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bstract

The theoretical and rational modelling of self-assembly processes is far less developed than the flourishing structural charact
he resulting sophisticated and aesthetically appealing polymetallic architectures. However, an eventual predictive design based o
rogramming requires a detailed understanding of the chemical and physical concepts controlling self-assembly. Although the

hermodynamic background of multicomponent complexation processes remain suspicious to synthetic chemists, the recent dev
wo simple and complementary models for rationalizing the formation of polymetallic helicates opens the possibility of reliable pr
or the properties of multimetallic one-dimensional oligomers. The origin, theoretical base, and application of this approach for the
f helicates is discussed, together with its limitations and extensions toward multi-dimensional complexes.
2004 Elsevier B.V. All rights reserved.

eywords:Self-assembly; Helicate; Thermodynamic; Cooperativity

. Introduction

During the two last decades, research in coordina-
ion chemistry was dominated by the growth of metallo-

∗ Corresponding author. Tel.: +41 22 379 60 34; fax: +41 22 379 68 30.
E-mail address:claude.piguet@chiam.unige.ch (C. Piguet).

supramolecular chemistry, which allows the preparation
lation, and characterization of sophisticated multicom
nents polymetallic oligomers[1]. The complexity of th
latter (supra)molecular architectures corresponds to a
siderable extension of the classical approach, which m
focused on the investigation of monometallic comple
There is no doubt that these advances are closely re

010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.08.023
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to the improvements of the characterization techniques with
the implementation of (i) two-dimensional detectors in X-
ray diffraction measurements, (ii) gradient fields in high-
resolution NMR, and (iii) smooth ionization techniques in
mass spectrometry[2]. However, the level of the theoreti-
cal rationalization does not follow these analytical develop-
ments, and only primitive predictive tools are used such (i) the
matching between the rough stereochemical preferences of
the metal ions and the ligand binding possibilities in molecu-
lar complexes[3], (ii) the maximization of site occupancy[4],
and (iii) the combination of geometrical shapes in crystals and
macroscopic edifices[5]. The origin of the craze of coordina-
tion chemists for self-assembly processes may be assigned to
the report by Lehn et al. on the preparation of the first trimetal-
lic double-stranded helicate [Cu3(L1)2]3+ (Fig. 1) [6]. The
subsequent introduction of new semantic terms, such as self-
assembly, self-organization, self-recognition, cooperativity,
algorithms, subroutines, etc. greatly helps in the rapid recog-
nition of this new field and its dissemination[7]. At the same
time, it hinders the use of classical thermodynamic and ki-
netic framework to rationalize these phenomena, thus lead-
ing to some reports on debatable strategies, in which several
components are combined to produce sophisticated edifices
without involving thermodynamic intermediates or competi-
tive pathways[1–3].

Nevertheless, fascinating novel topologies and
(
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2. Helicates as archetypes of self-assembled
metallosupramolecular edifices

Since the first observation of a bimetallic triple-stranded
complex[9], and its subsequent definition as ‘helicate’ (i.e. a
discrete helical supramolecular complex constituted by one
or more covalent organic strands wrapped about and coor-
dinated to a series of ions defining the helical axis)[2,6], a
huge number of polymetallic structures fulfilling these cri-
teria has been reported[2,10]. In two seminal contributions,
Lehn et al. introduced the terms ‘self-assembly’[11] and
‘self-recognition’[12] which are intimately linked with ther-
modynamics. Firstly, the relationship between the number of
bidentate bipyridine units inL2 (two segments),L3 (three
segments),L4 (four segments) andL5 (five segments), and
the selective formation of bimetallic [Cun(Ln)2]n+ (n = 2),
trimetallic (n = 3), tetrametallic (n = 4) and pentametallic
(n = 5) double-stranded helicates (Fig. 3) can be rational-
ized with the consideration that the largest translational en-
tropy results from the formation of a maximum number of
short saturated oligomers[11,13]. This entropic aspect can
be further strengthened by the judicious tuning of the relative
stoichiometries and total concentrations of the components
[14]. Secondly, the formation of the maximum number of
dative bonds in the final helicates obviously contributes to
minimize the free energy of complexation (enthalpic contri-
b to
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t n (i)
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h
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a
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supra)molecular architectures become accessible (Fig. 2)
1], together with a panel of useful molecular functi
orking at the microscopic level[8]. In this review, we focu
n thermodynamic and kinetic concepts, which describe
ssembly processes, in order to highlight the link betw
lassical coordination chemistry and metallosupramole
hemistry. The different approaches for rationalizing
elf-assembly of one-dimensional polymetallic hel
ligomers, i.e. the helicates[2,6] are presented togeth
ith two complementary simple predictive thermodyna
odels.

ig. 1. Self-assembly of the trimetallic double-stranded hel
Cu3(L1)2]3+ [6].
ution, Fig. 4) [12]. The latter concept is often referred
s ‘the principle of maximum occupancy’[4]. The combi
ation of these enthalpic and entropic contributions qua

ively explains the recognition processes occurring whe
mixture ofL2–L5 reacts with Cu(I) to give exclusively th
omopolymetallic helicates [Cun(Ln)2]n+ (n = 2–5,Fig. 3)

12], (ii) a mixture ofL1 andL6 selectively sorts out Cu(
nd Ni(II) to give double-stranded [Cu3(L1)2]3+ and triple-
tranded [Ni3(L6)3]6+ helicates (Fig. 4) [12], and (iii) a

ig. 2. Selected metallosupramolecular complexes obtained by
ssembly.



C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705–726 707

Fig. 3. Self-recognition of the homopolymetallic double-stranded helicates [Cun(Ln)2]n+ (n = 2–5, adapted from[12]).

mixture ofL7–L9 coordinates to Ga(III) to give the homolep-
tic bimetallic triple-stranded helicates [Ga2(Ln-4H)3]6− (n
= 7–9,Fig. 5) [14].

The discrimination exhibited inFig. 4 points toward an
underlying chemical ‘algorithm’ involving the ligand bind-
ing possibilities and the stereochemical preferences of the
metal ions to give programmed helical complexes with pre-

)2]3+ an

determined structures and nuclearities[7]. On the other hand,
the detection of considerable quantities of the heterolep-
tic double-stranded helicates [Cu3(L10)(L11)]3+ [15] and
[M2(L12)(L13)]4+ (M = Ni, Cu, Zn) [16] during the sort-
ing processes ofL10/L11 or L12/L13 pairs, points to the
thermodynamic limits of self-recognition events, which in-
deed require sufficient structural and electronic differences
Fig. 4. Self-recognition of the double-stranded helicate [Cu3(L1
 d the triple-stranded helicate [Ni3(L6)3]6+ (adapted from[12]).
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Fig. 5. Self-recognition of the homoleptic triple-stranded helicates [Ga2(Ln-4H)3]6− (n = 7–9, adapted from[14]).

between the binding possibilities of the ligand strands to pro-
vide efficient discrimination.

Assuming that ‘algorithms’ may be implemented in he-
licate self-assembly, the reading of the information encoded
within the successive segments along the ligand strands may
be selectively performed by a judicious choice of metal ions
evidencing specific stereoelectronic preferences. As a result
of their large covalent contributions and variable ligand-field
stabilization energies, the first heterometallic helicates used
mixtures of tetrahedral (Cu(I) or Ag(I)) and octahedral (Fe(II)
or Co(II)) d-block ions. Reaction of mixtures of the latter
ions with heterotopic segmental ligands possessing adjacent
bidentate diimines (coded for tetrahedral metal ions) and tri-
dentate terimines (coded for octahedral metal ions) produces
pure heterometallic double-stranded helicates[17]. Accord-
ing to an analogous strategy, the ligandL14 combines a�,�′-
diimine unit (coded for a soft d-block ion) with a tridentate

segment (coded for a hard 4f-block ion). Reaction with a mix-
ture of labile pseudo-octahedral M(II) (M = Cr, Fe, Co, Ni)
and spherical Ln(III) (Ln = La–Lu) ions shows the quan-
titative formation of the C3-symmetrical heterobimetallic
d–f triple-stranded helicates HHH-[LnM(L14)3]5+, in which
each strand adopts a relative parallel orientation (HHH stands
for ‘head-to-head-to-head’, which characterizes the parallel
orientation of the three strands,Fig. 6) [18]. Although the ab-
sence of the HHT isomer (head-to-head-to-tail) may appear
as a virtue of self-assembly, the thorough exploration of the
energy hypersurface of the assembly process demonstrates
that any deviation from exact stoichiometric conditions and
high concentration results in the formation of various alter-
native homometallic complexes (Fig. 6).
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Fig. 6. Strict self-assembly of the heterobimetallic d–f triple-stranded heli-
cate HHH-[LaZn(L14)3]5+ in acetonitrile (numerical values correspond to
log(β) for the thermodynamic equilibrium) [18a].

The situation becomes even more challenging for the
preparation of heterometallic f–f′ helicates because of the
extreme similarity of the coordination behaviour of f-block
ions along the lanthanide series. To the best of our knowledge,
the bis-tridentate heterotopicL15 is the unique example, in
which partial selectivity (i.e. a deviation from a binomial
distribution) favors the formation of heterobimetallic f–f′
helicates: [Ln1Ln2(L15)3]6+ (Fig. 7) [19]. Although com-
petition between C3-symmetrical HHH and C1-symmetrical
HHT isomers for both homo- and heterobimetallic helicates
prevents a clear picture of the origin of the recognition pro-
cess, the detection of 90% of HHH-[LaLu(L15)3]6+ in so-
lution is an undeniable success of strict self-assembly (i.e.
‘strict’ stands for thermodynamically driven)[11b].

obimet

The level of the theoretical description of the assembly
process has thus become one of the limiting factors for fur-
ther developments in helicate self-assembly, and two opposite
research strategies have been implemented. Firstly, highly so-
phisticated and aesthetically appealing entwined polymetal-
lic architectures have been isolated from intricate mixtures
assuming that the rough rationalization brought by the ‘al-
gorithm’ approach is sufficient. Beyond the original double-
and triple-stranded helicates, talented chemists were able to
prepare attracting quadruple-stranded[20], single-stranded
circular [21], double-stranded circular[22] and alternated
circular[16] helicates, together with even more complicated
three-dimensional assemblies containing variable ratios of
grid-like and helical-like portions (Fig. 8) [23].

