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Thermodynamics, Structure and Properties of Polynuclear Lanthanide
Complexes with a Tripodal Ligand: Insight into their Self-Assembly
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Abstract: Self-assembly processes be-
tween a tripodal ligand and Ln™ cat-
ions have been investigated by means
of supramolecular analytical methods.
At an equimolar ratio of components,
tetranuclear tetrahedral complexes are
readily formed in acetonitrile. The
structural analysis of the crystallo-

and optical methods in solution and in
the solid state. In the presence of
excess metal, a new trinuclear complex
was identified. The X-ray crystal struc-
ture elucidated the coordination of
metallic cations with two ligands of dif-
ferent conformations. By varying the
metal/ligand ratio, a global speciation

of this supramolecular system has been
evidenced with different spectroscopic
methods. In addition, these rather com-
plicated equilibria were successfully
characterised with the thermodynamic
stability constants. A rational analysis
of the self-assembly processes was at-
tempted by using the thermodynamic

graphic data shows a helical wrapping
of binding strands around metallic cat-
ions. The properties of this series of
highly charged 3D compounds were ex-
amined by using NMR spectroscopy

Introduction
The particular optical and magnetic properties of Ln™ ions
have motivated coordination chemists to prepare discrete
supramolecular assemblies to get new functional materials.!!
In this context, the incorporation of Ln™ as functional cen-
tres in molecular edifices has found various applications,
such as lighting® and light-conversion devices,” optical
fibres,”) luminescent probes® and switches,® near-IR emit-
ting materials””! and contrast agents in medical imaging.”®!
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201100173 and contains the re-
sults of structural, photophysical, NMR spectroscopy, ESMS and ther-
modynamic analyses (Tables S1-S11); NMR spectra of the Ln' com-
plexes (Figure S1); spectrophotometric titration with Lu™ (Fig-

ure S2); luminescence spectra (Figures S3-S5), structural characteri-
zations of [Lu;L10,]°* (Figures S6-S11); distribution curves for Lu™
complexes (Figure S12); statistical factors (Figure S13); computations
of the effective concentration for L1"; and additional crystallographic
data for [Lu;L10,)°* (Figure S14).
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free energy model and the impact of
the ligand structure on the effective
concentration is discussed.

Each of these specific applications requires a suitable organ-
ic receptor, the design of which must ensure the desired
properties of an assembly, such as thermodynamic and ki-
netic stability, good sensitisation of Ln™ luminescence or
the presence of exchangeable protons in the first coordina-
tion sphere. To get these pre-organised ligands, the synthetic
strategies mainly take advantage of the attachment of poly-
dentate coordination moieties on a suitable platform, such
as small macrocycles!” or polyamines."” Reducing these
platforms to a single atom provides podand-like ligands with
different degrees of denticity, which is particularly useful for
a fine tuning of coordination cavities for Ln"™. A large
family of tripodal ligands with mostly carbonylpyridine-de-
rived segments is obtained by anchoring binding strands on
a nitrogen atom, as illustrated with L1-L6.""'% Alternative-
ly, a carbon atom is a convenient choice and has been ap-
plied by Piguet etal. for investigating the tripodal com-
plexes with L7 and L8.'8! The reaction of tripodal ligands
with Ln™ provides mainly mononuclear complexes, which
intriguingly do not exhibit a high stability compared with
macrocyclic receptors with better predisposed coordinating
atoms. Nevertheless, the flexibility of tripodal ligands may
enhance the interactions between donor atoms and metal
ions and reduce size-discrimination effects. The intrinsic
pre-organisation of ligands can be measured with the effec-
tive concentration, ¢, which corresponds, by definition, to
the entropic difference between inter- and intramolecular
binding. The value of ¢ can be calculated from the stability
constants of related complexes by using thermodynamic
modelling. This innovative approach in supramolecular
chemistry aims to identify and quantify key energetic pa-
rameters for a better understanding of self-assembly pro-
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cesses.'”? Although the tripodal ligands seem to be suffi-
ciently pre-organised to coordinate Ln™ cations, recent ther-
modynamic studies revealed a low value for the effective
concentration in tripodal complexes."s This finding gives
quantitative evidence for unfavourable intramolecular re-
actions within the self-assembly and translates in a drastic
decrease in thermodynamic stability. In addition to entropic
factors, the introduction of structural constraints, that is,
shortening of the spacer length between the anchoring atom
and binding sites (L9,”"" L10?Y), and a mismatch between
the ligand denticity and the Ln"™ coordination number™
may prevent the formation of mononuclear tripodal com-
plexes. Consequently, self-assembly leads to polynuclear
structures with opened binding strands of a tripodal ligand
(a trefoil form) that coordinate to different metal ions.
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We report here on the detailed characterisation of self-as-
sembly processes between a short tripodal ligand (L10) and
lanthanide cations. Mixing of equivalent amounts gives tet-
rahedral lanthanide helicates that have been partially de-
scribed in a recent communication.’” The formation of
these multicomponent assemblies is energetically favourable
due to the trefoil form of the ligand. Despite few lantha-
nide-containing three-dimensional edifices described in the
literature,®! our system represents a rare example of poly-
nuclear lanthanide complexes in which the self-assembly is
directed and controlled by the ligand structure. These three-
dimensional discrete complexes may potentially act as func-
tional materials with interesting paramagnetic and lumines-
cent properties. The latter will be elucidated herein with
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photophysical studies. A methodical combination of crystal-
lography, 'HNMR spectroscopy, ESMS and spectro-
photometry allows a reliable characterisation of Ln™ tetra-
hedral complexes along the series as well as other com-
plexes formed at different stoichiometries. More particular-
ly, we will carry out the investigations of trinuclear com-
plexes formed and isolated in the presence of excess metal.
These unusual assemblies extend the family of few com-
plexes with a triangular topology of Ln'" cations.'"**! Final-
ly, the stability constants of different complex species and
their analysis with thermodynamic modelling will be dis-
cussed.

