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Abstract: We report the self-assembly process of a supramolecular edifice based on the coordination of
europium(III) by a ditopic strand L bearing tridentate bis(benzimidazolyl)pyridine subunits. Varying the metal/
ligand ratio and using a fruitful combination of electrospray mass spectrometry and absorption spectro-
photometry, we characterized three major complexes (EuL2, Eu2L2, and Eu2L3) in acetonitrile. Kinetic
investigations showed an alternative “braiding” and “keystone” mechanism leading to Eu2L3. The formation
mechanism of the dinuclear triple-stranded helicate, which is mainly governed by electrostatic interactions,
goes via the “side-by-side” Eu2L2 intermediate. Our thermodynamic and kinetic data allow the prediction of
the apparent “magic” self-assembly of Eu2L3 which is fast and efficient only under a strict set of conditions.

Introduction

The synthesis of supramolecular edifices is a fascinating area
of current research in chemistry.1-11 Metal template strategies,
using the coordination of d- metals to oligopolydentate ligands,
lead to homopolymetallic helicates,12-16 ladder,17 grids,18 rings,19

cages,20,21 and knots.22,23 The peculiar photophysics of the
lanthanides have aroused the development of efficient lumi-
nescent sensors with new supramolecular topographies, mainly
bimetallic triple-stranded helicates.24-29 For bioanalytical ap-
plications,30 the ligand conception is of utmost importance and
the chemist has to: (i) take into account the high lability, the
large coordination numbers and the low steric requirements of
the lanthanide ions,31 (ii) include multiple absorbing groups
suitable for light-harvesting and energy transfers,32 and (iii) build
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up thermodynamically stable and kinetically inert complexes.
Among the numerous applications of the lanthanide com-
pounds,30 the replacement of radio-analytical assays, the sensing
of various organic molecules, the chemical labeling of DNA or
the specific cleavage of RNA, the production of new phos-
phors and the design of MRI contrast agents can be mentioned.33

The characterization of bimetallic triple-stranded helicates
by crystallography,27,28,34-37 NMR,37,38 mass spectrom-
etry,39-41 electrochemistry,42 spectrophotometry, and potenti-
ometry12,13,15,25,43,44has pointed out the main structural features
involved in the formation of a helical architecture. The nature
of the binding sites and of the cations imposes the number of
strands. The length and the flexibility of the spacers between
the metal coordination moieties also play an important role. They
should be flexible enough to allow the ligand to bind strongly
to the metal ion, and rigid enough to limit the number of
conformations and favor interstrand over intrastrand binding.
Finally, helicity implies that all metal centers must have the
same helix direction and the same configuration at the metal
centers.12,45If this key information was provided at equilibrium,
then the kinetic parameters involved in the complexation
mechanism have been rarely investigated for d-block heli-
cates,12,13and are still unknown for f-block elements. The high
potential of applications of the lanthanide helicates in chemical,
biochemical and medical domains,46 increases the interest of
thermodynamic and kinetic studies of these compounds.

We report here the europium(III) coordination properties of
the bis[1-methyl-2-(6′-[1′′-(3,5-dimethoxybenzyl)benzimidazol-
2′′-yl]pyrid-2′-yl)benzimidazol-5-yl]methane (L ), which corre-
sponds to a strand containing two tridentate bis(benzimidazolyl)-
pyridine units (Figure 1a).47,48

The X-ray crystal structure47 displays the helicoidal arrange-
ment of the triple-stranded bimetallic complex Eu2L3. Three
strandsL are wrapped around the helical axis defined by the
two lanthanide cations (Figure 1b). In each site, europium(III)
is 9-coordinated by the 6 N atoms of the benzimidazole units
and by the 3 N atoms of the pyridine groups respectively, in a
slightly distorted tricapped trigonal prism geometry.