The second strategy focus on the re-examination of the
underlying thermodynamic and kinetic background in order
to build simple tools for predicting supramolecular structures.
In this context, the considerable amount of data collected
for the strict self-assembly of helicates can be used for the
validation of theoretical models. Although the structural and
preparative approaches leading to self-assembled helicates
have been regularly and comprehensively reviewed during
the last decade[1,2,10], little attention has been paid to the
global presentation and discussion of thermodynamic and
kinetic concepts, which are the topic of this review.
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Fig. 7. Partial description of the strict self-assembly of the heter
 allic f–f′ triple-stranded helicate HHH-[LaLu(L15)3]6+ in acetonitrile[19].

. Strict self-assembly of helicates: a complicated
hermodynamic process

The first quantitative thermodynamic study describing
elf-assembly of a helicate can be attributed to Willia
nd co-workers[24] who reported the formation of th

riple-stranded bimetallic helicate [Co2(L16)3]4+ (log(β23)
21.4(6)), which apparently does not involve any th
odynamic intermediate in significant amounts. The
ction of the same ligandL16 with pseudo-tetrahedr
u(I) eventually provides the double-stranded heli

Cu2(L16)2]2+ (log(β22) = 13.0(3)), but the formatio
f a 1:2 intermediate [Cu(L16)2]+ (log(β12) = 8.5(3))

s established during the titration process. The lack
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Fig. 8. Self-assembly of a sophisticated polymetallic entwined oligomer.
Adapted from[23].

evidence for potential intermediates, such as [Co(L16)3]2+

or [Co(L16)2]2+ in the former process led these authors to
suggest the occurrence of a strongly positive cooperative pro-
cess, but no quantitative argument supports this hypothesis
[24].

In a related study, Lehn and co-workers reported
on the thorough thermodynamic charaterization of the
self-assembly of the trimetallic double-stranded helicate
[Cu3(L3)2]3+ (equilibria (1)–(4))[25].

Cu+ + L3 � [Cu(L3)]+, log(β11) = 4.6(1) (1)

Cu+ + 2L3 � [Cu(L3)2]+, log(β12) = 8.2(2) (2)

2Cu+ + 2L3 � [Cu2(L3)2]2+, log(β22) = 13.5(2) (3)

3Cu+ + 2L3 � [Cu3(L3)2]3+, log(β23) = 18.6(2) (4)

Assuming that the thermodynamic protein/ligand model
is adequate for the description of this assembly process[26],
simple graphical tests for cooperativity (Scatchardplots[27]
andHill plots[28]) suggest strong positive cooperativity, de-
spite the expected electrostatic repulsion occurring between
charged cations (Fig. 9) [25].

However, as pointed out by Ercolani[29], the formation
c ions
a lar
c , and
t pro-
t lly
i nding
o t
b cular
c
p ith-
o ther-
m elf-
a the
t oor-
d stry.

F licate
[ ght
R

onstants of equilibria (1)–(4) possess different dimens
rising from the combination of intra- and intermolecu
omplexation processes involving different components
hey cannot be easily interpreted. Consequently, the
ein/ligand model, which explicitely requires only virtua
dentical intermolecular processes (i.e. the successive bi
f one component to a preassembled receptor,Fig. 10), canno
e used without further adaptations in metallosupramole
hemistry. Moreover, the interpretation ofScatchardor Hill
lots for multicomponent assemblies remains elusive w
ut the adequate theoretical support. Prior to develop
odynamic models for rationalizing the formation of s
ssembled polymetallic helicates, it is worth to focus on

erm ‘cooperativity’ and its specific use and meaning in c
ination chemistry and in metallosupramolecular chemi

ig. 9. Scatchard plot for the formation of the double-stranded he
Cu3(L3)2]3+ [25a]. Reproduced with permission from [25a], copyri
oyal Society of Chemistry, 1992.
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Fig. 10. Thermodynamic model for the fixation of metal ions to an one-
dimensional multi-site receptor.

For the coordination of metal ions (or protons, or ligands)
to a preassembled receptor possessingn sites, cooperativity
is unambigously ascribed to the interaction free energy�Eij
(corrected for statistics) between metal ionsi andj (Fig. 10)
[26,30]. When�Eij = 0, the fixation of one metal ion in sitei
has no influence on the coordination of an other metal to site
j, and the binding is non-cooperative. When�Eij �= 0, the
fixation of a metal ion in sitei favors (�Eij < 0) or hinders
(�Eij > 0) the fixation of the second metal ion in sitej, thus
leading topositiveor negative cooperativity, respectively. In
the two latter cases, significant deviations from a pure statisti-
cal approach occur. Obviously, the permutation of the ‘metal’
and ‘ligand’ labels does not alter the thermodynamic model.
Therefore, the successive fixation ofn ligands to a metal (con-
sidered as the preassembled receptor) obeys the same rule
assuming that�Eij stands for the interligand interaction.

The simple model depicted inFig. 10thus applies for the
successive fixation of Fe(III) to the C3-symmetrical podands
L17 andL18 (equilibria (5) and (6))[31].

L i + Fe(III) � [Fe(L i)], i = 17,18, K1 (5)

[Fe(L i)] + Fe(III) � [Fe2(L i)], i = 17,18, K2 (6)

If we approximate that the two pseudo-octahedral hex-
adentate binding sites inL17 are equivalent, the statistical
ratio in absence of cooperativity (�E = 0) amounts toK2/K1
= 1/4 = 0.25[26]. The significant experimental deviation
(K2/K1)exp = 3.2 observed forL17 implies that�E < 0,
and that positive cooperativity occurs as a result of the effi-
cient charge compensation provided by the polyhydroxamate
ligand combined with the formation of a peripheral belt of
hydrogen bonds accompanying the complexation processes
[31]. For the larger ligandL18, the hydrogen bonding is less
efficient in preorganizing the strands for the second complex-
ation event, and a non-cooperative process occurs ((K2/K1)exp
≈ 0.25 and�E = 0) [31].

In metallosupramolecular chemistry, the use of the term
‘cooperativity’ is different because the self-assembly pro-
cesses mix inter- and intramolecular processes involving var-
ious components. Unfortunately, this term is systematically
invoked when therepetitive binding of metal ions(or protons
or ligands)in equivalent sites occurs with a fixed interaction
p t
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arameter. In other words, it is sufficient that�Eij does no
ary during the successive complexation processes lead
he final multimetallic supramolecular architectures. Co
uently,�Eij �= 0 is fully compatible with the supramolec

ar concept of ‘non-cooperativity’, according that it rema
onstant during the complete growing process of the
tructure[25,29]. In order to clarify the situation and to b
er differentiate these two phenomena, we will restrict the
f the concept ofcooperativityto the explicit interpretation o

he value�Eij , as it is used in thermodynamics[26], and we
ntroduce the new terminology ofstatistical repetitive bind
ng for the successive filling of coordination sites occurr
ith a fixed interaction parameter. This second concept
tatistical repetitive binding) is of interest for rationaliz
ulti-component self-assembly processes in which intra

ntermolecular processes concomitantly operate. It has
eveloped by Ercolani for the general case of a self-asse
rocess in whichlmetals M coordinate tomreceptors L, hav

ng l equivalent binding sites (equilibrium (7))[29].

L + lM � [M lLm], βlm (7)

ml = δσsaK
N−1
inter K

B−N+1
intra (8)

The associated formation constantβlm is given by Eq
8) in which (i) δ is the contribution of the entropy of mi
ng for the formation of enantiomers from achiral rec
ors (chirality factor)[32], (ii) σsa = σmL σ

l
M/σComplex is the

ymmetry factor of the self-assembly equilibrium (7)[32],
iii) Kinter is the microscopic equilibrium constant associa
ith the reference intermolecular reaction occurring betw
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monofunctional reactants, (iv)Kintra is the microscopic (sta-
tistically corrected) constant associated with the subsequent
intramolecular reaction processes, (v)N = m + l is the total
number of components in the complex, and (vi)B=ml is the
number of connections joining the components in the latter
complex[29].

Since the two six-coordinate binding sites inL17andL18,
are not strictly equivalent, Eq.(8) does not hold, but we can
reasonably assume (i) ideal chiral D3 symmetry forL i (σL
= 6) and [Fe2(L i)] (σComplex= 6), and (ii) C3-symmetry for
[Fe(L i)] (σComplex= 3). In these conditions, the application of
Eq. (8) for analyzing the formation of [Fe(L i)] (equilibrium
(5),δ = 1) and [Fe2(L i)] (equilibrium (9),δ = 1) leads to Eqs.
(10) and (11), respectively, in which only successive inter-
molecular processes are involved in complete agreement with
the classical protein/ligand model (Fig. 10) [26]. The subse-
quent calculation ofK2 =β21/β11 leads to the expected statis-
tical criterionK2/K1 = β21/(β11)2 = 1/4 = 0.25 when no
interaction occurs between the sites.