Results and Discussion

Preparation and characterisation of the [Ln/JL10,]"*
(Ln=La-Lu, Y) complexes: The reaction of Ln™ perchlo-
rates with L10 at stoichiometric conditions (1:1) results in
tetrahedral [Ln,L10,]"* complexes.””’ The complexes with
Ln=Nd, Eu, Gd, Tb, Yb, Lu and Y were isolated in the
solid state and characterised by using elemental analyses,
NMR spectroscopy and ESMS (see Tables S1-S3 and Fig-
ure S1 in the Supporting Information). We predict that iso-
structural complexes with other lanthanides may be pre-
pared using analogous procedures by taking into account
their similar cationic size. The only exception was observed
for La™ complexes, in which the NMR spectrum of the iso-
lated compound shows large unresolved bands (Figure Slc),
which may be attributed to a mixture of low-symmetry spe-
cies undergoing chemical exchange processes. The isolated
compounds are soluble in acetonitrile, but the presence of a
stronger coordinating solvent leads to the dissociation of co-
ordination bonds with L10. This behaviour was examined by
adding water to a solution of [Eu,L10,][CIO,];, in acetoni-
trile. The tetranuclear complex starts to hydrolyse at a ~30-
fold excess of water per metal ion and its complete destruc-
tion is achieved at 2.5% (v/v) of water. In these conditions,
the unresolved and broad NMR spectrum indicates the pres-
ence of various exchanging complexes. Further water addi-
tion eventually provokes the release of free L10. A partial
dissociation of the tetranuclear complex has also been ob-
served in methanol.

Crystal structure of the [Th,L10,]"** cation: To demonstrate
the helical character of tetrahedral complexes, the crystal
structure of [Tb,L10,]"** (Figure 1) was analysed in detail.
The ligand strands are coordinated to three different terbi-
um cations and impose an identical helicity around all cat-
ions in the complex. Therefore, the resulting complexes cor-
respond to the mixture of enantiomers.

According to the early definition,” helicates were char-
acterised as strands wrapped around a helical axis defined
by at least two metallic cations. In our case, the helical axis
is identical with a threefold axis going through the metallic
cation and C1 of the ligand, which is not coordinated to this
cation. This arrangement is similar to non-covalently pre-or-
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Figure 1. a) Detailed view of the coordination environment around Tb™
cations in [Tb,L10,]'>*. b) Atom numbering scheme in the crystal struc-
ture.

ganised tripods,?® except that the capping part is comprised
of a three-metal platform, that is, three cations coordinated
to the same ligand. The organisation of the ligand strands
around metallic cations is close to that in the complexes
formed with the simple ligand 2,6-bis(N,N-diethylcar-
bamoyl)pyridine (L11).?” Three strands of three different
L10 ligands (Figure 2) are wrapped around the terbium
cation with an average pitch for all Tb cations of 10.8(7) A
(for helical portions between planes F1-F2 and F2-F3,
Table S4), which compares well with 11.84/13.3 A for L1,
11.55 A found for L2 and 11.32 A for L11. The helical pitch
for the more flexible part between planes F3 (O5b, O3c,
03d) and F4 (C2b, C2c, C2d) is about 130(20) A, which is a
quite modest value (Table S4). The coordination environ-
ment of each Tb™ can be described as a distorted tricapped
trigonal prismatic site. The Tb™ cations almost lie in the F2
plane defined by the threefold-symmetry-related pyridine
nitrogens. The distance between the trigonal faces of the
prism defined by carbonyl oxygens (F1, F3) and F2 is
1.60(3) A, which differs from the irregular distances found
within tripodal [EuL1]** complexes. Consequently, the hel-
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Figure 2. Coordination sphere around metallic cations in [Tb,L10,]"*.
a) Schematic representation of four facial planes with the donor atoms.
b) Wrapping of three different binding strands around one terbium
cation (hydrogen atoms are omitted for clarity).

icity around the terbium cations is regular within the edifice.
The average Tb—O amide bond length (Table S5) falls in the
range of values previously reported for Eu™ complexes with
L1 and L11. Nevertheless, the Tb—O bonds closer to the
centre of the tetrahedron (2.42(3) A) are a little longer than
those of the more distant ones (2.38(2) A). The Tb—N bond
length (2.53(2) A) is slightly shorter than in [EuL1]** com-
plexes (2.55-2.57 A).

A closer inspection of the crystal structure of [Tb,L10,]"**
also shows that the space inside the complex is not sufficient
to accommodate any molecule and the complex may be con-
sidered as a void cage. In the crystal structure, all CHj;
groups attached to the ligand anchor are pointing to the tet-
rahedron centre (CT) with the average distance d(C1-CT)=
2.77(6) A. These protons are thus placed in the cage and we
denote this particular conformation of L10 as endo-CHj.

Electronic and photophysical properties of L10 and
[Ln,L10,]"** complexes: In acetonitrile, ligand L10 shows a
broad and asymmetric band envelope centred around A=
270 nm and assigned to a combination of n—mn and w—x*
transitions centred onto the pyridinecarboxamide units as
previously reported for L1, L2 and L11.*"! Similarly, the
absorption spectrum is significantly modified upon complex-
ation to Ln™ and a broad absorption becomes structured
with 1) a bathochromic shift of the peak maximum (1=
279 nm), 2) an increase in intensity and 3) the appearance of
shoulders on both high- and low-energy sides (Figure S2). A
parallel behaviour is observed for L10 in the solid state. Ex-
citation via the ligand-centred excited states produces a
weak broad fluorescence band originating from 'mn* levels
(Figure 3a). Time-resolved spectra of L10 (10-200 ps) show
a residual short-lived emission at the same energy that origi-
nates from the *m* levels with a lifetime, 7, of <50 ps (Fig-
ure S3a). The residual emission is centred about 1 =476 nm.
Similar behaviour was observed for the [Gd,L10,]"** com-
plex (Figures S3b and S4, Table S6). This points to the exis-
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Figure 3. Fluorescence  spectra of a)L10, b)[Gd,L10,][CIO,];,,

¢) [Eu,L10,][ClO,];, and d) [Tb,L10,][CIO,];, in the solid state at 77 K
(Aex =279 nm).

tence of efficient nonradiative deactivation pathways, as pre-
viously reported for L1 and L11.7

Luminescent properties of [Eu,L10,]?* in the solid state:
The emission spectra of [Eu,L10,][ClO,];, were obtained
upon irradiation of the ligand-centred excited states
(35840 cm™!). The low-resolu-
tion emission spectra at room

temperature show relatively in- g, ged acetonitrile.

unique band, which indicates the presence of one crystallo-
graphic site that is compatible with the T symmetry of
[Tb,L10,][ClO,];, in the crystal structure. Moreover, the
very weak intensity of this transition is compatible with the
local C; symmetry, for which this transition is forbidden by
the Laporte rule. Two main components are observed for
Eu(°D,—"F,) transition, for which the latter is slightly split
into two components.'"?' The *D,—F, transition displays a
band with a maximum at A=617 nm composed of five com-
ponents. The Eu(*D,—’F,) transition displays a series of six
bands with a maximum at 1=694 nm. The overall splitting
profile is thus compatible with the local C; site symmetry
despite minor deviations from the ideal case.

