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Looking for the Origin of Allosteric Cooperativity in
Metallopolymers
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Abstract: The basic concept of allosteric cooperativity used

in biology, chemistry and physics states that any change in

the intermolecular host–guest interactions operating in mul-
tisite receptors can be assigned to intersite interactions.

Using lanthanide metals as guests and linear multi-tridentate
linear oligomers of variable lengths and geometries as hosts,

this work shows that the quantitative modeling of metal
loadings requires the consideration of a novel phenomenon

originating from solvation processes. It stepwise modulates

the intrinsic affinity of each isolated site in multisite recep-
tors, and this without resorting to allosteric cooperativity. An
easy-to-handle additive model predicts a negative power

law dependence of the intrinsic affinity on the length of the
linear metallopolymer. Applied to lanthanidopolymers, the

latter common analysis overestimates cooperativity factors
by more than two orders of magnitude.

Introduction

Metallopolymers are hybrid materials,[1, 2] in which metal cen-
ters with their specific electronic (optics, magnetism, catalysis)

and structural (geometries, coordination numbers) properties
are incorporated into organic polymers offering easy processa-

billity, efficient structural control and rich scalability.[3–5] In view

of their promising applications in light-emitting diodes
(LED),[6–9] in solid cells for photovoltaics,[10–12] in magnetically

active[13] and light-emissive liquid crystals[14, 15] and in telecom-
munication devices,[16, 17] the tuning of their properties by a pre-

cise and controlled metal-loading of the organic scaffold is
clearly underexploited.[18, 19] Among the three possible arrange-
ments of the metal complexes with respect to the polymer

backbone, often referred to as Wolf-Type I, Type II and Type III
(Scheme 1),[20] only the latter, in which the metal centers are in-

corporated within the polymeric network, have been intensive-
ly investigated in the fields of coordination polymers and

metal–organic frameworks (MOF).[21–24]

Because of the predetermined optical and magnetic proper-

ties associated with their [Xe]4 fN electronic configurations (N =

0–14), the trivalent lanthanide cations, Ln3 + , are attractive met-

allic partners for the design of application-oriented Type III

metallopolymers.[23–26] However, the strict stoichiometry re-
quired for the formation of a well-defined polymeric architec-

ture in these systems prevents partial metallic occupancy or
heterometallic loading without resorting to doping in random
sites.[27, 28] On the contrary, the less studied lanthanide-contain-

ing metallopolymers belonging to Type I and Type II catego-
ries[5] are compatible with the complete or partial filling of the

available sites with one or different lanthanide complexes, this
without altering the polymeric structures (Figure 1). Polynuc-

lear systems with programmed sequences of (open-shell)

metal ions thus become available, a key step to push further
ahead with current limits of optical sensing,[29–31] directional

light-downshifting[32, 33] and energy-transfer light-upconver-
sion.[34] As a starting point for bringing Type I or Type II metal-

lopolymers LN within the frame of chemical control, one can
benefit from the fact that the thermodynamics of metal load-

Scheme 1. Wolf Type I–III strategies for the introduction of metal centers
into organic polymers.[20] The metal complexes are: a) tethered to the poly-
mer backbone (Type I), b) covalently coupled to the polymer backbone
(Type II), and c) integrated as components of the polymer backbone (Type
III). For the sake of clarity, only intermolecular metal–ligand binding process-
es considered in this work are illustrated.
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ing in these linear metallopolymers is easily caught by
a simple model (Figure 1 a), which considers only two

free energy parameters: the intermolecular affinity
DGM;L

aff ¼ ¢RT ln f M;L
aff

¨ ¦
of a single site for the entering metal, M,

in the polymer LN and the energetic penalty
DEM;M

1¢2 ¼ ¢RT ln uM;M
1¢2

¨ ¦
>0, or benefit DEM;M

1¢2 <0, produced by

a bound site for the fixation of a second metal to an adjacent
free site in the polymer LN.[35] Please note that the associated
Boltzmann factor uM;M

1¢2 ¼ exp ¢DEM;M
1¢2

�
RT

¨ ¦
is often referred to

as the allosteric cooperativity factor in biology, since uM;M
1¢2 >

1 or uM;M
1¢2 <1, provides a larger apparent affinity (DEM;M

1¢2 < 0,
positive cooperativity), respectively, a reduced apparent affinity
(DEM;M

1¢2 > 0, negative or anti-cooperativity) for successive guest

(metal) complexations.[36]

When DGM;L
aff and DEM;M

1¢2 are at hand, the average of bound

metal per binding site qM, which characterizes the filling of the
multisite receptor,[35, 37, 38] can be entirely predicted as a function

of the concentration of free metal [Figure 1 b and Eq. (5) in
part 3] .[37] With this in mind, the most appealing linear Type I

and II metallopolymers for application-oriented research are

those for which: 1) the non-cooperative intrinsic affinity of an
isolated site for the metal is large (f M;L

aff @ 1)DGM;L
aff � 0), and

2) the absolute magnitude of the cooperativity factor is maxi-
mized ( uM;M

1¢2

�� ��� 1). For large negative cooperativity (DEM;M
1¢2 @

RT), the energetic penalty that the system has to pay for filling
two adjacent binding sites in the polymer is so considerable

that a plateau develops around qM = 0.5 (Figure 1 b). A large
domain of stability is generated for half-filled polymers, in

which every second site is occupied (Figure 1 b, right).[37] This
ordering phenomenon is analogous to order–disorder phase

transition in antiferromagnetic materials and it has been ex-
ploited for the formation of organized heteropolymetallic lan-

thanide complexes.[39] However, a true thermodynamic phase
transition is not expected due to the one-dimensional charac-
ter of the system and its finite size.[40] On the contrary, positive

cooperativity, characterized by DEM;M
1¢2 ! 0, results in the forma-

tion of clusters of occupied sites for qM = 0.5 (Figure 1 b, left).
The validity of these predictions was recently explored for the
design of tunable materials, in which the linear multi-tridentate

polymers L1N (N = 10, 12, 20, 31 is the number of available
binding sites, Figure 2 a) were loaded with luminescent lantha-

nide b-diketonates complexes [Ln(hfac)3] (Ln = La, Eu, Y; hfac =

hexafluoroacetylacetone).[41, 42] Whereas the slightly cooperative
(1.5�uLn;Ln

1¢2 �1.8) nearest-neighbor intermetallic interactions ac-

companying the multistep binding processes leading to
[L1N(Ln(hfac)3)m] do not significantly vary with the polymer

length N (red triangles in Figure 2 b),[42] the intrinsic affinity
f Ln;LN

aff for a specific tridentate binding site drastically decreases

by one order of magnitude in going from the monomeric

ligand L0 (N = 0) to the polymers L1N with N�10 (black dia-
monds in Figure 2 b).

The resulting (very) weak intrinsic affinities found for the lan-
thanide in linear polymers L1N is harmful for the efficient and

controlled complexation of functional metallic centers along
the polymeric strand. In the absence of any understanding of

its origin, there is no hope to bring these Wolf-Type II lanthani-

dopolymers within the field of application. We reasoned that
the drastic loss in intrinsic affinity of the tridentate site f Ln;LN

aff

observed in the linear polymers L1N could be unraveled if the
thermodynamic data would be available for N = 2 binding sites

in the dimeric ligands L2–L4 (green rod in Figure 2 b) because
the two microscopic parameters uLn;Ln

1¢2 and f Ln;LN

aff are independ-

ent in these systems with no parasitic triplet interactions,[43]

a complication which may occur in oligomers possessing more
than two binding sites as found in L1N.[44] We therefore report

here on the synthesis and characterization of dimeric ligands
L2–L4 showing various relative arrangements of their triden-

tate N3 binding sites (Scheme 2). The searched microscopic
thermodynamic affinity f Ln;Lk

aff and intermetallic interactions

uLn;Ln
1¢2 are deduced from the binding isotherms constructed

from 1H and 19F NMR titrations of L2–L4 with [Ln(hfac)3] . Partic-
ular efforts are focused on the implementation of a simple and

predictive model for catching the reliable intrinsic affinities
and allosteric cooperativity factors, which operate in linear

metallopolymers and, by extension, in multisite receptors ex-
ploited in materials science.