L i + 2Fe(III) � [Fe2(L i)], i = 17,18, β21 (9)

β11 = K1 = 2Kinter (10)

β21 = K2
inter (11)
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from whichKintra can be eventually computed[29].

β12 = 9(Kinter)
2 (14)

β22 = 8(Kinter)
3Kintra (15)

Assuming that (i) the three bipyridine segments inL3 have
identical absolute affinities for Cu(I), and (ii) statistical repet-
itive binding holds (i.e.�Eij is constant), the statistical forma-
tion constantβstat

32 for the trimetallic helicate [Cu3(L3)2]3+,
(equilibrium (4)) can be estimated by applying Eq.(13). Eq.
(16)results and comparison of log(βstat

32 ) = 18.25[29] with the
experimental constant log(β32) = 18.6(2) (equilibrium (4))
[25] shows only a negligible deviation within experimental
error.

βstat
32 = 2(Kinter)

4(Kintra)
2 (16)

Ercolani deduces that statistical repetitive binding occurs
(termed ‘non-cooperativity’ in the original paper[29]) in con-
trast with the original suggestion of positive deviation from
statistics favouring the formation of the multimetallic edifice
[25]. However, this approach does not allow the quantitative
estimation of the interaction parameter�Eij , but it debunks
some ‘magical’ aspects often associated with self-assembly
processes in metallosupramolecular chemistry.
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imple case of successive intermolecular complexation
esses (i.e. the protein/ligand model), but it is more ge
ince sophisticated self-assembly processes involving
ate inter- and intramolecular processes can be analyze
he same approach.

According toErcolani’s model, the application of Eq.(8)
or analysing the formation constantβm2 of Lehn’s double-
tranded helicates [Cum(L3)2]m+ (equilibrium (12)) is given
y Eq.(13) (N =m+ 2 components andB = 2mconnection
etween them)[29].

Cu+ + 2L3 � [Cum(L3)2]m+, βm2 (12)

m2 = δσsaK
m+1
inter K

m−1
intra (13)

sa = σ2
L3 σ

m
Cu/σComplex is the symmetry factor of the se

ssembly equilibrium (12) (σMetal = 1, σLigand = 2 and
Complexdepends on its symmetry point group:σComplex= 1

or C1-symmetry,σComplex= 2 for C2-symmetry andσComplex
4 for D2-symmetry)[32], Kinter is the microscopic inte
olecular equilibrium constant associated with the forma
f [Cu(L3)]+ taken as a reference,Kintra is the microscopi
statistically corrected) intramolecular constant assoc
ith the subsequent complexation of Cu(I) to [Cu(L3)2]+

o give [Cum(L3)2]m+. The application of Eq.(13) for the
ormation of [Cu(L3)2]+ (equilibrium (2),β12) requires the
onsideration of three different arrangements (i.e. three
roscopic constants) and leads to Eq.(14) from whichKinter
an be calculated. Eq.(15) holds for the two microscop
onstants characterizing [Cu2(L3)2]2+ (equilibrium (3),β22)
The reaction of ligandL19 with Cu(I) to give the double
tranded helicate [Cu2(L19)2]2+ represents the second h
icate system in which thermodynamic data have b
nterpreted in term of ‘positive cooperativity’ (equilib
17)–(19))[33].

u+ + L19 � [Cu(L19)]+, log(β11) = 5.30 (17)

u+ + 2L19 � [Cu(L19)2]+, log(β12) = 11.60 (18)

Cu+ + 2L19 � [Cu2(L19)2]2+, log(β22) = 26.47 (19)

Although the authors notice the ambivalent binding na
f L19, which may act as a terminal or as a central biden
,�′-diimine binding unit, they arbitrarily use the criteri
12/�11 > 1 (equilibria (17) and (20)) for asserting that
uccessive complexation of two ligands to Cu(I) occurs
ositive cooperativity[33].

Cu(L19)]+ + L19 � [Cu(L19)2]+,

og(K12) = log(β12) − log(β11) = 6.30 (20)

Since equilibria (17) and (20) correspond to virtually id
ical chemical events involving only intermolecular proce
Kinter), they can be indeed directly compared, but a reli
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criterion for cooperativity must consider all the possible ar-
rangements adopted by [Cu(L19)]+ and [Cu(L19)2]+. Firstly,
the 1:1 complex [Cu(L19)]+ may exist either as a non-chiral
Cs-symmetrical isomer in which Cu(I) is bound to the ter-
minal imino-pyridine bidentate segment (δ = 1 andσsa =
σLigandσMetal/σComplex= 2 for equilibrium (17))[32], or as a
non-chiral C2v-symmetrical isomer in which Cu(I) is bound
to the central bipyridine segment (δ= 1 andσsa= 1 for equilib-
rium (17))[29,32]. The use of Eq.(8) [29] provides the mod-
elling of the macroscopic constantβ11 as the sum of the two
microscopic constants associated with each isomer (Eq.(21)).

β11 = 2Kinter +Kinter = 3Kinter (21)

The same approach applied to equilibrium (18) requires
the consideration of three different isomers for [Cu(L19)2]+.
(i) A chiral C2-symmetrical complex in which Cu(I) is coor-
dinated by two terminal imino-pyridine bidentate segments
(δ = 2 andσsa = 2 for equilibrium (18))[32]. (ii) A chiral
C1-symmetrical complex in which Cu(I) is coordinated by
one terminal imino-pyridine and by one central bipyridine
segments (δ = 2 andσsa = 4 for equilibrium (18))[32]. (iii)
A non-chiral D2d-symmetrical complex in which Cu(I) is
coordinated by the two central bipyridine segments (δ = 1
andσsa = 1 for equilibrium (18))[32]. The systematic use
of Eq. (8) [29] for each isomer provides three microscopic
c opic
c

β

0)
i

K

v
i ative

b al
r n,
a by
p -
t r a
p ing
t ed
h

becauseβ22 depends on both intermolecular (Kinter) and in-
tramolecular (Kintra) processes (Eq.(24)).

β22 = 2(Kinter)
3Kintra (24)

From the experimental data obtained forβ12 (equilibrium
(18)) andβ22 (equilibrium (19)),Kinter (Eq. (22)) andKintra
(Eq.(24)) can be easily estimated, but these constants are of
limited interest since the predictions for the formation of the
next higher trimetallic homologue cannot be compared with
experimental data[33]. Nevertheless, a second arbitrary cri-
terionK22/K12 > 1 (equilibria (20) and (25)) has been used in
reference[33] for tentatively assigning positive cooperativity
for the global thermodynamic process. The combination of
Eq.(22)(β12) and Eq.(24)(β22) allows the evaluation ofK22
for equilibrium (25), and the final result is given in Eq.(26).

[Cu(L19)2]+ + Cu+ � [Cu2(L19)2]+,

log(K22) = log(β22) − log(β12) = 14.87 (25)

K22 = 2
13KinterKintra (26)

The ratioK22/K12 = (6/169)Kintra can be then easily de-
duced when considering Eqs.(23) and (26). In other words,
the latter ratio depends onKintra and cannot be considered
as a reliable criterion for testing the occurrence of a statisti-
cal repetitive binding process in [Cu2(L19)2]2+. We conclude
that the system Cu(I)/L19 indeed displays positive cooper-
a one
C rn-
i This
l and
i sem-
b tion
c ities
f ,
d de-
t r of
m ys-
t

T le-
s -
d ex-
p with
d
c

2

onstants which can be combined to give the macrosc
onstantsβ12 (Eq.(22)).

12 = 4(Kinter)
2 + 8(Kinter)

2 + (Kinter)
2 = 13(Kinter)

2 (22)

The valueK12 is then calculated by using equilibrium (2
n whichK12 = β12/β11 (Eq.(23)).

12 = 13
3 Kinter (23)

We can easily deduce from Eqs.(21) and (23)that de-
iations from the statistical ratioK12/β11 = 13/9 = 1.44

s the correct criterion for the successive non-cooper

inding of two ligand strandsL19 to Cu(I). The experiment
atio Kexp

12 /β
exp
11 = 10 � 1.44 reveals significant deviatio

nd it is diagnostic for successive ligand binding driven
ositive cooperativity (i.e.�Eij < 0 for interligand interac

ions in [Cu(L19)2]+). However, nothing can be deduced fo
ossible deviation from statistical repetitive binding lead

o the final chiral D2-symmetrical bimetallic double-strand
elicate [Cu2(L19)2]2+ (δ= 2 andσsa= 1 for equilibrium (19))
tivity for the successive fixation of the two strands to
u(I) (i.e.�E< 0), but no conclusion can be drawn conce

ng the statistical successive binding of the metal ions.
imitation emanates from the explicit separation of inter-
ntramolecular processes in metallosupramolecular as
lies, which requires the use of the experimental forma
onstant of at least two complexes with different nuclear
or the parametrization ofKinter andKintra [29]. Therefore
eviations from statistical repetitive binding can be only

ected for multimetallic helicates, in which the numbe
etal ions is strictly larger than two (i.e. ‘macrobicyclic’ s

ems) as demonstrated withLehn’shelicates [Cu3(L3)2]3+.

he formation of the lanthanide-containing trimetallic trip
tranded helicates [Ln3(L20)3]9+ (equilibria (27)–(28)) in
eed fits this trimetallic criterion, but the thermodynamic
erimental data are restricted to only two complexes
ifferent nuclearities. This prevents the application ofEr-
olani’s test for statistical repetitive binding[34].