The Eu(’D,) lifetime (1.79ms at 77 K, solid state) is
slightly longer than that of [EuL1][CIO]; (1.45ms) and
comparable to that of protonated complex [Eu(L1+H%Y)]-
[CF;S0;], (1.81-1.87 ms)™! and [EuL11,][CF;SO;]; (=
1.93 ms).””! These observations points to a negligible contri-
bution from the amide linker oscillators (N—H) to the de-
activation pathway of the Eu(°D,) level and suggest efficient
protection of the metallic site from external interactions due
to the helical arrangement of binding strands. The lumines-
cent lifetimes do not exhibit a significant dependence on
temperature (Table 1).

Table 1. Observed lifetimes of Eu'™ and Tb™ at various temperatures in the solid state and in solution in de-

tense *Dy—'F; (j=1, 2, 4) tran-

O . Jex [em™] 7 [ms]
sitions, which become struc- 77K 295 K 295 K (CH,CN)
tur.ed at lower temperatures [Eu(L11),][CE:SO, ]2 30468 1.93(3) _
(Figures 3 and S4). The obser-  [EuL1][CIO,]! 28170 1.45(3) 1.09(2) -
vation of the metal-centred [Eu(L1+H")][CF,SO;];" 32470 1.87(6) 1.81(1) -
transitions together with a {Eu(ﬁ:]?[lggclﬂsosls“” igzig }3(9)8; }328 }zgg;
: el u, L1, 4]12 . : :
k?road residual emission of the [Tb,L10,][CIO,],» 35842 1.61(1) 1.45(1) ('Fy) 1.51(1)
ligand-centred excited states [Tb,L10,][CIO,]1» 30490 1.32(1) ('Fs)

confirms a poor antenna effect
combined with an inefficient
L10—Ln"™ energy transfer. To
get a better insight into the geometry of the complex, we
performed a high-resolution measurement of luminescence
at 10 K with Eu™ as a structural probe (Figure 4, Table S7).
The symmetry-sensitive transitions Eu(°’D,—'F,) show a
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Figure 4. High-resolution luminescence spectra of a) [Tb,L10,][ClO,];,
and b) [Eu,L10,][CIO,];, at 10 K (A,,=279 nm).
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The energy corresponding to *D,«F, transitions is influ-
enced by the composition of the Eu™ coordination sphere,
which modifies the total charge on Eu™ through the nephe-
lauxetic effect. This energy at 295 K can be predicted with
the equation described by Frey and Horrocks [Eq. (1)],® in
which 7, is 17374.0cm™' for the free metal ion, Ccy ac-
counts for one for the nine-coordinated Eu™ cation, n, is the
number of atoms of type i, and 9, is the capacity of the atom
i to accept the electronic density of the metal ion. According
to the crystal structure, the coordination sphere of each
Eu ion is nine-coordinated by six oxygen atoms of carbox-
amide groups (6;=—15.7 cm™") and three heterocyclic nitro-
gen atoms (§;=—15.3 cm™!).[11%7]

V= 9+Ccn Zniéi 1)

The application of Equation (1) gives the energy of
17234 cm™ at 295 K. The excitation spectrum of [Eu,L10,]-

Chem. Eur. J. 2011, 17, 6753 -6764
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[C10,];, at 10 K reveals the symmetrical band of a Dy«—F,
transition centred at ¥.,,=17232 cm™' (1 =580.322 nm). This
corresponds to 17244 cm™ at 295K after taking into ac-
count the temperature correction of 1 cm™' per 24 K. This
experimental value is very close to that measured for
[EuL1P* (17225 cm ™) and [EuL1L;]P* (17227 cm™)®#7
and in qualitatively good agreement with the calculated
value.

In acetonitrile, the emission spectra of [Eu,L10,]"** (Fig-
ure S5) closely match the data obtained in the solid phase.
Nevertheless, the Eu(°D,) lifetime is slightly longer
(1.85(3) ms), as also observed for complexes with L1. It con-
firms that no water molecules are present in the first coordi-
nation sphere. The quantum yield of [Eu,L10,]"*" relative to
[Eu(terpy);]*?" (terpy =terpyridine) is weak and amounts
to @, =4.6x107% (D,,,=6.0x107*). However, this value is
much higher than the quantum yields determined for
[EuL1LP** (&, =6.6x107)" or for the protonated tripo-
dal complex [Eu(L1+H)]* (@,,=1.1x1072)." Because the
composition of the Eu™ coordination sphere remains un-
changed, the enhancement of the metal-centred emission
may result from a higher probability of the intramolecular
energy transfer within tetranuclear assemblies.

To get information on the coordination sphere of Eu
dissolving the complex in methanol, we have resorted to em-
pirical Equation (2) that relates the quenching efficiencies
of CH;OH and CD;OD.” The luminescent lifetimes were
determined for [Eu,L10,]"** dissolved in normal and deuter-
ated methanol (~1x107°m) and amount to 7;;=0.72 ms and
7, =1.94 ms, respectively.

HI

n= 2.1(l—i—0.125> 2)

Tu Tp

By applying Equation (2), we estimate the number of co-
ordination sites occupied by CH;OH as equal to n=1.6+
0.5. This value corresponds to approximately 1 to 2 mole-
cules of bound CH;0H per metal ion and clearly indicates a
partial decomplexation of lanthanides in this polar solvent.
This observation is also confirmed with the NMR spectrum
of [EuL10,][ClO,];, in CD;OD. Indeed, the fingerprint
peak at ~13 ppm (H1) disappears and the spectrum is badly
resolved. This indicates complete destruction of the tetranu-
clear complexes.

Luminescent properties of [Tb,L10,][Cl1O0,],: The low-reso-
lution emission spectra of [Tb,L10,][ClO,];, in the solid
state were obtained upon irradiation through ligand-centred
excited states (A =279 nm, Figure 3d). Single bands were ob-
served for *D,—’F; (j=0.,1) transition at 77K (1=679,
667.5 nm), whereas a large band for *D,—’F, was observed
at 2=647.5nm. The °D,—’F, transition is split into three
components. The intense transitions °D,—'F; (j=5,6) are
observed at =545 and 493 nm, respectively. The high-reso-
lution emission spectrum was recorded at 10 K and shows
the structured emission bands for the 5D4H7Fj transitions
(Figure 4). The Tb(°D,) lifetime (1.61 at 77 K, Table 1) is

Chem. Eur. J. 2011, 17, 6753 -6764
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comparable to that of [TbL1]** and also points to a negligi-
ble deactivation through the amide N—H oscillators. The
emission spectrum of [Tb,L10,]"** in acetonitrile is reminis-
cent of that in the solid state, with a relatively low emission
from the ligand-centred excited states (Figure S5).
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Figure 5. '"H NMR spectrum of [Lu;L10,][CIO,], with the peak assign-
ments (CD;CN, 298 K).

