1 (black

diamond), L2 (red squares), L3 (green triangles) and L4 (blue disks) as a function
of the inverse of nine-coordinate ionic radii along the lanthanide series (CH3CN,
298 K).28a The lines are only guides for the eyes.

Edge Article Chemical Science
The same procedure was used for collecting a complete set of
stability constants with the alternative nitrate salts
Ln(NO3)3(H2O)3 (eqn (13)–(15), Table S31 and Fig. 8b).19

LnðNO3Þ3ðH2OÞ3 þ L2 *) ½LnðL2ÞðNO3Þ3� þ 3H2O;

b
LnðNO3Þ3 ;L2
1;1 (13)

mLnðNO3Þ3ðH2OÞ3 þ L3 *)
�
LnmðL3ÞðNO3Þ3m

	þ 3mH2O;

b
LnðNO3Þ3 ;L3
1;1

(14)
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mLnðNO3Þ3ðH2OÞ3 þ L4 *) ½LnmðL4ÞðNO3Þ3m� þ 3mH2O;

b
LnðNO3Þ3 ;L4
1;1

(15)

As previously noted for the mononuclear complexes
[Ln(L1)(hfac)3]18 and [Ln(L1)(NO3)3],47 the stability constants
obtained with the two different counter-anions (i.e. hfac� vs.
NO3

�) are comparable when diglyme in [Ln(hfac)3(diglyme)] is
replaced by water in Ln(NO3)3(H2O)3. Standard electrostatic
trends resulting of the use of nitrate salts (Fig. 8b, i.e.

log
�
b
LnðNO3Þ3;Lk
m;1

�
linearly increase with the inverse of the

lanthanide ionic radii)48 is replaced with concave bowl-shaped
curves upon the use of hexauoroacetylacetonate anions
(Fig. 8a). Based on the trends observed for the bond valences in
the molecular structures (nLn,O-hfac [ nLn,O-NO3

and nEu,O-hfac >
nLu,O-hfac, Table S3†), the concave bowl-shaped trend can be
tentatively ascribed to the larger bulk produced by hfac� around
small lanthanides. A deeper insight into the thermodynamic
complexation processes benets from the application of the
site-binding model (eqn (16)), which expresses the stability
constants of eqn (10)–(12) in terms of the two microscopic
parameters fLni (¼ intermolecular affinity of site i for
LnIII including desolvation and co-ligand displacement)
and DELn,Lni,j (¼ intermetallic interactions between cations
Chem. Sci., 2013, 4, 1125–1136 | 1131



Fig. 9 Representation of the thermodynamic contributions in kJ mol�1

corresponding to (a) intermolecular Ln-tridentate site connections in L1 and L2,
(b) intermolecular Ln-tridentate site connections in L3 and L4 and (c) intermetallic
interactions responsible for the global complexation process leading to
[Lnm(Lk)(hfac)3m] (red) and [Lnm(Lk)(NO3)3m] (blue) (Ln ¼ La, Eu, Y; Lk ¼ L3–L4,
m ¼ 1–3, CH3CN, 298 K).
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occupying sites i and j usually written as the Boltzman factor

uLn;Lni ;j ¼ e�DELn;Ln
i ;j



RT ) illustrated in Fig. 1a.48

b
Ln;Lk
m;1 ¼ e

�
�
DGLn;Lk

m;1



RT

�
¼ uchiral

m;1 u
Ln;Lk
m;1

Ym
i¼1

f Lni

Y
i\j

e�DE
Ln;Ln
i;j

=RT (16)

Once the statistical factor uchiral
m,1 $uLn,Lk

m,1 quantifying the
changes in rotational entropy occurring when the reactants are
transformed into products are at hand for each equilibrium
(Fig. S27†),49 a set of seven equations (eqn (17)–(22)) containing
six microscopic parameters satisfyingly models the stability
constants (Fig. S28†).19

b
Ln;L1
1;1 ¼ 3 f LnN3 ðL1Þ (17)

b
Ln;L2
1;1 ¼ 3 f LnN2OðL2Þ (18)

b
Ln;L3
1;1 ¼ 6 f LnN2O

(19)

b
Ln;L3
2;1 ¼ 9

�
f LnN2O

�2

uLn;Ln1--2 (20)

b
Ln;L4
1;1 ¼ 3 f LnN3

þ 6 f LnN2O
(21)

b
Ln;L4
2;1 ¼ 9

�
f LnN2O

�2

uLn;Ln1--3 þ 18 f LnN3
f LnN2O

uLn;Ln1--2 (22)

b
Ln;L4
3;1 ¼ 27 f LnN3

�
f LnN2O

�2�
uLn;Ln1--2

�2
uLn;Ln1--3 (23)

Non-linear least-square ts of eqn (17)–(23) for X ¼ hfac�

(Table S30†) and X ¼ NO3
� (Table S31†) provide microscopic

free energies for the intermolecular connection of LnX3 to the

tridentate N3 binding site in L1 (DGLn;N3;L1
inter ¼ �RT ln

�
f LnN3ðL1Þ

�
,

Fig. 9a) and in L3–L4 (DGLn;N3
inter ¼ �RT ln ð f LnN3

Þ, Fig. 9b), and to

the tridentate N2O binding site in L2

(DGLn;N2O;L2
inter ¼ �RT ln

�
f LnN2OðL2Þ

�
, Fig. 9a) and in L3–L4

(DGLn;N2O
inter ¼ �RT ln

�
f LnN2O

�
, Fig. 9b),50 together with vicinal

(DELn,Ln1�2 ¼ �RTln(uLn,Ln1�2 )) and distal (DELn,Ln1�3 ¼ �RTln(uLn,Ln1�3 ))
intramolecular intermetallic interactions (Fig. 9c). We immedi-
ately notice that the comparable free energies of connection of
the N2O binding site found for L2 with either Ln(hfac)3 or
Ln(NO3)3 (Fig. 9a le) are retained upon connection of the
benzimidazole side arms with a single methylene spacers in the
segmental ligands L3 (N2O–CH2–N2O) and L4 (N2O–CH2–N3–

CH2–N2O, Fig. 9b le). However, disubstitution of the central N3

unit in L4 drastically affectsDGLn;N3
inter which is reduced by 40% for

Ln(hfac)3, but is increasedby the sameamount for Ln(NO3)3 with
respect to its value found for theN3bindingunit inL1 (Fig. 9a and
b right). Although counter-intuitive, the opposite contributions
of vicinal DELn,Ln1�2 and distal DELn,Ln1�3 intermetallic interactions to
the global stability of a given polynuclear complex (Fig. 9c) have
recently found theoretical justications for the metal loading of
linear oligomers possessing regularly spaced binding sites.51

Nevertheless the reversal of this trend on going from
[Ln3(L4)(hfac)9] to [Ln3(L4)(NO3)9] is more puzzling (Fig. 9c).
1132 | Chem. Sci., 2013, 4, 1125–1136
Let's take now the unsaturated macrospecies [Ln2(L4)(hfac)6]
and [Ln2(L4)(NO3)6] into account for the modelling of the rst
step of an incomplete metal loading along the strand as
depicted in Fig. 1b. The contribution of each microspecies
b
Ln;L4
2;1 ðvicinalÞ ¼ 18 f LnN3

f LnN2Ou
Ln;Ln
1--2 (the two lanthanides occupy

neighbouring positions) and b
Ln;L4
2;1 ðdistalÞ ¼ 9 ð f LnN2OÞ2 uLn;Ln1--3 (the

two lanthanides occupy the terminal positions) to the macro-
constant (eqn (22)) can be calculated by using the pertinent
microscopic thermodynamic describers (Table 2).

The systematic larger stabilities found with X ¼ NO3
� have

two different origins. For the vicinal microspecies, the gain in
binding energy produced by the complexation of the central N3

site to Ln(NO3)3 (Fig. 9b) overcomes the unfavorable nearest
neighbour intermetallic interaction (Fig. 9c le). In contrast,
the occupancy of the two terminal N2O sites in the distal
microspecies provides comparable stabilization for Ln(hfac)3
and Ln(NO3)3 (Fig. 9b le), but only the latter lanthanide
carrier evidences attractive distal intermetallic interactions
(Fig. 9c right). Interestingly, successive loadings of L4 with
Ln(hfac)3 displays no preference between clustering and
This journal is ª The Royal Society of Chemistry 2013



Fig. 10 Predicted binding isotherms for the complexation of Eu(hfac)3 (full
trace) and Eu(NO3)3 (dotted trace) to the multi-tridentate linear polymer 1. The
simulation used DGLn;N3

inter , DE
Ln,Ln
1�2 and DELn,Ln1�3 shown in Fig. 9 with a total number of

n ¼ 8 adjacent tridentate binding units (see Appendix 4†).

Table 2 Thermodynamic macroscopic log(bLn,L42,1 ) (eqn (22)) and microscopic log(bLn,L42,1 (vicinal)) and log(bLn,L42,1 (distal)) constants computed for [Ln2(L4)(hfac)6] and
[Ln2(L4)(NO3)6] (CH3CN, 298 K)

La(hfac)3 Eu(hfac)3 Y(hfac)3 La(NO3)3 Eu(NO3)3 Y(NO3)3

log(bLn,L42,1 ) 9.91 10.71 9.46 12.30 12.58 12.60
log(bLn,L42,1 (vicinal)) 9.56 10.46 9.16 11.26 11.36 11.56
log(bLn,L42,1 (distal)) 9.65 10.35 9.15 12.25 12.55 12.55
bLn,L42,1 (distal)/bLn,L42,1 (vicinal) 1.26 0.79 1.00 9.98 15.81 9.98
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alternating processes in acetonitrile (bLn,L42,1 (distal)/bLn,L42,1 (vici-
nal) z 1.0). The use of Ln(NO3)3 unambiguously favours
the alternated loading with bLn,L42,1 (distal)/bLn,L42,1 (vicinal) $ 10
(Table 2 entry 4).
Conclusion

In a polar aprotic solvent such as acetonitrile, both [Ln(hfac)-
(diglyme)] and Ln(NO3)3(H2O)3 are soluble enough to react with
the ligands L1–L4 ligands to give stable single-stranded ternary
complexes [Lnm(Lk)(X)3m] in solution and in the solid state (m¼
1–3, Lk ¼ L1–L4, X ¼ hfac�, NO3

�). The obvious changes in the
affinity of the oxygen donor atom for the central lanthanide
cation occurring when poorly coordinating NO3

� are replaced
with hfac� result in the exclusive formation of pseudo-mono-
capped square antiprismatic nine-coordinate [Ln(tridenta-
te)(hfac)3] cores, whilst [Ln(tridentate)(NO3)3] easily accept
additional solvent molecules, both types of complexes being
strongly photoluminescent with Ln ¼ EuIII. Upon replacement
of the N3 tridentate binding site with the analogous N2O unit
(nLn,O-amide > nLn,N-bzim), the equatorial didentate anion moved
away from the basal plane without inducing other remarkable
changes in the molecular structures. However, solvation
processes specic to each type of binding site induces more
important variations in solution with the operation of anion/
ligand bi-exchange reactions and dimerization processes for N3

binding sites, and partial anion dissociation for N2O binding
units. These different behaviours can be traced back to different
thermodynamic microscopic describers, with a special
This journal is ª The Royal Society of Chemistry 2013
emphasis on the intramolecular intermetallic interactions
between vicinal (DELn,Ln1�2 ) and distal (DELn,Ln1�3 ) occupied sites,
which display opposite trends when L4 is loaded with Ln(hfac)3
(DELn,Ln1�2 < 0 and DELn,Ln1�3 > 0) or with Ln(NO3)3 (DE

Ln,Ln
1�2 > 0 and

DELn,Ln1�3 < 0). Whatever the physical origin of this trend is,51 these
parameters favour clustering upon reacting Ln(hfac)3 with an
extended polymer such as 1 (steep binding isotherm in Fig. 10,
full trace), whilst reaction with Ln(NO3)3 lead to a double-
humped binding isotherm (Fig. 10, doted trace), which is
diagnostic for the formation of the stable alternated micro-
species depicted in Fig. 1b (Appendix 4†).12,13

Altogether, we have evidenced that Ln(NO3)3 is better suited
to be used as lanthanide carriers for the alternated loading of
single-stranded multi-tridentate polymer such as 1 in acetoni-
trile, and efforts are currently made along this line. However,
the relative complexity of the speciation observed in this solvent
for the ternary complexes [Lnm(Lk)(X)3m] (X ¼ hfac�, NO3

�) may
severely hinder a satisfying characterization by using the Ising
model. In this context, we note that preliminary titrations of L1
or L2 with [Ln(hfac)3(diglyme)] (Ln ¼ La, Y, Lu) in non-polar
chloroform shows the straightforward and concomitant step-
wise replacement of the 1H NMR signals of the free ligand
(Fig. S29 and Table S32†) and of the 19F NMR signals of the ‘free’
metal [Ln(hfac)3(diglyme)] (Fig. S30 and Table S29†) with those
of [Ln(Lk)(hfac)3] according to equilibrium 2. No major change
occurs when an excess of metal is present (Fig. S30†), and
chloroform is promising for the design of Wolf type II metal-
lopolymers with Ln(hfac)3 lanthanide carriers.

Experimental
Solvents and starting materials

These were purchased from Strem, Acros, Fluka AG and Aldrich
and used without further purication unless otherwise stated.
The ligands L1,18 L2,20 L3,21 L4 (ref. 22) were prepared according
to literature procedures. The hexauoroacetylacetonate salts
[Ln(hfac)3(diglyme)] were prepared from the corresponding
oxide (Aldrich, 99.99%).23 Acetonitrile and dichloromethane
were distilled over calcium hydride. Silica-gel plates Merck 60
F254 were used for thin layer chromatography (TLC) and Fluka
silica gel 60 (0.04–0.063 mm) or Acros neutral activated alumina
(0.050–0.200 mm) was used for preparative column
chromatography.