Ln3+ + 3L20 � [Ln2(L20)3]6+, β
tri,LnLn
23 (27)



714 C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705–726

3Ln3+ + 3L20 � [Ln3(L20)3]9+, β
tri,LnLnLn
33 (28)

Original Scatchardplots computed with equilibria (27)
and (28) in reference[34] suggested ‘positive coopera-
tivity’, but a subsequent adequate analysis combining bi-
and trimetallic analogous helicates eventually demonstrates
that repetitive statistical binding occurs together with a
strong negatively cooperative binding of the metal ions
(�Eintermetallic� 0) [35]. This thorough examination of the
few systems for which reliable thermodynamic data have
been reported, supportErcolani’s conclusion, stated in our
terminology, that positive deviation from statistical repeti-
tive binding in artificial self-assembly systems is probably
much more rare than it was previously thought[29]. How-
ever, the above-mentioned analyses of thermodynamic self-
assemblies remains limited since (i) the affinity of the binding
units along the strands must be identical (or at least very sim-
ilar) and (ii) the intimate interaction parameters�Eij mea-
suring cooperativity cannot be obtained. For these reasons,
sophisticated assemblies involving different binding units,
such as trigonal bipyramids, grids, or catenates shown in
Fig. 2escape rationalization with the model of repetitive bind-
ing.

4. The intimate mechanism of helicate self-assembly:
t
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o
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Fig. 12. Schematic representation of the mechanism of the self-asssembly
of [Cu3(L3)2]3+ [37]. Adapted from[37].

lic helicate [Cu3(L3)2]3+ has been carefully investigated un-
der pseudo-first order conditions. The complicated data can
be satisfyingly fitted to the four-steps mechanism depicted in
Fig. 12 [37]. Interestingly, the initial step corresponds to the
fixation of two charged cations onto a single neutral strand,
an unexpected behaviour, which can be tentatively assigned
to (i) the limited charge borne by Cu(I) and (ii) the large
distance between the two terminal bipyridine binding sites.
Steps 2 and 3 correspond to the successive coordination of
the second strand and the third metal, while the ultimate step
deals with specific conformational changes leading to the
thermodynamically stable entwined structure[37].

Closely related studies have been performed for elucidat-
ing the mechanism leading to the formation of the bimetal-
lic triple-stranded helicates [Fe2(L21)3]4+ (Fig. 13) [38],
[Eu2(L22)3]6+ (Fig. 14a)[39] and [Eu2(L23-2H)3] (Fig. 14b)
[40].

Compared with the self-assembly of [Cu3(L3)2]3+

(Fig. 12), the formation of the bimetallic triple-stranded he-
licates incorporates highly charged metal ions lying at close
distance. This prevents the initial fixation of two cations onto
a single neutral strand, and a second ligand is required with
the Fe(II)/L21 (Fig. 13) or Eu(III)/L22 (Fig. 14a) systems
to ensure that sufficient preorganization and partial charge
compensation overcome the electrostatic repulsion. Depend-
i bly
p f lig-
he kinetic approach

As often in this field, the ingenuity of Lehn and co-work
ccupies a prominent position, and they first draw the a

ion of metallosupramolecular chemists on some unusu
ermediates observed during the slow self-assembly kin
f the pentametallic double-stranded helicates [Cu5(L5)2]5+

36]. ESI-MS data combined with NMR spectroscopy
dence the formation of hairpin-type intermediates wh
ventually self-assemble to give the final helicate (Fig. 11b)

n strong contrast with the postulated linear mechan
Fig. 11a).

From this striking observation, Albrecht-Gary a
oworkers launched into a project aiming at the kinetic id
ification of the reaction pathways leading to double-
riple-stranded multimetallic helicates[37–40]. Firstly, the
inetic characteristics of the self-assembly ofLehn’strimetal-

ig. 11. Possible pathways for the formation of [Cu5(L5)2]5+: (a) a lin-
ar successive mechanism, (b) a convergent mechanism with h

ype intermediates[36]. Reproduced with permission from[36], copyright
CH–Wiley, 1996.
ng on the initial stoichiometric conditions, the self-assem
rovides different supramolecular edifices. In excess o
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Fig. 13. Schematic representation of the mechanism of the self-asssembly
of [Fe2(L21)3]4+ [38]. Adapted from[38].

and, the expected triple-stranded helicates indeed correspond
to the final complexes, but in excess of metal, the semi-hairpin
[Fe2(L21)2]4+ (Fig. 13) or the non-helical [Eu2(L22)2]6+

(Fig. 14a) complexes are eventually obtained[38,39]. These
observations definitely destroy the myth of the occurrence
of self-assembly processes, in which the final programmed
architectures is formed in one step whatever the external
conditions. Moreover, the kinetic studies demonstrate that
the fast organization of multicomponents edifices are strictly
limited to specific stoichiometric ratios[39]. For instance,
the use of an initial ratio Eu(III):L22 = 2:3 rapidly leads to
the thermodynamic equilibrium in which [Eu2(L22)3]6+ is
the major product (a few minutes for a total ligand concen-
tration of 0.1 mM). However, the same reaction performed
with a ratio of Eu(III):L22 = 10:1 requires more than 1 h
in order to reach chemical equilibrium[39]. The last ligand
[L23-2H]2− introduces charge neutralization as a novel pa-
rameter in helicate self-assembly. In these conditions, the
coordination of a second metal to the initial intermediate
[Eu(L23-2H)]+ competes with the fixation of a second ligand
(Fig. 14b)[40]. This behaviour is reminiscent of that observed

for the assembly of [Cu3(L3)2]3+, which confirms that the in-
termetallic electrostatic repulsion is a crucial parameter for
controlling the chemical pathway of the reaction. This lat-
ter aspect agrees with the systematic kinetic investigations
performed by Crumbliss and coworkers on the decomposi-
tion mechanism of bimetallic [Fe(III)2L3] siderophores us-
ing natural (rhodotorullic) or synthetic dihydroxamic acids
[41]. Although the flexibility of the spacers in these lig-
ands provides variable structures for each of the 2:3, 2:2,
1:1, 1:3 intermediates, the stepwise fixation/decomplexation
of charged metals and ligands systematically minimizes the
intercomponent electrostatic factors, which are considered
as the driving force for controlling the chemical pathways
[41].

5. Toward predictive strategies in helicate self
assembly: the site-binding model

Although the separation of intra- and intermolecular
processes inErcolani’s model is an efficient tool for rational-
izing metallosupramolecular thermodynamic data, its predic-
tive capacity is limited to the exploration of deviation from
statistical repetitive binding for receptors possessing identical
binding units. Moreover, no direct evaluation of the signs and
m .
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agnitudes of the interaction parameters�Eij is accessible
hese limitations are particularly awkward for the forma
f polymetallic complexes in which highly positively charg
ations are expected to provide strong electrostatic e
hich can be modulated by using ligand polarization an
harge compensation as exemplified in the assembly of
ent lanthanide helicates[42]. For addressing this challeng
iguet and coworkers adapted thesite-bindingmodel for in-

erpreting the thermodynamic data of lanthanide-contai
riple-stranded helicates in which the three wrapped str
re considered as a preassembled one-dimensional rec
ontainingn adjacent coordination sites (Fig. 15) [43].

In this free energy model, an absolute affinityki is as-
ociated with the coordination sitei, from which the free
nergy of complexation with a trivalent lanthanide Ln(
an be obtained�GLn

i = −RT ln(kLn
i ). A single free en

rgy parameter�Eij describes possible intermetallic int
ctions between adjacent metal ions lying in sitesi and j.
pplication to the simple bimetallic triple-stranded helic

(Ln1)x(Ln2)2−x(L24)3]6+ (x= 0, 1, 2, equilibrium (29))[44]
hich contains two identical terminal (t) N6O3 sites (Fig. 15)

eads to Eq.(30) for the total free energy of formatio
herebys is the degeneracy of the microscopic states[35]. In

he latter equation, (i) the free energy cost associated wit
reorganization of the three ligands in a triple-helical fas

o produce the box and (ii) the chiral factorδ= 2 are neglecte
ecause they similarly affect the formation of any C3- or D3-
ymmetrical lanthanide complexes matching thesite-binding
odel shown inFig. 15. These contributions thus correspo

o a fixed translation of the zero-level of the free energy s
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Fig. 14. Schematic representations of the mechanisms of the self-asssemblies of (a) [Eu2(L22)3]6+ [39] and (b) [Eu2(L23-2H)3] [40]. Adapted from[39] and
[40].

which is set to zero.

x[Ln1]
3+ + (2 − x)[Ln2]

3+ + 3(L24)

� [(Ln1)x(Ln2)2−x(L24)3]
6+
, β

bi,Ln1
xLn2

2−x
23 (29)

�Gtot([Ln1
xLn2

2−x]) = −xRT ln(kLn1

t ) − (2 − x)RT
× ln(kLn2

t ) +�ELn1
xLn2

2−x
− RT ln(s)

= −RT ln(β
bi,Ln1

xLn2
2−x

23 ) (30)

A straightforward mathematical transformation leads to
Eq. (31) assuming that the intermetallic interaction pa-
rameter is expressed as the Boltzmann factoruLn1

xLn2
2−x

=

e
−

(
�E

Ln1
xLn2

2−x
/RT

)
.