Preparation and characterisation of the [Ln;L10,]°* com-
plexes (Ln=Eu, Lu): The trinuclear complexes were pre-
pared by directly mixing Ln™ perchlorates with L10 in a
molar ratio of 3:2 or by adding the metal salt to a solution
of [Ln,L10,]"** in acetonitrile. These complexes were isolat-
ed in the solid state by diffusion of tert-butylmethylether
into the acetonitrile solution followed by filtration of the
white precipitate. The elemental analysis of isolated micro-
crystals gives the composition [Ln;L10,][ClO4],6H,0
(Table S1). The ESMS spectra of isolated compounds show
the presence of the [Ln;L10,]°* species and the [LnL10]**
species, which results from an easy decomposition of the
complex under the given experimental conditions (Fig-
ure S6). The NMR spectra of the lanthanide complexes
(Ln=Eu, Lu) consist of two sets of peaks of equal intensi-
ties, which were attributed by using COSY and 7; NMR
techniques (Table S8). This pattern is compatible with two
differently coordinated C;-symmetrical ligands, the proton
signals of which exhibit different chemical shifts compared
with the signals of L10 and [Ln,L10,]"** (Figure 5). The
striking difference in the coordination mode of ligands is
also evidenced with the chemical shift of protons belonging
to the anchoring methyl group, which serves as a structural
probe in [Eu;L10,]°*. Indeed, one methyl singlet is observed
at 0=3.5 ppm and the second at 0 =—6.8 ppm. The observa-
tion of diastereotopic methylene protons is typical for a heli-
cal arrangement and indicates the wrapping of ligand
strands about metallic cations. However, the large splitting
observed for the H2 protons, even in the diamagnetic com-
plex [Lu;L10,]°" (Ad=1.4 ppm), is remarkable (Table S8).
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The variable temperature experiments (294-343 K) showed
only minor chemical shift differences detectable mostly for
aromatic protons. This means that the structures of trinu-
clear species do not undergo significant changes in solution
over the examined temperature range (Figure S7).

Crystal structure of the cation [Lu;L10,]°*: X-ray quality
crystals were obtained for the Lu™ complex by diffusion of
tert-butylmethylether into a concentrated solution of
[Ln;L10,]°" in acetonitrile (Figure 6, Figure S8). A summary

Figure 6. Crystal structure of [Lu;L10,]°*: a) top view along the threefold
axis; b) side view.

of related crystal data is given in reference [31] and more
details on the structure refinement can be found in the Sup-
porting Information. The crystallographic analysis indeed
shows the formation of a trinuclear complex in which the
Lu™ cations are coordinated with two ligands within the ver-
tices of a regular triangle with a d(Lu—Lu) value of
8.776(8) A, which is about 1 A shorter than in [Tb,L10,]">*
(9.83 A). Each cation is octacoordinated by two tridentate
sites of two L10 and the coordination sphere is completed
by two water molecules. The coordination polyhedron
around Lu™ can be described as a strongly distorted anti-
prism (Figure S9). The lengths of coordination bonds are
about 0.1 A shorter than in [Tb,L10,]'>*, most probably due
to stronger electrostatic interactions in Lu™ complexes, and
are listed in Table S9. Confirming previous NMR spectro-
scopic analyses, the complex is indeed C; symmetrical with
the threefold axis going through anchoring carbon atoms of
both ligands (C23 and C44, Figure S8). The structure of
[Ln;L10,]°* is topologically comparable with the trinuclear
sandwich-like complex formed with terpy-based tripodal
ligand L4," but the latter exhibits a D, symmetry. Here, the
coordinated ligands are conformational isomers that adapt
for the best coordination to lanthanide cations by rotation
around CH,—NH bonds. The first ligand is folded around
the methyl protons of the anchor and adopts an endo-CH;
conformation. The second ligand is almost spread in plane
with an exo-CHj; orientation of methyl protons (Figure S10).
Two water molecules coordinated to each metal ion are not
hindered and would be easily exchangeable in solution. In-
terestingly, the Flack parameter is found to be x=0.061(12)
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and this chiral crystal structure thus contains 94(1) % of the
complex with the helicity M. However, dissolving solid
[Lu;L10,]°* in acetonitrile gives a racemic mixture with no
optical activity.

Dynamic properties of the [Ln,L10,]** and [Ln;L10,]°*
complexes in solution: Information about the size and the
molecular weight of compounds in solution may be conven-
iently achieved with DOSY-NMR (diffusion-ordered spec-
troscopy) that provides access to the translational self-diffu-
sion coefficients, D.®? The value of D for the tetranuclear
Eu™ complex was reported in a previous communication
and used for estimating its molecular weight M, in solution
according to the Einstein—-Smoluchowski-Stokes auto-diffu-
sion theory [Eq. (3)], in which # is the specific molecular
volume, which gives a value that is about 56 % more than
the expected value.

- = 3)

Taking into account this significant difference between
theoretical and experimental values, we have decided to
shed more light on these discrepancies by evaluating the hy-
drodynamic radius (ry; radius of the moving cation) of these
highly charged particles.* For this purpose, the Stokes-Ein-
stein equation [Eq. (4)] may be used for molecules generally
bigger than ry=15 A with ¢=6 (3 is the fluid viscosity).

kT

= X
cnry

“)

X

However, for medium-sized molecules, factor ¢ must be
expressed as a function of r**"/r}; according to the microfric-
tional theory,® in which 7V is the solvent hydrodynamic
radius (i.e., acetonitrile). Finally, the additional semi-empiri-
cal improvement introduced by Chen”’ leads to Equa-
tion (5).

solv \ 2.234
Dy = (2L (1+0605( = (5)
6y ry

For non-spherical molecules, another shape-related cor-
rection factor (f(p); p is a geometrical factor) must be con-
sidered; it relates rj; to the radius r;, expected for a sphere
of the equivalent volume like so: r};=r/f(p).*" However,
the shape of the tetranuclear complex and of [Ru(bipy);]**
(used as the reference; bipy =bipyridine), is reasonably ap-
proximated as a sphere (an average distance from the centre
of the tetrahedron to each Tb in [Tb,L10,]"* is 6.0 A) and
thus we expect that f(p)=1 for both. The radius r, of the
complex can be estimated from the volume limited by the
Conolly surface accessible to solvent molecules (probe
radius 12" =2.0 A for acetonitrile).”” The latter is construct-
ed around the molecular structure in the crystalline state as
a model (i.e., the Connolly volume).* The volume deter-