Speciation studies on the europium(III) complexes formed
with L were carried out, while the self-assembly mechanism

of Eu2L3 was established using kinetic methods. These data
obtained by ESMS, absorption spectrophotometry, and fast
kinetic techniques, contribute to the understanding of the
coordination chemistry of lanthanide complexes in order to
prepare supramolecular precursors for functional devices.29,49

Experimental Section

Ligand L (C59H50N10O4‚2H2O) and europium(III) perchlorate (Eu-
(ClO4)3‚nH2O) were prepared according to literature procedures.48 Stock
solutions were prepared in pure acetonitrile (Fluka, 99.5% for spec-
troscopy) under argon atmosphere. The complete dissolution ofL was
obtained with the help of ultrasonic bath and its concentration (10-3

M) was calculated by weight. Stock europium(III) solutions were titrated
by EDTA (Merck, Titriplex III, 10-3 M) and xylenol orange (Merck)
as indicator.50 Solid samples of [Eu2L 3](ClO4)6‚2H2O were also
solubilized in acetonitrile for mass spectrometric and spectrophotometric
measurements. Charges have been omitted for the sake of clarity.
CAUTION! Although we have experienced no problems in handling
perchlorate compounds, these salts combined with organic ligands
are potentially explosive and should be handled in small quantities
and with adequate precautions.51,52

Electrospray Mass Spectrometry.Mass spectrometric measure-
ments were carried out on a VG BioQ triple quadrupole with a mass
to charge (m/z) range of 4000 (Micromass Altrincham, UK) in the
positive mode. The ES interface was heated to 60°C. The sampling
cone voltage (Vc) was 30 V. The calibration was performed using
multiprotonated ions from horse myoglobin. The resolution was about
600 atm/z ) 1000 (with a valley of 10%) and then average masses
were measured. Scanning was performed fromm/z ) 200 to 2400.
The data system was operated as a multichannel analyzer, and several
scans were summed to obtain the final spectrum. Solutions containing
ligand L (0.4-5.0 × 10-3 M) and 0.00, 0.02, 0.07, 0.50, 0.87, and
10.00 equivs of europium(III) were injected into the mass spectrometer
source with a syringe pump (Harvard type 55 1111, Harvard Apparatus
Inc., South Natick, MA) at a flow rate of 4µL/min. Additional mass
spectra were recorded in the positive mode on a HP 1100 mass
spectrometer (Agilent Technologies, Palo Alto, CA, formerly Hewlett-
Packard Company Analytical Products Group). Scanning was performed
from m/z ) 200 to 2400 and the sampling cone voltage (Vc) was set at
55 V. Solutions containing ligandL and 1.00 equivalent of europium-
(III) as well as solutions prepared by dissolution of solid samples of
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Figure 1. (a) Chemical formula ofL and (b) view of the molecular structure
of [Eu2L3]6+ perpendicular to the pseudo-3-fold axis.47,48
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Eu2L 3 were injected into the mass spectrometer source with a syringe
pump (Harvard type PHD 2000) at a flow rate of 2µL/min.

Absorption Spectrophotometry. The batch titration ofL with
europium(III) were undertaken in 5 mL flasks. Ligand concentration
was fixed and the [Eu]tot/[L ]tot ratio was varying between 0.13 and 6.60.
The stability of the solutions was carefully checked and the corre-
sponding UV-vis spectra were recorded on a Kontron Uvikon 941
spectrophotometer using Hellma quartz optical cells (1 or 0.2 cm). A
spectrophotometric titration ofL ([L ]tot ) 9.64 × 10-5 M; 0.13 <
[Eu]tot/[L ]tot < 6.60) is presented in Figure 2.

The spectrophotometric data were processed with both the Letagrop-
Spefo and Specfit programs, which adjust the stability constants and
the corresponding extinction coefficients of the species formed at
equilibrium. Letagrop-Spefo53-55 uses the Newton-Raphson algorithm
to solve mass balance equations and a pit-mapping method to minimize
the errors and determine the best values of the parameters. Specfit56-59

uses factor analysis to reduce the absorbance matrix and to extract the
eigenvalues prior to the multiwavelength fit of the reduced data set
according to the Marquardt algorithm.60,61 Distribution curves of the
various species were calculated using the Haltafall program.62

Kinetics. The formation process of the triple-stranded bimetallic
europium(III) helicate involves both slow and rapid steps. The kinetics
were investigated using either an Applied Photophysics stopped-flow
spectrophotometer SX-18MV or a Kontron Uvikon 941 spectropho-
tometer for fast and slow steps, respectively. The temperature was
maintained at 25.0(1)°C by the flow of a Lauda thermostat. Pseudo-
first-order conditions with respect to europium(III) or toL were used
([L ]tot ) 1.00× 10-5 M; 1.06 × 10-4 M < [Eu]tot < 1.00× 10-3 M
or [Eu]tot ) 5.15× 10-6 M; 5.00 × 10-5 M < [L ]tot < 5.00× 10-4