β
bi,Ln1

xLn2
2−x

23 = s(kLn1

t )(kLn2

t )
2−x
uLn1

xLn2
2−x

(31)

The latter equation correlates the experimentally accessi-
ble macroscopic formation constants for the triple-stranded
helical complexes matching thesite-bindingmodel with sim-
ple parameters, which reflects specific affinities (ki) and inter-
m es
n e pre
a alue

of ki , and the associated free energy terms must be interpreted
with caution. However, comparisons between different sites
in the same assembly remain fully justified. On the other
hand,uij (i.e.�Eij ) is a direct measure of the influence of
the fixation of one metal onto the neighbouring sites for fur-
ther complexation processes. Whenuij = 1 (i.e.�Eij = 0),
the fixation of the first cation has no influence on the next
complexation processes. This corresponds to the concept of
non-cooperativity[26]. Whenuij < 1 (i.e.�Eij > 0) or uij
> 1 (i.e.�Eij < 0), the fixation of the first metal, respec-
tively, hinders or favors the coordination of a metal in the
neighbouring site, in line with negative or positive coopera-
tivity. The thorough investigation of the strict self-assembly
leading to [Ln2(L24)3]6+ demonstrates the formation of the
intermediate C3-symmetrical complex [Ln(L24)3]3+ exist-
ing in solution exclusively as the facial (i.e. HHH) isomer
(equilibrium (32)). This structure exactly fits thesite-binding
model in which a single site is occupied (Fig. 15) and, for each
pair of lanthanide Ln1/Ln2, equilibria (29) and (32) provide
five experimental macroscopic constants which can be mod-
elled with Eqs. (33)–(37) by using five parameterskLn1

t , kLn2

t ,
uLn1Ln1, uLn2Ln2 anduLn1Ln2 [35].

Ln3+ + 3L24 � fac − [Ln(L24)3]3+, β
bi,Ln
13 (32)
etallic interactions (uij ). Since this free energy model do
ot includes the free energy change asssociated with th
ssembly of the triple-stranded receptor, the absolute v
-
s
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Fig. 15. (a) Formation and solution structure of [Ln2(L24)3]6+ and (b) as-
sociated thermodynamicsite-bindingmodel[35].

Interestingly, the thermodynamic exchange constant
which correlates homo- and heterobimetallic helicates (equi-
librium (38)) does not significantly deviates fromKexch = 4,
a statistical value which implies that the interaction pa-
rameters are identical within experimental error for any
pairs of lanthanides coordinated in the two adjacent sites
(�ELn1Ln1 = �ELn2Ln2 = �ELn1Ln2) [35]. This implies that
the fixation of any Ln1 has the same influence on the coordi-
nation of any other Ln2, which is diagnostic for the absence
of allosteric effect.

[(Ln1)2(L24)3]
6+ + [(Ln2)2(L24)3]

6+ �

2[(Ln1)(Ln2)(L24)3]
6+
, Kexch (38)

The number of parameters is reduced to three (kLn1

t , kLn2

t ,
u) and least-squares fits for 21 different pairs gives log(kLn

t ),
which exhibit a slightly concave dependence along the lan-
thanide series (Fig. 16a), together with free energy interac-
tions parameters varying around an average value of�̄Ē =

Fig. 16. (a) Computed absolute affinities for the terminal sites (log(kLn
t )) as

a function of the inverse of nine-coordinate ionic radii and (b) intermetal-
lic interaction parameters (�E) in the triple-stranded bimetallic helicates
[Ln2(L24)3]6+ as a function of�ri = |rLn1 − rLn2 |. Adapted from refer-
ence[35].

51(7) kJ mol−1 (Fig. 16b) [35]. The positive value of�Eun-
ambigously demonstrates that the intermetallic interaction
in [Ln1Ln2(L24)3]6+ is repulsive in agreement with simple
electrostatic considerations, which leads to�E= 48 kJ mol−1

for the work required for approaching two triply charged
cation at ca. 9.1̊A in acetonitrile (dielectric constantεr ≈ 30)
[35].

Reference[35] concludes that (i) negative coopera-
tivity operates and (ii) no specific intermetallic recogni-
tion occurs since�ELn1Ln1 = �ELn2Ln2 = �ELn1Ln2. It
is noteworthy, that this model is predictive since (i) the
study of the assembly of the homobimetallic helicates
[(Ln1)2(L24)3]6+ and [(Ln2)2(L24)3]6+ allows the predic-
tion of the stability constant for the parent heterobimetal-
lic helicate [(Ln1)(Ln2)(L24)3]6+ and (ii) the study of two
different pairs Ln1/Ln2 and Ln1/Ln3 allows the calculation
of stability constants for the Ln2/Ln3 system. The lack of
Ln-dependent interactions in [(Ln1)x(Ln2)2−x(L24)3]6+ (i.e.
uLn1Ln1 = uLn2Ln2 = uLn1Ln2) requires the introduction of
different binding units along the ligand strand displaying
specific absolute affinities for the selective preparation of
heterobimetallic f–f′ helicates. The unsymmetrical hetero-
topic bis-tridentate ligandL15 matches this criterion since
a N3 segment is connected to a N2O binding unit (Fig. 7)
[19]. However, the unavoidable HHH↔HHT isomerism in
[ 6+ os-
s ities
f ities
Ln2(L15)3] produces two different helicates, each p
essing two different coordination sites with specific affin
or the metal ions. Therefore, four different absolute affin
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Fig. 17. Isomerism in the self-assembly of [Ln2(L15)3]6+ and associated
site-bindingmodels: (�) O-donor and (©) N-donor group.

kLn
1 (N9), kLn

2 (N8O), kLn
3 (N7O2) andkLn

4 (N6O3) and two
intermetallic interaction parameters�E1–4 and�E2–3 are
required for the microscopic modelling of the two complexes
HHH-[Ln2(L15)3]6+ and HHT-[Ln2(L15)3]6+ (Fig. 17). It
becomes apparent that the number of required parame-
ters exceeds the amount of experimental macroscopic con-
stants. It is thus necessary to limit the description of the
assembly process to macroscopic constants including dif-
ferent conformations, in which the above parameterskLn

1
(N9), kLn

2 (N8O), kLn
3 (N7O2) andkLn

4 (N6O3) are not easily
accessible.

A high symmetry in the final helicates combined with the
absence of isomerism significantly reduces the number of pa-
rameters. The C2v-symmetrical ligandL20has been designed
for this purpose because the associated trimetallic helicates
[Ln3(L20)3]9+ evidence D3-symmetry (Fig. 18) [34,42].

The intercalation of the central (c) N9 site between
the two terminal (t) N6O3 sites (Fig. 18) complicates the
expression of the total free energy for the formation of
[(Ln1)x(Ln2)3−x(L20)3]9+ (x = 0, 1, 2, 3). Application of
the site-bindingmodel to equilibrium (39) leads to Eq.
(40) for the calculation of each microscopic constant[43].
Note that a microscopic constant depends on the exact
position of each metal ion in the different sites (Eqs.
(43)–(48)), while a macroscopic constant combines the dif-
f ame

Fig. 18. (a) Formation and solution structure of [Ln3(L20)3]9+ and (b) as-
sociated thermodynamicsite-bindingmodel[43].

stoichiometry.

x[Ln1]
3+ + (3 − x)[Ln2]

3+ + 3L20 �

[(Ln1)x(Ln2)3−x(L20)3]
9+
, β

tri,Ln1
xLn2

3−x
33 (39)

�Gtot[Ln1
xLn2

3−x] = −sLn1

c RT

× ln(kLn1

c ) − sLn1

t RT ln(kLn1

t )

− sLn2

c RT ln(kLn2

c ) − sLn2

t RT ln(kLn2

t )

+ (sLn1

c sLn1

t )�ELn1Ln1 + (sLn2

c sLn2

t )�ELn2Ln2

+ (sLn1

c sLn2

t + sLn2

c sLn1

t )�ELn1Ln2

−RT, ln(s) = −RT ln(β
tri,Ln1

xLn2
3−x

33 ) (40)

where sLni and sLni
t are state variables which correspond

to the number of lanthanidei occupying the central, re-
spectively, the terminal sites (for instance, the complex
[(Ln1)(Ln1)(Ln2)(L20)3]9+ possessessLn1

c = 1, sLn1

t = 1,

sLn2

c = 0 andsLn2

t = 1, while [(Ln2)3(L20)3]9+ is character-

ized bysLn1

c = 0, sLn1

t = 0, sLn2

c = 1 andsLn2

t = 2). Again,
erent microscopic constants corresponding to the s
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a straightforward mathematical transformation leads to Eq.
(41) assuming that the interaction parameter is expressed as
the Boltzmann factoruLniLnj = e−(�ELniLnj /RT ).

β
tri,Ln1

xLn2
3−x

33 = s(kLn1

c )
sLn1
c

(kLn1

t )
sLn1
t

(kLn2

c )
sLn2
c

(kLn2

t )
sLn2
t

×(uLn1Ln1)(s
Ln1
c sLn1

t )(uLn2Ln2)(s
Ln2
c sLn2

t )

×(uLn1Ln2)(s
Ln1
c sLn2

t +sLn2
c sLn1

t ) (41)

The thorough study of the assembly process by spec-
trophotometry, ESI-MS and NMR spectroscopies reveals the
existence of [Ln2(L20)3]6+ as a thermodynamic intermediate
(equilibrium (42))[34]. However, the shift of one ligand in
[Ln2(L20)3]6+ with respect to the two other strands according
to the ‘vernier’ mechanism [11b], produces an unsaturated
complex, in which only two neighbouring nine-coordinate
sites are available for complexation[35]. Its structure does
not fit thesite-bindingmodel andβtri,Ln

23 cannot be used for
extracting absolute affinites and interaction parameters.