Experimental Section

Chemicals were purchased from Strem, Acros, Fluka AG, and Al-
drich, and were used without further purification unless otherwise
stated. The unsymmetrical tridentate unit 1 was prepared in 11 %
global yield according to an improved literature procedure, then

Figure 1. a) Thermodynamic Potts–Ising model for the successive intermo-
lecular connections of metallic units to a one-dimensional multisite receptor
LN possessing N available binding sites.[35] DGM;L

aff ¼ ¢RT ln f M;L
aff

¨ ¦
is the non-

cooperative free energy of intermolecular connection of one site for the en-
tering metal and DEM;M

1¢2 ¼ ¢RT ln uM;M
1¢2

¨ ¦
is the free energy of interaction oc-

curring when two adjacent sites are occupied. b) Binding isotherms comput-
ed for the metal loading of a linear polymer LN (N!1) showing the influ-
ence of the nearest-neighbor interaction DEM;M

1¢2 for a fixed value of
DGM;L

aff =¢40 kJ mol¢1.[37] The pictograms illustrate the dominant microspecies
formed for the half-filled Wolf Type II polymer (occupancy factors qM = 0.5)
upon the operation of positive cooperativity (DEM;M

1¢2 <0, left part, metal clus-
tering) or negative cooperativity (DEM;M

1¢2 >0, right part, metal alternance).
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transformed into its boronic ester 2 by using a standard procedure
(Appendix 1 in the Supporting Information).[45] The preparation of
the boronic ester 2 and boronic acids 3–5 are collected in Appen-
dix 2 (Supporting Information). The hexafluoroacetylacetonate salts
[Ln(hfac)3(diglyme)] were prepared from the corresponding oxide
(Appendix 2).[46, 47] DMF and dichloromethane were distilled over
calcium hydride. Silica gel plates Merck 60 F254 were used for thin
layer chromatography (TLC) and Fluka silica gel 60 (0.04–
0.063 mm) was used for preparative column chromatography.

Synthesis and characterization

Preparation of 5,5’-(2,5-bis(hexyloxy)-1,4-phenylene)bis(1-iso-
pentyl-2-(6-(1-isopentyl-5-phenyl-1H-benzo[d]imidazol-2-yl)pyri-
din-2-yl)-1H-benzo[d]imidazole) (L2): 2,5-Dihexyloxy-1,4-phenyle-
nediboronic acid (3, 178 mg, 0.49 mmol, 1.0 equiv), 5-bromo-1-iso-
pentyl-2-(6-(1-isopentyl-5-phenyl-1H-benzo[d]imidazol-2-yl)pyridin-
2-yl)-1H-benzo[d]imidazole (1, 677 mg, 1.12 mmol, 2.2 equiv), CsF
(370 mg, 2.44 mmol, 5.0 equiv) and tetrakis(triphenylphosphine)-
palladium(0) (56 mg, 0.05 mmol, 0.1 equiv) were introduced into
a Schlenk tube, which was flushed with argon. A degassed mixture
of dioxane (8 mL) and ethanol (3 mL) was added, and the mixture
was heated at 100 8C for 48 h under an inert atmosphere. After
evaporation to dryness, the solid was partitioned between sat.

NaCl (150 mL) and dichloromethane (100 mL). The aq. phase was
extracted with dichloromethane (2 Õ 150 mL). The combined organ-
ic phases were dried over Na2SO4, filtered and evaporated to dry-
ness. The solid was purified by column chromatography (Silicagel,
CH2Cl2/MeOH, 100:0!97:3) to obtain a brown solid, which was re-
crystallized from EtOH/CH2Cl2 to yield L2 (394 mg, 61 %) as a white
powder. 1H NMR (400 MHz, CDCl3): d= 8.40 (dd, J = 8.0, 0.9 Hz, 2 H),
8.38 (dd, J = 8.0, 0.9 Hz, 2 H), 8.17 (d, J = 1.0 Hz, 2 H), 8.14 (d, J =
0.9 Hz, 2 H), 8.12 (t, J = 6.8 Hz, 2 H), 7.78 (dd, J = 8.4, 1.4 Hz, 2 H),
7.76–7.71 (m, 4 H), 7.67 (dd, J = 8.4, 1.6 Hz, 2 H), 7.56 (d, J = 8.1 Hz,
2 H), 7.55 (d, J = 8.4 Hz, 2 H), 7.51 (t, J = 7.8 Hz, 4 H), 7.39 (tt, J = 7.7,
1.1 Hz, 2 H), 7.21 (s, 2 H), 4.81 (t, J = 6.8 Hz, 8 H), 4.04 (t, J = 6.6 Hz,
4 H), 1.84–1.66 (m, 12 H), 1.57–1.38 (m, 8 H), 1.37- 1.27 (m, 8 H), 0.89
(t, J = 6.7 Hz, 6 H), 0.79 ppm (d, J = 6.6 Hz, 24 H); 13C NMR (101 MHz,
CDCl3): d= 150.81 (2 Cquat), 150.38 (2 Cquat), 150.33 (2 Cquat), 150.11
(2 Cquat), 149.93 (2 Cquat), 143.45 (2 Cquat), 142.96 (2 Cquat), 141.74 (2
Cquat), 138.23 (2 CH), 136.47 (2 Cquat), 135.74 (2 Cquat), 135.40 (2 Cquat),
133.52 (2 Cquat), 130.98 (2 Cquat), 128.85 (4 CH), 127.44 (4 CH), 126.90
(2 CH), 125.99 (2 CH), 125.57 (2 CH), 125.47 (2 CH), 123.39 (2 CH),
120.98 (2 CH), 118.69 (2 CH), 116.87 (2 CH), 110.43 (2 CH), 109.39 (2
CH), 69.77 (2 CH2), 43.62 (4 CH2), 38.93 (4 CH2), 31.52 (2 CH2), 29.40
(2 CH2), 25.87 (2 CH), 25.83 (2 CH), 25.78 (2 CH2), 22.61 (2 CH2),
22.26 (4 CH3), 22.24 (4 CH3), 14.03 ppm (2 CH3) ; ESI-MS (positive
mode, CH3OH/CHCl3/0.1 % formic acid, C88H100N10O2, MW =
1329.8 g mol¢1): m/z 666.0 ([M++2 H]2+), 1330.8 ([M++H]+) ; elemental
analyses calcd for C88H100N10O2, C 79.48, H 7.58, N 10.53; found C
79.45, H 7.63, N 10.47.

The same procedure was followed for the preparation of L2 a from
1 and 3 a (yield 50 %), and for the preparation of L3 from 1 and 4
(63 %).