M). The reaction was followed at 375 nm with a quartz optical cell of
1 cm. Data were processed with the Biokine software,63 which fits up
to three exponential functions to the experimental curves with the
Simplex algorithm64 after initialization with the Pade´-Laplace method.65

Time-resolved absorption spectra were also collected on an Applied
Photophysics stopped-flow equipped with a diode array detector

between 300 and 450 nm. Rate constants and extinction coefficients
were adjusted to the multiwavelength data sets by nonlinear least-
squares analysis with the Specfit software.56-59 Variations of the pseudo-
first-order rate constants with the analytical concentrations of reagents
were fitted using commercial programs (Enzfitter,66 Origin 5.067).

Results

Electrospray Mass Spectra.Electrospray mass spectra were
recorded in acetonitrile at various metal-to-ligand ratios (Figure
3 and Figure S1). The ionization ofL was mainly obtained by
the addition of protons and sodium ions. The mass spectrometric
study showed the formation of three major europium(III)
complexes, one monometallic species with two ligands (EuL2)
and two bimetallic complexes with two and three ligands
respectively (Eu2L2, Eu2L3). The ESMS spectra of solutions
(4.90 × 10-5 M - 1.96 × 10-6 M) with a precise 3L /2Eu
stoichiometry, which were prepared by dissolution in acetonitrile
of solid samples Eu2L3, confirmed the presence of these three
major species (Figure S1a). No significant fragmentation was
observed under our experimental conditions. The peaks of the
triple-stranded helicate dominate the spectra even in the presence
of excess of europium(III) because unsaturated lanthanide
complexes, where solvent molecules are coordinated to Ln(III)
cation, are known to possess large solvation energies and weak
ESMS responses.68

Thermodynamics and Spectrophotometry.The best fit53-59

of the spectrophotometric titration (Figure 2) was obtained with
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Figure 2. Spectrophotometric titration ofL by europium(III). Solvent:
acetonitrile;T ) 25.0(1)°C; l ) 0.2 cm; [L ]tot ) 9.64× 10-5 M; spectra
1-16: [Eu]tot × 104 M ) 0.00; 0.13; 0.25; 0.38; 0.51; 0.64; 0.76; 0.89;
1.02; 1.15; 1.27; 1.91; 2.54; 3.82; 5.09; 6.36.

Figure 3. Electrospray mass spectra of europium(III) complexes withL .
Vc ) 30 V; positive mode; solvent: acetonitrile. (a) [L ]tot ) 1.00× 10-3

M, [Eu]tot ) 5.00× 10-4 M, [Eu]tot/[L ]tot ) 0.50; (b) [L ]tot ) 8.00× 10-4

M, [Eu]tot ) 7.01× 10-4 M, [Eu]tot/[L ]tot ) 0.87;/) impurities coming
from solvent.
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the three complexes previously observed by ESMS. The values
of the global stability constants calculated for EuL2, Eu2L2, and
Eu2L3 are given in Table 1.

Using theâ values presented in Table 1, we were able to
calculate62 the distribution diagram (Figure 4) of the europium-
(III) complexes formed withL under the experimental conditions
of the spectrophotometric titration (Figure 2).

Moreover the electronic spectra of EuL2, Eu2L2, and Eu2L3

(Figure 5) clearly show that the coordination of europium(III)
induces a split of the ligand absorption band at 326 nm in two
bands on either side of the maximum ofL .

The absorption spectra recorded after dissolution of solid
Eu2L3 are in good agreement with the stability constants (Table
1) and with the extinction coefficients (Figure 5) of the three
complexes observed by ESMS (Figure 3), as presented in Figure
S2.

Formation Kinetics in Excess of Europium(III). The
formation process of the europium(III) complexes was first
investigated in excess of europium(III) with respect toL . Three
exponential signals versus time were recorded at 375 nm. The
use of a stopped-flow spectrophotometer was necessary to record
the two first steps, while the slowest step was followed on a
classical spectrophotometer. The total spectrophotometric am-
plitude measured versus time is in excellent agreement with
the signal expected from the measurements at equilibrium. The
fastest step could be easily extrapolated, taking into account 3
ms for the dead-time of the fast mixing device. This result shows
that there is no additional step, which might be lost during the

mixture of the reagents. Figure 6 displays an example of a
kinetic curve. The different steps were successively denoted 1,
2, and 3.