Preparation of the complexes [Lnm(Lk)(hfac)3m] (Ln ¼ La, Eu,
Gd, Lu, Lk ¼ L2–L4, m ¼ 1–3)

Reactions of stoichiometric amounts of L2 (1 eq.), or L3
(0.5 eq.), or L4 (0.33 eq.) with [Ln(hfac)3(diglyme)] (1.0 eq.,
Chem. Sci., 2013, 4, 1125–1136 | 1133
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Ln ¼ La, Eu, Gd, Lu) in dichloromethane–acetonitrile yield
70–80% of microcrystalline powders whose elemental analyses
were compatible with the formation of the single-stranded
complexes [Ln(L2)(hfac)3], [Ln2(L3)(hfac)6]$xH2O and
[Ln3(L4)(hfac)9]$xH2O (Table S1, ESI†). Slow evaporation of
concentrated acetonitrile solutions gave X-ray quality prisms for
[Eu(L2)(hfac)3] (2), [Eu2(L3)(hfac)6] (3), [Eu3(L4)(hfac)9]$
5.5CH3CN (4), [Lu(L2)(hfac)3] (5), [Lu2(L3)(hfac)6] (6) and
[La2(L2)(hfac)2]2[La2(hfac)4(O2CCF3)4]$2CH3CN (7).
Spectroscopic measurements
1H, 19F and 13C NMR spectra were recorded at 293 K on Bruker
Avance 400 MHz and Bruker DRX-300 MHz spectrometers.
Chemical shis are given in ppm with respect to TMS (1H) or
C6F6 (19F). DOSY-NMR data used the pulse sequence imple-
mented in the Bruker program ledbpgp2s52 which employed
stimulated echo, bipolar gradients and longitudinal eddy
current delay as the z lter. The four 2 ms gradient pulses had
sine-bell shapes and amplitudes ranging linearly from 2.5 to 50
G cm�1 in 32 steps. The diffusion delay was in the range 60–
140 ms depending on the analyte diffusion coefficient, and the
no. of scans was 32. The processing was done using a line
broadening of 5 Hz and the diffusion coefficients were calcu-
lated with the Bruker processing package. VT-1H NMR
measurements of samples were measured on a Bruker Avance
400 spectrometer equipped with a variable temperature unit.
The integrated intensities of the relevant peaks were obtained
by deconvoluting using Matlab or Excel (one Lorentz function
per peak) aer Fourier transform and phasing of the spectrum
using mnova. Fitting of van't Hoff plots was done using Excel.
Elemental analyses were performed by K. L. Buchwalder from
the Microchemical Laboratory of the University of Geneva.
Electronic absorption spectra in the UV-Vis were recorded at
293 K either from solutions in CH2Cl2 using quartz cells of 10 or
1 mm path length (transmittance) or from a solid-state sample
diluted in MgO by using a Perkin-Elmer Lambda 900 spec-
trometer equipped with an integration sphere (reectance).
Spectrophotometric titrations were performed with a J&M diode
array spectrometer (Tidas series) connected to an external
computer. In a typical experiment, 50 cm3 of ligand in aceto-
nitrile (10�4 mol dm�3) were titrated at 293 K with a solution of
[Ln(hfac)3(diglyme)] (10�3 mol dm�3) in acetonitrile under an
inert atmosphere. Aer each addition of 0.20 mL, the absor-
bance was recorded using Hellma optrodes (optical path length
0.1 cm) immersed in the thermostated titration vessel and
connected to the spectrometer. Mathematical treatment of
the spectrophotometric titrations was performed with factor
analysis and with the SPECFIT program.45 Excitation and
emission spectra as well as lifetimes of the triplet states were
recorded on a Horiba Jobin Yvon Fluorolog-3 spectrouorimeter
equipped with a Hamamatsu R928P detector and accessories
for low-temperature measurements. Spectra were corrected for
both excitation and emission responses (excitation lamp,
detector and both excitation and emission monochromator
responses). Quartz tube sample holders were employed. Lumi-
nescence lifetimes of EuIII were determined under excitation at
1134 | Chem. Sci., 2013, 4, 1125–1136
355 nm provided by a YG 980 QuantelNd:YAG laser while the
signal was detected by a photon-counting unit DPM-HVH R928.
The output signal from the detector was then fed to a Tektronix
TDS 754C 500 MHz bandpass digital oscilloscope and then
transferred to a PC for treatment with Origin 8�. Lifetimes are
averages of at least three independentmeasurements. Quantum
yield measurements of the solid-state samples were performed
on quartz tubes with the help of an integration sphere devel-
oped by Frédéric Gumy and Jean-Claude G. Bünzli (Laboratory
of Lanthanide Supramolecular Chemistry, École Polytechnique
Féderale de Lausanne (EPFL), BCH 1402, CH-1015 Lausanne,
Switzerland) and commercialized by GMP S.A. (Renens,
Switzerland).

X-Ray crystallography

Summary of crystal data, intensity measurements and structure
renements for [Eu(L2)(hfac)3] (2), [Eu2(L3)(hfac)6] (3),
[Eu3(L4)(hfac)9]$5.5CH3CN (4), [Lu(L2)(hfac)3] (5), [Lu2(L3)(h-
fac)6] (6) and [La2(L2)(hfac)2]2[La2(hfac)4(O2CCF3)4]$2CH3CN (7)
were collected in Tables S2 and S22 (ESI†). All crystals were
mounted on quartz bers with protection oil. Cell dimensions
and intensities were measured at 180–190 K on a Agilent
Supernova diffractometer with mirror-monochromated or on a
STOE IPDS diffractometer with graphite-monochromated using
either Mo-Ka radiation (l ¼ 0.71073 Å) or Cu-Ka radiation (l ¼
1.54187). Data were corrected for Lorentz and polarization
effects and for absorption. The structures were solved by direct
methods (SIR97),53 all other calculations were performed with
Shelx154 systems and ORTEP55 programs. CCDC 90522524 and
909092–909096 contain the supplementary crystallographic
data.
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Appendix 1: Geometrical analysis of the Eu(III) coordination spheres in [Eu3(L4)(hfac)9] 

Each EuIII cation in [Eu3(L4)(hfac)9] is nine-coordinated by the three donor atoms of the tridentate 

aromatic binding segment of L4 and by six oxygen atoms of three didentate 

hexafluoroacetylacetonate anions.  In each coordination sphere, the donor atoms occupy the vertices 

of a distorted polyhedron, which is usually analyzed as a distorted monocapped square antiprism for 

ternary complexes [Ln(L)(hfac)3], where L is a tridentate neutral ligand.[S1]  When different 

geometries are to be compared, the use of the famous S angle of the ‘shape measure’ parameter is 

pertinent,[S2] but it is of more limited interest for characterizing a single set of analogous structures, 

and we therefore resort to the vectorial shape analysis proposed by LeBorgne et al.[S3]  Following 

this approach, each coordination sphere of Eu(III) can be described as a distorted monocapped 

square antiprism (MSA), in which O3, O4, O5, O6 and O1, O3, N2, N8 for the central EuN3O6 unit 

(Figure S11a), and O13, O15, O17, O18 and O2, O14, O16, N10 for the distal EuN2O7 unit (Figure 

S11b) define, respectively, the lower and the upper tetragonal faces of the approximate antiprism, 

the latter being capped by N1 (EuN3O6 unit) or by N12 (EuN2O7 unit).  The computed resulting 

vector R1 (resp. R2) corresponds to the sum of the four Eu-donor atoms vectors forming the upper 

(resp. the lower) tetragonal face of the antiprism.  The  angles between each generating upper Eu-

donor vector and R1 (resp between each lower Eu-donor vector and R2), measure the flatening of 

the antiprism along the pseudo-C4 axis defined by the R1-R2 direction (EuN3O6 unit: 34.7 ≤  ≤ 

68.7°, average 66(5)°for the upper face and 50(15)° for the lower face in Table S4; EuN2O7 unit: 

51.0 ≤  ≤ 70.2°, average 65(4)°for the upper face and 54(3)° for the lower face in Table S5), 

whereas the angle (EuN3O6 unit: 175.4°; EuN2O7 unit: 177.8°) between R1 and R2 indicates a 

minor bending of the two tetragonal faces ( = 180° in an ideal MSA, Tables S2-S3).  The rather 

broad distribution of i suggests some significant distortions from the idealized Johnson capped 

square antiprism[S4] despite a rather regular distribution of the i angles between the projected 

vectors of the tetrapodes along the pseudo-C4 axis (EuN3O6 unit: average (intra-tetrapode) = 

90(10)°, ideal: 90° and average (inter-tetrapode) = 45(7)° in Table S4; EuN2O7 unit: average 
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(intra-tetrapode) = 90(4)°, ideal: 90° and average (inter-tetrapode) = 45(3)° in Table S5) 

together with a minor deviation of the capping N(pyridine) atom from the pseudo-C4 axis (EuN3O6 

unit:  = 2.5°; EuN2O7 unit:  = 2.3°).  According that all Eu-O and Eu-N bonds are comparable, 

vector normalization to unit length[S3] does not significantly affect the geometrical analysis (Tables 

S3-S4).  A more rigorous analysis of the coordination sphere of nine-coordinate metal complexes 

based on the spherical relaxation of the five Johnson polyhedra possessing nine vertices[S4] shows 

that the distorted central EuN3O6 coordination sphere in [Eu3(L4)(hfac)9] can be alternatively 

described as a 2:5:2 hula hoop (HH), in which the basal plane is defined by N1, N2, N8, O5, O6 

related by a five-fold pseudo-symmetry axis with two vertices (O1, O2) and (O3,O4), each related 

by a two-fold pseudo-symmetry axis, and located on each opposite side of the central pentagone 

(Fig. S11a).[S9]  On the contrary, the less distorted distal EuN2O7 coordination spheres in 

[Eu3(L4)(hfac)9] do not fit this criteria (Fig. S11b).  
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Appendix 2: Geometrical analysis of the helicity in [Eu2(L3)(hfac)6], [Lu2(L3)(hfac)6] and 

[Eu3(L4)(hfac)9] 

We have resorted to the detailed analysis of crooked lines proposed by Brewster30 for the 

quantitative determination of the helicity index H (eqn S1) associated with the specific organization 

of the five-carbon chain HCar-Car-CH2-Car-CarH in the spacer and numbered C15-C14-C20-C21-

C27 in [Eu2(L3)(hfac)6] (Figure S2a). 

3
max

6 3
V L A

H
V D

 
   (S1) 

According to Brewster,30 the five atoms are projected onto a plane perpendicular to the helical axis 

defined by the line passing through the two terminal atoms of the chain. This yields three possible 

geometrical figures: a line for non-helical organization, a quadrilateral for a regular helical crooked 

line and two triangles with a common summit for an amphiverse helix.19  The helicity index 

computed with eqn (S1) corresponds to the ratio of the volume enclosed by the crooked line (V) 

with respect to the maximum volume (Vmax) produced when the subtended figure is a circle (L is the 

end to end distance of the helix, A is the area of the subtended figure in the projection plane and D 

is the total length of the crooked line, Figure S12a).30  For [Eu2(L3)(hfac)6], [Lu2(L3)(hfac)6] and 

[Eu3(L4)(hfac)9], the subtended figures produced by the crooked line of the diphenylmethane 

spacers are diagnostic for the existence of regular helices (Figure S12b).  The introduction of the 

geometrical data gathered in Table S21 into eqn (S1) gives helicity indexes of H = 0.52 

([Eu2(L3)(hfac)6]), H = 0.58 ([Lu2(L3)(hfac)6]) and H = 0.71, 0.83 ([Eu3(L4)(hfac)9]). 
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Appendix 3. Correction of the rough spectrophotometric data for the residual absorption of 

[Ln(hfac)3]. 

For a given stoichiometric ratio x = 
tot tot

Ln / Lk , the absorbance xA  recorded at the wavelength  

for a mixture produced by equilibrium (2) can be expressed with the Lambert-Beer relationship (eq 

S2, l is the pathlength of the incident light within the solution, i
  is the molar absorption 

coefficient of species i at the wavelength ). 

3Ln(hfac) 3 Lk Ln-Lk 3Ln(hfac) Ln( )(hfac)xA

l


      L Lk k  (S2) 

The introduction of the mass balances given in eqs (S3)-(S4) into eq (S2) yields eq (S5), which can 

be easily rearranged to give eq (S6). 

3 3tot
Ln Ln(hfac) Ln( )(hfac)  Lk  (S3) 

3tot
Ln( )(hfac) L L Lk k k  (S4) 

   
3Ln(hfac) 3 Lk 3 Ln-Lk 3tot tot

Ln Ln( )(hfac) Ln( )(hfac) Ln( )(hfac)xA

l


        L L L Lk k k k  (S5) 

   
3

3

Ln-Lk Lk Ln(hfac)tot
Ln(hfac) Lk 3tot tot

tot tot tot

Ln
, Ln , Ln( )(hfac)xA

F
l

  
 

  
  

  
     

 
L L

L L L
k k

k k k
 (S6) 

During the spectrophotometric titration,  tot tot
, Ln ,F  Lk  is a constant at a specific wavelength 

0 for which  0 0 0

3Ln-Lk Lk Ln(hfac) 0       . This condition has non-negligible probability to occur only 

for the formation of a single additional absorbing complex.  We also note that any graphical 

representation of  tot tot
, Ln ,F  Lk  as a function of 

tot
1 / Lk  becomes linear after the final end 

point of the titration. 
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Appendix 4. Calculation of the binding isotherm in polymer 1.12,13 

Let us write the multiple intermolecular complexation process depicted in Fig. 1a between receptor 

(ligand) L and metals M with equilibrium S7. 

L  +  m Mz+    [LMm]mz+      M,
,1m

L  (S7) 

Each macrospecies [LMm]mz+ is made up of several microspecies differing in the exact location of 

the m metals bound to the N sites (m ≤ N). Each microspecies {si}-[LMm]mz+ can be thus defined by 

a state vector {si}, for which each element si = 1 when a metal is bound to site i and si = 0 when no 

metal is coordinated.  The free energy of complexation G{si} associated with the formation of the 

microspecies {si}-[LMm]mz+ is given in eq S8, where the first term linear in the state variable si, 

corresponds to the sum of free energies of intermolecular metal-binding site connections, and the 

second quadratic term estimates the sum of the intermetallic pairs interactions limited to nearest 

neighbours. 

    M M,M

,
1 1

1
ln

2

N N N

i i i j i j
i i j i

G RT f s E s s
  

    is  (S8) 

The associated microscopic formation constant is obtained by the van’t Hoff isotherm 

     M,
,1 exp /m G RT    

L
i is s , and the target macroconstant in equilibrium S7 is simply obtained 

by the sum over all contributing microconstants. 
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 
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i i

i i
s s

s s  (S9) 

The relevant information on the binding properties of M to L is contained in the semi-grand 

partition function  , which is equivalent to the so-called binding polynomial of eq S10, where Ma  

is the activity of the free metal ion. 

 M,

,1 M
0

N
m

m
m

a


   L  (S10) 

The degree of metalation 
M

m
N

  , also known in coordination chemistry as the occupancy factor 

estimating the average of bound metals per receptor, is given by eq S11.  
 