L2 a : 1H NMR (400 MHz, CD2Cl2): d= 8.40 (dd, J = 7.8, 0.8 Hz, 2 H),
8.38 (dd, J = 7.9, 0.9 Hz, 2 H), 8.18 (d, J = 1.2 Hz, 2 H), 8.13 (d, J =
1.4 Hz, 2 H), 8.12 (t, J = 7.9 Hz, 2 H), 7.71–7.76 (m, 6 H), 7.67 (dd, J =
8.4, 1.6 Hz, 2 H), 7.57 (d, J = 8.1 Hz, 2 H), 7.56 (d, J = 8.5 Hz, 2 H), 7.51
(t, J = 7.7 Hz, 4 H), 7.39 (t, J = 7.4 Hz, 2 H), 7.20 (s, 2 H), 4.81 (t, J =
7.6 Hz, 8 H), 3.91 (s, 6 H), 1.77–1.66 (m, 8 H), 1.57–1.42 (m, 4 H), 0.79
(d, J = 6.6 Hz, 12 H), 0.78 ppm (d, J = 6.6 Hz, 12 H); ESI-MS (positive
mode, CH3OH/CHCl3/0.1 % formic acid, C78H80N10O2, MW =
1189.6 g mol¢1): m/z 595.8 ([M++2 H]2 +), 1190.3 ([M++H]+) ; elemental
analysis calcd for C78H80N10O2·0.1 CH2Cl2, C 78.14, H 6.74, N 11.66;
found C 78.12, H 6.82, N 11.73; the trace of dichloromethane
found in the bulk solid could be detected as a weak singlet at d=
5.30 ppm when the 1H NMR spectrum was recorded in CDCl3.

L3 : 1H NMR (400 MHz, CDCl3): d= 8.36 (d, J = 7.8 Hz, 2 H), 8.35 (d,
J = 7.9 Hz, 2 H), 8.11 (d, J = 1.1 Hz, 4 H), 8.10 (t, J = 7.9 Hz, 2 H), 7.72
(d, J = 7.2 Hz, 4 H), 7.65 (dd, J = 8.4, 1.8 Hz, 4 H), 7.57 (d, J = 8.2 Hz,
2 H), 7.53 (s, 1 H), 7.51 (t, J = 7.7 Hz, 4 H), 7.47 (d, J = 8.3 Hz, 2 H),
7.39 (t, J = 7.4 Hz, 2 H), 6.77 (s, 1 H), 4.88–4.69 (m, 8 H), 4.10 (t, J =
6.6 Hz, 4 H), 1.83 (p, J = 6.7 Hz, 4 H), 1.69 (dt, J = 6.4, 5.9 Hz, 8 H),
1.55–1.41 (m, 8 H), 1.39–1.27 (m, 8 H), 0.89 (t, J = 6.9 Hz, 6 H),
0.76 ppm (d, J = 6.6 Hz, 24 H); 13C NMR (101 MHz, CD2Cl2): d=
156.15 (2 Cquat), 150.91 (2 Cquat), 150.28 (4 Cquat), 149.99 (2 Cquat),
143.58 (2 Cquat), 143.06 (2 Cquat), 141.69 (2 Cquat), 138.02 (2 CH),
135.99 (2 Cquat), 135.94 (2 Cquat), 135.23 (2 Cquat), 133.31 (CH), 133.12
(2 Cquat), 128.78 (4 CH), 127.28 (4 CH), 126.81 (2 CH), 125.67 (2 CH),
125.40 (2 CH), 125.25 (2 CH), 123.76 (2 Cquat), 122.95 (2 CH), 120.70
(2 CH), 118.32 (2 CH), 110.55 (2 CH), 109.43 (2 CH), 98.73 (CH),
68.96 (2 CH2), 43.62 (2 CH2), 43.56 (2 CH2), 38.82 (4 CH2), 31.53 (2
CH2), 29.27 (2 CH2), 25.84 (2 CH), 25.81 (2 CH), 25.78 (2 CH2), 22.60
(2 CH2), 21.95 (4 CH3), 13.80 ppm (2 CH3) ; ESI-MS (positive mode,
CH3OH/CHCl3/0.1 % formic acid, C88H100N10O2, MW = 1329.8 g mol¢1):
m/z 666.0 ([M++2 H]2 +), 1330.8 ([M++H]+) ; elemental analysis calcd

Figure 2. a) Chemical structure of the monomeric tridentate binding unit L0
found in the multi-tridentate polymers L1N. b) Intrinsic affinities for a single
binding site f Eu;L1N

aff (black diamonds, left scale) and cooperativity factors uEu;Eu
1¢2

(red triangles, right scale) reported for the loading of oligomers L1N (N = 10–
31) with [Eu(hfac)3(diglyme)] (CD2Cl2, 298 K).[42] The vertical green rod indi-
cates the crucial missing data for a dimeric receptor.
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for C88H100N10O2, C 79.48, H 7.58, N 10.53; found C 79.05, H 7.59, N
10.45.

Preparation of 5,5’-(4,5-bis(hexyloxy)-1,2-phenylene)bis(1-iso-
pentyl-2-(6-(1-isopentyl-5-phenyl-1H-benzo[d]imidazol-2-yl)pyri-
din-2-yl)-1H-benzo[d]imidazole) (L4): A solution of 1-isopentyl-2-
(6-(1-isopentyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
benzo[d]imidazol-2-yl)pyridin-2-yl)-5-phenyl-1H-benzo[d]imidazole
(2, 625 mg, 0.65 mmol, 2.5 equiv) in dioxane (15 mL) was intro-
duced into a Schlenk tube containing 1,2-dibromo-4,5-bis(hexyl-
oxy)benzene (167 mg, 0.38 mmol), bis(triphenylphosphine)palladiu-
m(II) dichloride (53 mg, 0.08 mmol, 0.2 equiv) and K2CO3 (211 mg,
1.53 mmol, 5.0 equiv) under an inert atmosphere. Water (1.3 mL)
was added into the Schlenk and the mixture heated at reflux for
48 h under argon. After evaporation to dryness, the solid was parti-
tioned between half sat. NaHCO3 (200 mL) and dichloromethane
(200 mL). The aq. phase was extracted with dichloromethane (2 Õ
200 mL). The combined organic phases were dried over Na2SO4, fil-
tered and evaporated to dryness. The solid was purified by column
chromatography (Silicagel, CH2Cl2/MeOH, 100:0!98:2) to yield L4

as a pale brown solid (311 mg, 61 %). 1H NMR (400 MHz, CDCl3): d=

8.23 (dd, J = 4.2, 0.9 Hz, 2 H), 8.21 (dd, J = 3.3, 1.0 Hz, 2 H), 7.99 (s,
2 H), 7.97 (t, J = 7.8 Hz, 2 H), 7.75 (d, J = 1.0 Hz, 2 H), 7.66–7.57 (m,
4 H), 7.53 (dd, J = 8.5, 1.6 Hz, 2 H), 7.42 (d, J = 8.0 Hz, 2 H), 7.39 (t,
J = 7.9 Hz, 4 H), 7.27 (tt, J = 4.2, 0.9 Hz, 2 H), 7.11 (d, J = 8.5 Hz, 2 H),
7.04 (dd, J = 8.5, 1.5 Hz, 2 H), 7.02 (s, 2 H), 4.65 (t, J = 7.4 Hz, 4 H),
4.58 (t, J = 7.6 Hz, 4 H), 4.04 (t, J = 6.7 Hz, 4 H), 1.81 (quin, J = 6.7 Hz,
4 H), 1.29–1.49 (m, 8 H), 1.49–1.40 (m, 4 H), 1.34–1.25 (m, 12 H), 0.85
(t, J = 7.1 Hz, 6 H), 0.63 (d, J = 6.6 Hz, 12 H), 0.60 ppm (d, J = 6.6 Hz,
12 H); 13C NMR (101 MHz, CDCl3): d= 150.83 (2 Cquat), 150.15 (2
Cquat), 150.04 (2 Cquat), 149.88 (2 Cquat), 148.30 (2 Cquat), 143.41 (2
Cquat), 142.88 (2 Cquat), 141.70 (2 Cquat), 138.17 (2 CH), 136.90 (2 Cquat),
136.44 (2 Cquat), 135.66 (2 Cquat), 134.88 (2 Cquat), 133.36 (2 Cquat),
128.83 (4 CH), 127.42 (4 CH), 126.90 (2 CH), 126.60 (2 CH), 125.40 (2
CH), 123.36 (2 CH), 121.21 (2 CH), 118.66 (2 CH), 116.79 (2 CH),
110.39 (2 CH), 109.35 (2 CH), 69.47 (2 CH2), 43.57 (2 CH2), 43.50 (2
CH2), 38.84 (2 CH2), 38.81 (2 CH2), 31.63 (2 CH2), 29.35 (2 CH2), 25.81
(2 CH), 25.77 (2 CH2), 25.70 (2 CH), 22.67 (2 CH2), 22.24 (4 CH3),
22.17 (4 CH3), 14.07 ppm (2 CH3) ; ESI-MS (positive mode, CH3OH/