The variation of the respective pseudo-first-order rate con-
stants versus europium(III) in excess is given in Table 2.

A linear variation ofk1,obsversus [Eu]tot is observed (Figure
S3a). No significant ordinate at the origin was determined. For
the fastest step, the following reaction 1 can be written as well
as the corresponding rate law 2. The value ofk1 is given in
Table 3.

When [Eu]tot increases, the pseudo-first-order rate constantk2,obs,
relative to the second rate-limiting step, decreases (Table 2).
The variation ofk2,obsversus [Eu]tot is given in Figure S3b. These

Table 1. Global Stability Constants of Europium(III) Complexes
with La

2Eu+ 2L a Eu2L2 log âEu2L2 ) 18.1(3)
2Eu+ 3L a Eu2L3 log âEu2L3 ) 24.3(4)
Eu + 2L a EuL2 log âEuL2 ) 11.6(3)

a Solvent: acetonitrile;T ) 25.0(1)°C. Estimated errors( 3σ.

Figure 4. Distribution curves of europium(III) complexes withL versus
[Eu]tot. The stability constants are given in Table 1. Solvent: acetonitrile;
T ) 25.0 °C; [L ]tot ) 9.64× 10-5 M.

Figure 5. Electronic spectra of europium(III) complexes withL . Solvent:
acetonitrile;T ) 25.0 °C.

Figure 6. Variation of the absorption versus time for the formation of
europium(III) complexes withL in excess of [Eu]tot. Solvent: acetonitrile;
T ) 25.0(1)°C; [L ]tot ) 1.00× 10-5 M; [Eu]tot ) 1.86× 10-4 M; l ) 1
cm; λ ) 375 nm. (a) Stopped-flow spectrophotometry; (b) absorption
spectrophotometry.

Table 2. Variation of the Pseudo-First-Order Rate Constants for
the Formation of Europium(III) Complexes with L versus [Eu]tot

a

[Eu]tot × 104 (M) k1,obs (s-1) k2,obs × 102 (s-1) k3,obs × 103 (s-1)

1.06 15.1(6) 2.6(1) 0.66(5)
1.34 22.8(5) 1.98(6)
1.57 35(1) 2.17(7) 0.78(7)
1.86 44(3) 2.23(7) 0.58(5)
2.55 80(16) 1.21(1)
3.00 139(9) 1.6(1)
4.00 174(9) 1.07(3) 1.1(1)
5.00 217(9) 1.00(1)
7.50 0.896(9)

10.00 0.891(9)

a Solvent: acetonitrile;T ) 25.0(1) °C; [L ]tot ) 1.00 × 10-5 M.
Estimated errors( 3σ.

Eu + L 98
k1

EuL (1)

d[EuL ]/dt ) k1 × [Eu]tot × [L ] (2)
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experimental data suggest that the binding of a second strand
L to EuL takes place according to the following equilibrium

If we consider that equilibrium 4 is fast compared to eq 3, then

it is possible to write the following rate eq 5

Under our experimental conditions, the rate constantk2,obsyields

The values of the rate constantsk2 andk-2 and of the equilibrium
constantâEuL are given in Table 3.

A decrease of more than 1 order of magnitude is observed
for the rate constantk3,obs compared tok2,obs (Table 2).k3,obs

does not significantly vary with [Eu]tot (Figure S3c). These data
suggest the rapid formation of Eu2L2 followed by a slow binding
of the third strandL leading to the bimetallic helicate in step 3
(Figure 6)

The corresponding rate law can be expressed by

If we assume that the three first successive equilibria are
reached, then we can use the corresponding stability constants,
solve a second degree equation from the mass balance equation

and then evaluate [L ] using a first-order limited expansion of
the square root considering that [Eu2L3] is small

Substituting [L ] into the rate law leads to the following
expression

Under our experimental conditions, we could deduce thatk3,obs

could be approximated tok-4 (Table 3).
Moreover, to gain information on the fast steps of the

formation process ofL europium(III) complexes, in the presence
of metal in excess, we recorded time-resolved spectra, using a
stopped-flow spectrophotometer equipped with diode arrays
(Figure S4). Factor analysis of the entire spectrophotometric
data set confirmed the presence of three major absorbing species
(L , EuL and Eu2L2). A satisfactory least-squares fit of the
apparent rate constants and electronic spectra could be obtained
in agreement with the previous scheme of successive reaction
steps.56-59