 

bound
M

tot M

M ln1 1

ln

m d

N N N d a

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  

L
 (S11) 

Introducing eq S10 into eq S11, followed by derivation eventually yields 
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We note that this approach is not limited to occupancy factors (eq S11), and any alternative 

techniques, which estimate the semi-grand partition function  for various metal activities, can be 
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used for deducing the macroconstants (eq S10).  For instance, the partition function for the entire 

chain with N sites shown in Fig. 1a can be computed by suming the elements of the partition vector 

of the elementary subchain over all possible values of the site variables.  This operation can be 

formulated in matrix notation in eq S13, whereby gV  is the generating vector initiating the effect of 

the transfer matrix T, which takes into account the change produced in the partition vector when the 

subchain is extended by one elementary unit on the left. tV  is the transposed terminating vector. 

t=V VN

g  T     (S13) 

For infinite long chains considered in polymers (N), the partition function is given by N  , 

where  is the largest eigenvalue of the transfer matrix T.  The transfer matrix adapted to a finite 

chain with vicinal and distal intermetallic interactions between lanthanides for even N values is 

shown below and the partition functions can be deduced for N = 8 by using eq S13 with 

 gV 1,0,0,0,0,0,0,0  and  tV 1,1,1,1,1,1,1,1 , whereas the target occupancy factor are obtained 

by derivation with eq S11.  
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Figure S0 a) Schematic illustration of vicinal Ln,Ln
1-2E  and distal Ln,Ln

1-3E  intermetallic pair 

interactions operating along a linear metal-loaded receptor and b) associated transfer 

matrix (o = empty site, • = occupied  site) for even N values.12,13 

Introducing  3

3

Ln,N Ln
inter NlnG RT f   , Ln,Ln

1-2E  and Ln,Ln

1-3E  collected in Tables S29-S30 into the 

transfer matrix of Fig S0b eventually yields the occupancy factors plotted with respect to the 

activity of the free metal, thus leading to the so-called binding isotherms depicted in Figure 10. 
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Table S1 Elemental Analyses for [Lnm(Lk)(hfac)3m] complexes (k = 2, 3, 4; Ln = La, Eu, Gd, Lu). 

Compounds MM/ g·mol-1 %C 

found

%H 

found 

%N 

found 

%C 

calc 

%H 

calc 

%N 

calc 

[La(L2)2(hfac)2]2 

[La2(hfac)4(O2CCF3)4]·2.4 H2O 

1976.86 37.26 2.52 5.57 37.67 2.45 5.67 

[Eu(L2)(hfac)3] 1095.52 37.23 2.35 5.13 37.28 2.30 5.11 

[Gd(L2)(hfac)3] 1100.81 37.19 2.34 4.94 37.09 2.29 5.09 

[Lu(L2)(hfac)3] 1118.53 36.45 2.31 5.08 36.51 2.25 5.01 

[Eu2(L3)(hfac)6].1.1 H2O 2203.06 37.26 2.31 5.01 37.62 2.29 5.09 

[Gd2(L3)(hfac)6].1.2 H2O 2213.64 37.06 2.36 5.11 37.44 2.28 5.06 

[Lu2(L3)(hfac)6].0.5 H2O 2249.06 36.71 2.27 4.96 36.85 2.24 4.98 

[Eu3(L4)(hfa)9].1.4 H2O 3355.64 38.39 2.28 5.15 38.66 2.22 5.43 

[Gd3(L4)(hfa)9] 3371.50 38.58 2.42 5.22 38.47 2.21 5.40 
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Table S2 Summary of crystal data, intensity measurements and structure refinements for [Eu(L2)(hfac)3] (2), [Lu(L2)(hfac)3] (5), 

[Eu2(L3)(hfac)6] (3), [Lu2(L3)(hfac)6] (6) , [Eu3(L4)(hfa)9]·5.5CH3CN (4). 

 [Eu(L2)(hfac)3] (2) [Lu(L2)(hfac)3] (5) [Eu2(L3)(hfac)6] (3) [Lu2(L3)(hfac)6] (6)a [Eu3(L4)(hfac)9] (4) 

Empirical formula C34H25F18N4O7Eu C38H31F18N6O7Lu C69H50F36N8O14Eu2 C69H50F36N8O14 Lu2 C119H90.5F54N18.5O20Eu3 

Formula weight 1095.54 1200.66 2203.09 2249.11 3581.48 

Temperature 180 (2) K 180(2) K 180(2) K 180(2) K 180(2) K 

Wavelength 0.71073 Å 1.54184 Å 0.71073 Å 1.54184 Å 1.54184 Å 

Crystal System, Space group Monoclinic, P21/c Triclinic, P-1 Monoclinic, P21/c Triclinic, P-1 Triclinic, P-1 

Unit cell dimensions a = 12.4834 (1) Å  

b = 18.5861 (2) Å  

c = 20.5491 (3) Å    

 = 90° 

 = 117.5470 (10)° 

 = 90° 

a = 12.2354 (2) Å  

b = 14.4044 (2) Å  

c = 14.8029 (3) Å    

 = 77.3039 (16)° 

 = 72.1925 (19)° 

 = 68.6551 (17)° 

a = 21.9162 (8) Å  

b = 18.3619 (8) Å  

c = 24.8681 (9) Å    

 = 90° 

 = 122.872 (2)° 

 = 90° 

a = 12.6357 (4) Å  

b = 17.6457 (5) Å  

c = 18.3732 (6) Å    

 = 83.577 (3)° 

 = 89.254 (3)° 

 = 88.667 (2)° 

a = 17.6614 (4) Å  

b = 19.7308 (4) Å  

c = 23.4654 (5) Å    

 = 95.2886 (19)° 

 = 96.6780 (19)° 

 = 114.691 (2)° 

Volume in Å3 4227.24 (8) 2296.18 (8) 8405.1 (6) 4069.6 (2) 7288.7 (3) 

Z, Calculated density 4, 1.721 Mg/m3 2, 1.737 Mg/m3 4, 1.741 Mg/m3 2, 1.835 Mg/m3 2, 1.632 Mg/m3 

Absorption coefficient 1.612 mm-1 5.275 mm-1 1.622 mm-1 5.888 mm-1 10.343 mm-1 

F(000) 2152 1180 4328 2196 3538 

Theta range for data collection 1.98 to 29.59° 3.16 to 73.39 ° 1.48 to 25.71° 2.52 to 79.77 ° 2.79 to 73.46 ° 
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Table S2 (continued) 
 
Limiting indices -15<=h<=17, 

-23<=k<=25, 

-26<=l<=25 

-14<=h<=15, 

-17<=k<=17, 

-18<=l<=18 

-26<=h<=26, 

-22<=k<=22, 

-30<=l<=30 

-15<=h<=15, 

-21<=k<=21, 

-22<=l<=22 

-16<=h<=21, 

-24<=k<=20, 

-29<=l<=26 

Reflections collected / unique 70644 / 10864 

[R(int) = 0.0311] 

34152 / 9099 

[R(int) = 0.0283] 

74386 / 15887 

[R(int) = 0.0976] 

24565 / 24565 

[R(int) = 0.0000] 

53489 / 28544 

[R(int) = 0.0398] 

Completeness to theta  26.32°/ 99.9 % 73.39°/ 98.4% 25.71°/ 99.2% 68.00°/ 99.2 % 66.97°/ 99.9 % 

Data / restraints / parameters 10864 / 12 / 573 9099 / 0 / 634 15887 / 34 / 1132 24565 / 18 / 1143 28544 / 2 / 1894 

Goodness-of-fit on F2 1.049 1.037 1.027 1.020 1.046 

Final R indices [I>2(I)] R1 = 0.0412, 

R2 = 0.1059 

R1 = 0.0264, 

R2 = 0.0693 

R1 = 0.0640, 

R2 = 0.1592 

R1 = 0.0606, 

R2 = 0.1655 

R1 = 0.0567, 

R2 = 0.1455 

R indices (all data) R1 = 0.0504, 

R2 = 0.1150 

R1 = 0.0277, 

R2 = 0.0704 

R1 = 0.0863, 

R2 = 0.1708 

R1 = 0.0694, 

R2 = 0.1742 

R1 = 0.0715, 

R2 = 0.1585 

Largest diff. peak and hole 1.827 and -1.108 e.Å-3 0.801 and -0.526 e.Å-3 1.391 and -1.385 e.Å-3 1.785 and -1.463 e.Å-3 1.328 and -1.342 e.Å-3 

a The crystal is a non merohedral twin, the ratio of the twin components beign 0.47:0.53.  The structure refinement was performed using HKLF 5 Shelx 

reflection file 
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Table S3 Ionic radius (RLn),
a average bond valences (Ln,j),

b bond valence sums (VLn,j)
c and rotation () and nutation () anglesd in the crystal 

structures of [Lnm(Lk)(hfac)3m] and [Lnm(Lk)(NO3)3m] (m = 1-3, Lk = L1-L4). 

Complexes Type e RLn/Å Ln,N-py Ln,N-bzim Ln,O-amide Ln,O-hfac Ln,O-NO3 VLn /° /° Ref. 

[Eu(L1)(hfac)3] NNN 1.06 0.33 0.36(1) - 0.39(4) - 3.37 40.2 176.8 18 

[Lu(L1)(hfac)3] NNN 1.00 0.25 0.340(2) - 0.35(6) - 3.00 44.5 180.0 18  

[Eu(L2)(hfac)3] NNO 1.10 0.30 0.34 0.38 0.36(2) - 3.15 87.9 132.7 This work 

[Lu(L2)(hfac)3] NNO 1.01 0.29 0.30 0.39 0.34(4) - 3.04 83.6 133.6 This work 

[Eu(L2)(NO3)3(CH3CN)] NNO 1.17 0.28 0.36 0.41 - 0.27(2) 2.98 - - 19 

[Eu2(L3)(hfac)6] NNO 1.10 0.28(1) 0.322(1) 0.390(4) 0.36(3) - 3.16(3) 85(3) 134(2) This work 

[Lu2(L3)(hfac)6] NNO 1.02 0.31(1) 0.30(2) 0.40(1) 0.34(4) - 3.02(7) 83(2) 133.8(6) 24 

[Eu2(L3)(NO3)6(H2O)2] NNO 1.16 0.28 0.39 0.42 - 0.26(3) 2.98 - - 19 

[Eu3(L4)(hfac)9] NNN 1.09 0.27 0.36(1) - 0.36(4) - 3.13 40.0 176.1 This work 

 NNO 1.09 0.30(1) 0.32(2) 0.36(1) 0.36(3) - 3.11(3) 86(4) 135(4) This work 

a Ionic radius for LnIII calculated according to Shannon’s definition with r(N) = 1.46 Å, r(O) = 1.35 Å and r(O-nitrate) = 1.31 Å.28   b 
 Ln, Ln, /

Ln,
j jR d b

j e
    with valence bond parameters RLn,N and RLn,O taken from ref 29e,f and b = 0.37 Å.29 c Ln Ln,j

j

V  .29 d  is the interplanar angle 

between the equatorial didentate hfac anion and the plane defined by the three coordinated donor atom of the aromatic ligand.  is the angle between 
the Eu-Npy and the Eu-O1(hfac)+Eu-O2(hfac) direction (Figure 3).  e Sequence of donor atoms in the tridentate aromatic ligand. 
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Table S4 Selected structural data for the Eu1 lanthanide coordination sphere in [Eu3(L4)(hfac)9] 
(4). 

____________________________________________________________________ 
Angle a / °  

 EuN3O6  Perfect MSAb  

 Standard Normalized  

R1-Eu-R2 175.4 175.7 180 

Angle a / °  

 EuN3O6  Perfect MSAb  

 Standard Normalized  

 2.5 2.5 0 

Angles  a / °  

 EuN3O6   Perfect MSAb 

 Standard Normalized  

R1-Eu-O3 66.0 65.9  

R1-Eu-O1 70.5 70.6  

R1-Eu-N2 68.7 68.5  

R1-Eu-N8 58.5 58.7  

R2-Eu-O2 64.1 64.1  

R2-Eu-O4 63.8 63.9 

R2-Eu-O5 40.6 40.4  

R2-Eu-N6 34.7 34.9  

Angles ij 
a / °  

 EuN3O6 Perfect MSAb 

 Standard Normalized 

Proj[N2]-Eu-Proj[O3]c 80.1 80.1 90 

Proj[O3]-Eu-Proj[N8] 98.0 98.0 90 

Proj[N8]-Eu-Proj[O1] 75.5 75.5 90 

Proj[O1]-Eu-Proj[N2] 106.4 106.4 90 

Proj[O2]-Eu-Proj[O5] 95.4 95.5 90 

Proj[O5]-Eu-Proj[O4] 90.1 90.2 90 

Proj[O4]-Eu-Proj[O6] 85.9 85.9 90 

Proj[O6]-Eu-Proj[O2] 88.5 88.5 90 

Proj[O2]-Eu-Proj[N2] 54.5 54.5 45 
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Proj[O2]-Eu-Proj[O1] 51.9 51.8 45 

Proj[O5]-Eu-Proj[N2] 40.9 41.0 45 

Proj[O5]-Eu-Proj[O3] 39.2 39.2 45 

Proj[O4]-Eu-Proj[O3] 51.0 51.0 45 

Proj[O4]-Eu-Proj[N8] 47.1 47.0 45 

Proj[O6]-Eu-Proj[O1] 36.6 36.7 45 

Proj[O6]-Eu-Proj[N8] 38.9 38.9 45 

___________________________________________________________________________ 
a For the definition of , , i and ij, see Fig. S11a. The error in the angles is typically 0.5°. b 

MSA = monocapped square antiprism.  c Proj[Oi] and Proj[Ni] are the projections of Oi and 

respectively Ni along the R2-R1 direction onto a perpendicular plane passing through the lanthanide 

atom. R1 = Eu-O1 + Eu-N2 + Eu-O3 + Eu-N8 and R2 = Eu-O2 + Eu-O4 + Eu-O5 + Eu-O6. 
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Table S5 Selected structural data for the Eu3 lanthanide coordination sphere in [Eu3(L4)(hfac)9] 
(4). 