Chem. Eur. J. 2011, 17, 6753 -6764


www.chemeurj.org

Polynuclear Lanthanide Complexes

mined for the crystal structure of [Tb,L10,]'** amounts to

3305 A® and we easily access a radius of reg =924 AL If we
expect that rj 2ry for spherical molecules, the correction
factor in Equation (5) may be approximated with #*°"/r},=
ri‘(’;v/rzq. These considerations allowed us to calculate the cor-
responding value of rj; by using previously measured diffu-
sion coefficients (Table S10).?2! Consequently, the hydrody-
namic radius of [Ru(bipy);]’* is equal to 4.73(7) A, which
compares well with the literature value (r[RU®P: =
475 A) In the case of the tetrametallic complex
[Eu,L10,]"**, the experimental hydrodynamic radius ri=%"1%!
is equal to 9.3(1) A, which is in good agreement with
riEut1%) calculated above and confirms the expected pseudo-
spherical shape witl} ro/ra=1. However, this hydrodynamic
radius is about 1.3 A larger than the radius calculated from
the crystallographic data (rgom*/=8.1 A). This means that
the specific molecular volume #, in solution is significantly
larger than in the solid state and than 7, of the reference
compound [Ru(bipy);]**. The discrepancy in specific vol-
umes thus significantly affects the determination of M, ac-
cording to Equation (3).

A similar structural analysis was undertaken for the trinu-
clear complex [Ln;L10,]°*. From the Conolly volume we
calculate rzq:7.34A by considering the spherical shape of
[Ln;L10,]°". DOSY-NMR spectroscopy was applied for the
determination of diffusion coefficients of trinuclear com-
plexes [Eu;L10,]°* and [Lu;L10,]°* and gives an average
value of 6.8x107"m?*s™" for D, (Table S10). Interestingly,
this value is only somewhat higher than the value measured
for the tetranuclear complexes. However, the corresponding
hydrodynamic radius (r™"%'=8.9(3) A) is about 1.5A
bigger than r}, and the ratio f(p)=r;/r;=0.83 indicates a
strong deviation from the spherical shape. Therefore, we
propose to treat the shape of the trinuclear complex as an
approximately disc-like ellipsoid (oblate) with p=a/b, in
which a is the axial semi-axis and b is the equatorial semi-
axis. Factor p can be easily fitted from Equation (6) and
the ratio p~! =b/a is found to be about 4.7.

f(p) = p'" arctan[(1-p*)" /p](1-p*) ™' (6)

If we take the maximum value of d(C44--C24)=7.2 from
the crystal structure (Figure S8) as a reasonable assumption
for 2a, we can estimate the equatorial axis length as about
34 A. Although it hardly compares with the maximal diame-
ter of ~22 A expected from the crystal structure of
[Lu;L10,]°*, the oblate ellipsoid model seems to be more
appropriate than the sphere model. The observed difference
may simply reflect an insufficient agreement of the model
with the crystal structure and the complex may effectively
diffuse as a thinner ellipsoid. For example, if the a axis is re-
duced by 1.5 A (one C—C bond, i.e., C23—C24), the equato-
rial axis length decreases to ~27 A, which compares better
with the reality. In addition to the solvent-inaccessible
volume discussed for [Eu,L10,]"*", the specific molecular
volume of diffusing trinuclear complexes also depends on
their particular shape.
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Self-assembly process and thermodynamic characterisation
of Ln,L10, complexes in solution: The speciation in the
Ln™-L10 system was followed by 'HNMR spectroscopy
and ESMS titrations of L10 with Eu™ and Lu™ in acetoni-
trile. Significant variations in the spectra were observed as
the ratio x=[Ln],/[L11],, was increased (Figure S11). For
x<1 (excess of ligand), the formation of two major species
(the peak maxima around x=0.3 and x=0.7) can be qualita-
tively distinguished in rather complicated NMR spectra.
ESMS analyses show the presence of different species
[LnL10;]**, [Ln,L10;]°* and [Ln;L10,]°* during the titra-
tion, but a definitive determination of the stoichiometry of
major species is difficult due to the possible fragmentation
of the complexes. However, the spectra are significantly sim-
plified for the ratio close to x=1.0. That is compatible with
the formation of tetrahedral complexes [Ln,L10,]"**. Espe-
cially for [Eu,L10,]'**, the signal of the methyl protons Hl1
is strongly shifted to d~13 ppm due to their specific loca-
tion close to the threefold axis and represents a typical fin-
gerprint of the tetranuclear species. The ESMS spectra are
reminiscent of the spectra of isolated compounds and show
a series of peaks attributed to the perchlorate adducts. In
the presence of excess metal (x >1), the NMR spectra corre-
spond to a mixture of the tetranuclear species and a new
complex. The signals of the tetranuclear complex disappear
as the excess of metal increases. At about three equivalents,
only two sets of sixteen signals are observed, which corre-
spond to the spectrum of [Ln;L10,]°*. In addition, the signal
related to uncomplexed water is shifted downfield, which is
compatible with the formation of unsaturated complexes
with fast exchanging solvent molecules.

Stability constants of polynuclear Ln™ complexes with L10:
To quantitatively characterise the formation of complexes
with L10, spectrophotometric batch titrations (3x107*m)
with selected lanthanide perchlorates (Ln(ClO,)sxH,0,
Ln=La, Nd, Eu, Tb, Er, Lu) were carried out in acetoni-
trile, in which both the ligand and the Ln™ complexes are
soluble. The solutions with [Ln],/[L10],=0-5 were mea-
sured after 48 h at 25.0+0.1°C to ensure a sufficient equili-
brating. Upon complexation of Ln™ with L10, the absorp-
tion spectra show complicated variations with several break-
ing points suggesting the presence of different absorbing
species (Figure S2). The best model for interpreting spectro-
photometric data consists of the species identified in ESMS
and NMR spectra. For the series of lanthanide cations from
Eu™ to Lu™, the factor analysis confirms the formation of
species associated with Equilibria (7)-(10).

Ln** +3L10 = [LnL10,*"  logB3"" (7)
3Ln*" +4L10 = [Ln;L10,°"  logB 3" (8)
4Ln*" +4L10 = [Ln,L10,]""  logBi"" 9)
3Ln*" +2L10 = [Ln;,L10,]**  logBi3™" (10)
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Table 2. Stability constants of lanthanide complexes with L10.[*!

logﬁ%;,l_lo logﬁ;ﬂ'Llo logﬁ{;’?‘.uﬂ logﬁ;?uo
La 19.7(7)
Ndld 14.1(8) 36.2(9) 20.8(8)
Eu 14.0(4) 33.0(7) 39.4(8) 21.7(6)
Tb 15.1(5) 34.4(9) 39.7(9) 21.7(6)
Er 14.3(3) 33.2(6) 39.1(6) 21.8(4)
Lu 15.2(6) 33.0(6) 39.4(6) 23.3(5)

[a] Acetonitrile, 298 K.
[c] LogByst1*=21.5(8).