Scheme 2. Synthesis of ligands L2–L4 and of their non-lipophilic analogues L2 a–L4 a. The chemical structures and their point groups are those established
by 1H and 13C NMR spectroscopy in solution.
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CHCl3/0.1 % formic acid, C88H100N10O2, MW = 1329.8 g mol¢1): m/z
1330.8 ([M++H]+) ; elemental analysis calcd for
C88H100N10O2·0.2 CH2Cl2, C 78.52, H 7.50, N 10.38; found C 78.55, H
7.65, N 10.12; the trace of dichloromethane found in the bulk solid
could be detected as a weak singlet at d= 5.30 ppm when the
1H NMR spectrum was recorded in CDCl3.

The same procedure was followed for the preparation of L3 a from
2 and 4 a (yield 62 %), and for the preparation of L4 a from 2 and
5 a (62 %).

L3 a : 1H NMR (400 MHz, CDCl3): d= 8.35 (d, J = 7.3 Hz, 2 H), 8.33 (d,
J = 7.3 Hz, 2 H), 8.11 (d, J = 1.2 Hz, 2 H), 8.09 (d, J = 1.3 Hz, 2 H), 8.08
(t, J = 7.9 Hz, 2 H), 7.70 (d, J = 7.3 Hz, 4 H), 7.63 (dd, J = 8.4, 1.2 Hz,
2 H), 7.60 (dd, J = 8.2, 1.2 Hz, 2 H), 7.55 (s, 1 H), 7.52 (d, J = 8.8 Hz,
2 H), 7.49 (t, J = 8.0 Hz, 4 H), 7.49 (d, J = 8.4 Hz, 2 H), 7.37 (t, J =
7.4 Hz, 2 H), 6.77 (s, 1 H), 4.81–4.71 (m, 8 H), 3.96 (s, 6 H), 1.71–1.61
(m, 8 H), 0.89 (dsept, J = 6.8, 2.0 Hz, 4 H), 0.75 (d, J = 5.8 Hz, 12 H),
0.73 ppm (d, J = 5.8 Hz, 12 H); ESI-MS (positive mode, CH3OH/CHCl3 :
0.1 % formic acid, C78H80N10O2, MW = 1189.6 g mol¢1): m/z 1190.3
([M++H]+).

L4 a : 1H NMR (400 MHz, CDCl3): d= 8.30 (d, J = 7.8 Hz, 2 H), 8.30 (d,
J = 7.9 Hz, 2 H), 8.07 (d, J = 1.3 Hz, 2 H), 8.05 (t, J = 7.9 Hz, 2 H), 7.83
(d, J = 1.2 Hz, 2 H), 7.69 (d, J = 7.3 Hz, 4 H), 7.61 (dd, J = 8.5, 1.6 Hz,
2 H), 7.50 (d, J = 8.4 Hz, 2 H), 7.47 (t, J = 7.7 Hz, 4 H), 7.36 (t, J =
7.4 Hz, 2 H), 7.20 (d, J = 8.5 Hz, 2 H), 7.13 (dd, J = 8.4, 1.4 Hz, 2 H),
7.09 (s, 2 H), 4.73 (t, J = 7.6 Hz, 4 H), 4.66 (t, J = 7.6 Hz, 4 H), 3.99 (s,
6 H), 1.69-1.55 (m, 8 H), 1.46–1.32 (m, 4 H), 0.70 (d, J = 6.6 Hz, 12 H),
0.67 ppm (d, J = 6.6 Hz, 12 H); ESI-MS (positive mode, CH3OH/
CHCl3/0.1 % formic acid, C78H80N10O2, MW = 1189.6 g mol¢1): m/z
1190.3 ([M++H]+).

Preparation of the X-ray quality prims for the complexes
[Ln2(Lk)(hfac)6] (Ln = Eu, Er and k = 2, 2 a, 3 a, 4 a): In a typical pro-
cedure, Lk (0.006 mmol) and [Ln(hfac)3diglyme] (0.013 mmol) were
dissolved and stirred in dichloromethane/acetonitrile or chloro-
form/acetonitrile mixtures (ca. 1–2 mL) for 1 h. Slow diffusion of
volatile ethers (diethylether or diisopropylether) yielded yellow
crystals of [L2 aEu2(hfac)6]·3.5 CHCl3 (6), [L3 aEu2(hfac)6]·1.764 CH3CN
(7), [L4 aEu2(hfac)6] (8), [L2Eu2(hfac)6]·2 CH2Cl2 (9) and
[L2Er2(hfac)6]·0.5 CH3CN·2 H2O (10) suitable for X-ray diffraction.

Spectroscopic and analytic measurements

1H, 19F and 13C NMR spectra were recorded at 293 K on Bruker
Avance 400 MHz. Chemical shifts are given in ppm with respect to
tetramethylsilane Si(CH3)4 for 1H NMR and with C6F6 for 19F NMR.
Assignments of signals were deduced from COSY, HSQC, HMBC
(and NOESY) NMR measurements. Pneumatically assisted electro-
spray (ESI) mass spectra were recorded from 10¢4 m solutions on
an Applied Biosystems API 150EX LC/MS System equipped with
a Turbo Ionspray sourceÒ. Elemental analyses were performed by
K. L. Buchwalder from the Microchemical Laboratory of the Univer-
sity of Geneva.

X-ray crystallography

Summary of crystal data, intensity measurements and
structure refinements for [L2 aEu2(hfac)6]·3.5 CHCl3 (6),
[L3 aEu2(hfac)6]·1.764 CH3CN (7), [L4 aEu2(hfac)6] (8),
[L2Eu2(hfac)6]·2 CH2Cl2 (9) and [L2Er2(hfac)6]·0.5 CH3CN·2 H2O (10) are
collected in Tables S4, S8, S12, S16 and S20 (Supporting Informa-
tion). Crystals were mounted on a capton loop with protection oil.
Cell dimensions and intensities were measured at 180 K on a Super-
nova (Rigaku) diffractometer with mirror monochromated CuKa ra-
diation (l= 1.54184 æ) and an Atlas CCD camera. Data were cor-

rected for Lorentz and polarization effects and for absorption. The
structures were solved by direct methods (SIR,[48] SHELXS[49]) all
other calculations were performed with SHELXL,[49] OLEX2[50] and
ORTEP[51] programs. CCDC 1436602, 1436603, 1436604, 1436605
and 1436606 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Computational details

The geometry of ligands L0, L2, L3 a and L4 a as well as the mono-
nuclear complexes [L0Ln(hfac)3] (Ln = La, Eu, Y) were optimized at
the DFT/B97-D/def2-TZVP level of theory, using the pseudopoten-
tial def2-ecp for metal centers.[52, 53] Due to the large number of
atoms, the geometries of complexes [L2Yx(hfac)3x] (x = 1 or 2) were
optimized at the DFT/B97-D/def SV(P) level of theory, using the
pseudopotential def-SV(P) for metal centers. Single point calcula-
tions for energy and dipole moments were carried out at the DFT/
B97-D/def2-TZVP/def2-ecp level of theory. All calculations were car-
ried out using the Turbomole v6.6 package program.[54]

Results and Discussion

Synthesis of the ligands L2–L4

The Pd0-catalyzed Miyaura–Suzuki connection of two unsym-
metrical tridentate binding units 1 to dialkyloxybenzene bor-

onic acids 3 and 4 gave L2 and L3, respectively.[45] The boronic
acid derived from ortho-dialkyloxybenzenedibromide 5 could

not be obtained and polarity was therefore reversed by the
coupling of the tridentate boronic acid 2 with ortho-dibromide

5 to give L4 (Scheme 2).