2Ln3+ + 3L20 � [Ln2(L20)3]6+, β
tri,Ln
23 (42)

Therefore, only six microscopic constants (Eqs.
(43)–(48)), of which five are mathematically independent,
can be considered for fitting the five parameterskLn1

t , kLn2

t ,
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Fig. 19. Computed absolute affinities for (a) the terminal sites (log(kLn
t ))

and (b) the central site (log(kLn
c )) in the triple-stranded trimetallic helicates

[Ln3(L20)3]9+ as a function of the inverse of nine-coordinate ionic radii.
The interaction parameter�E is arbitrarily set to zero (see text)[43].

for the central N9 site (Fig. 19b) is remarkable, and it
closely matches related data collected for the monometal-
lic model complexes [Ln(2,6-bis(1-methyl-benzimidazol-
2yl)pyridine)3]3+, which possess identical N9 sites[45]. One
important question remains unsolved: does the absolute affin-
ity of the terminal metallic N6O3 sites (kLn

t ) and the interac-
tion parameter (u) vary when the nuclearity increases on go-
ing from in [Ln2(L24)3]6+ to [Ln3(L20)3]9+? This point can
be addressed by fitting Eqs. (43)–(48) for the trimetallic heli-
cates [Ln3(L20)3]9+, and by using the interaction parameter
found for [Ln2(L24)3]6+ (�E = 51 kJ mol−1). The resulting
absolute affinities of the terminal metallic N6O3 sites (kLn

t )
in the trimetallic complexes [Ln3(L20)3]9+ indeed closely
match those found for [Ln2(L24)3]6+ (Eqs. (33)–(37)), which
implies that a singlekLn

t is required for both complexes. In
other words: (i) the successive formation of bimetallic and
trimetallic helicates obeys statistical repetitive binding, and
(ii) the formal free energies required for the preassembly of
the D3-symmetrical receptors [L20]3 and [L24]3 are similar.

This assumption can be confirmed by applyingErcolani’s
model (Eq.(8)) [29] to the equilibria (29) and (32). Eqs.(49)
and (50)result, from whichKLn

inter andKLn
intra can be easily

calculated for each lanthanide along the series[35].

β
bi,Ln
13 = δσfacial(K

Ln
inter)

3
(49)

β

Ln1

c , kLn2

c and u required for modelling each Ln1/Ln2

air (it is assumed thatuLn1Ln1 = uLn2Ln2 = uLn1Ln2)
43]. Moreover, each equation is modulated by the sq
f the Boltzmann parameter (u2), which prevents it

ndependent determination[43]. Its value is thus a
itrarily fixed to u = 1 (i.e. �E = 0), and the fitte

og(kLn
t ) and log(kLn

c ) are depicted inFig. 19 [43]. Note
hat these six microscopic constants may be comb
o give four macroscopic constants corresponding
tri,Ln1Ln1Ln1

33 , β
tri,Ln2Ln2Ln2

33 , β
tri,Ln1Ln1Ln2

33 + βtri,Ln1Ln2Ln1

33

ndβtri,Ln1Ln2Ln2

33 + βtri,Ln2Ln1Ln2

33 .

The concave bowl-shape curve obtained along the
hanide series for the terminal N6O3 site (Fig. 19a)
grees with that previously found for the same site

he bimetallic analogue [Ln2(L24)3]6+ (Fig. 16a), although
heir absolute magnitudes cannot be compared be
he interaction parameter�E for the trimetallic helicate
s fixed to zero. The inverted electrostatic trend fo
bi,LnLn
23 = δσsa(K

Ln
inter)

4
(KLn

intra)
2

(50)
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Fig. 20. Computed absolute affinities for the terminal sites (log(kLn
t ),

black) and the central site (log(kLn
c ), grey) in the triple-stranded bimetal-

lic [Ln2(L24)3]6+ and trimetallic [Ln3(L20)3]9+ helicates as a function of
the inverse of nine-coordinate ionic radii[35].

Assuming that the affinity of the terminal N6O3 site is
comparable to that of the central N9 site in [Ln3(L20)3]9+,
the statistical formation constant for [Ln3(L20)3]9+ can be
estimated with Eq.(51) [29,35].

β
tri,stat
33 = δσsa(K

Ln
inter)

5
(KLn

intra)
4

(51)

As expected, the calculated constantsβtri,stat
33 indeed

closely reproduce the experimental dataβtri,LnLnLn
33 , in line

with (i) a rough invariance ofkLn
t and�Ewhen going from

[Ln2(L24)3]6+ to [Ln3(L20)3]9+ and (ii) similar free energy
cost for the preorganization of the three strands in these com-
plexes[35]. Therefore, a global least-square treatment con-
sidering Eqs. (33)–(37) and Eqs. (43)–(48) (a total of 11 equa-
tions) significantly improves the physical significance of the
fitting process for the five parameterskLn1

t , kLn2

t , kLn2

c , kLn2

c

andu (Fig. 20). The trends in log(kLn
t ) and log(kLn

c ) are con-
firmed (Fig. 20) while the final average interaction parameter
�̄Ē = 51(6) kJ mol−1 points to strongly negative coopera-
tivity. Again, the invariance of�E for any Ln1/Ln2 pair is
disappointing for the rational programming of heterometal-
lic f–f ′ helicates, but the existence of two sites with different
affinities along the lanthanide series in [Ln3(L20)3]9+ may
be judiciously exploited for overcoming this limitation. For
instance, the mixing of La(III):Eu(III):L20 in a 1:2:3 ratio
( −2 −3

o ble
d ich
p he
t

d hor-
o lies.
L -
t
0 of
[ iv-
a the
s

andβ11 (equilibrium (5)) andβ21 (equilibrium (9)) are given
by Eqs.(52) and (53), which are very similar to Eqs.(10) and
(11), except for the introduction of the interaction parameter
u.

βLi
11 = 2kLi

t (52)

βLi
21 = (kLi

t )
2
uLi (53)

Taking into account the experimental value reported for
β11 and β21 for L17 and L18 [32b], we calculated that
log(kL17

t ) = log(KL17
inter) = 5.52 and�Eintermetallic(L17) =

−2.7 kJ mol−1 (i.e. positive cooperativity), and log(kL18
t ) =

log(KL18
inter) = 6.45 and�Eintermetallic(L18) = 0.2≈ 0 kJ mol−1

(i.e. no cooperativity). We conclude that for a pure inter-
molecular process, the two models converge to give a single
description similar to that originally used in the protein/ligand
model. However, this correlation is less obvious when inter-
and intramolecular processes are involved in multicompo-
nents assemblies (compare Eqs. (33) and (36) (site-binding
model) with Eqs.(49) and (50)(Ercolani’s model)), and it be-
comes irreconcilable when different affinities are assigned to
the different binding sites becauseErcolani’s model becomes
inadequate. Finally, the systematic application of these two
complementary approaches may bring some light onto the
thermodynamic parameters controlling successive steps in
c ation
o -
a t of
c alent
l s as-
s the
k

[

[

[

4)
a and
t pro-
c
i io
a e
c ught
b )
a ob-
t
W am-
[L20]tot = 10 mol dm ) results in the formation of 50%
f [EuLaEu(L20)3]9+. This value represents a considera
eviation from the binomial statistical distribution, wh
redicts the formation of only 14% of this complex if t

hree sites are equivalent[43].
This combination ofErcolani’s andsite-bindingthermo-

ynamic models appears particularly efficient for the t
ugh interpretation of other monodimensional assemb
et us recall the above application ofErcolani’s model (Sec

ion 3) for the evaluation of the statistical factorK2/K1 =
.25, for which non-cooperativity occurs in the formation

Fe(L i)] and [Fe2(L i)], assuming that the two sites are equ
lent (i = 17, 18; equilibria (5) and (6)). The application of
ite-bindingmodel is identical to that described inFig. 15b,
omplicated chemical pathways. For instance, the form
f [Eu2(L23-2H)3] depicted inFig. 14b [40] contains valu
ble thermodynamic information dealing with the effec
harge compensation on the successive fixation of triv
anthanide ions. The thermodynamic stability constant
ociated with equilibria (54)–(56) can be derived from
inetic data[40].

L23− 2H]2− + Eu3+ � [Eu(L23-2H)]+,

K1 = β11 = 1.9(5)× 104 (54)

Eu(L23-2H)]+ + Eu3+ � [Eu2(L23-2H)]4+,

K2 = 1.2(6)× 102 (55)

L23-2H]2− + 2Eu3+ � [Eu2(L23-2H)]4+,

β21 = 2.3(1.3) × 106 (56)

According to a chemical point of view, equilibria (5
nd (55) are strictly equivalent to equilibria (5) and (9),

hus strictly correspond to two successive intermolecular
esses. We thus expect the same statistical factorK2/K1 = 0.25

n absence of interaction (�E = 0). The experimental rat
mounts to (K2/K1)exp = 6(4)× 10−3 which implies negativ
ooperativity despite partial charge neutralization bro
y the negative ligand strand. Obviously, Eqs.(52) and (53
lso hold for analyzing equilibria (54) and (56), and we

ain log(kL23
t ) = 3.98 and�Eintermetallic(L23) = 9.1 kJ mol−1.

e notice however, that the intermetallic repulsion par
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eter in [Eu2(L23-2H)]4+ (9.1 kJ mol−1) is significantly re-
duced, when compared with that found for [Eu2(L24)3]6+

(51 kJ mol−1). Since both ion are held at ca. 9Å in these
molecular edifices, we can ascribe this decrease to a combi-
nation of (i) the dielectric constants of the medium separating
the point charges (water for [Eu2(L23-2H)]4+ (εr ≈ 80) and
acetonitrile for [Eu2(L24)3]6+ (�r ≈ 30))[41], and (ii) the re-
duced charge resulting from complexation of Eu3+ to terminal
negative carboxylates in [Eu2(L23-2H)]4+. A simple electro-
static model considering two doubly-charged cations held at
9Å in water provides a repulsion parameter of 7.9 kJ mol−1,
in satisfying agreement with the experimental data found for
[Eu2(L23-2H)]4+.