____________________________________________________________________ 
Angle a / °  

 EuN2O7  Perfect MSAb  

 Standard Normalized  

R1-Eu-R2 177.8 178.8 180 

Angle a / °  

 EuN3O6  Perfect MSAb  

 Standard Normalized  

 2.3 2.6 0 

Angles  a / °  

 EuN3O6   Perfect MSAb 

 Standard Normalized  

R1-Eu-O2 64.9 62.8  

R1-Eu-O14 70.2 69.9  

R1-Eu-O16 64.9 65.1  

R1-Eu-N10 60.9 63.0  

R2-Eu-O13 57.2 56.9  

R2-Eu-O15 53.1 52.9 

R2-Eu-O17 51.0 51.2  

R2-Eu-O18 55.3 55.7  

Angles ij 
a / °  

 EuN3O6 Perfect MSAb 

 Standard Normalized 

Proj[O2]-Eu-Proj[O14]c 86.1 86.6 90 

Proj[O14]-Eu-Proj[N10] 96.7 96.3 90 

Proj[N10]-Eu-Proj[O16] 84.3 84.3 90 

Proj[O16]-Eu-Proj[O2] 92.8 92.8 90 

Proj[O13]-Eu-Proj[O17] 89.4 89.5 90 

Proj[O17]-Eu-Proj[O18] 90.8 89.6 90 

Proj[O18]-Eu-Proj[O15] 88.9 88.9 90 

Proj[O15]-Eu-Proj[O13] 90.9 92.0 90 

Proj[O17]-Eu-Proj[O2] 45.7 45.1 45 

Proj[O17]-Eu-Proj[O14] 40.4 41.1 45 
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Proj[O18]-Eu-Proj[O2] 45.1 44.6 45 

Proj[O18]-Eu-Proj[O16] 47.8 48.8 45 

Proj[O15]-Eu-Proj[N10] 43.1 43.7 45 

Proj[O15]-Eu-Proj[O16] 41.2 40.1 45 

Proj[O13]-Eu-Proj[O14] 49.0 48.5 45 

Proj[O13]-Eu-Proj[N10] 47.7 48.3 45 

___________________________________________________________________________ 
a For the definition of , , i and ij, see Fig. S11. The error in the angles is typically 0.5°. b MSA 

= monocapped square antiprism.  c Proj[Oi] and Proj[Ni] are the projections of Oi and respectively 

Ni along the R2-R1 direction onto a perpendicular plane passing through the lanthanide atom. R1 = 

Eu-O2 + Eu-O14 + Eu-O16 + Eu-N10 and R2 = Eu-O13 + Eu-O15 + Eu-O17 + Eu-O18. 
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Table S6 Selected bond distances (Å), bond angles (°) in [Eu(L2)(hfac)3] (2). 

Bond distances (Å) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
Eu(1) O(1) 2.396(3) Eu(1) O(6) 2.421(3) 

Eu(1) O(2) 2.450(3) Eu(1) O(7) 2.445(3) 

Eu(1) O(3) 2.417(3) Eu(1) N(1) 2.612(3) 

Eu(1) O(4) 2.394(2) Eu(1) N(3) 2.566(3) 

Eu(1) O(5) 2.397(2)    

Angles (°) 

At. 1 At. 2 At. 3 Angle At. 1 At. 2 At. 3 Angle 
O(1) Eu(1) O(2) 70.32(9) O(4) Eu(1) O(6) 77.51(9) 
O(1) Eu(1) O(3) 75.48(10) O(4) Eu(1) O(7) 147.64(9) 
O(1) Eu(1) O(5) 81.63(9) O(4) Eu(1) N(1) 128.83(9) 
O(1) Eu(1) O(6) 136.29(9) O(4) Eu(1) N(3) 79.33(9) 
O(1) Eu(1) O(7) 73.75(9) N(3) Eu(1) N(1) 61.62(10) 
O(1) Eu(1) N(1) 63.67(9) O(5) Eu(1) O(2) 71.27(9) 
O(1) Eu(1) N(3) 125.16(9) O(5) Eu(1) O(3) 138.94(9) 
O(2) Eu(1) N(1) 120.26(10) O(5) Eu(1) O(6) 141.89(9) 
O(2) Eu(1) N(3) 138.86(9) O(5) Eu(1) O(7) 132.25(9) 
O(3) Eu(1) O(2) 69.09(9) O(5) Eu(1) N(1) 66.36(9) 
O(3) Eu(1) O(6) 70.12(9) O(5) Eu(1) N(3) 73.97(9) 
O(3) Eu(1) O(7) 72.58(9) O(6) Eu(1) O(2) 118.75(10) 
O(3) Eu(1) N(1) 127.86(9) O(6) Eu(1) O(7) 70.84(9) 
O(3) Eu(1) N(3) 146.64(9) O(6) Eu(1) N(1) 120.70(9) 
O(4) Eu(1) O(1) 137.39(9) O(6) Eu(1) N(3) 78.19(9) 
O(4) Eu(1) O(2) 69.69(9) O(7) Eu(1) O(2) 132.46(9) 
O(4) Eu(1) O(3) 103.06(9) O(7) Eu(1) N(1) 66.11(9) 
O(4) Eu(1) O(5) 72.22(9) O(7) Eu(1) N(3) 87.67(9) 
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Table S7  Selected least-squares planes data for [Eu(L2)(hfac)3] (2). 

Least-square planes 

Least-squares planes description  Abbreviatio

n  

Max. deviation/Å Atom 

Pyridine 
N1, C1, C2, C3, C4, C5 

Py 0.0216 (12) N1 

Benzimidazole 
N3, C12, C13, C14, C15, C16, C17, N4, C11 

Bz 0.0148 (11) N3 

Hexafluoroacetylacetonate 
O4, C25, C26, C27, O5, Eu1 

Hfa I 0.0236 (11) C27 

Hexafluoroacetylacetonate 
O6, C32, C31, C30, O7, Eu1 

Hfa II 0.0184 (11) C30 

Hexafluroacetylacetonate 
O2, C21, C22, C20, O3, Eu1 

Hfa III 0.0095 (11) C22 

Interplanar angles (°) 

 Bz Py Hfa I Hfa II 
Py 10.749 (31)    
Hfa I 80.818 (38) 71.551 (42)   
Hfa II 74.816 (38) 64.793 (41) 10.906 (36)  
Hfa III 102.047 (27) 106.904 (34) 90.154 (41) 100.249 (40) 
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Table S8  Selected bond distances (Å), bond angles (°) in [Lu(L2)(hfac)3] (5). 

Bond distances (Å) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
Lu(1) O(1) 2.2996(18) Lu(1) O(6) 2.3924(18) 

Lu(1) O(2) 2.3359(18) Lu(1) O(7) 2.3090(18) 

Lu(1) O(3) 2.2937(17) Lu(1) N(1) 2.505(2) 

Lu(1) O(4) 2.3661(17) Lu(1) N(3) 2.487(2) 

Lu(1) O(5) 2.3703(18)    

Angles (°) 

At. 1 At. 2 At. 3 Angle At. 1 At. 2 At. 3 Angle 
O(6) Lu(1) N(1) 117.15(7) O(2) Lu(1) O(6) 68.62(6) 
O(6) Lu(1) N(3) 134.61(7) O(2) Lu(1) N(1) 68.91(6) 
O(7) Lu(1) O(2) 139.87(6) O(2) Lu(1) N(3) 70.92(6) 
O(7) Lu(1) O(4) 70.04(6) O(3) Lu(1) O(1) 139.40(6) 
O(7) Lu(1) O(5) 74.84(6) O(3) Lu(1) O(2) 74.68(6) 
O(7) Lu(1) O(6) 71.26(7) O(3) Lu(1) O(4) 70.41(6) 
O(7) Lu(1) N(1) 131.88(7) O(3) Lu(1) O(5) 141.56(6) 
O(7) Lu(1) N(3) 145.60(7) O(3) Lu(1) O(6) 69.61(6) 
N(3) Lu(1) N(1) 63.83(7) O(3) Lu(1) O(7) 92.66(7) 
O(1) Lu(1) O(2) 88.49(6) O(3) Lu(1) N(1) 135.40(7) 
O(1) Lu(1) O(3) 136.56(6) O(3) Lu(1) N(3) 80.70(7) 
O(1) Lu(1) O(5) 73.80(6) O(4) Lu(1) O(5) 71.16(6) 
O(1) Lu(1) O(6) 69.87(6) O(4) Lu(1) O(6) 121.65(6) 
O(1) Lu(1) O(7) 76.69(7) O(4) Lu(1) N(1) 121.19(6) 
O(1) Lu(1) N(1) 64.91(6) O(4) Lu(1) N(3) 75.97(6) 
O(1) Lu(1) N(3) 128.66(6) O(5) Lu(1) O(6) 134.71(6) 
O(2) Lu(1) O(4) 134.88(6) O(5) Lu(1) N(1) 67.62(6) 
O(2) Lu(1) O(5) 136.53(6) O(5) Lu(1) N(3) 89.51(6) 
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Table S9  Selected least-squares planes data for [Lu(L2)(hfac)3] (5). 

Least-square planes 

Least-squares planes description  Abbreviation  Max. deviation/Å Atom 
Benzimidazole  Bz 0.0155(10) C17 
C11 N3 C12 C13 C14 C15 C16 C17 N4    
Pyridine Py 0.0105(12) N1 
N1 C1 C2 C3 C4 C5    
Hexafluoroacetylacetonate Hfa I 0.0316(11) C20 
O3 C42 C41 C40 O8    
Hexafluoroacetylacetonate Hfa II 0.0134(11) C25 
O4 C45 C46 C47 O5    
Hexafluoroacetylacetonate Hfa III 0.0093(11) C30 
O6 C50 C51 C52 O7    

 

Interplanar angles (°) 

 Bz Py Hfa I Hfa II 
Py 3.71(3)    
Hfa I 67.04(4) 64.96(4)   
Hfa II 68.44(4) 67.21(4) 14.20(3)  
Hfa III 75.98(3) 79.50(3) 80.64(4) 84.19(4) 
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Table S10 Selected bond distances (Å), bond angles (°) in [Eu2(L3)(hfac)6] (3). 

Bond distances (Å) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
Eu(1) O(1) 2.384(5) Eu(2) O(2) 2.389(6) 

Eu(1) O(3) 2.384(5) Eu(2) O(10) 2.392(5) 

Eu(1) O(4) 2.399(6) Eu(2) O(15) 2.393(6) 

Eu(1) O(7) 2.412(5) Eu(2) O(11) 2.406(5) 

Eu(1) O(9) 2.433(5) Eu(2) O(14) 2.453(5) 

Eu(1) O(5) 2.436(5) Eu(2) O(12) 2.461(5) 

Eu(1) O(8) 2.450(6) Eu(2) N(7) 2.579(6) 

Eu(1) N(3) 2.581(6) Eu(2) N(5) 2.622(6) 

Eu(1) N(1) 2.637(6) Eu(1) Eu(2) 12.594(1) 

Eu(2) O(13) 2.381(5)    

Angles (°) 

At. 1 At. 2 At. 3 Angle At. 1 At. 2 At. 3 Angle 
O(1) Eu(1) O(3) 80.8(2) O(7) Eu(1) O(8) 73.5(2) 
O(1) Eu(1) O(4) 140.3(2) O(9) Eu(1) O(8) 70.50(17) 
O(3) Eu(1) O(4) 72.4(2) O(5) Eu(1) O(8) 136.5(2) 
O(1) Eu(1) O(7) 76.1(2) O(1) Eu(1) N(3) 125.52(18) 
O(3) Eu(1) O(7) 138.9(2) O(3) Eu(1) N(3) 75.6(2) 
O(4) Eu(1) O(7) 105.9(2) O(4) Eu(1) N(3) 75.6(2) 
O(1) Eu(1) O(9) 136.72(19) O(7) Eu(1) N(3) 145.1(2) 
O(3) Eu(1) O(9) 142.5(2) O(9) Eu(1) N(3) 78.12(18) 
O(4) Eu(1) O(9) 75.37(19) O(5) Eu(1) N(3) 138.4(2) 
O(7) Eu(1) O(9) 68.92(19) O(8) Eu(1) N(3) 85.1(2) 
O(1) Eu(1) O(5) 74.8(2) O(1) Eu(1) N(1) 64.01(18) 
O(3) Eu(1) O(5) 72.6(2) O(3) Eu(1) N(1) 63.9(2) 
O(4) Eu(1) O(5) 69.7(2) O(4) Eu(1) N(1) 124.1(2) 
O(7) Eu(1) O(5) 68.8(2) O(7) Eu(1) N(1) 129.9(2) 
O(9) Eu(1) O(5) 113.24(19) O(9) Eu(1) N(1) 123.58(18) 
O(1) Eu(1) O(8) 75.9(2) O(5) Eu(1) N(1) 123.16(19) 
O(3) Eu(1) O(8) 132.30(18) O(8) Eu(1) N(1) 68.49(18) 
O(4) Eu(1) O(8) 143.52(19) N(3) Eu(1) N(1) 61.52(18) 
O(13) Eu(2) O(2) 78.5(2) O(15) Eu(2) O(12) 121.3(2) 
O(13) Eu(2) O(10) 99.90(18) O(11) Eu(2) O(12) 72.71(18) 
O(2) Eu(2) O(10) 139.5(2) O(14) Eu(2) O(12) 131.84(18) 
O(13) Eu(2) O(15) 70.66(18) O(13) Eu(2) N(7) 143.76(19) 
O(2) Eu(2) O(15) 137.79(19) O(2) Eu(2) N(7) 124.94(19) 
O(10) Eu(2) O(15) 75.25(18) O(10) Eu(2) N(7) 79.59(18) 
O(13) Eu(2) O(11) 142.19(18) O(15) Eu(2) N(7) 74.30(19) 
O(2) Eu(2) O(11) 84.4(2) O(11) Eu(2) N(7) 72.71(19) 
O(10) Eu(2) O(11) 72.36(17) O(14) Eu(2) N(7) 87.72(17) 
O(15) Eu(2) O(11) 137.03(18) O(12) Eu(2) N(7) 139.72(18) 
O(13) Eu(2) O(14) 71.88(17) O(13) Eu(2) N(5) 130.95(18) 
O(2) Eu(2) O(14) 73.7(2) O(2) Eu(2) N(5) 63.29(18) 
O(10) Eu(2) O(14) 144.85(19) O(10) Eu(2) N(5) 129.08(17) 
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O(15) Eu(2) O(14) 69.77(18) O(15) Eu(2) N(5) 119.24(19) 
O(11) Eu(2) O(14) 134.49(17) O(11) Eu(2) N(5) 65.69(17) 
O(13) Eu(2) O(12) 69.89(19) O(14) Eu(2) N(5) 68.84(19) 
O(2) Eu(2) O(12) 70.9(2) O(12) Eu(2) N(5) 119.4(2) 
O(10) Eu(2) O(12) 70.8(2) N(7) Eu(2) N(5) 61.67(19) 

 

Table S11 Selected least-squares planes data for [Eu2(L3)(hfac)6] (3). 