[b] LogBs ™" =106(6).  logLs " =24.3(8).

The fit of spectrophotometric data with non-linear least-
squares methods™ results in the stability constants summar-
ized in Table 2. The plot of logf versus the inverse ionic
radius of nine-coordinate Ln™ (Figure 7) shows that the sta-

42
L T B L
' +
32 7T +---e- .
g La Nd Eu Tb Er Lu
2 PRI 4
B SO Tlola '
g IS
§------- B i s
12 : . . .
08 0.85 0.9 0.95 1
1rl At

Figure 7. Variation in the stability constants for [Ln,,L10,] complexes (m:
[Ln,L10,], &: [Ln;L10,], a: [Ln;L10,], e: [LnL10;]) along the lanthanide
series (spectrophotometry, acetonitrile, 298 K). The trendlines are guides
for the eye.

bility constants of all formed complexes do not significantly
vary along the series except for [Ln,L10,]’*, in which a
moderate increase agrees with the stronger electrostatic in-
teractions expected for smaller cations. In case of Nd", the
best fit is achieved with the [Nd,L105]°*, [Nd,L10,]"** and
[Nd;L10,]°* species. Interestingly, the thermodynamic stabil-
ity of [Nd,L10,]"** is significantly lower than that of heavier
lanthanides. A better fit of spectrophotometric data is ob-
tained with the dinuclear species [Nd,L10;]°* instead of
[Nd,;L10,]°*. It is worth noting that the [Ln,L10,]** species
are probably formed also with other metal ions (minor
peaks in ESMS), but their small quantities (<10%) and cor-
related absorption spectra prevent their detection with spec-
trophotometric titrations. In the case of La™, the best fit of
spectrophotometric data was obtained with the [LaL10,]*",
[La;L10;]°* and [La;L10,]°* species. As shown previously
with NMR spectroscopy, the tetranuclear assemblies with
bigger La™ cations are not thermodynamically stable. In-
stead we observe the formation of probably low-symmetry
complexes [La;L10;]’" likewise detected with ESMS in the
equimolar mixture.
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According to the fitted stability constants, the distribution
curves for Lu™ complexes, for example, are constructed in
Figure S12. This demonstrates how the formation of desired
supramolecular assemblies may be tuned by varying the
metal/ligand ratio. The present speciation also compares
well with NMR spectroscopic titrations.

Rationalisation of the self-assembly: Thermodynamic mod-
elling has been recently developed by us for quantifying and
better understanding interactions in supramolecular self-as-
sembly processes."**! The additive-free energy model is
based on modelling macroscopic stability constants available
for a given system with a set of appropriate microscopic
thermodynamic parameters according to the general Equa-
tion (11).

) inter intra
logit = ol TT (1) TT (e T @™ IT e
i=1 i=1 i<j k<l

(11)

The significance and origin of the microscopic descriptors
in Equation (11) have been discussed in details by Piguet!*!
and this thermodynamic model has already found several
applications.®>* Herein, we will apply the modelling to the
self-assembly processes occurring between Ln™ and L10
[Equilibria (7)-(10)]. However, a sufficient knowledge of
the structural organisation of complex species is required
for evaluating the number of homo- and hetero-component
interactions and the symmetry-related statistical factors. In
this context, the crystal structures of [Tb,L10,]"** and
[Lu;L10,]°* provide unambiguous information. For estimat-
ing the structure of other species, we assume the principle of
maximum occupancy that predicts a predominant formation
of the complexes with the highest degree of saturation for a
given stoichiometry.'” Because no reliable experimental
structural information is available for [Ln;L10,]°*, we sug-
gest that it may adopt a structure obtained by virtually ex-
tracting one metal ion from the tetranuclear species (Fig-
ure S13).

Taking the above assumptions into account, the correct
symmetry numbers . and the chirality factors s are
accessed with the explicit consideration of the solvent mole-
cules illustrated with Equation (12). Consequently, the sta-
tistical factors w""M°M" are calculated for each species ac-
cording to Equation (13) and summarised in Figure S13.

m,n mn

m [Ln(CH;CN)oJ** +nL10 = [Ln,,L10,)"*" + 36 CH;CN

Ln,L10
m.n
(12)
hi hi
wrl;lx?;'Llowf;i: _ (0L100130)" (01001, )" (13)

chir chir 9m
(OLn,,L10, OLn,L10, )(Ocu,en Ocn, on)

The thermodynamic stability constants of the complexes
[Ln,,L10,]*"* defined with Equilibria (7)-(10) are modelled
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with Equations (14)—(17), in which " is the binding affin-
ity related to the intermolecular connection of Ln™ with
one dicarbonylpyridine coordination site NO, (one coordi-
nating nitrogen and two oxygens), " and u""" are inter-
ligand and intermetallic interactions, c¢*" is the effective con-
centration describing an intramolecular ring-closing process.
To minimize the number of fitted parameters, we assume
that the intermetallic interactions and the effective concen-
tration affecting the self-assembly are the same for all com-
plexes despite a small difference in intermetallic distances
found in [Tb,L10,]"** and [Lu;L10,]°* by crystallography.

BrAMO = Sa(f) (it (14)
Pt 11 664710 (b )
B0 _ 17 406(fLoLI0) L) ot s 16)
Pt 1206 (1 )

The multilinear fit of four parameters used for the model-
ling requires a minimal set of four equations and can be
indeed performed for all heavier lanthanides (Eu-Lu) that
produce the same speciation. A rough estimation of the mi-
croscopic parameters is summarized in Table 3, although

Table 3. Fitted microscopic thermodynamic parameters for [Ln,,-
(L10),]*"* (simultaneous least squares fits with Equations (14)-(17), ace-
tonitrile, 298 K).1%!