6. From helicates to multimetallic supramolecular
architectures

6.1. Infinite one-dimensional metallo-organic polymers

Consider now a long linear receptor with a large num-
ber of sites. An important situation is where the receptor has
binding sites, which are either empty or can bind a metal
ion, as indicated inFig. 10. Another situation is encoun-
tered when all the sites of the receptor are saturated with
one type of metal ion and these metal ions can be exchanged
f for
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(40)for an example). With these variables, the free energy of
one mole of identical receptors withN sites can be written in
the following form, namely

�G = −µ
N∑
i=1

si +�E
N−1∑
i=1

sisi+1 (57)

The first term corresponds to the free energy contribution
of the binding of the metal ions to the sites, and the second
term corresponds to interactions between the sites. Each pair
of neighbouring metal ions interacts with the free energy�E,
this contribution enters the free energy only when two neigh-
bouring sites are occupied. Further above, we have used the
notationµ = RTlnK, whereK is the binding constant of a
metal ion to the receptor,T the absolute temperature, andR
is the gas constant.

Since the system consists of a large number of sites (whose
number will be finally considered to be infinite) a description
in terms of complexation constants is not practicable. The
larger the receptor, the more microstates have to be consid-
ered, leading to progressively increasing number of binding
constants. In the limit of infinite number of sites, an infinite
number of constants would have to be considered. On the
other hand, the binding isotherm is always well-defined and
can be obtained in a straightforward fashion. For this calcu-
lation one has to evaluate the partition function

Ξ
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or a different type. This situation has been discussed
he bi- and trimetallic helicates (see Section5). Evidently,
t should be possible to generalize the above treatmen
osed for the receptor with two and three sites to a rec
ith an arbitrary number of sites. Eventually, the inter

ng question arises what happens when the receptor is
ong, in other words in the limit of an infinite number
ites.

This fundamental problem has received substantial a
ion in the past, but hardly in the context of coordina
hemistry[30]. For this reason, a brief discussion of the
ation is given here. The problem has been amply tre
ithin the statistical mechanics community, and is refe

o as the Ising model. The key application of this model in
ontext of ion binding to a receptor is the acid–base titra
f a weak polyelectrolyte, as originally suggested by Ste

46] and Marcus[47]. In the meantime, the model was gen
lized and applied to various linear polyamines[48,49] and
olycarboxylates[50,51]. The polyelectrolyte represents

inear receptor and the ionizable groups the sites for b
ng the protons. The same model is equally applicable t
inding of metal ions to a linear receptor. Here we focu
very long receptor with an infinite number of sites. In p

ice, this limit is reached relatively soon, typically with 10–
ites.

The free energy of the receptor (�G) depends on the o
upation state of the individual binding sites. Each site
e either empty, or occupied with a bound metal ion. For
eason one introduces the state variablesi , which is si = 0
hen the site is empty, andsi = 1 when occupied (see E
=
∑
s1=0,1

∑
s2=0,1

...
∑
sN=0,1

an e−�G/RT (58)

here the free energy is given by Eq.(57), a is the activity of
etal ion, andn = ∑N

i=1si is the number of ions bound to t
eceptor. The sum runs over all possible microstates o
hain. Several established techniques are available to ev
ums of this type partition functions, for example, the tran
atrix method. In the long chain limit, the partition funct
can be evaluated explicitly asλN in whichλ correspond

o the largest eigenvalue of the transfer matrix (Eq.(59)) [30].

= 1 + zu
2 +

√
z+ (1 + zu)2/2

(59)

herez theKa andu = e−�E/kT . Once the partition func
ion is known, the fractional degree of occupancy (adsorp
sotherm) can be obtained by taking the derivative

= z

N

∂ ln Ξ

∂z
(60)

nserting Eq.(59) into Eq.(58)one obtains

= (1 − u+ λu)z

2z(1 − u+ λu) + λ(1 − zu)
(61)

n the case of no interactions�E = 0, one hasu = 1, and the
sotherm simplifies to the known Langmuir isotherm

= Ka

1 +Ka (62)
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Fig. 21. Metal ion binding isotherms of an infinitely long linear receptor
for different pair interaction energies. The microscopic binding constant is
taken asK = 1012 M−1.

For repulsive (anti-cooperative) interactions�E > 0,
this isotherm develops a characteristic plateau atθ = 1/2.
Examples are shown inFig. 21. At low metal ion activity,
the degree of occupancy is low, and the sites bind the metal
ions independently. When one approaches half-occupancy,
the system minimizes its free energy by occupying every sec-
ond binding site.

The result is a highly ordered state of alternating occupied
and empty sites (Fig. 22a). When the ion activity is increased
further, the empty sites are filled as well. However, full oc-
cupancy is reached at much higher metal ion activities, as
the energy of two nearest neighbour interactions have to be
overcome. The alternating ordered structure arises due to the
interactions in the receptor, and a completely disordered state
is obtained in the absence of interactions (Fig. 22b).

In the case of attractive (cooperative) interactions�E< 0,
the isotherm rises in a very narrow region. Since metal ions
attract, they form clusters along the chain separated by empty
regions (Figs. 21 and 22c). While this situation does resem-
ble a first-order phase transition, a genuine thermodynamic
phase transition is not found within this model. To clarify the
relation between the isotherms for the infinite chain receptor
and a receptor with few sites discussed above, let us dis-

F te oc-
c inter-
a
a e) in-
t

Fig. 23. Metal ion binding isotherms of a bimetallic linear receptor for
different pair interaction energies. The microscopic binding constantK1 =
1012 M−1.

cuss the isotherms for the bimetallic helicate [Ln2(L24)3]6+.
These isotherms are shown for different interaction energies
in Fig. 23. Obviously, the overall behavior is quite similar
to that found for the linear chain. However, this case is nor-
mally described in terms of the equilibrium constants, which
are also reported inFig. 23(right).

In the case of vanishing interactions (no cooperativity,�E
= 0), the isotherm is again of the Langmuir type. In this case
the microscopic equilibrium constants for both sites are the
same, while the macroscopic constants are separated by the
statistical factor. For repulsive interactions (negative cooper-
ativity,�E > 0) an intermediate plateau develops at half oc-
cupancy. The equilibrium constants split now substantially,
because once a site is occupied by a metal ion, the binding to
the second site becomes less favorable. For attractive interac-
tions (positive cooperativity,�E < 0) the isotherm becomes
steeper. The equilibrium constants are now reversed, as bind-
ing of the first metal ion facilitates the binding of the second.

The main difference between the two-site receptor and
the infinite chain is that the effect of interactions is weaker
in the bimetallic helicate than in the infinite chain, and larger
interaction energies are needed to reach a comparable split-
ting in the bimetallic helicate. Moreover, mathematical forms
of the isotherms are different. In the bimetallic (or multi-
metallic) helicate the isotherms can be represented in terms
o ore
c (Eq.
(

etal
i uffi-
c ptor
a may
c tio of
t ction
e ween
ig. 22. Characteristic structures of the linear receptor at intermedia
upancy: (a) alternating arrangement for repulsive (anti-cooperative)
ctions (�E > 0), (b) random arrangement without interactions (�E = 0),
nd (c) clustering of equally occupied sites for attractive (cooperativ

eractions (�E < 0).
f the classical chemical equilibrium relations, while a m
omplicated expression is necessary for the infinite chain
61)).

The same model can be applied to a mixture of two m
ons, provided the concentration of both metal ions is s
iently high. Under these conditions, all sites of the rece
re occupied, but the relative proportion of the metal ions
hange. The activity has to be now interpreted as the ra
he concentrations of the two metal ions, and the intera
nergy as the difference in the interaction energies bet
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the two different metals, namely

�E = �E11 +�E22 − 2�E12 (63)

Thereby,�Eij is the interaction energy between metal ions
of type i andj. The fractional degree of occupancy must be
now reinterpreted as the relative occupancy with the metal
ion of type 2. The model results are instructive, and illus-
trated inFig. 22. When the mutual interactions are all equal,
one has�E = 0, and the metal ion exchange happens along
a Langmuir like isotherm. In particular, at half occupancy
the different metal ions remain disordered along the receptor
(Fig. 22b). When the repulsion between the different metal
ions is weaker than among the ions of the same kind, one
has�E > 0, and the exchange isotherm forms an extended
plateau where the receptor is occupied with both metal ions
in an alternating fashion (Fig. 22a). On the other hand, when
the repulsion between the different metal ions is larger than
among the ions of the same kind,�E< 0, a sudden transition
between the fully occupied states of the receptor with either
metal ion is expected (Fig. 22c).

The presentsite-bindingmodel can be generalized to the
situation, where empty sites on the receptor may coexist with
sites occupied with different types of metal ions. The details
of the analysis will be presented in a forthcoming publica-
tion. An example of such a situation for two very similar
m m
o en-
t
o -
i
W of
t s sit-
u e of
t ple
s by

F d 2
t
1
D same
a

Fig. 25. (a) Formation and solution structure of [Ln3(L25-3H)2]3+ (each
coordination sphere is completed by two water molecules which have been
omitted for clarity)[52,53]and (b) associated thermodynamicsite-binding
model.

Eq.(63). Since the interactions in this model are symmetric,
�E = 0 is expected.

When the affinities and interactions between both metal
ions are non-symmetrical, the behavior is quite a bit more
complicated. Nevertheless, by controlling these interactions
it might become possible to design specific arrangements of
metal ions along linear receptors.