Formation Kinetics in Excess of L.Four exponential rate-
limiting signals were recorded versus time at 375 nm (Figure
S5). These steps which are in the seconds range, were deter-
mined using a stopped-flow spectrophotometer. Taking into
account the dead-time (3 ms) of the fast mixing device and an
injection artifact due to acetonitrile, we extrapolated the fastest
exponential signal to an absorbance value which was in
agreement with the spectrophotometric data determined at
equilibrium. The different steps were successively denoted 1,
2, 3, and 4 (Figure S5). The corresponding pseudo-first-order
constantsk′obs (s-1) determined at variousL concentrations in
excess are given in Table S1. The variation of these pseudo-
first-order rate constants is presented in Figure 7.

We observe a linear variation, with a significant ordinate at
the origin, ofk′1,obsversus [L ]tot (Figure 7a) in agreement with
the following equilibrium

Table 3. Rate Constants andThermodynamic Parameters Determined by Kinetic Studies for the Formation Mechanism of Europium(III)
Complexes with La

equilibrium excess of Eu(III) excess of L

Eu + L {\}
k1

k-1
EuL

k1 ) 4.0(3)×105 M-1 s-1 k1 ) 4.6(7)× 105 M-1 s-1

k-1 ) 13(9) s-1

k1/k-1 ) 4(3)× 104 M-1

EuL + L {\}
k2

k-2
EuL2

k2 ) 1.2(2)× 104 M-1 s-1 k2 ) 6.0(2)× 104 M-1 s-1

k-2 ) 6(2)× 10-3 s-1

k2/k-2 ) 2.0(1)× 106 M-1

âEuL ) 2(1)× 105 M-1

EuL2 + Eu {\}
k3

k-3
Eu2L2

k3 ) 2.2(4)× 106 M-1 s-1

k-3 ) 0.17(1) s-1

k3/k-3 ) 1.3(2)× 107 M-1

Eu2L2 + L {\}
k4

k-4
Eu2L3

k-4 ) 1.0(2)× 10-3 s-1 k4 ) 6.2(8)× 102 M-1 s-1

k4/k-4 ) 7(2)× 105 M-1

a Solvent: acetonitrile;T ) 25.0 °C. Calculated standard errors.

EuL + L {\}
k2

k-2
EuL2 (3)

Eu + L {\}
âEuL

EuL , fast (4)

d[EuL2]

dt
)

k2 × âEuL × [Eu]tot × ([L ]tot - 2[EuL2])
2

(1 + âEuL × [Eu]tot)
2

-

k-2 × [EuL2] (5)

k2,obs) k-2 +
4 × k2 × âEuL × [L ]tot × [Eu]tot

(1 + âEuL × [Eu]tot)
2

(6)

EuL2 + Eu {\}
KEu2

L
2

Eu2L2, fast (7)

Eu2L2 + L {\}
k4

k-4
Eu2L3 (8)

d[Eu2L3]/dt ) k4 × [Eu2L2] × [L ] - k-4 × [Eu2L3] (9)

[L ] ≈ [L ]tot

1 + âEuL × [Eu]tot

(10)

d[Eu2L3]

dt
)

k4 × âEu2L2
× [Eu]tot

2 × [L ]tot
3

(1 + âEuL × [Eu]tot)
3

- k-4 × [Eu2L3]

(11)

Eu + L {\}
k1

k-1
EuL (12)
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The corresponding rate law is

We deduced thatk′1,obs ) k1 × [L ]tot + k-1 and calculated the
values ofk1 andk-1 (Table 3).

The formation of EuL2 could explain the linear variation of
k′2,obs versus [L ]tot (Figure 7b)

The rate of this reaction is expressed by eq 15 which leads to
the determination ofk2 (Table 3)

We deduce thatk′2,obs ) k- 2 + (k2 × âEuL × [L ]tot
2 )/( 1 +

âEuL × [L ]tot). The constantk-2 is not accessible under our
experimental conditions and if 1, âEuL × [L ]tot, we can write
k′2,obs ) k2 × [L ]tot. The linear regression of our data gives:
k2 ) 6.0(2)× 104 M-1 s-1 (Table 3).

The decrease ofk′3,obs versus [L ]tot (Figure 7c) could be
attributed to the binding of a second europium(III) cation to
the monometallic complex EuL2

The resolution of the following differential equation

leads, under our experimental conditions, to the reduced
expression 18

The values of the rate constantsk3 andk-3 are given in Table
3.