Least-Squares Planes 

Least-squares planes description  Abbreviation  Max. deviation /Å Atom 
Benzimidazole 1  Bz1 0.0421 (11) C14 
C11 N3 C12 C13 C14 C15 C16 C17 N4    
Pyridine 1 Py1 0.0160 (12) C3 
C1 C2 C3 C4 C5 N1    
Benzimidazole 2 Bz2 0.0489 (11) C21 
C21 C22 C23 N7 C24 N8 C25 C26 C27    
Pyridine 2 Py2 0.0135 (12) C32 
N5 C30 C31 C32 C33 C34    
Hexafluoroacetylacetonate Hfa I 0.0538 (11) C42 
O3 C40 C41 C42 O4    
Hexafluoroacetylacetonate Hfa II 0.0225 (11) C51 
O8 C51 C52 C53 O9    
Hexafluoroacetylacetonate Hfa III 0.0221 (12) C46 
O5 C45 C46 C47 O7    
Hexafluoroacetylacetonate Hfa IV 0.0398 (11) C58 
O10 C56 C57 C58 O11    
Hexafluoroacetylacetonate Hfa V 0.0315 (11) C68 
O14 C66 C67 C68 O15    
Hexafluoroacetylacetonate Hfa VI 0.0232 (11) C61 
O12 C61 C62 C63 O13    

Interplanar angles (°) 

 Bz1 Py1 Bz2 Py2 Hfa I Hfa II Hfa III Hfa IV Hfa V 
Bz1          
Py1 18.47(3)         
Bz2 54.25(2) 69.53(3)        
Py2 57.71(3) 74.12(4) 7.30(3)       
Hfa I 74.52(4) 58.74(4) 98.75(3) 106.05(4)      
Hfa II 78.95(4) 62.84(4) 102.84(4) 110.13(4) 4.70(5)     
Hfa III 75.89(3) 71.81(4) 118.85(3) 116.59(4) 99.48(4) 99.29(4)    
Hfa IV 89.89(3) 73.66(4) 109.72(4) 116.88(4) 15.44(4) 10.95(4) 102.37(4)   
Hfa V 82.97(4) 65.32(4) 113.85(4) 121.14(4) 15.29(4) 11.95(4) 89.48(4) 13.44(3)  
Hfa VI 61.03(3) 55.14(4) 109.82(3) 109.58(3) 87.33(4) 88.14(4) 16.86(4) 93.61(4) 80.18(4) 
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Table S12  Selected bond distances (Å), bond angles (°) in [Lu2(L3)(hfac)6] (6). 

Bond distances (Å) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
Lu(1) O(8) 2.266(4) Lu(1) O(7) 2.381(4) 

Lu(1) O(1) 2.284(4) Lu(1) O(3) 2.394(4) 

Lu(1) O(5) 2.326(4) Lu(1) N(1) 2.474(5) 

Lu(1) O(6) 2.354(4) Lu(1) N(3) 2.479(5) 

Lu(1) O(4) 2.375(5) Lu(1) Lu(2) 12.533 (1) 

Lu(2) O(10) 2.279(4) Lu(2) O(14) 2.388(4) 

Lu(2) O(2) 2.296(4) Lu(2) O(13) 2.395(4) 

Lu(2) O(11) 2.339(4) Lu(2) N(5) 2.496(5) 

Lu(2) O(12) 2.360(5) Lu(2) N(7) 2.507(5) 

Lu(2) O(9) 2.379(4)     

Angles (°) 

At. 1 At. 2 At. 3 Angle At. 1 At. 2 At. 3 Angle 
O(8) Lu(1) O(1) 139.66(17) O(6) Lu(1) O(3) 134.53(15) 
O(8) Lu(1) O(5) 100.86(17) O(4) Lu(1) O(3) 69.23(16) 
O(1) Lu(1) O(5) 76.42(17) O(7) Lu(1) O(3) 138.70 (16) 
O(8) Lu(1) O(6) 140.86(16) O(8) Lu(1) N(1) 128.34(17) 
O(1) Lu(1) O(6) 77.73(15) O(1) Lu(1) N(1) 65.27(17) 
O(5) Lu(1) O(6) 72.92(15) O(5) Lu(1) N(1) 130.76(16) 
O(8) Lu(1) O(4) 70.02(17) O(6) Lu(1) N(1) 69.76(14) 
O(1) Lu(1) O(4) 70.77(16) O(4) Lu(1) N(1) 117.89(17) 
O(5) Lu(1) O(4) 73.30(16) O(7) Lu(1) N(1) 123.82(16) 
O(6) Lu(1) O(4) 138.06(16) O(3) Lu(1) N(1) 64.77(15) 
O(8) Lu(1) O(7) 72.25(16) O(8) Lu(1) N(3) 76.25(17) 
O(1) Lu(1) O(7) 137.18(15) O(1) Lu(1) N(3) 129.64(16) 
O(5) Lu(1) O(7) 68.12(16) O(5) Lu(1) N(3) 142.45(16) 
O(6) Lu(1) O(7) 69.65(13) O(6) Lu(1) N(3) 85.94(15) 
O(4) Lu(1) O(7) 118.28(16) O(4) Lu(1) N(3) 135.67(16) 
O(8) Lu(1) O(3) 73.60(17) O(7) Lu(1) N(3) 75.60(15) 
O(1) Lu(1) O(3) 84.44(17) O(3) Lu(1) N(3) 74.31(16) 
O(5) Lu(1) O(3) 141.71(17) N(1) Lu(1) N(3) 64.38(16) 
O(10) Lu(2) O(2) 141.33(16) O(12) Lu(2) O(13) 119.47(16) 
O(10) Lu(2) O(11) 100.34(15) O(9) Lu(2) O(13) 139.68(15) 
O(2) Lu(2) O(11) 75.26(16) O(14) Lu(2) O(13) 69.17(14) 
O(10) Lu(2) O(12) 70.32(16) O(10) Lu(2) N(5) 128.13(15) 
O(2) Lu(2) O(12) 71.73(17) O(2) Lu(2) N(5) 65.02(16) 
O(11) Lu(2) O(12) 73.12(16) O(11) Lu(2) N(5) 131.41(15) 
O(10) Lu(2) O(9) 73.81(15) O(12) Lu(2) N(5) 116.30(16) 
O(2) Lu(2) O(9) 85.19(16) O(9) Lu(2) N(5) 64.52(15) 
O(11) Lu(2) O(9) 139.86(16) O(14) Lu(2) N(5) 70.67(14) 
O(12) Lu(2) O(9) 67.50(16) N(13) Lu(2) N(5) 124.23(15) 
O(10) Lu(2) O(14) 140.84(14) O(10) Lu(2) N(7) 76.63(15) 
O(2) Lu(2) O(14) 75.78(16) O(2) Lu(2) N(7) 129.02(15) 
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O(11) Lu(2) O(14) 73.45(15) O(11) Lu(2) N(7) 143.79(15) 
O(12) Lu(2) O(14) 138.02(16) O(12) Lu(2) N(7) 135.12(16) 
O(9) Lu(2) O(14) 135.20(14) O(9) Lu(2) N(7) 74.80(16) 
O(10) Lu(2) O(13) 72.61(15) O(14) Lu(2) N(7) 86.32(16) 
O(2) Lu(2) O(13) 135.10(16) O(13) Lu(2) N(7) 76.29(15) 
O(11) Lu(2) O(13) 68.59(15) N(5) Lu(2) N(7) 64.03(15) 
 

Table S13 Selected least-squares planes data for for [Lu2(L3)(hfac)6] (6). 

Least-Squares Planes 

Least-squares planes description  Abbreviation  Max. deviation /Å Atom 
Benzimidazole 1  Bz1 0.0511 (10) C12 
C11 N3 C12 C13 C14 C15 C16 C17 N4    
Pyridine 1 Py1 0.0110 (12) N1 
C1 C2 C3 C4 C5 N1    
Benzimidazole 2 Bz2 0.0435 (11) C21 
C21 C22 C23 N7 C24 N8 C25 C26 C27    
Pyridine 2 Py2 0.0097 (12) C34 
C30 C31 C32 C33 C34 N5    
Hexafluoroacetylacetonate Hfa I 0.0275 (11) C40 
O3 C42 C41 C40 O8    
Hexafluoroacetylacetonate Hfa II 0.0190 (11) C50 
O6 C50 C51 C52 O7    
Hexafluoroacetylacetonate Hfa III 0.0071 (12) C46 
O4 C45 C46 C47 O5    
Hexafluoroacetylacetonate Hfa IV 0.0189 (11) C57 
O9 C55 C56 C57 O10    
Hexafluoroacetylacetonate Hfa V 0.0212 (11) C67 
O13 C65 C66 C67 O14    
Hexafluoroacetylacetonate Hfa VI 0.0084 (12) C61 
O11 C62 C61 C60 O12    

 

Interplanar angles (°) 

 Bz1 Py1 Bz2 Py2 Hfa I Hfa II Hfa III Hfa IV Hfa V 
Py1 4.76(3)         
Bz2 60.67(3) 59.10(3)        
Py2 72.86(3) 71.94(3) 14.52(3)       
Hfa I 118.43(4) 122.18(4) 90.68(3) 77.28(3)      
Hfa II 107.77(4) 111.14(4) 79.37(4) 66.63(4) 12.42(5)     
Hfa III 101.85(3) 97.54(3) 59.06(3) 59.44(4) 107.14(4) 105.02(4)    
Hfa IV 103.57(3) 106.69(4) 73.56(4) 60.99(4) 18.16(4) 5.89(5) 102.27(5)   
Hfa V 109.96(4) 113.02(4) 76.83(4) 63.55(4) 13.86(4) 5.31(3) 99.75(4) 6.44(4)  
Hfa VI 115.16(3) 110.80(4) 69.80(3) 67.52(4) 100.33(4) 100.91(4) 13.40(3) 99.43(4) 95.63(4) 
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Table S14 Selected bond distances (Å), bond angles (°) in [Eu3(L4)(hfac)9] (4). 

Bond distances (Å) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Eu(1) O(5H) 2.372(4) Eu(2) O(11H) 2.469(4) 

Eu(1) O(6H) 2.402(4) Eu(2) N(4) 2.567(4) 

Eu(1) O(3H) 2.402(4) Eu(2) N(6) 2.593(4) 

Eu(1) O(1H) 2.410(4) Eu(3) O(13H) 2.399(4) 

Eu(1) O(2H) 2.471(4) Eu(3) O(15H) 2.409(4) 

Eu(1) O(4H) 2.482(4) Eu(3) O(2) 2.422(4) 

Eu(1) N(2) 2.525(4) Eu(3) O(16H) 2.425(4) 

Eu(1) N(8) 2.547(4) Eu(3) O(14H) 2.425(4) 

Eu(1) N(1) 2.643(4) Eu(3) O(18H) 2.435(4) 

Eu(2) O(7H) 2.387(4) Eu(3) O(17H) 2.435(4) 

Eu(2) O(10H) 2.396(4) Eu(3) N(10) 2.598(4) 

Eu(2) O(12H) 2.409(4) Eu(3) N(12) 2.611(5) 

Eu(2) O(1) 2.412(4) Eu(3) Eu(1) 12.806(1) 

Eu(2) O(9H) 2.434(4) Eu(1) Eu(2) 9.593(1) 

Eu(2)  O(8H) 2.446(3) Eu(2) Eu(3) 19.051(1) 
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Angles (°) 

At. 1 At. 2 At. 3 Angle At. 1 At. 2 At. 3 Angle 

O(5H) Eu(1) O(6H) 75.31(15) O(1) Eu(2) O(11H) 73.81(14) 

O(5H) Eu(1) O(3H) 81.65(15) O(9H) Eu(2) O(11H) 132.18(13) 

O(6H) Eu(1) O(3H) 135.71(15) O(8H) Eu(2) O(11H) 136.49(13) 

O(5H) Eu(1) O(1H) 139.94(15) O(7H) Eu(2) N(4) 80.73(13) 

O(6H) Eu(1) O(1H) 80.39(14) O(10H) Eu(2) N(4) 143.49(13) 

O(3H) Eu(1) O(1H) 136.22(13) O(12H) Eu(2) N(4) 76.12(13) 

O(5H) Eu(1) O(2H) 72.50(14) O(1) Eu(2) N(4) 125.18(13) 

O(6H) Eu(1) O(2H) 67.21(14) O(9H) Eu(2) N(4) 141.15(13) 

O(3H) Eu(1) O(2H) 139.06(13) O(8H) Eu(2) N(4) 76.63(12) 

O(1H) Eu(1) O(2H) 68.86(12) O(11H) Eu(2) N(4) 85.96(13) 

O(5H) Eu(1) O(4H) 71.38(14) O(7H) Eu(2) N(6) 130.40(13) 

O(6H) Eu(1) O(4H) 67.92(15) O(10H) Eu(2) N(6) 129.02(15) 

O(3H) Eu(1) O(4H) 69.05(14) O(12H) Eu(2) N(6) 121.27(13) 

O(1H) Eu(1) O(4H) 126.93(14) O(1H) Eu(2) N(6) 63.38(12) 

O(2H) Eu(1) O(4H) 127.70(13) O(9H) Eu(2) N(6) 119.53(13) 

O(5H) Eu(1) N(2) 82.67(14) O(8H) Eu(2) N(6) 68.61(12) 

O(6H) Eu(1) N(2) 139.08(14) O(11H) Eu(2) N(6) 68.01(13) 

O(3H) Eu(1) N(2) 72.14(14) N(4) Eu(2) N(6) 61.81(13) 

O(1H) Eu(1) N(2) 96.04(14) O(13H) Eu(3) O(15H) 72.05(13) 

O(2H) Eu(1) N(2) 73.49(13) O(13H) Eu(3) O(2) 140.61(14) 

O(4H) Eu(1) N(2) 135.67(14) O(15H) Eu(3) O(2) 139.76(13) 

O(5H) Eu(1) N(8) 141.41(14) O(13H) Eu(3) O(16H) 137.39(13) 

O(6H) Eu(1) N(8) 89.66(13) O(15H) Eu(3) O(16H) 71.76(13) 

O(3H) Eu(1) N(8) 85.35(14) O(2) Eu(3) O(16H) 81.96(13) 

O(1H) Eu(1) N(8) 68.33(13) O(13H) Eu(3) O(14H) 71.09(14) 

O(2H) Eu(1) N(8) 133.95(13) O(15H) Eu(3) O(14H) 141.85(14) 

O(4H) Eu(1) N(8) 70.03(13) O(2) Eu(3) O(14H) 77.74(14) 

N(2) Eu(1) N(8) 127.14(13) O(16H) Eu(3) O(14H) 134.95(14) 

O(5H) Eu(1) N(1) 138.18(14) O(13H) Eu(3) O(18H) 112.49(15) 

O(6H) Eu(1) N(1) 146.51(13) O(15H) Eu(3) O(18H) 69.69(13) 

O(3H) Eu(1) N(1) 65.56(13) O(2) Eu(3) O(18H) 74.25(13) 

O(1H) Eu(1) N(1) 71.42(12) O(16H) Eu(3) O(18H) 74.38(14) 
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O(2H) Eu(1) N(1) 116.32(13) O(14H) Eu(3) O(18H) 135.08(14) 

O(4H) Eu(1) N(1) 115.88(13) O(13H) Eu(3) O(17H) 69.25(16) 

N(2) Eu(1) N(1) 63.57(13) O(15H) Eu(3) O(17H) 104.08(15) 

N(8) Eu(1) N(1) 63.58(13) O(2) Eu(3) O(17H) 78.48(15) 

O(7H) Eu(2) O(10H) 100.52(15) O(16H) Eu(3) O(17H) 142.00(14) 

O(7H) Eu(2) O(12H) 74.27(14) O(14H) Eu(3) O(17H) 71.40(15) 

O(10H) Eu(2) O(12H) 69.36(14) O(18H) Eu(3) O(17H) 69.11(15) 

O(7H) Eu(2) O(1) 140.02(13) O(13H) Eu(3) N(10) 75.92(15) 

O(10H) Eu(2) O(1) 76.52(14) O(15H) Eu(3) N(10) 75.90(13) 

O(12H) Eu(2) O(1) 136.27(14) O(2) Eu(3) N(10) 125.77(14) 

O(7H) Eu(2) O(9H) 71.04(14) O(16H) Eu(3) N(10) 74.11(14) 

O(10H) Eu(2) O(9H) 69.73(14) O(14H) Eu(3) N(10) 85.97(14) 

O(12H) Eu(2) O(9H) 118.99(14) O(18H) Eu(3) N(10) 138.95(13) 

O(1) Eu(2) O(9H) 70.67(13) O(17H) Eu(3) N(10) 142.97(15) 

O(7H) Eu(2) O(8H) 72.14(13) O(13H) Eu(3) N(12) 121.06(15) 

O(10H) Eu(2) O(8H) 138.93(13) O(15H) Eu(3) N(12) 127.44(14) 

O(12H) Eu(2) O(8H) 139.44(14) O(2) Eu(3) N(12) 64.20(13) 

O(1) Eu(2) O(8H) 84.22(13) O(16H) Eu(3) N(12) 67.91(13) 

O(9H) Eu(2) O(8H) 69.74(13) O(14H) Eu(3) N(12) 67.06(14) 

O(7H) Eu(2) O(11H) 144.02(14) O(18H) Eu(3) N(12) 126.43(14) 

O(10H) Eu(2) O(11H) 71.66(14) O(17H) Eu(3) N(12) 128.45(15) 

O(12H) Eu(2) O(11H) 70.11(15) O(10) Eu(3) N(12) 61.79(14) 
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Table S15 Selected least-squares planes data for [Eu3(L4)(hfac)9] (4). 