The observation of twelve 1H NMR signals for the aromatic
protons of the two terminal unsymmetrical tridentate 2,6-bis(-

benzimidazole)pyridine units in L2–L4 points to the existence
of a twofold symmetry for the free ligands in solution (Figure 3

and Figure S1 in the Supporting Information). The detection of
enantiotopic pairs (i.e. , singlet NMR signals) for the methylene

protons of the isopentyl residues (H9 and H9’ in Figure 3) fur-

ther implies a planar arrangement of the tridentate binding
units, thus leading to an average C2h point group for L2 and
C2v point groups for L3 and L4 in solution as illustrated in
Scheme 2. Finally, the lack of observable through-space nuclear

Overhauser effects (NOEs) between the pyridine protons H2,2’
and the protons of the isopentyl residue (H9,9’) are diagnostic

for a standard trans–trans arrangement of the three coordinat-
ing nitrogen atoms, which minimizes the electrostatic repul-
sion (Scheme 2 and Figure 3).[45] The poorly soluble non-lipo-

philic ligands L2 a–L4 a have been synthesized for limiting the
degrees of freedom during the crystallization processes. They

were obtained in fair yields according to the same synthetic
strategy (Scheme 2) and display closely related structures in so-

lution (Figure S2).

Thermodynamic metal loading of the ligands L2–L4

The titrations of 5 mm of the dimers L2–L4 with [Ln(hfac)3dig]

(Ln = La, Nd, Sm, Eu, Er, Tm, Lu, Y; hfac = hexafluoroacetylacet-
onate, dig = diglyme = 1-methoxy-2-(2-methoxyethoxy)-
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ethane)[26] in dichloromethane containing an excess of diglyme

( dig½ ¤tot = 0.14 m) were monitored by 1H NMR (Figures S3–S5 in
the Supporting Information) and 19F NMR (Figure S6) spectros-

copy at 298 K. Since the total concentration of diglyme is con-

stant, stability constants bLn;Lk
exch;m characterizing the successive

ligand-exchange processes [Eqs. (1) and (2)] reduce to the con-

ditional stability constants bLn;Lk
cond;m summarized in Equations (3)

and (4).

Lk þ ½LnðhfacÞ3ðdigÞ¤ Ð

½LkLnðhfacÞ3¤ þ dig bLn;Lk
exch;1 ¼

LkLn½ ¤ ¡ dig½ ¤
Ln½ ¤ ¡ Lk½ ¤

ð1Þ

Lk þ 2 ½LnðhfacÞ3ðdigÞ¤ Ð

½LkLn2ðhfacÞ6¤ þ 2 dig bLn;Lk
exch;2 ¼

LkLn2½ ¤ ¡ dig½ ¤2
Ln½ ¤2¡ Lk½ ¤

ð2Þ

bLn;Lk
cond;1 ¼

bLn;Lk
exch;1

dig½ ¤tot

¼ LkLn½ ¤
Ln½ ¤ ¡ Lk½ ¤ ¼ 2f Ln;Lk

aff;cond
ð3Þ

bLn;Lk
cond;2 ¼

bLn;Lk
exch;1

dig½ ¤totð Þ2 ¼
LkLn2½ ¤

Ln½ ¤2¡ Lk½ ¤ ¼ f Ln;Lk
aff;cond

¨ ¦2
uLn;Ln

1¢2
ð4Þ

Application of the site-binding model[43] decomposes bLn;Lk
cond;m

into a contribution from the conditional intrinsic affinities
f Ln;Lk

aff;cond of the tridentate site for the entering [Ln(hfac)3] metal

carrier and an intersite cooperativity factor
uLn;Ln

1¢2 ¼ exp ¢DELn;Ln
1¢2

�
RT

¨ ¦
operating in the saturated com-

plexes [LkLn2(hfac)6] [right part of Eqs. (3) and (4)] .[41] Since no

significant dissociation of the metallic salts occurs in dichloro-
methane at sub-millimolar concentrations used for NMR titra-

tions,[41] [Ln(hfac)3(dig)] exists as a single species in solution,
the concentration of which is written as Ln½ ¤ in Equations (1)–

(4), and for the rest of this work. For each [Lk]tot/[Ln]tot stoichio-
metric mixture under investigation, the 1H and 19F NMR spectra

recorded under thermodynamic equilibrium showed no dy-
namic exchange process on the NMR time scale (Tables S1 and
S2 in the Supporting Information). Consequently, the intensity
of the signals of a given nucleus (a proton IH or a fluorine IF) in

the free ligands Lk and in the complexes [Ln], [LkLn] and
[LkLn2] can be exploited for estimating the experimental
degree of metalation qexp

Ln [Eq. (5)] , from which the concentra-
tion of free metal Ln½ ¤ ¼ Ln½ ¤tot¢2qLn Lk½ ¤tot is easily deduced.

The plots of qexp
Ln in function of log([Ln]), known as the binding

isotherms (Figure 4), are ideally suited for the estimation of
f Ln;Lk

aff;cond and uLn;Ln
1¢2 by using nonlinear least-square fits of qcalcd

Ln de-

fined in Equation (6) (Table S3 in the Supporting Informa-
tion).[41,42]

qexp
Ln ¼

mh i
N
¼ 1

2
Lnj jbound

Lkj jtot

¼ 1
2
¡

IH
LnLk þ 2 IH

Ln2Lk

� �
IH
Lk þ IH

LnLk þ IH
Ln2Lk

¼

IF
LnLk þ IF

Ln2 Lk

IF
Ln þ IF

LnLk þ IF
Ln2Lk

¡ Ln½ ¤tot

2 Lk½ ¤tot

ð5Þ

qcalcd
Ln ¼ 1

2
Lnj jbound

Lkj jtot

¼ LnLk½ ¤ þ 2 Ln2Lk½ ¤
2 Lk½ ¤tot

¼

1
2

2 f Ln;Lk
aff;cond

¨ ¦
Ln½ ¤ þ 2 f Ln;Lk

aff;cond

¨ ¦2
uLn;Ln

1¢2

¨ ¦
Ln½ ¤2

1þ 2 f Ln;Lk
aff;cond

¨ ¦
Ln½ ¤ þ f Ln;Lk

aff;cond

¨ ¦2
uLn;Ln

1¢2

¨ ¦
Ln½ ¤2

 ! ð6Þ

The experimental cooperativity factors 0.37�uLn;Ln
1¢2 �2.59 do

not drastically deviate from uLn;Ln
1¢2 = 1 (Table S3 in the Support-

ing Information), which stands for a statistical loading of the

two tridentate sites of the ligands L2–L4 for the entering
metal complexes. Transformed into near-neighbor intersite free

energies of interactions DELn;Ln
1¢2 ¼ ¢RT ln uLn;Ln

1¢2

¨ ¦
, we observe

that: 1) the most compact ligand L4 (ortho-disubstituted-

phenyl spacer, blue trace in Figure 5 a) displays a weak cooper-
ative effect, 2) the most extended ligand L2 (para-disubstitut-

Figure 3. Aromatic part of the 1H NMR spectra of ligands L2–L4 in CD2CL2 at
298 K (R = C6H13).