We give in Figure 7d the variation of the fourth apparent
rate constant with [L ]tot. We propose the following reaction for
this step

The rate law corresponding to equilibrium 19 is expressed by

Under our experimental conditions, we can use the steady-state
approximation for Eu2L2 to solve this differential equation. We
write d[Eu2L2]/dt ) 0 and deduce the expression fork′4,obs

Our experimental data were fitted using the rate constants
(k3, k-3, andk-4) and the stability constants (âEuL and âEuL2)

Figure 7. Variation of the (a) first, (b) second, (c) third, and (d) fourth pseudo-first-order rate constants for the formation of europium(III) complexes with
L versus [L ]tot. Solvent: acetonitrile;T ) 25.0 (1)°C.

k′3,obs) k-3 +
4 × k3 × âEuL2

× [L ]tot
2 × [Eu]tot

(1 + âEuL × [L ]tot + âEuL2
× [L ]tot

2 )2
(18)

Eu2L2 + L {\}
k4

k-4
Eu2L3 (19)

d[Eu2L3]/dt ) k4 × [EuL2] × [Eu] - k-4 × [Eu2L3] (20)

k′4,obs)

4 × k3 × k4 × âEuL2
× [L ]tot

3 × [Eu]tot

(k4 × [L ]tot + k-3) × (1 + âEuL × [L ]tot + âEuL2
× [L ]tot

2 )2
+

k-3 × k-4

k4 × [L ]tot + k-3

(21)

d[EuL ]/dt ) k1 × [Eu] × [L ]tot - k-1× [EuL ] (13)

EuL + L {\}
k2

k-2
EuL2 (14)

d[EuL2]/dt ) k2 × [EuL ] × [L ]tot - k-2 × [EuL2] (15)

EuL2 + Eu {\}
k3

k-3
Eu2L2 (16)

d[Eu2L2]/dt ) k3 × [EuL2] × [Eu] - k-3 × [Eu2L2] (17)
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which are presented in Table 3. They led to the value ofk4 )
6.2(8)×102 M-1 s-1 (Table 3).

Discussion

The goal of this study is to examine the self-assembly process
of the bimetallic triple-helical complex Eu2L3. Thermodynamic
and kinetic data will allow us to point out the main structural
and chemical features involved in the Eu- L system.

Characterization of Europium(III) Complexes with L.
Depending on the [Eu]tot/[L ]tot ratio, three europium(III) com-
plexes, EuL2, Eu2L2, and Eu2L3 were characterized in aceto-
nitrile by ESMS (Figure 3, Figure S1) and by absorption
spectrophotometry (Figure 5). Moreover, the stability constant
of EuL and its electronic spectrum were deduced from kinetic
data (Table 4, Figure S4b).

The most surprising result is the low stability of EuL , KEuL

being 3-4 orders of magnitude lower thanKEuL1 andKEuL2 in
the same solvent. By contrast, the successive stability constant
of EuL2 is significantly higher than the corresponding param-
eters determined for the monotopic analoguesL1, L2, andL3

under identical experimental conditions. The global stability
constant of the bimetallic double-stranded complex Eu2L2

is equal to 18.1(3), which is in agreement with the values
determined elsewhere for similar systems.27,30 The stability
constant of Eu2L3 (log âEu2L3 ) 24.3(4)) is about 2-4 or-
ders of magnitude higher than the value estimated to 20< log

âEu2L3 < 22 in a previously published work,48 but it is close to
the values determined for analogous helicates.27,70 This differ-
ence can be traced back to the oversimplified model used to fit
the data and to partial thermodynamic equilibrium of the
sample’s solutions in the preliminary study. The distribution
diagram (Figure 4) shows that the bimetallic helicate Eu2L3 is
the major complex under our experimental conditions (L tot ≈
10-4 M) in a large range of stoichiometry [Eu]tot/[L ]tot between
0.2 and 0.8. These results indicate that, when europium(III) is
not in excess with respect toL , the self-assembly of Eu2L3

exhibits positive cooperativity71 as already mentioned for
trimetallic double-stranded helicates with Cu(I)12,72and Ag(I)73

and triple-stranded diferric complexes.15

To discuss the spectrophotometric properties of the europium-
(III) complexes withL , we have collected in Table S2 spec-
trophotometric data available for europium(III) complexes
formed with various bis(benzimidazolyl)pyridine derivatives in
acetonitrile.26,69,74,75Our ligandL displays a broad band in the
UV region centered at 326 nm, which is assigned toπ1fπ*
transitions.26,76Upon complexation with europium(III), this band
splits into two distinct components (π1