6.2. Two-dimensional sandwich complexes

The cis-inositol L25 reacts with three Ln(III) to
give the two-dimensional D3h-symmetrical trimetallic
sandwich complex [Ln3(L25-3H)2]3+ (Fig. 25) [52,53].
The pH-dependent constantsβx(3−x)2–6 associated with
equilibrium (64) for the formation of the complexes
[(Ln1)x(Ln2)3−x(L25-3H)2]3+ (x = 0, 1, 2, 3) can be trans-
formed into conditional stability constantsβx(3−x)2 at pH
etal ions is shown inFig. 24. The metal binding isother
f the first metal ion M1

z+, now also depends on the conc
ration of the second metal ion M2z+. At low concentration
f M2

z+, the binding of M1
z+ follows the classical bind

ng isotherm with repulsive interactions, as shown inFig. 21.
hen the concentration of M2z+ is increased, the shape

he isotherm changes into a Langmuir-type isotherm. Thi
ation is in accord with the observation that the exchang

wo metal ions on a saturated receptor will follow the sim
ite-binding model, but with the interaction energy given

ig. 24. Binding isotherms for competitive binding of metal ions 1 an
o a linear receptor. Both metals have the same binding constantK1 = K2 =
012 M−1 and same interaction energies�E11 =�E12 =�E22 = 20 kJ mol−1.
ue to symmetry, the binding isotherm for the second metal has the
ppearance.
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= 8.0 (Eq.(65), αL25 is the protonation coefficient of lig-
andL25), where the deprotonated trimetallic complexes are
quantitatively formed in solution (Table 1) [52].

x[Ln1]
3+ + (3 − x)[Ln2]

3+ + 2L25 �

[(Ln1)x(Ln2)3−x(L25− 3H)2]
3+ + 6H+,

βx(3−x)2−6 (64)

βx(3−x)2 = βx(3−x)2−6

|H+|6αL25
(65)

If we reasonably assume that the free energy cost for the
preorganization of two ligandsL25 is identical for the for-
mation of any sandwich complexes [(Ln1)x(Ln2)3−x(L25-
3H)2]3+, it can be set to zero and thesite-bindingmodel
shown inFig. 25holds. Eq.(66) gives the total free energy
of complexation.

�Gtot[Ln1
xLn2

3−x] = −xRT ln(kLn1
) − (3 − x)RT ln(kLn2

)

+ 1
2x(x− 1)�ELn1Ln1 + 1

2(x− 2)(x− 3)�ELn2Ln2

+ x(3 − x)�ELn1Ln2 − RT ln(s) = −RT ln(βx(3−x)2)

(66)
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Table 2
Fitted values of log(kLn) for the sandwich complexes [Ln3(L25-3H)2]3+

(Eqs. (70)–(73))

Complex log(kLn)a Log(kLn)b

[Nd3(L25-3H)2]3+ 7.30(2) 10.58(2)
[Sm3(L25-3H)2]3+ 8.91(2) 12.19(2)
[Eu3(L25-3H)2]3+ 9.37(3) 12.65(3)

a Computed with�E = 0 kJ mol−1.
b Computed with�E = 18.7 kJ mol−1.

u = uLn1Ln1 = uLn2Ln2 = uLn1Ln2, an assumption which is
justified by the experimental exchange constants associated
with equilibrium (68) (Kexch(NdSm) = 3(10),Kexch (NdEu)
= 2(12) andKexch (SmEu) = 5(10)) which roughly match
the statistical valueKexch(Ln1Ln2) = 9 whenu = uLn1Ln1 =
uLn2Ln2 = uLn1Ln2 (Eq.(69)).

[(Ln1)3(L25-3H)2]
3+ + [(Ln2)3(L25-3H)2]

3+ �

[(Ln1)2(Ln2)(L25-3H)2]
3+

+[(Ln1)(Ln2)2(L25-3H)2]
3+
, Kexch (68)

Kexch(Ln1Ln2) = 9
(uLn1Ln2)4

(uLn1Ln1)2(uLn2Ln2)2
(69)

For any Ln1/Ln2 pair, four macroscopic constants (Eqs.
(70)–(73)) hold for fitting three parameterskLn1

, kLn2
and

u. Moreover, each equation is modulated byu3, which pre-
vents its independent determination. Its value is thus arbitrar-
ily fixed to u= 1 (i.e.�E= 0), and the fitted log(kLn) show a
drastic increase along the lanthanide series (Table 2).
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( too
The usual straightforward mathematical transforma
eads to Eq.(67)assuming that the interaction parameter is
ressed as the Boltzmann factoruLniLnj = e−(�ELniLnj /RT ).

3(3−x)2 = s(kLn1
)
x
(kLn2

)
3−x

(uLn1Ln1)1/2x(x−1)

× (uLn2Ln2)1/2(x−2)(x−3)(uLn1Ln2)x(3−x) (67)

However, the number of parameters required for m
lling a Ln1/Ln2 pair (kLn1

, kLn2
, uLn1Ln1, uLn2Ln2 and

Ln1Ln2, Eq. (67)) exceeds the amount of accessible
erimental formation constants (β302, β212, β122 andβ032,
able 1). Therefore, a mathematical solution requires

able 1
ormation constants of homo- and heterotrimetallic compl

(Ln1)x(Ln2)3−x(L25-3H)2]3+ (Ln1, Ln2 = Nd, Sm, Eu)[52]

omplex log(βx(3−x)2−6)a log(βx(3−x)2)b log(βx(3−x)2)c

Nd3(L25-3H)2]3+ −24.09(1) 21.91 21.91
Sm3(L25-3H)2]3+ −19.29(1) 26.71 26.73
Eu3(L25-3H)2]3+ −17.93(1) 28.07 28.10
Nd2Sm(L25-3H)2]3+ −22.4(3) 23.6 23.97
NdSm2(L25-3H)2]3+ −20.5(1) 25.5 25.57
Nd2Eu(L25-3H)2]3+ −21.7(2) 24.3 24.43
NdEu2(L25-3H)2]3+ −20.1(5) 25.9 26.49
Sm2Eu(L25-3H)2]3+ −18.8(3) 27.2 27.69
SmEu2(L25-3H)2]3+ −17.68(6) 28.32 28.15
NdSmEu(L25-3H)2]3+ −20.1(5) 25.9 26.35

a Experimental data obtained in water by potentiometry[52].
b Conditional formation constants at pH 8, calculated with Eq.(65).
c Formation constants computed with Eqs. (70)–(73) and absolute

ies taken fromTable 2.
This behaviour is diagnostic for a strong, but class
lectrostatic trend, in which the Ln–ligand interaction
reases with decreasing size of the ionic radii[42]. Ac-
ording to ab initio calculations performed on closely
ated model complexes[54], the effective charge borne by
anthanide ion in the complex [(Ln1)x(Ln2)3−x(L25-3H)2]3+

an be estimated around +2, and this translates into�E ≈
8 kJ mol−1 for the formation of [Ln3(L25-3H)2]3+ in wa-

er (εr = 80) assuming pure electrostatic repulsion betw
he metal ions considered as doubly-charged points[52]. A
econd set of log(kLn) can be thus computed (Table 2) for
hich the electrostatic trend is obviously maintained.

hough the experimental errors affectingKexch (equilibrium
69)) is too large, and the sizes of Ln = Nd, Sm, Eu
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similar for definitely ruling out possible minor variations of
�ELniLnj in [(Ln1)x(Ln2)3−x(L25-3H)2]3+, its approximate
invariance and the chemical equivalence of the coordination
sites dramatically limit the formation of pure heterotrimetal-
lic bi-dimensional complexes[52].

7. Conclusions and perspectives

As demonstrated byErcolani for hydrogen-bonded
oligomers[55], self-assembled macrocycles[56] and met-
allosupramolecular edifices[29], classical thermodynamics
is an efficient tool for rationalizing these new semantic con-
cepts. This review parallely suggests that the terminology
‘strict self-assembly of polymetallic helicates’ can be indeed
translated into more usual terms in coordination chemistry
‘competitive thermodynamic formation of multimetallic one-
dimensional oligomers’. This simplification is underlying in
the concepts of ‘maximum site occupancy’ and ‘maximum
entropy’ proposed for rationalizing metallosupramolecular
self-assembly processes[7], but the belief in positively coop-
erative processes involving the assembly of charged cations
has hindered the parallel development of rational and sim-
ple thermodynamic and/or kinetic models. Moreover, the
current trend in chemical research toward applications has
concomitantly restricted this field to the synthesis of novel
a oten-
t he
b ter-
m nsid-
e tro-
d tal-
l ates
i ob-
t s
f t of
t
I ur,
t al
r al
s i)
t , (ii)
s het-
e nter-
m se of
t tion
o
[
e allo-
o rchi-
t e of
t dy-
n
g via-
t tive
[ trol-

ling the assembly of the much more simple sandwich com-
plexes [(Ln1)x(Ln2)3−x(L25-3H)2]3+ in this review provides
the first quantitative data. Moreover, this simple model helps
to highlight new challenges and perspectives. For instance,
the absence of allosteric effects in the investigated lanthanide-
containing helicates (i.e.�Eintermetallic is fixed for any lan-
thanide pairs), strongly limits the implementation of selective
recognition processes, which are required for the preparation
of pure heterometallic f–f′ complexes with novel optical and
magnetic functions[42]. We therefore, do believe that metal-
losupramolecular chemistry could benefit from rational mod-
elling using such simple thermodynamic models. It remains
now to convince talented chemists around the world of the
necessity of rationalizing the chemical pathways leading to
their novel sophisticated and aesthetically appealing assem-
blies. The implementation of predetermined supramolecular
functions, which have no counterpart in monometallic ana-
logues, cannot be envisioned without these crucial efforts.
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