Fitted parameters Eu Tb Er Lu
log(fF“' 19/ 4.12/ 4.49/ 4.32/ 4.65/
AG;Q)L“’ [kImol™] -235 —25.6 —24.7.6 —26.6
log(fE“ SLI0cetty 2.30/ 2.96/ 2.59/-14.8 0.43/
G}n"‘rﬂ“’ [kImol ™ —13.1 -16.9 —2.4
log(u"“)/AE"" [kJ mol '] —0.03/ —0.03/ —0.13/0.8  —0.17/
0.2 0.2 0.9
log(™)/AEM [kJ mol ] —0.80/ —1.73/ —1.13/6.5  0.40/
4.6 9.9 -23
log(cM/AGEM™M [kImol™']  —1.83/ —1.53/ —1.73/9.9 —4.23/24
10.4 8.7

[a] Four parameters are estimated from four equations and therefore no
uncertainties are given.

their exact physical meaning should be considered carefully.
Nevertheless, small differences in the fitted parameters
along the series encourage attempts at a deeper analysis.
Firstly, the binding affinity for the NO, site, the only ener-
getically favourable parameter, is found to be about
25 kJmol ™', which is a somewhat lower value than the affini-
ties fitted for linear helicates (/31 kJmol™").*”) However,
the difference is more pronounced than the value obtained
by modelling of the stability constants of mononuclear com-
plexes with L11 [Eqns. (18)-(20); Table S11],?” which pos-
sesses an identical NO, coordination site. This discrepancy is
tentatively associated with the covalent connection of three
binding strands in L10 that may hinder the trans—-cis con-
formational change of NO, sites upon complexation. There-
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fore, it is not judicious to associate the stability constants for
complexes with L11 [Eqns. (18)-(20)] to Equations (14)-
(17) and to perform a simultaneous fit that indeed results in
a poor correlation. The fitted energy of interligand interac-
tion for the NO, site is small for all cations in comparison
with the ligands containing more rigid N; binding sites.'54%
Therefore, we have attempted to fix the average AE™" value
of 0.5 kJmol™1 in Equations (14)-(17) and to fit the remain-
ing three microscopic parameters from four equations. How-
ever, the fitted values differ from those in Table 3 only
within statistical errors (<1 kJmol™).

Ln 1 (an Lll) (18)
LnLll 12(anL11) ( LL) (19)
Ifr;Lll 16(anL11) (uLL)3 (20)

The intermetallic interactions in the polynuclear Ln"-L10
complexes are found to be repulsive with an average AEM"
value of 7 kJmol™! for Eu, Tb and Er, which is comparable
to the energy fitted for linear helicates.”) Conversely, the in-
teractions are slightly attractive in the Lu complexes. Al-
though this may be tentatively explained in terms of differ-
ent solvation energies, a more reliable interpretation defi-
nitely requires an extended set of experimental thermody-
namic data.

The energetic penalisation of intramolecular reactions
amounts to about 10 kJmol™" for Eu-Er, which corresponds
to a ¢ value of ~107'7m. This value is roughly comparable
with the effective concentration fitted for linear helicates, in
which the binding sites are separated by =~9 A ("
~107""m)." It reflects a relatively good preorganization of
L10 for a trefoil conformation that induces the formation of
polynuclear complexes [Ln,,L10,]*"*. However, one may al-
ternatively expect the formation of a mononuclear tripodal
complex with L10, by analogy with [LaL1*P*+.['%%] Why
does this complex appear thermodynamically unfavourable ?
Let’s model its stability constant with Equation (21)."!

= 120 W) (cped)” (21)

Note that two of the three binding events are intramolec-
ular, which is a much higher ratio with respect to the poly-
nuclear complexes with L10. Considering a relatively small
AE™, the reaction pathway to [LnL10]** is thus controlled
by the magnitude of ¢;} .. For instance, in tripodal mononu-
clear complexes with L8, the value of ¢ drops by several
orders of magnitude (cf,,,~107"*m) compared with linear
helicates.*”) The effective molarity has been also estimated
for tripodal complexes with L1", which possesses a spacer
between the NO, binding sites and the anchor that is longer
than that of L10 by only one CH,. The value of cfy
~10~*mM"? still allows the formation of tripodal complexes
despite the appearance of the complexes [LnL1%,]*" in the
presence of excess ligand. In the case of mononuclear com-
plexes [LnL10]*", the effective concentration should be re-
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duced even more (cfy,q <107*"M) due to significant struc-
tural strains hindering the formation of intramolecular con-
nections. To support this hypothesis, we have optimised the
molecular model of the hypothetical complex [EuL10]**

shown in Figure 8a. In comparison with the crystal structure
of [EuL1*]** (Figure 8b), the structure of [EuL10]** is elon-

Figure 8. a) Molecular model of the tripodal europium complex with L10.
(DFT (Perdew-Wang 91)4+DZVP). b) The crystal structure of [EuL1*+
H+]4+.

gated with apparent strains around the anchor that provoke
a concomitant increase in the Eu—O lengths by 0.15 A. This
results in a drastic destabilisation of the tripodal complexes
and more favourable self-assembly processes take place in-
stead. Accordingly, the effective concentration in tripodal
complexes reflects not only entropic contributions that
depend on the distance between interacting binding sites!*’)
but also enthalpic contributions that influence the organisa-
tion of a binding cavity.

Conclusion

The self-assembly processes occurring with trivalent lantha-
nides and the tripodal ligand L10 have been investigated. At
an equimolar ratio, 3D tetranuclear helicates were formed
and isolated for all lanthanides along the series except La'™.
Indeed, the thermodynamic stability of tetrahedral com-
plexes significantly decreases for lanthanides with ionic
radius 7>1.13 A. Analysis of crystallographic data showed
the same helicity for all binding strands, with a regular pitch
on each lanthanide cation. In addition to a routine charac-
terisation of [Ln,L10,]">* with ESMS and NMR spectrosco-
py, the Eu™ and Tb™ complexes were used as luminescent
structural probes in the solid state and in solution.

The formation of other complex species may be tuned by
changing the metal/ligand ratio. ESMS, NMR spectroscopy
and spectrophotometric titrations allowed us to unravel
their stoichiometry and stability constants. Not surprisingly,
the overall speciation also varies along the lanthanide series.
Despite a considerable effort, the exact structural organisa-
tion could not be determined for the species formed at a
metal/ligand ratio of <1. However, the structure of trinu-
clear complex [La;L10,]’* assembled in the presence of
excess metal was investigated by using X-ray crystallogra-

6762 — www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

phy. Surprisingly, the two coordinated ligands are not equiv-
alent and adopt endo-CH; and exo-CH; conformations, re-
spectively. Moreover, each metal ion in this Cs;-symmetric
complex is octacoordinated with two tridentate binding
strands and two water molecules. The molecular size and
diffusion coefficients of tri- and tetranuclear assemblies
were estimated from DOSY experiments. The hydrodynamic
volume measured for pseudo-spherical tetrahedral com-
plexes is close to the Conolly volume calculated from the
crystallographic data. However, this relation is not straight-
forward for the trinuclear species due to a strong deviation
from a spherical shape. Therefore, the specific molecular
volume of the supramolecular complexes appears larger
when compared with the reference compound and must be
explicitly taken into account for estimating molecular
weights.