afπ* and π1
b fπ*) as

previously described forL1 - L7 complexes (Table S2).48,77

The complexation of two europium(III) cations approximatively
leads to twice higher molar absorption coefficients for the
π1

afπ* and π1
b fπ* transitions with respect to monometallic

complexes [Eu(L i)n] (i ) 1-7; n ) 2,3). Similar band splits
are observed for EuL2, Eu2L2, and Eu2L3 and suggest a similar
coordination of the tridentate segments to europium(III) cation47

in these three species.
Self-Assembly Process of Eu(III) Helicate.A four steps

formation process (Table 3) was evidenced for the formation
of the triple-stranded helicate Eu2L3.

Step 1 leads to the formation of EuL . We will compare the
EuL formation rate with that expected from a dissociative
Eigen-Wilkins78 mechanism

The fast formation of the outer-sphere complex, which involves
desolvation of the ligand, is characterized by an equilibrium
constantKos, which may be evaluated by theFuossrelation-
ship.79 The bimolecular rate constant for the formation of EuL
can be expressed by the following equation

If the solvent exchange rate constant on europium(III) in
acetonitrile is of the same order of magnitude as values

(69) Muller, G.; Bünzli, J. C. G.; Schenk, K. J.; Piguet, C.; Hopfgartner, G.
Inorg. Chem.2001, 40, 2642-2651.

(70) Martin, N.; Bünzli, J. C.; McKee, V.; Piguet, C.; Hopfgartner, G.Inorg.
Chem.1998, 37, 577-589.

(71) Lindsey, J. S.New J. Chem.1991, 15, 153-180.
(72) Pfeil, A.; Lehn, J. M.J. Chem. Soc., Chem. Commun.1992, 838-840.
(73) Garrett, T. M.; Koert, U.; Lehn, J. M.J. Phys. Org. Chem.1992, 5, 529-

532.
(74) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Bu¨nzli, J. C.Inorg. Chem.

1993, 32, 4139-4149.
(75) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Moret, E.; Bu¨nzli, J. C.HelV.

Chim. Acta1992, 75, 1697-1717.
(76) Nakamoto, K.J. Phys. Chem.1960, 64, 1420-1425.
(77) Piguet, C.; Bocquet, B.; Mu¨ller, E.; Willliams, A. F. HelV. Chim. Acta

1989, 72, 323-327.
(78) Eigen, M.; Wilkins, R. G. AdV. Chem. Ser.1965, 49, 55-67.
(79) Fuoss, R. M.J. Am. Chem. Soc. 1958, 80, 5059-5061.

Table 4. Stepwise Stability Constants of Europium(III) Complexes
Formed with L and Benzimidazole Derivativesa

a Solvent: acetonitrile;T ) 25.0(1)°C. b From kinetic data.c From ref
44. d From ref 69.e Not measured for europium(III), logKLnL3 was fixed
(g 9). For the sake of simplicity, charges have been omitted.

Eu(S)9 + L(s) {\}
Kos

Eu(S)9.....L + s98
kex

Eu(S)8L + S + s
(22)

kf ) Kos × kex ) 0.16× kex (23)
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determined in water80 and DMF81 (∼108-109 s-1), thenkf is
equal to∼107-108 M-1 s-1. Our rate constantk1 (∼4 × 105

M-1 s-1) is about 2 orders of magnitude lower. The rate-limiting
step obviously does not correspond to the simple desolvation
of europium(III). This result strongly suggests that complexation
of Eu by L could involve concerted structural changes which
result in slower kinetics.82-87 In solution and in the solid state,
in the absence of coordinating cations, it has been shown that
the monotopic tridentate receptorsL1 - L7 (Table S2) adopt a
trans-trans conformation in order to minimize dipole moment
and reduce the steric hindrance when bulky substituents are
introduced.88 As well as the monotopic ligands, the ditopic
strands exhibittransoid conformation in solution as demon-
strated by1H-NMR spectroscopy (NOE effect).27,28,44,70During
the coordination process, a rotation about the biaryl bond,
already observed for copper(I) complexation with poly(2,2′-
bipyridine) ligands12,89 and transition metal complexes formed
with tridentate terpyridine ligands,90 should occur to allow
multiple ion coordination. Moreover, a comparison of the
stability constants of the kinetic species EuL with thermody-
namic species EuL1 and EuL2 examined in the same solvent
shows that presence of bulky substituents strongly reduces the
stability of EuL . Nevertheless, stability constant of EuL is higher
than those reported for bidentate ligands such as bipyridine or
phenanthroline, suggesting a partial or distorted binding of the
tridentate units ofL .91,92