Least-Squares Planes 

Least-squares planes description  Abbreviation  Max. deviation /Å Atom 
Benzimidazole 1  Bz1 0.0283 (11)  C6 
C6 N2 C7 C8 C9 C10 C11 C12 N3    
Pyridine 1 Py1 0.0079 (12) C5 
C1 C2 C3 C4 C5 N1    
Benzimidazole 2 Bz2 0.0137 (11) C31 
C31 N8 C32 C33 C34 C35 C36 C37 N9    
Pyridine 2 Py2 0.0262 (12) N6 
C21 C22 C23 C24 C25 N6    
Benzimidazole 3 Bz3 0.0279 (12) N4 
N4 C16 C15 C14 C19 C18 C17 N5    
Benzimidazole 4 Bz4 0.0124 (11) N10 
C39 C40 C41 N10 C45 N11 C42 C43 C44    
Pyridine 3 Py3 0.0403 (12) N12 
N12 C46 C47 C48 C49 C50    
Hexafluoroacetylacetonate Hfa I 0.0341 (11) C1H 
O1H C1H C2H C3H O2H    
Hexafluoroacetylacetonate Hfa II 0.0203 (11) C8H 
O3H C6H C7H C8H O4H    
Hexafluoroacetylacetonate Hfa III 0.0004 (11) C11H 
O5H C11H C12H C13H O6H    
Hexafluoroacetylacetonate Hfa IV 0.0118 (11) C18H 
O7H C16H C17H C18H O8H    
Hexafluoroacetylacetonate Hfa V 0.0006 (11) C28H 
O11H C26H C27H C28H O12H    
Hexafluoroacetylacetonate Hfa VI 0.0258 (11) C21H 
O9H C21H C22H C23H O10H    
Hexafluoroacetylacetonate Hfa VII 0.0385 (11) C38H 
O16H C36H C37H C38H O15H    
Hexafluoroacetylacetonate Hfa VIII 0.0210 (11) C33H 
O13H C31H C32H C33H O14H    
Hexafluoroacetylacetonate Hfa IX 0.0097 (11) C43H 
O17H C41H C42H C43H O18H    
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Interplanar angles (°) 

 Bz1 Py1 Bz2 Py2 Bz3 Py3 Bz4 

Py1 24.33 (3)       

Bz2 155.14 (2) 147.28 (3)      

Py2 72.72 (3) 62.68 (3) 86.24 (3)     

Bz3 82.51 (2) 77.73 (3) 73.86 (2) 17.87 (3)    

Py3 58.89 (3) 37.35 (3) 110.80 (3) 37.24 (3) 55.10 (3)   

Bz4 82.34 (3) 61.12 (3) 87.66 (3) 34.26 (3) 48.61 (2) 23.81 (3)  

Hfa I 100.66 (4) 119.92 (4) 64.25 (4) 86.82 (3) 69.99 (3) 122.30 (3) 117.81 (3) 

Hfa II 66.36 (4) 55.10 (4) 93.46 (4) 7.70 (4) 25.04 (4) 30.59 (4) 32.14 (3) 

Hfa III 136.09 (3) 136.81 (4) 19.80 (3) 74.47 (4) 59.12 (3) 106.53 (4) 86.69 (4) 

Hfa IV 124.17 (3) 146.73 (3) 49.93 (3) 108.28 (4) 90.42 (4) 145.48 (4) 130.48 (4) 

Hfa V 62.09 (3) 37.85 (4) 118.86 (3) 60.78 (4) 78.47 (4) 23.97 (4) 36.24 (3) 

Hfa VI 142.84 (3) 121.09 (4) 32.73 (4) 74.43 (3) 71.00 (3) 84.34 (4) 60.64 (4) 

Hfa VII 19.26 (3) 28.40 (4) 136.18 (3) 54.86 (4) 63.34 (3) 50.59 (4) 71.50 (4) 

Hfa VIII 18.35 (3) 42.16 (4) 144.15 (3) 77.01 (4) 81.52 (4) 73.36 (4) 95.33 (4) 

Hfa IX 89.11 (4) 103.25 (4) 69.83 (4) 65.73 (3) 49.75 (3) 100.62 (3) 98.34 (3) 

 

 Hfa I Hfa II Hfa III Hfa IV Hfa V Hfa VI Hfa VII Hfa VIII 

Hfa II 92.34 (3)        

Hfa III 49.10 (4) 82.15 (4)       

Hfa IV 28.42 (4) 115.20 (4) 44.45 (5)      

Hfa V 146.04 (4) 54.47 (4) 122.39 (4) 166.70 (4)     

Hfa VI 94.36 (5) 79.33 (4) 45.40 (4) 82.58 (4) 86.85 (4)    

Hfa VII 91.53 (4) 49.29 (4) 118.10 (3) 118.97 (4) 62.45 (4) 128.49 (4)   

Hfa VIII 83.16 (4) 72.37 (5) 124.53 (3) 105.82 (3) 80.10 (4) 151.43 (4) 24.07 (5)  

Hfa IX 21.67 (3) 70.86 (3) 50.64 (4) 48.60 (4) 124.40 (4) 92.93 (4) 75.51 (4) 74.40 (4) 
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Table S16 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [Eu(L2)(hfac)3] (2). 

Atomc Donor type Eu,j / Å vEu,j  

N3 bzim 2.566 0.335 Average N-heterocyclic 

N1 py 2.612 0.296 0.32 (3) 

O1 amide 2.396 0.380  

O2 hfac 2.450 0.328  

O3 hfac 2.417 0.359  

O4 hfac 2.394 0.382  

O5 hfac 2.397 0.379  

O6 hfac 2.421 0.355 Average O-hfac 

O7 hfac 2.445 0.333 0.36 (2) 

  VEu 3.147  
a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S1a. 

 

Table S17 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [Lu(L2)(hfac)3] (5). 

Atomc Donor type Lu,j / Å Lu,j  

N3 bzim 2.487 0.304 Average N-heterocyclic 

N1 py 2.505 0.289 0.30 (1) 

O1 amide 2.300 0.386  

O2 hfac 2.336 0.350  

O3 hfac 2.294 0.392  

O4 hfac 2.366 0.322  

O5 hfac 2.370 0.319  

O6 hfac 2.392 0.300 Average O-hfac 

O7 hfac 2.309 0.376 0.34 (4) 

  VLu 3.036  
a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S1b. 
 



 S30

Table S18 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [Eu2(L3)(hfac)6] (3). 

Atomc Donor type Eu,j / Å vEu,j  

N3 bzim 2.581 0.321 Average N-heterocyclic 

N1 py 2.637 0.276 0.30 (3) 

O1 amide 2.384 0.393  

O3 hfac 2.384 0.393  

O4 hfac 2.399 0.377  

O8 hfac 2.450 0.328  

O9 hfac 2.433 0.344  

O5 hfac 2.436 0.341 Average O-hfac 

O7 hfa 2.412 0.364 0.36 (2) 

  V Eu1 3.137  

N7 bzim 2.579 0.323 Average N-heterocyclic 

N5 py 2.622 0.288 0.31 (3) 

O2 amide 2.389 0.387  

O10 hfac 2.392 0.384  

O11 hfac 2.406 0.370  

O14 hfac 2.453 0.326  

O15 hfac 2.393 0.383  

O12 hfac 2.461 0.319 Average O-hfac 

O13 hfac 2.381 0.396 0.36 (3) 

  VEu2 3.175  

a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S2a. 
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Table S19 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [Lu2(L3)(hfac)6] (6). 

Atomc Donor type Lu,j / Å Lu,j  

N3 bzim 2.479 0.310 Average N-heterocyclic 

N1 py 2.474 0.315 0.312 (3) 

O1 amide 2.284 0.402  

O3 hfac 2.394 0.299  

O8 hfac 2.266 0.422  

O4 hfac 2.375 0.315  

O5 hfac 2.326 0.359  

O6 hfac 2.354 0.333 Average O-hfac 

O7 hfac 2.381 0.309 0.34 (5) 

  V Lu1 3.064  

N7 bzim 2.507 0.288 Average N-heterocyclic 

N5 py 2.496 0.296 0.29 (1) 

O2 amide 2.296 0.389  

O11 hfac 2.339 0.347  

O12 hfac 2.360 0.328  

O9 hfac 2.379 0.311  

O10 hfac 2.279 0.408  

O13 hfac 2.395 0.298 Average O-hfac 

O14 hfac 2.388 0.304 0.33 (4) 

  VLu2 2.968  

a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S2b. 
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Table S20 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [Eu3(L4)(hfac)9] (4). 

Atomc Donor type Eu,j / Å vEu,j  

N2 bzim 2.525 0.374  

N1 py 2.643 0.272 Average N-heterocyclic 

N8 bzim 2.547 0.352 0.33 (5) 

O1H hfac 2410 0.366  

O2H hfac 2.471 0.310  

O3H hfac 2.402 0.374  

O4H hfac 2.482 0.301  

O5H hfac 2.372 0.405 Average O-hfac 

O6H hfac 2.402 0.374 0.36 (4) 

  VEu1 3.129  

N4 bzim 2.567 0.334 Average N-heterocyclic 

N6 py 2.593 0.311 0.32 (2) 

O1 amide 2.412 0.364  

O7H hfac 2.387 0.389  

O8H hfac 2.446 0.332  

O9H hfac 2.434 0.343  

O10H hfac 2.396 0.380  

O11H hfac 2.469 0.312 Average O-hfac 

O12H hfac 2.409 0.367 0.35 (3) 

  VEu2 3.132  

N10 bzim 2.598 0.307 Average N-heterocyclic 

N12 py 2.611 0.296 0.30 (1) 

O2 amide 2.422 0.354  

O13H hfac 2.399 0.377  

O14H hfac 2.425 0.351  

O15H hfac 2.409 0.367  

O16H hfac 2.425 0.351  

O17H hfac 2.435 0.342 Average O-hfac 

O18H hfac 2.435 0.342 0.36 (1) 

  VEu3 3.088  
a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S3. 
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Table S21 Helicity indexes H of the five-atoms crooked line in the molecular structures of 

[Eu2(L3)(hfac)6] (3), [Lu2(L3)(hfac)6] (6) and [Eu3(L4)(hfac)9] (4) whree L is the end to 

end distance of the helix, A is the area of the subtended figure in the projection plane 

and D is the total length of the crooked line.30 

Compound L /Å A /Å2 D /Å H 

[Eu2(L3)(hfac)6] 4.32 0.747 5.87 0.52 

[Lu2(L3)(hfac)6] 4.06 0.842 5.78 0.58 

[Eu3(L4)(hfac)9] 3.64 

4.32 

1.290 

1.195 

5.86 

5.87 

0.71 

0.83 
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Table S22  Summary of crystal data, intensity measurements and structure refinements for 

[La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4]·2CH3CN (7). 

 7 

Empirical formula C48H46F12N8O6La, 0.5(C28H4F36La2O16), 2CH3CN 

Formula weight 2059.01 

Temperature 190 (2) K 

Wavelength 1.54184 Å 

Crystal System, Space group triclinic, P-1 

Unit cell dimensions a = 11.6721 (2) Å  

b = 15.7298 (4) Å  

c = 22.3967 (5) Å    

 = 78.307 (2)° 

 = 87.1599 (10)° 

 = 89.3088 (18)° 

Volume in Å3 4018.90 (16) 

Z, Calculated density 2, 1.701 Mg/m3 

Absorption coefficient 9.331 mm-1 

F(000) 2032 

Theta range for data collection 2.87 to 73.48° 

Limiting indices -14<=h<=11, 

-18<=k<=19, 

-27<=l<=27 

Reflections collected / unique 28390 / 15744 

[R(int) = 0.05] 

Completeness to theta  66.97°/ 99.9 % 

Data / restraints / parameters 15744 / 3 / 1091 

Goodness-of-fit on F2 1.051 

Final R indices [I>2(I)] R1 = 0.0522, 

R2 = 0.1400 

R indices (all data) R1 = 0.0554, 

R2 = 0.1449 

Largest diff. peak and hole 1.541 and -1.428 e.Å-3 
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Table S23 Selected bond distances (Å), bond angles (°) in 

[La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4] (7). 