The thermodynamic free energy model was applied to the
stability constants of lanthanide complexes formed with L10
to estimate the microscopic parameters that control the as-
sembly. The fitted data do not considerably vary for the
complexes with heavier lanthanides. The calculated value of
c* is significantly higher than expected for the formation of
mononuclear tripodal complexes and explains the preferen-
tial formation of polynuclear assemblies with L10, in which
the proportion of intramolecular interactions is minimised.
It is shown that an a priori prediction of the effective con-
centration in tripodal systems must take into account both
entropic and enthalpic contributions.

Experimental Section

General: Chemicals were purchased from Acros Organics, Fluka and Al-
drich and used without further purification unless otherwise stated. Ace-
tonitrile was distilled over CaH,. L10 and its lanthanide complexes with
selected Ln'"" ions were synthesised according to the published proce-
dures.”

Data for isolated compounds

[Nd,L10,]J[CIO,],,: '"HNMR (CD;CN): 6=-8.05 (s, 1 H, CHs), —0.55 (s,
3H, CHs), 1.65 (s, 3H, CHj;), 1.99 (m, 1H, CH,), 2.42 (m, 1H, CH,), 2.50
(m, 1H, CH,), 3.06 (m, 1H, CH,), 4.25-4.29 (m, 2H, CH,), 10.05 (s, 1H,
CH), 10.22 (s, 1H, CH), 10.49 (s, 1H, CH), 11.3 ppm (s, 1 H, NH); ESMS
(CH,CN): m/z caled for {[Nd,L10,][CIO,]s}**: 1073.1; found: 1073.2; ele-
mental analysis calcd (%) for [Nd,(CsHs;NgOg),][ClO,]1,+10.5H,0: C
37.40, H 10.33, N 4.65; found: C 37.41, H 10.29, N 4.55.
[Yb,L10,J[CIO,],;: 'HNMR (CD;CN): 6=1.11 (s, 1H, CH;), 2.51 (m,
1H, CH,), 2.62 (m, 1H, CH,), 3.65 (s, 1H, CH), 4.09 (m, 1H, CH,), 4.33
(s, 1H, CH), 4.44 (s, 1H, CH), 6.12 (m, 1H, CH,), 6.55 (s, 3H, CHj), 6.61
(s, 1H, NH), 8.26 (m, 1H, CH,), 9.47 (m, 1H, CH,), 31.07 ppm (s, 1H,
CH;); elemental analysis caled (%) for [Yby(CisHs5NoOy),l-
[C10,]12:13.4H,0: C 36.18, H 9.99, N 4.61; found: C 36.18, H 9.92, N
4.50.

[Y,L10,][CIO,];;: '"HNMR (CD;CN): 6=0.41 (s, 1 H, CHj;), 0.76 (t, J=
7 Hz, 3H, CHs), 1.47 (t, /=7 Hz, 3H, CH,), 2.86 (m, 1H, CH,), 3.07 (m,
1H, CH,), 3.23 (m, 1H, CH,), 324 (m, 1H, CH,), 3.77 (m, 1H, CH,),
3.95 (m, 1H, CH,), 8.08 (d, /J=8Hz, 1H, CH), 833 (d, J=8Hz, 1H,
CH), 8.34 (t, 1H, NH), 8.68 ppm (t, /=8 Hz, 1H, CH); ESMS (CH,;CN):
mlz caled for {[Y,L10,][ClO,]s}**: 1017.8; found: 1017.7; elemental analy-
sis caled (%) for [Y4(CssHsNoOg),][C1O,]1»11H,0: C 39.11, H 10.78, N
4.79; found: C 39.11, H 10.74, N 4.82.
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[Lu;L10,][CIO,J,: 'HNMR (CD;CN): see Table S8; ESMS (CH;CN):
m/z caled for {[Lus(L10)],[ClO,]¢}**: 860.6; found: 860.8; elemental anal-
ysis caled (%) for [Lus(CyHsNoOg),][ClO,]+5.8 H,O: C 30.59, H 8.45, N
3.84; found: C 30.72, H 8.15, N 4.08.

Spectroscopic and analytical measurements: UV/Vis electronic spectra of
the complexes were recorded in solution in CH;CN by using a Perkin—
Elmer Lambda 900 spectrometer with quartz cells of 0.1 cm path length.
Mathematical treatment of the spectrophotometric titrations was per-
formed with the SPECFIT program.”™! 'H and *C spectra were recorded
by using a high-field NMR spectrometer (400 MHz, Bruker). Chemical
shifts are given in ppm. Standard electrospray mass spectra (ESMS) were
recorded by using an API 150EX LC/MS system (Applied Biosystems/
MDS SCIEX). ESMS spectra of Ln"! complexes were recorded in 10*m
acetonitrile solutions by using a Finnigan SSQ7000 instrument at the op-
timised ionisation temperature (150°C). Excitation and emission spectra
and lifetime measurements were recorded by using a Perkin-Elmer LS-
S0B spectrometer equipped for low-temperature measurements. Life-
times were averaged over three independent determinations. High-reso-
lution emission and excitation spectra of solid samples were measured by
using a Horiba Fluorolog 3 instrument. The system used for detection
consisted of a Spex 270M monochromator, a Hamamatsu photomultiplier
and a Tektronix TDS 540B oscilloscope. Luminescence spectra and decay
in solution were recorded by using a Perkin—-Elmer LS-50 spectrometer.
The quantum yield of [Eu,L10,][ClO,];, in acetonitrile was calculated ac-
cording to the equation @,/®,=(A,(W)I,(¥)nD,)/(A,(¥)I,(¥)n’D,), in
which x refers to the sample and r to the reference (the solution of [Eu-
(terpy);][ClO,]; in acetonitrile®), A is the absorbance, 7 is the excitation
wavenumber, [ is the intensity of the excitation light at this energy, n is
the refractive index and D is the integrated emitted intensity. The calcu-
lation of the Conolly surfaces was performed by using the Jmol pro-
gram™ by considering acetonitrile molecule as a probe (r=2.0 A). The
distribution curves were computed by using the HySS2 program.*! Opti-
misation of the molecular model of the hypothetical mononuclear com-
plex with L10 was performed by using the Gaussian 03 program!*® with
the symmetry constraint (C;) at the DFT level (Perdew—Wang 91)¥'] by
using DZVP (double-{ basis set+polarisation),*¥ except for Eu (pseudo-
potential of Dolg et al.).”! Elemental analyses were performed by Dr. H.
Eder and K.-L. Buchwalder from the University of Geneva and the re-
sults are summarised in Table S1.
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