Figure 4. Binding isotherms showing the experimental degree of metalation
qSm (green triangles for 1H NMR signals, red disks for 19F NMR signals) with
respect to the free concentration of metal for the titration of L2 with
[Sm(hfac)3dig] (CD2Cl2 + 0.14 m diglyme at 298 K, Ln = Sm is an arbitrary
choice). The dotted black trace corresponds to the binding isotherm fitted
with Equation (6) and using f Sm;L2

aff;cond = 461 and uSm;Sm
1¢2 = 1.10 (Table S3 in the

Supporting Information).
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ed-phenyl spacer, red trace in Figure 5 a) is essentially non-co-
operative, and 3) the intermediate ligand L3 (meta-disubstitut-

ed-phenyl spacer, green trace in Figure 5 a) exhibits minor anti-
cooperativity. The weak dependence of DEM;M

1¢2 on the size of

the lanthanide cations for L2 is in line with the drift previously
reported for the L1N polymers along the La!Eu!Y series.[42]

The intrinsic exchange affinities of the tridentate
site in L2–L4 for the entering lanthanide complex
[Eqs. (1) and (2)] can be defined as

DGLn;Lk
aff;exch ¼ ¢RT ln f Ln;Lk

aff;exch

¨ ¦ ¼ ¢RT ln f Ln;Lk
aff;cond ¡ dig½ ¤tot

¨ ¦
. They are

comparable whatever the choice of the phenyl spacers in L2–
L4 and display well-known bell-shaped trends centered around
Ln = Er (Figure 5 b).[41,42] The most striking result emerges when
the exchange affinities f Ln;L2

aff;exch observed for the dimer L2 are

compared with those previously collected for the monomer L0
and for the polymers L1N with the same metal (Figure 6). The

observation of abrupt negative power dependences of f Ln;Lk
aff;exch

on the number of available binding sites N shows that the allo-
steric cooperativity factors uLn;Ln

1¢2 , usually invoked for rationaliz-

ing the apparent change in host–guest affinity measured in
multisite biological receptors,[38, 56, 57] are not sufficient for mod-

eling the decreased inclination of the metal for binding a com-
plexation site located in the polymer.

Behind allosteric cooperativity: the origin of the
cooperativity factors

The thermodynamic cycle established for the metal exchange
processes DG2Ln!Ln2

exch depicted in Scheme 3 is well-suited for

comparing the experimental allosteric cooperativity factors

uLn;Ln
1¢2;sol estimated in solution with their gas-phase analogues

uLn;Ln
1¢2;gas.

Given that DG2Ln!Ln2

exch can be deduced from the conditional

stability constants DG2Ln!Ln2

exch ¼ ¢RT ln bLn;Lk
cond;2

.
bLn;Lk

cond;1

¨ ¦2
� �

¼
¢RT ln uLn;Ln

1¢2

�
4

¨ ¦ ¼ DELn;Ln
1¢2 þ RT ln 4ð Þ the Born–Haber cycle can

be summarized with Equation (7):

DELn;Ln
1¢2;sol ¼ DELn;Ln

1¢2;gas þ DsolvG0
LkLn2
þ DsolvG0

Lk ¢ 2DsolvG0
LkLn ð7Þ

The experimentally accessible intersite interactions DELn;Ln
1¢2;sol

(Figure 5 a) can be thus understood as the balance between:
1) an electrostatic contribution arising from the interaction

DELn;Ln
1¢2;gas between two “local” dipole moments ~m1 and ~m2, each

taken as that of the monomer [L0Ln(hfac)3] centered on each

coordinated metal centers in [LkLn2(hfac)6] and separated by
a distance RLn-Ln [Eq. (8), see Figure 8 d for an illustration] ,[61]

and 2) the solvation energies DsolvG estimated with Equa-

tion (9) for Lk, [LkLn(hfac)3] and [LkLn2(hfac)6] (NAv = 6.022 Õ
1023 mol¢1 is Avogadro’s number, z is the charge of the parti-

cle in electrostatic units, e = 1.602 Õ 10¢19, C is the elementary
charge, e0 = 8.854 Õ 10¢12 C2 N¢1 m¢2 is the vacuum permittivity,

er is the relative dielectric permittivity (er = 8.93 in dichlorome-
thane), m is the dipole moment of the particle and Ri is the

Figure 5. a) Intersite interactions DELn;Ln
1¢2 ¼ ¢RT ln uLn;Ln

1¢2

¨ ¦
, and b) intrinsic ex-

change affinities DGLn;Lk
aff;exch ¼ ¢RT ln f Ln;Lk

aff;cond ¡ dig½ ¤tot

¨ ¦ ¼ ¢RT ln f Ln;Lk
aff;exch

¨ ¦
for the

loading of ligands L0 (magenta), L2 (red), L3 (green), L4 (blue) and L2 a
(black) with [Ln(hfac)3dig] (1

�
RLn

CN¼9 is the inverse of nine-coordinate lantha-
nide radii, CD2Cl2, 298 K). The dotted trend-lines are given as guides for the
eyes.

Figure 6. Intrinsic exchange affinity parameters f Ln;Lk
aff;exch for the loading of li-

gands L0 (N = 1), L2 (N = 2) and L1N (N = 10, 12, 20, 31) with [Ln(hfac)3dig] (N
is the number of available tridentate binding sites, CD2Cl2, 298 K). The
dotted traces were fitted with Equation (13) by using optimized pre-expo-
nential f Ln;L0

aff;exch factors.

Scheme 3. Thermodynamic cycle for metal exchanges in the dinuclear li-
gands L2–L4.
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radius of a spherical cavity cut from the dielectric when
a spherical solute is immersed into the solvent).[58–60]

DELn;Ln
1¢2;gas ¼ ¢

Nav

4pe0er
¡ ~m1 ¡~m2

RLn¢Lnð Þ3 ¢ 3
~m1 ¡~RLn¢Ln

� �
~m2 ¡~RLn¢Ln

� �
RLn¢Lnð Þ5

0@ 1A
ð8Þ

DsolvG0 ¼ ¢Nav

m2

4pe0 Rið Þ3
¡ er ¢ 1

2er þ 1

� �
ð9Þ

The numerical evaluation of DELn;Ln
1¢2;gas (Table 1, column 5) and

DsolvG0 (Table 1, column 6) requires reliable molecular struc-

tures for ligands Lk and for their complexes [LkLnm(hfac)3m]
(m = 1–2). The gas-phase geometries of the monomeric sys-
tems L0 and [L0Ln(hfac)3] (Ln = La, Eu, Y, Figure 8 a and b)
could be easily optimized by using DFT methods, but consider-

able additional efforts were necessary for getting the same in-
formation for the dimeric systems L2, L3 a and L4 a,

[L2Y(hfac)3] and [L2Y2(hfac)6] (Figure 8 c and d). Due to the

large number of atoms and the presence of two lanthanides in
[LkLn2(hfac)6] , their molecular structures were taken from the

crystal structures of [L2aEu2(hfac)6]·3.5 CHCl3 (6),
[L3 aEu2(hfac)6]·1.764 CH3CN (7), [L4aEu2(hfac)6] (8) and

[L2Eu2(hfac)6]·(9 ; Figure 7, Tables S4–S23 and Figures S7–S11 in
the Supporting Information).