Bond distances (Å) Bond distances (Å) 
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
La(1) N(1A) 2.769(3) La(1) O(4H) 2.537(3) 

La(1) N(1B) 2.788(3) La(2) O(1C) 2.494(3) 

La(1) N(3A) 2.728(3) La(2) O(2C) 2.497(3) 

La(1) N(3B) 2.757(3) La(2) O(3C) 2.493(3) 

La(1) O(1A) 2.549(3) La(2) O(4C) 2.507(3) 

La(1) O(1B) 2.507(3) La(2) O(5C) 2.495(3) 

La(1) O(1H) 2.543(3) La(2) O(6C) 2.510(3) 

La(1) O(2H) 2.550(3) La(2) O(7C) 2.460(3) 

La(1) O(3H) 2.571(3) La(2) O(8C) 2.543(3) 

 
Angles 
 

   
Angles 
 

  

At. 1 At.  2 At. 3 Angle At. 1 At.  2 At. 3 Angle 
O(1B) La(1) O(4H) 136.14(10) O(4H) La(1) N(1B) 115.43(10) 
O(1B) La(1) O(1H) 68.72(11) O(1H) La(1) N(1B) 114.09(10) 
O(4H) La(1) O(1H) 130.26(10) O(1A) La(1) N(1B) 123.87(10) 
O(1B) La(1) O(1A) 72.71(10) O(2H) La(1) N(1B) 64.46(10) 
O(4H) La(1) O(1A) 78.26(9) O(3H) La(1) N(1B) 69.37(10) 
O(1H) La(1) O(1A) 70.89(10) N(3A) La(1) N(1B) 117.46(10) 
O(1B) La(1) O(2H) 78.78(10) N(3B) La(1) N(1B) 58.08(10) 
O(4H) La(1) O(2H) 142.50(9) N(1A) La(1) N(1B) 175.80(10) 
O(1H) La(1) O(2H) 67.01(10) O(7C) La(2) O(3C) 145.76(12) 
O(1A) La(1) O(2H) 135.36(10) O(7C) La(2) O(1C) 139.34(12) 
O(1B) La(1) O(3H) 72.09(11) O(3C) La(2) O(1C) 72.58(12) 
O(4H) La(1) O(3H) 66.84(10) O(7C) La(2) O(5C) 73.29(12) 
O(1H) La(1) O(3H) 129.60(10) O(3C) La(2) O(5C) 78.70(12) 
O(1A) La(1) O(3H) 68.08(10) O(1C) La(2) O(5C) 146.41(11) 
O(2H) La(1) O(3H) 133.16(10) O(7C) La(2) O(2C) 79.48(12) 
O(1B) La(1) N(3A) 146.98(10) O(3C) La(2) O(2C) 112.88(12) 
O(4H) La(1) N(3A) 76.32(9) O(1C) La(2) O(2C) 68.49(11) 
O(1H) La(1) N(3A) 85.34(10) O(5C) La(2) O(2C) 141.09(12) 
O(1A) La(1) N(3A) 118.68(10) O(7C) La(2) O(4C) 85.60(13) 
O(2H) La(1) N(3A) 72.26(10) O(3C) La(2) O(4C) 68.32(12) 
O(3H) La(1) N(3A) 140.45(10) O(1C) La(2) O(4C) 108.76(12) 
O(1B) La(1) N(3B) 118.40(10) O(5C) La(2) O(4C) 75.27(12) 
O(4H) La(1) N(3B) 71.58(10) O(2C) La(2) O(4C) 75.43(11) 
O(1H) La(1) N(3B) 143.98(10) O(7C) La(2) O(6C)#1 74.07(12) 
O(1A) La(1) N(3B) 144.62(10) O(3C) La(2) O(6C)#1 139.39(12) 
O(2H) La(1) N(3B) 79.47(10) O(1C) La(2) O(6C)#1 72.97(12) 
O(3H) La(1) N(3B) 83.10(10) O(5C) La(2) O(6C)#1 123.54(10) 
N(3A) La(1) N(3B) 71.77(10) O(2C) La(2) O(6C)#1 72.69(11) 
O(1B) La(1) N(1A) 123.08(10) O(4C) La(2) O(6C)#1 144.67(12) 
O(4H) La(1) N(1A) 63.98(10) O(7C) La(2) O(8C)#1 117.79(13) 
O(1H) La(1) N(1A) 66.98(10) O(3C) La(2) O(8C)#1 75.28(12) 
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O(1A) La(1) N(1A) 60.30(10) O(1C) La(2) O(8C)#1 76.06(12) 
O(2H) La(1) N(1A) 113.23(10) O(5C) La(2) O(8C)#1 80.14(12) 
O(3H) La(1) N(1A) 113.33(10) O(2C) La(2) O(8C)#1 138.06(12) 
N(3A) La(1) N(1A) 58.37(10) O(4C) La(2) O(8C)#1 139.16(12) 
N(3B) La(1) N(1A) 118.49(10) O(6C)#1 La(2) O(8C)#1 76.13(12) 
O(1B) La(1) N(1B) 60.48(10)     
Symmetry transformations used to generate equivalent atoms: #1 –x+2,-y+1,-z+1 

 

Table S24  Selected least-squares planes data for [La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4] (7). 

Least-square planes 

Least-squares planes description  Abbreviation  Max. deviation/Å Atom 
Pyridine PyA 0.0154(12) N1A 
N1A C1A C2A C3A C4A C5A    
Benzimidazole BzA 0.0223(11) N3A 
N4A C11A N3A C12A C13A C14A C15A 
C16A C17A 

   

Pyridine PyB 0.0213(12) N1B 
N1B C1B C2B C3B C4B C5B    
Benzimidazole BzB 0.0204(11) C11B 
N4B C11B N3B C12B C13B C14B C15B 
C16B C17B 

   

Hexafluoroacetylacetonate Hfa I 0.0459(11) C3H 
O1H C1H C2H C3H O2H    
Hexafluoroacetylacetonate Hfa II 0.0435 (11) C8H 
O3H C6H C7H C8H O4H    

 

Interplanar angles (°) 

 PyA BzA PyB BzB Hfa I 
BzA 3.11(3)     
PyB 19.90(3) 22.75(3)    
BzB 25.19(3) 28.28(2) 12.81(3)   
HfaI  57.24(4) 59.93(4) 37.45(4) 38.86(4)  
Hfa II 45.42(4) 43.13(4) 55.62(4) 67.07(4) 78.73(4) 
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Table S25 Bond Distances (i,j), Bond Valences (vLn,j )a and Total Atom Valence (VLn)
b in the 

Crystal Structure of [La(L2)2(hfac)2]2[La2(hfac)4(O2CCF3)4] (7) 

Atomc Donor type La1,j / Å vLa,j  

  [La(L2)2(hfac)2]
+   

N1A py 2.769 0.253 Average N-heterocyclic 

N1B py 2.788 0.241 0.26 (2) 

N3A bzim 2.728 0.283  

N3B bzim 2.757 0.262  

O1A amide 2.549 0.338 Average O-amide 

O1B amide 2.507 0.379 0.36 (3) 

O1H hfac 2.543 0.344  

O2H hfac 2.550 0.337 Average O-hfa 

O3H hfac 2.571 0.319 0.34 (1) 

O4H hfac 2.537 0.349  

  VLa1 3.106  
  [La(hfac)4(O2CCF3)4]

2-   

O1C hfac 2.494 0.393  

O2C hfac 2.497 0.389  

O3C hfac 2.493 0.394 Average O-hfac 

O4C hfac 2.507 0.379 0.39 (1) 

O5C OAcF 2.495 0.391  

O6C OAcF 2.510 0.376  

O7C OAcF 2.460 0.430 Average O-OAcF 

O8C OAcF 2.543 0.344 0.39 (4) 

  VLa2 3.096  

a  Ln, Ln, /

Ln,
j jR d b

j e
   , whereby Ln,,j is the Ln-donor atom j distance. The valence bond parameters 

RLn,N and RLn,O are taken from ref 29e,f and b = 0.37 Å. b Ln Ln,j
j

V   . c Numbering taken from Fig 

S13. 
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Table S26 Ligand-centered absorption and emission properties of L2-L4 and of their complexes 

Lnm(Lk)(hfac)3m in the solid state. 

Compound Absorption /cm-1 a 
1*1 

Emission /cm-1 b

1*1 

Emission /cm-1 b 

3*1 

Lifetime /ms

(3*) 

L2 31445 29110 sh 

27780 

26455 sh 

21280 sh 

20000 

18870 sh 

3.9(2) 

L3 29585 28250 sh 

26990 

23725 

20408 sh 

19420 

 

1.7(1) 

L4 30395 27780 sh 

26665 

21645 sh 

20000 sh 

19050 

1.4(1) 

Lu(L2)(hfac)3 31545 

 

25350 20830 sh 

19420 

18180 sh 

1.08(6) 

Gd(L2)(hfac)3 31545 

28490 sh 

24875 21740 sh 

20620 

19610 sh 

18180 sh 

1.06(5) 

Eu(L2)(hfac)3 31750 

28490 sh 

c c - 

Lu2(L3)(hfac)6 31350 

27780 sh 

24875 20620 sh 

19420 

18350 sh 

2.4(2) 

Gd2(L3)(hfac)3 31446 

27933 sh 

24783 21276 sh 

19802 

18518 sh 

0.19(1) 

Eu2(L3)(hfac)6 31650 

27470 sh 

c c - 

[Gd3(L4)(hfac)9] 31250 

26525 sh 

23980 20620 sh 

19230 

17860 sh 

0.20(3) 

[Eu3(L4)(hfac)9] 31850 

26670 sh 

c c - 

a Reflectance spectra recorded from MgO matrices at 293 K, sh = shoulder.  b Recorded at 77 K 

with exc  = 30300 cm-1. c Quenched by quantitative transfer onto Eu(III). 
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Table S27 Integral intensities of 5D0 → 7FJ (J = 0 – 4) transitions in EuIII complexes.a 

Compound ∫0-0 ∫0-1 ∫0-2 ∫0-3 ∫0-4 ∫tot/∫0-1 

Eu(L2)(hfac)3 0.14 1.0 12.64 0.28 1.39 15.46 

Eu2(L3)(hfac)6 0.12 1.0 12.18 0.25 1.34 14.89 

Eu3(L4)(hfac)9 0.10 1.0 11.34 0.19 1.32 13.94 

a Experimental error, ±5%. 

 

Table S28 1H NMR shifts of aromatic part (in ppm with respect to TMS) for the ligand L2 and its 

complexes [Ln(L2)(hfac)3] in CD3CN at 293 K (Ln = La, Y, Lu). 

 H1 H2 H3 H4 H5 H6 H7 H-hfac 

L2 7.58 7.36 7.30 7.74 8.37 8.02 7.51 - 

[La(L2)2(hfac)3]  7.65 7.44 7.30 8.03 8.21 8.35 7.99 5.90 

[Y(L2)(hfac)3] 7.63 7.42 7.27 8.20 8.25 8.34 8.01 5.87 

[Y(L2)(hfac)2]
+ 7.72 7.50 7.40 8.11 8.44 8.44 8.09 5.87 

[Lu(L2)(hfac)3] 7.64 7.43 7.30 8.22 8.27 8.35 8.04 5.87 

[Lu(L2)(hfac)2]
+ 7.71 7.51 7.40 8.07 8.36 8.46 8.13 6.14 
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Table S29 19F NMR shifts (in ppm with Respect to Hexafluorobenzene) for the complexes 

[Ln(L2)(hfac)3] at 293 K (Ln = La, Eu, Y, Lu). 

  /CDCl3   /CD3CN  

[La(L2)2(hfac)2]
+ - -77.06 

[La2(hfac)4(CF3COO)4]
2- - -77.41 

[La(L2)(hfac)3] -76.78 -77.41 

[Eu(L2)(hfac)3]  -79.93 

[Y(L2)(hfac)3] -76.86 -77.48 

[Y(L2)(hfac)2]
+ - -77.21 

[Lu(L2)(hfac)3] -76.93 -77.47 

[Lu(L2)(hfac)2]
+ - -77.14 
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Table S30 Cumulative thermodynamic formation constants log( Ln(hfac)3,
,1m

Lk ), associated 

intermolecular microscopic affinities (  Ln,N3 Ln
inter N3lnG RT f   and 

 Ln,N2O Ln
inter N2OlnG RT f    in kJ/mol) and intermetallic (  Ln,Ln Ln,Ln

1 2 1 2lnE RT u     and 

 Ln,Ln Ln,Ln
1 3 1 3lnE RT u     in kJ/mol) interactions obtained for [Lnm(Lk)(hfac)3m] (Ln = 

La, Eu, Y, Lu; CH3CN, 298 K). 

Metal La Eu Y Lu Reference 

log( Ln(hfac)3,
1,1 L1 ) 5.7(1) 5.94(9) 5.15(5) 4.3(3) 18 

log( Ln(hfac)3,
1,1 L2 ) 5.66(6) 6.3(1) 5.47(8) 5.57(6) This work 

log( Ln(hfac)3,
1,1 L3 ) 5.93(8) 6.6(1) 5.79(7) 4.02(9) This work 

log( Ln(hfac)3,
2,1 L3 ) 10.95(6) 11.9(1) 10.87(6) 7.34(5) This work 

log( Ln(hfac)3,
1,1 L4 ) 4.5(1) 5.40(7) 3.9(2) 5.52(9) a This work 

log( Ln(hfac)3,
2,1 L4 ) 9.88(7) 10.70(7) 9.50(1) 11.6(1) a This work 

log( Ln(hfac)3,
3,1 L4 ) 14.01(9) 16.25(6) 13.9(1) 17.1(1) a This work 

log( Ln,
N2Of L2 )/

Ln,N2O,
interG L2  

5.2(2)/-30(1) 5.8(2)/-33(1) 5.0(3)/-29(1) - This work 

log( Ln
N2Of )/ Ln,N2O

interG  4.8(2)/-27(1) 4.9(2)/-30(1) 4.5(3)/-26(1) - This work 

log( Ln,
N3f L1 )/ Ln,N3,

interG L1  5.2(1)/-30(1) 5.5(1)/-31(1) 4.7(1)/-27(1) - 18 

log( Ln
N3f )/ Ln,N3

interG  3.1(2)/-18(1) 3.2(2)/-18(1) 2.5(3)/-14(1) - This work 

log( Ln,Ln
1 2u  )/ Ln,Ln

1 2E   0.4(2)/-2(1) 1.1(2)/-6(1) 0.9(3)/-5(1) - This work 

log( Ln,Ln
1 3u  )/ Ln,Ln

1 3E   -0.9(2)/5(1) -0.4(2)/2(1) -0.8(3)/5(1) - This work 

a Due to major difficulties during the fitting process, these values are only mere estimates (see text). 
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Table S31 Cumulative thermodynamic formation constants log( Ln(NO3)3,
,1m

Lk ), associated 

intermolecular microscopic affinities (  Ln,N3 Ln
inter N3lnG RT f   and 

 Ln,N2O Ln
inter N2OlnG RT f    in kJ/mol) and intermetallic (  Ln,Ln Ln,Ln

1 2 1 2lnE RT u     and 

 Ln,Ln Ln,Ln
1 3 1 3lnE RT u     in kJ/mol) interactions obtained for [Lnm(Lk)(NO3)3m] (Ln = 

La, Eu, Y, Lu; CH3CN, 298 K). 