The dipole moments were computed in the resulting elec-
tronic structures (Figure 8, Table 1, column 2),[62] the intersite

separations RLn¢Ln were taken as the intermetallic separations
in the dinuclear complexes (Table 1, column 3) and the size of

the solvated cavities Ri were approximated as the hydrody-
namic radii of the incriminated species (Table 1, column 4).[63]

Each tridentate binding units in L0 or in L2–L4 adopts

a trans–trans arrangement of the nitrogen atoms bearing the
lone pairs,[45] thus leading to weak local dipole moments of

1.7 D, mainly oriented along the Cpara¢N direction of the pyri-
dine ring (Figure 8 a). Depending on the relative orientation of
the two terminal tridentate binding units in the dimers L2–L4
(Figure S12, left column), the total dipole moments slightly
differ from that of the monomer (Figure 8 c, column 2 in
Table 1). Upon complexation to [Ln(hfac)3] , each tridentate
binding unit displays a cis–cis arrangement compatible with its

meridional tricoordination to nine-coordinate europium cations
as found in the molecular structures of [L0La(hfac)3][41] and

[LkEu2(hfac)6] (Lk a = L2 a–L4 a and L2), the six remaining posi-
tions around each metal being occupied by the three diden-
tate hexafluoroacetylacetonate ligands (Figure 7). A SHAPE[64]

analysis shows that the geometries of the EuN3O6 coordination
spheres can be described either as tricapped trigonal prisms or

as monocapped square antiprisms. All bond lengths and bond
angles are standard (Table S25 in the Supporting Informa-

tion).[65] The lack of specific constraints in the molecular struc-

tures of the dinuclear complexes is supported by their unre-
sponsiveness to the increasing length of the central alkoxy

groups in going from [L2 aEu2(hfac)6]·(6) to [L2Eu2(hfac)6]·(9 ;
Figure S13) or to the replacement of Ln = Eu in

[L2Eu2(hfac)6]·(9) with Ln = Er in [L2Er2(hfac)6]·(10 ; Figure S14).
The dipole moments of 14.2(6) D computed for the monomeric

Table 1. Dipole moments (mtot), intramolecular Ln···Ln distances (RLn-Ln),
hydrodynamic radii (Ri), DELn;Ln

1¢2;gas [Eq. (8)] , DsolvG0 [Eq. (9)] and DELn;Ln
1¢2;sol

[Eq. (7)] computed for ligands L2, L3 a and L4 a and associated complexes
[LkLn(hfac)3] and [LkLn2(hfac)6] .

Cmpd mtot

[D][a]

RLn-Ln

[æ]
Ri

[b]

[æ]
DELn;Ln

1¢2;gas

[kJ mol¢1]
DsolvG0

[kJ mol¢1]
DELn;Ln

1¢2;sol

[kJ mol¢1]

L2[c] 1.1[d] – 7.08 – ¢0.4[f] –
3.7[e] – 7.13 –

L3 a[c] 3.4[d] – 6.70 – ¢2.0[f] –
5.9[e] – 6.70 –

L4 a[c] 1.5[d] – 6.73 – ¢0.6[f] –
4.1[e] – 6.77 –

[L2Ln(hfac)3] [c] 14.9 – 7.96 – ¢11.2 –
[L3 aLn(hfac)3] 15.1 – 7.47 – ¢13.8 –
[L4 aLn(hfac)3] 13.4 – 7.42 – ¢11.1 –
[L2Ln2(hfac)6] [c] 0.5 15.23 8.60 ¢0.155 0.0 2
[L3 aLn2(hfac)6] 17.0 12.62 8.14 ¢0.050 ¢13.5 12.2
[L4 aLn2(hfac)6] 26.2 12.52 8.38 0.410 ¢29.6 ¢7.3

[a] 1 Debye = 1 D = 3.33564 Õ 10¢30 C m. [b] The hydrodynamic radii (Ri) are
deduced from the Connolly volumes.[63] [c] Dipole moments computed
with DFT/B-97D/def2-TZVP. [d] Dipole moment found for the most stable
conformation (Figures 8 b and S12). [e] Dipole moment found for the
minor conformation (Figures 8 b and S12). [f] Solvation energy taken as
the weighted sum of those calculated for each accessible conformation.

Figure 7. Molecular structures of: a) [L2 aEu2(hfac)6] , b) [L3 aEu2(hfac)6] , and
c) [L4 aEu2(hfac)6] found in the crystal structures of 6–8. The intramolecular
Eu···Eu distances are highlighted. Color codes: C = grey, N = blue, O = red,
F = green, Eu = orange. The hydrogen atoms are omitted for clarity.
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complexes [L0Ln(hfac)3] (Ln = La, Eu, Y) are almost superimpos-
able (Figure S15) and roughly oriented along the Cpara¢N direc-

tion of the central pyridine ring, but pointing in the opposite
direction as that found for the uncoordinated ligand (Figure 8 a
and b). Finally, the dipole moments of the mononuclear
[LkEu(hfac)3] (Lk = L3 a–L4 a) and dinuclear [LkEu2(hfac)6] (Lk =

L3 a–L4 a) complexes were estimated by the vectorial sums of
the individual dipole moments located of each tridentate bind-

ing part of the dimeric ligands (Figure S12 center and right
parts). Because of intermetallic distances larger than 1 nm in
the dinuclear complexes [LkLn2(hfac)6] , the intersite dipole–

dipole interactions computed in the gas phase for estimating
DELn;Ln

1¢2;gas [Eq. (8), Table 1, column 5] negligibly contribute (<

5 %) to the overall cooperativity index DELn;Ln
1¢2;sol observed in so-

lution [Eq. (7), Table 1 column 7]. The latter parameter is thus

controlled by the sum of the solvation energies. At our rough

level of approximation for estimating the solvation energies,[60]

we cannot expect to satisfyingly reproduce the magnitude of

the experimental cooperativity factors, but we note that the
stepwise turning away from centrosymmetry along the series

para-(L2)!meta-(L3)!ortho-(L4) produces a stepwise increase
in the total dipole moments (Table 1, column 2), hence in the

solvation energies of the dinuclear complexes (DsolvG0
LkLn2

,
column 6). Consequently, this parameter becomes dominant

for the less symmetrical ligand L4, and Equation (7) predicts
positive cooperativity for the metal loading of L4 (Table 1,

column 7), in agreement with the experimental trend depicted
in Figure 5 a.

Beyond allosteric cooperativity: the origin of variable intrin-
sic affinities in metallopolymers

This is a common procedure in chemistry and biology to
deduce the cooperativity factor uLn;Ln

1¢2 ¼ bLn;Lk
cond;2

.
f Ln;Lk

aff;cond

¨ ¦2

[Eq. (4)] from the experimental global stability constants bLn;Lk
cond;2

determined for the saturated receptor in [LkLn2(hfac)6] , while
the intrinsic affinity f Ln;Lk

aff;exch of each site is taken as the stability
constant measured for the monomeric model [L0Ln(hfac)3]
(f Ln;Lk

aff;exch ¼ bLn;L0
cond;1).[36, 56, 57] The significant dependence observed in

Figure 5 b for the intrinsic exchange affinity f Ln;Lk
aff;exch along the

series [L0Ln(hfac)3] ![L2Ln(hfac)3]![L1NLn(hfac)3] casts doubt

on this practice. For instance, the introduction of f Ln;L0
aff;exch mea-

sured for the monomer L0 into Equation (4) predicts uLa;La
1¢2 =

0.26, uEu;Eu
1¢2 = 0.21 and uY;Y

1¢2 = 0.55 for the saturated dinuclear

complexes [L2Ln2(hfac)6] , values which deviate by, respectively,
73, 88 and 66 % from their correct estimations fixed at uLa;La

1¢2 =

0.97(6), uEu;Eu
1¢2 = 1.7(1) and uY;Y

1¢2 = 1.64(6) when the absolute af-
finity found in the dimer f Ln;L2

aff;exch [Eq. (3)] is taken as a pertinent

reference (Figure S16). The latter drift becomes really dramatic

for the metallopolymers [L1NLnm(hfac)3m] , where allosteric co-
operativity factors over-estimated by more than two orders of

magnitude are obtained when using the standard method re-
lying on f Ln;L0

aff;exch as the reference for the intrinsic affinity (Fig-

ure S17). In order to ensure reliable quantitative analyses of co-
operativity in chemistry and biology, the origin and control of

the dependence of the intrinsic affinity on the number of avail-

able sites should be rationalized for being used as a general
model for any multiple successive intermolecular associations.