Metal La Eu Y Lu Reference 

log( Ln(NO3)3,
1,1 L2 ) 5.77(6) 5.27(9) 5.99(9) 6.06(9) 19 

log( Ln(NO3)3,
1,1 L3 ) 5.09(9) 5.49(4) 5.69(8) 5.79(9) 19 

log( Ln(NO3)3,
2,1 L3 ) 9.20(8) 9.42(6) 10.12(9) 10.36(9) 19 

log( Ln(NO3)3,
1,1 L4 ) 6.4(2) 6.8(2) 6.8(2) 7.9(2) a This work 

log( Ln(NO3)3,
2,1 L4 ) 12.3(2) 12.7(3) 12.7(2) 14.2(3) a This work 

log( Ln(NO3)3,
3,1 L4 ) 17.3(2) 17.4(3) 17.8(2) 19.8(3) a This work 

log( Ln
N2O( )f L2 )/ Ln,N2O,

interG L2  5.3(2)/-30(1) 4.8(2)/-27(1) 5.6(3)/-32(2) - 19 

log( Ln
N2Of )/ Ln,N2O

interG  4.5(1)/-25.6(4) 4.7(1)/-26.9(3) 4.9(3)/-28.3(4) - This work 

log( Ln,
N3( )f L1 )/ Ln,N3,

interG L1  4.2(2)/-24.1(8) 4.2(2)/-24.2(8) 4.4(2)/-25.1(9  47 

log( Ln
N3f )/ Ln,N3

interG  6.3(1)/-35.5(1) 6.2(1)/-35.5(1) 6.2(1)/-35.5(1) - This work 

log( Ln,Ln
1 2u  )/ Ln,Ln

1 2E   -0.8(1)/4.6(2) -0.8(2)/5.4(4) -0.8(1)/4.4(2) - This work 

log( Ln,Ln
1 3u  )/ Ln,Ln

1 3E   2.3(1)/-13(1) 2.2(3)/-12(2) 1.8(1)/-10(1) - This work 

a Due to major difficulties during the fitting process, these values are only mere estimates (see text). 
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Table S32 1H NMR shifts of aromatic part (in ppm with respect to TMS) for the ligand L2 and its 

complexes [Ln(L2)(hfac)3] in CDCl3 at 293 K (Ln = La, Y, Lu). 

Compound H1 H2 H3 H4 H5 H6 H7 H-hfac 

L2 7.47 7.37 7.33 7.87 8.44 7.96 7.57 - 

[La(L2)(hfac)3] 7.41 7.41 7.34 8.19 7.95 8.19 7.72 5.85 

[Y(L2)(hfac)3] 7.39 7.39 7.32 8.36 7.97 8.19 7.76 5.84 

[Lu(L2)(hfac)3] 7.40 7.40 7.33 8.38 8.02 8.19 7.77 5.82 

 

 

 



 S44

a)

b)

 

Figure S1 Molecular structures with partial numbering schemes of the assymetric units for a) 

[Eu(L2)(hfac)3] and b) [Lu(L2)(hfac)3] in the crystal structures of 2 and 5 (thermal 

ellipsoids are represented at the 30% probability level). Hydrogen atoms are omitted 

for clarity. 
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a)

b)

 

Figure S2 Molecular structures with partial numbering schemes of the assymetric units for a) 

[Eu2(L3)(hfac)6] and b) [Lu2(L3)(hfac)6] in the crystal structures of 3 and 6 (thermal 

ellipsoids are represented respectively at the 30% and 50% probability levels). 

Hydrogen atoms are omitted for clarity. 
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Figure S3 Molecular structure with partial numbering scheme of the assymetric unit for 

[Eu3(L4)(hfac)9] in the crystal structure of 4 (thermal ellipsoids are represented at the 

30% probability level). Hydrogen atoms are omitted for clarity. 

 

 

Figure S4 Intermolecular -stacking benzimidazole···benzimidazole interactions (d = 3.35Å) 

found in [Lu(L2)(hfac)3] (5) involving neighbouring molecules related by inversion 

centres. 
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a)

b)

 

Figure S5 Intermolecular -stacking benzimidazole···benzimidazole interactions found in a) 

[Eu2(L3)(hfac)6] (3) (d = 3.50Å) and b) [Lu2(L3)(hfac)6] (6) (d = 3.60Å) involving 

neighbouring molecules related by inversion centres. 

 

Figure S6 Intermolecular -stacking benzimidazole···benzimidazole interactions (d = 3.32Å) 

interactions found in [Eu3(L4)(hfa)9] (4) involving neighbouring molecules related by 

inversion centres. 
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a) b)

 

Figure S7 Superimposition of the molecular structures of [Eu(L2)(hfac)3] (red) and 

[Lu(L2)(hfac)3] (blue). Perspective views a) along and b) perpendicular to the 

pyridine plane of the tridentate ligand.  Hydrogen and fluorine atoms are omitted for 

clarity. 

 

 

Figure S8 Superimposition of the molecular structures of [Eu2(L3)(hfac)6] (red) and 

[Lu2(L3)(hfac)6] (blue).  Hydrogen and fluorine atoms are omitted for clarity. 
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Figure S9 Superimposition of the molecular structures of [Eu2(L3)(hfac)6] (red) and 

[Eu2(L2)(hfac)3] (twice, blue).  Hydrogen and fluorine atoms are omitted for clarity. 

 

 

Figure S10 Superimposition of the molecular structures of [Eu3(L4)(hfac)9] (red) and 

[Eu2(L2)(hfac)3] (twice, blue) and [Eu(L1)(hfac)3] (green).  Hydrogen and fluorine 

atoms are omitted for clarity. 
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Figure S11 Perspective views along the Eu-N(pyridine) direction (left) and associated angles , 

,  and  characterizing the pseudo-monocapped square antiprismatic geometry 

adopted by the coordination spheres around EuIII in a) the central [Eu(N3)(hfac)3] 

unit and b) the distal [Eu(N2O)(hfac)3] unit in the trinuclear [Eu3(L4)(hfac)9].  

Hydrogen and fluorine atoms are omitted for clarity. 
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Figure S12 a) Analysis of the helicity of a five-atoms crooked line proposed by Brewster (L is 

the end to end distance of the helix, A is the area of the subtended figure in the 

projection plane and D is the total length of the crooked line).30 b) Subtended 

geometrical figures obtained in the projection plane for [Eu2(L3)(hfac)6], 

[Lu2(L3)(hfac)6] and [Eu3(L4)(hfac)9]. 
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La2

a)

b)

 

Figure S13 Molecular structure with partial numbering scheme of a) [La(L2)2(hfac)2]
+ and b) 

[La2(hfac)4(O2CCF3)4]
2-

 in the crystal structure of 7 (thermal ellipsoids are 

represented at the 50% probability level). Hydrogen atoms are omitted for clarity. 
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a)

b)

 

Figure S14 a) Intramolecular (interplanar angle = 28° d = 3.7 Å and b) intermolecular -stacking 

benzimidazole···benzimidazole interactions (3.36(1) Å) found in [La(L2)2(hfac)2]
+ in 

the crystal structure of 7. 
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Figure S15 Coordination spheres around LaIII in a) [La2(hfac)4(O2CCF3)4]
2- (pseudo-square 

antiprism) and b) [La(L2)2(hfac)2]
+ (pseudo-bicapped square antiprism) in the crystal 

structure of 7. 
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Figure S16 Solid state a) reflectance absorption spectra (293 K), b) emission spectra ( exc  = 

30300-29500 cm-1, 77 K), c) phosphorescence spectra ( exc  = 30300-29500 cm-1, 

delay time after excitation flash 5 s, 77 K) d) luminescence spectra ( exc  = 28170 cm-

1 at 293 K) recorded for L3 (black traces), [Lu2(L3)(hfac)6] (blue traces), 

[Gd2(L3)(hfac)6] (green traces) and [Eu2(L3)(hfac)6] (red traces). 
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Figure S17 Solid state a) reflectance absorption spectra (293 K), b) emission spectra ( exc  = 

30300-29500 cm-1, 77 K), c) phosphorescence spectra ( exc  = 30300-29500 cm-1, 

delay time after excitation flash 5 s, 77 K) d) luminescence spectra ( exc  = 28170 cm-

1 at 293 K) recorded for L4 (black traces), [Gd3(L4)(hfac)9] (green traces) and 

[Eu3(L4)(hfac)9] (red traces). 



 S57

14.516.518.520.522.524.5

14.516.518.520.522.524.5

14.516.518.520.522.524.5
In

te
ns

it
y

/a
.u

.

Eu(5Dj 7Fj’)

0
4

0
3

0
2

0
1

0
01

2
1

1
1

0

Ix100

a)

In
te

ns
it

y
/a

.u
.

Ix100

b)

In
te

ns
it

y
/a

.u
.

Ix100

c)

Eu(5Dj 7Fj’)

0
4

0
3

0
2

0
1

0
0

1
21

1
1

0

Eu(5Dj 7Fj’)
0

4

0
3

0
2

0
1

0
0

1
21

1
1

0

 ·103/cm-1

 ·103/cm-1

 ·103/cm-1

 

Figure S18 Luminescence spectra ( exc  = 29000 cm-1, solid state 77 K) recorded for a) 

[Eu(L2)(hfac)3], b) [Eu2(L3)(hfac)6] and c) [Eu3(L4)(hfac)9]. 
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Figure S19 Selected 19F NMR spectra recorded during the titration of L2 with 

[Lu(hfac)3(diglyme)] in CD3CN at 293 K. a) Lu:L2 = 1:0, b) Lu:L2 = 1:1 and c) 

Lu:L2 = 3:1. 
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Figure S20 1H NMR spectra recorded for [Lu(L2)(hfac)2]
+ in CD3CN at 293 K prepared by 

reacting [Lu(L2)(hfac)3] with various Lewis acids (LA). a) LA = [Lu(hfac)3] obtained 

from [Lu(hfac)3(diglyme)], b) LA = Lu3+ obtained from [Lu(CF3SO3)3(diglyme)], c) 

LA = Li+ obtained from LiClO4 and d) LA = H+ obtained form CF3SO3H (the signals 

with an asterisk are those of the protonated ligand). 
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Figure S21 a) Experimental (full line) and simulated (dotted line) variable temperature 1H NMR 

spectra recorded for [Ln(L2)(hfac)3] in CD3CN and showing the signals of the protons 

connected to the bound hfac anions (an excess of [Y(diglyme)(hfac)3] was used as a 

reference). b) Eyring plots of the first-order kinetic rate constants calculated for the 

dynamic exchange between axial and equatorial hfac anion.  
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Figure S22 Aromatic parts of selected 1H NMR spectra recorded during the titration of L3 with 

[Ln(hfac)3(diglyme)] in CD3CN at 293 K. a) L3, b) La:L3 = 2:1, c) Y:L3 = 2:1, d) 

Y:L3 = 4:1, e) Lu:L3 = 2:1 and f) Lu:L3 = 4:1.  Protons with standard numbering 

correpond to those of [Ln2(L3)(hfac)6], whereas those marked are assigned to the 

dissociated complexes [Ln2(L3)(hfac)4]
2+ (see text). 
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Figure S23 Aromatic parts of selected 1H NMR spectra recorded during the titration of L4 with 

[La(hfac)3(diglyme)] in CD3CN/CD2Cl2 (7:3) at 293 K.  Protons with standard 

numbering correpond to those of [La3(L4)(hfac)9], whereas those marked with a star 

are assigned to traces of the double-stranded complex [La3(L4)2(hfac)8]
+ (see text). 
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Figure S24 Aromatic parts of selected 1H NMR spectra recorded during the titration of L4 with 

[Y(hfac)3(diglyme)] in CD3CN/CD2Cl2 (7:3) at 293 K.  Protons with standard 

numbering correpond to those of [Y3(L4)(hfac)9], whereas those primed are assigned 

to the dissociated complex [Y3(L4)(hfac)8]
+ (see text). 
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Figure S25 Aromatic parts of selected 1H NMR spectra recorded during the titration of L4 with 

[Lu(hfac)3(diglyme)] in CD3CN/CD2Cl2 (7:3) at 293 K.  Protons with standard 

numbering correpond to those of [Lu3(L4)(hfac)9], whereas those primed are assigned 

to the dissociated complex [Lu3(L4)(hfac)8]
+ (see text). 
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Figure S26 Variation of corrected molar extinction F (see appendix 3) at four different 

wavelengths observed during the spectrophotometric titrations of a) L2, b) L3 and c) 

L4 with [Lu(hfac)3(diglyme)] (298 K, CH3CN, total ligand concentration: 10-4 

mol·dm-3). 
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Figure S27 Symmetry numbers () and statistical factors () for the complexation of nine-

coordinate [Ln(X)3(CH3CN)3] to L1-L4 in acetonitrile (X = NO3
- or hfac-).  For 

comparison purpose, we set that the weakly interacting water or diglyme molecules in 

the starting complexes are shifted by acetonitrile at 10-4 M.  The somewhat arbitrary 

choice of an ideal C3v symmetry for the starting lanthanide complexes is not crucial 

since each equilibrium refers to the same starting metal-containing entity. 
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Figure S28 Cumulative experimental a)  Ln(hfac)3,
,1 exp

log m
Lk  and b)  Ln(NO3)3,

,1 exp
log m

Lk  (eqs 10-12) 

and calculated a)  Ln(hfac)3,
,1 calcd

log m
Lk  and  b)  Ln(NO3)3,

,1 calcd
log m

Lk  (eqs 17-23) 

thermodynamic formation constants obtained for [Lnm(Lk)(hfac)3m]3m+ in CH3CN at 

298 K (Ln = La, Eu, Y; Lk = L1-L4). 
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Figure S29 Selected 1H NMR spectra recorded upon titration of L2 with [Ln(hfac)3(diglyme)] in 

CDCl3 at 293 K. a) L2, b) Lu:L2 = 1:1, c) Y:L2 = 3:2 and d) La:L2 = 2:1. 

 



 S71

-78.7-78.3-77.9-77.5-77.1-76.7-76.3-75.9-75.5

/ppm

a)

b)

c)

F-hfac

Y(hfac)3

excess

F-hfac

F-hfac

La(hfac)3

excess

tot tot
Lu / 1.0L2

tot tot
Y / 1.5L2

tot tot
La / 2.0L2

 

Figure S30 Selected 19F NMR spectra recorded during the titration of L2 with 

[Ln(hfac)3(diglyme)] in CDCl3 at 293 K. a) Lu:L2 = 1:1, b) Y:L2 = 3:2 and c) La:L2 

= 2:1. 
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