The thermodynamic cycle depicted in Scheme 4 and summar-
ized in Equation (10), shows that the free energy of ligand-ex-

change process DGL0!L1N

exch only depends on the ratio of the in-
trinsic exchange affinities measured in the monomer f Ln;L0

aff;exch

and in the polymer f Ln;L1N

aff;exch [Eq. (11)] .

Reasonably assuming that the gas-phase intrinsic affinities of

the tridentate binding unit in L0 and in the rather rigid poly-
mer L1N are comparable, that is, f Ln;L0

aff;exch;gas ¼ f Ln;L1N

aff;exch;gas,[42] the in-

troduction of Equation (11) into Equation (10) provides the
searched dependence of the solution-phase intrinsic affinity

Figure 8. Dipole moments computed for: a) L0, b) [L0Eu(hfac)3] , c) L2 in its
two stable conformations accessible at room temperature with the energy
gap between them, and d) ”local” dipole moments ~m1 and ~m2 (computed for
each [L0Y(hfac)3] separately, see text) represented in the dinuclear complex
[L2Y2(hfac)6] . All molecular structures correspond to DFT-optimized gas-
phase geometries.

Scheme 4. Thermodynamic cycle for ligand exchange on a [Ln(hfac)3] metal
complex.
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f Ln;L1N

aff;exch;sol of a specific binding site in the polymer L1N on the af-
finity f Ln;L0

aff;exch;sol of the same binding site in monomer L0
[Eq. (12)] .

DGL0!L1N

exch;gas ¢ DGL0!L1N

exch;sol ¼
DsolvG0

L0 ¢ DsolvG0
L1N þ DsolvG0

L1N Ln ¢ DsolvG0
L0Ln

ð10Þ

DGL0!L1N

exch ¼ ¢RT ln K Ln;L0
exch;1

.
K Ln;L1N

exch;1

� �
¼ ¢RT ln f Ln;L0

aff;exch

.
N ¡ f Ln;L1N

aff;exch

� �
ð11Þ

f Ln;L1N

aff;exch;sol ¼ f Ln;L0
aff;exch;sol ¡ e¢ Dsolv G0

L0¢Dsolv G0
L1NþDsolv G0

L1N Ln
¢Dsolv G0

L0Lnð Þ=RT½ ¤ ð12Þ

The combination of Kuhn theory,[66] which correlates the hy-
drodynamic radius of a linear polymer L1N with respect of its
monomeric building element L0,[67] with Onsager Equation (9)

for estimating the solvation free energies is beyond the scope
of this work, but it is detailed in Appendix 3 for the interested

readers. Altogether, Equation (12) can be approximated by the
power law shown in Equation (13), in which the intrinsic affini-

ty f Ln;L1N

aff;exch;sol of one tridentate binding site in the linear polymer

L1N is correlated with the intrinsic affinity f Ln;L0
aff;exch;sol measured in

the monomer.

f Ln;L1N

aff;exch;sol ¼ f Ln;L0
aff;exch;sol ¡ N bDsolv G0

L0=RTð Þ ð13Þ

The argument of the power law reflects the length of the
linear polymer L1N as estimated by the number of repetitive

monomeric binding unit, N, while its exponent is controlled by
the solvation free energy of the monomer DsolvG0

L0 weighted

by thermal energy RT. The empirical and adjustable factor b re-

flects the influence on solvation energy of the decrease in
number of degrees of freedom accompanying the chelate co-

ordination of the binding unit to [Ln(hfac)3] (see Appendix 3
for details). Using DsolvG0

L0 =¢0.59 kJ mol¢1 computed for the

monomeric ligand L0 [Eq. (9)] , the experimental data collected
for the loading of L2 and L1N with [Ln(hfac)3] can be satisfying-

ly reproduced with the help of Equation (13) by using bLa =

2.74, bEu = 2.63 and bY = 4.23, respectively (Figure 6).

Conclusions

The site-binding model depicted in Figure 1 b relies on two
thermodynamic descriptors, the intrinsic binding affinity
f M;L

aff ¼ exp ¢DGM;L
aff

�
RT

¨ ¦
and the cooperativity factor

uM;M
1¢2 ¼ exp ¢DEM;M

1¢2

�
RT

¨ ¦
, which are well-adapted for unravel-

ling allosteric cooperativity operating in multisite receptors as-

suming that both parameters are determined simultaneously
for the same system. Applied to the metal loading of bis-tri-

dentate ligands L2–L4, positive (L4), negligible (L2) and nega-

tive (L3) cooperative loading processes could be evidenced,
which apparently depend on the specific orientation of the

binding sites in the dinuclear [LkLn2(hfac)6] complexes. A de-
tailed thermodynamic analysis assigns the dominant contribu-

tion to solvation processes (>95 %), while the intuitive electro-
static intersite interactions have only minor influence (<5 %) in

the emergence of the cooperative factors. The fact that solva-
tion effects are also responsible for the decrease of the intrin-

sic affinity of a given binding site in linear metallopolymers is
more challenging (Figure 6). If one assumes that the intrinsic
affinity measured in the monomeric model complex is perti-
nent for the related multisite receptors, cooperativity factors
overestimated by one to two orders of magnitude can be erro-
neously deduced. A simplistic additive model predicts

a power-law dependence with the number of binding sites in
the polymer, the exponent of which depends on: 1) the solva-
tion of the generating monomeric unit, and 2) conformational
changes occurring upon complexation (Appendix 3 in the Sup-
porting Information). The latter phenomenon has crucial con-

sequences for getting reliable quantitative estimations of allo-
steric cooperativities operating in multisite receptors. In this

context, we notice that the recurrent report of weak 0.5 to 2.5

allosteric cooperativity factors in metallopolymers[41, 42, 55] con-
trasts with much larger cooperativity factors reported for bio-

logical receptors, but: 1) biological systems undergo dramatic
conformational changes compared with the rotations at one or

two bonds found in linear metallopolymers, and 2) the biologi-
cal allosteric effects are often deduced by comparison with an

external monomeric host–guest system.[56, 57] As early as in

1935, Pauling considered these points for critically analyzing
pioneer works focused on the fixation of dioxygen to hemo-

globin.[68] He therefore decided to use the Ising model in order
to avoid reliance on an external reference and he was able to

get the first reliable cooperativity factors uO2;O2
1¢2 = 12)DEO2;O2

1¢2 =

¢6.4 kJ mol¢1 for an intrinsic affinity of f Fe;O2
aff = 30.3)DGFe;O2

aff =

¢8.79 kJ mol¢1.[68] The model was later refined for matching

the exact arrangement and reorganization of the four hemes
in the protein upon dioxygen binding,[69] but our current set of

data collected for metallopolymers should be considered as
a booster shot for providing pertinent interpretations of allo-

steric cooperativity operating in “simple” multisite receptors.[36]
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