The second step is related to the addition of a second strand.
We have to mention that the approach of a second europium-
(III) cation will be precluded by strong Coulombic repulsions,

whereas the coordination of a neutral ligand will be more
favorable leading to a less solvated EuL2 complex. Furthermore,
the approach of a second ligand strand is favored, because the
first europium is probably not completely encapsulated by the
first ligand. The value of the dissociation constant (k-1 ) 13
s-1) indeed indicated a rather labile EuL species. We observe
that the bimolecular rate constantk2 (k2 ≈ 6 × 104 M-1 s-1) is
10 times lower than the former one (k1 ≈ 4 × 105 M-1 s-1) in
agreement with steric effects due to the approach of a second
ligand. The dissociation rate constant of EuL2 (k-2 ≈ 6 × 10-3

s-1), which is 4 orders of magnitude lower than that observed
for EuL , confirms stabilizing dipole and/or dispersion interac-
tions in the double-stranded species.74,90

The third step is assigned to the complexation of the second
europium(III) cation. We observe that the coordination of the
second cation to EuL2 (k3 ) 2.2 × 106 M-1 s-1) is about 1
order of magnitude faster than the coordination of the first
europium(III) cation, but 2-3 orders of magnitude lower than
the solvent exchange rate constant on europium(III) (108-109

s-1). Considering the charge of the EuL2
3+ acceptor and that

of the entering cation, a dissociativeEigen-Wilkins78 mecha-
nism may account for our data (Kos ) 10-3 M-1, k3 ≈ 106 M-1

s-1). Our results show that the binding of europium(III) to EuL2

does not involve any structural rearrangements, but is mainly
governed by electrostatic repulsions and desolvation of the
entering cation. This could be also in line with the non statistical
distribution of heterobimetallic triple-stranded helicates observed
by 1H NMR spectroscopy showing that when one ion is smaller
than europium(III), the organization of the second coordination
site is more favorable for a second lanthanide ion of similar
size.37,48We suggest that Eu2L2 could adopt in solution a side-
by-side arrangement as already reported for the X-ray crystal-
lographic structure of unsaturated double-stranded bimetallic
complex formed with a similar strand.25,70

The final “braiding”93 of the third strand on the side-by-
side Eu2L2 leads to the formation of the bimetallic triple-stranded
helicate. Highly distorted coordination geometries, as observed
in our previous work on the self-assembly process of tricuprous
double helicates,12 and non helicoidal structure, as for Eu2L2

in this work, constitute reactive key intermediates for the
supramolecular arrangement processes. Increase of the steric
hindrance and more strained structures contribute to slow the

(80) Cossy, C.; Helm, L.; Merbach, A. E.Inorg. Chem.1988, 27, 1973-1979.
(81) Helm, L.; Merbach, A. E.Coord. Chem. ReV. 1999, 187, 151-181.
(82) Shi, Y.; Eyring, E. M.; van Eldik, R.J. Chem. Soc., Dalton Trans.1998,

3565-3576.
(83) Kumar, K.; Jin, T.; Wang, X.; Desreux, J. F.; Tweedle, M. F.Inorg. Chem.

1994, 33, 3823-3829.
(84) Choi, K. Y.; Kim, D. W.; Hong, C. P.Polyhedron1995, 14, 1299-1306.
(85) Powell, D. H.; Favre, M.; Graeppi, N.; Dhubhghaill, O. M. N.; Pubanz,

D.; Merbach, A. E.J. Alloys Compound1995, 225, 246-252.
(86) Rothermel, G. L.; Rizkalla, E. N.; Choppin, G. R.Inorg. Chim. Acta1997,

262, 133-138.
(87) Chang, C. A.; Liu, Y. L.; Chen, C. Y.; Chou, X. M.Inorg. Chem.2001,

40, 3448-3455.
(88) Nozary, H.; Piguet, C.; Rivera, J. P.; Tissot, P.; Bernardinelli, G.; Vulliermet,

N.; Weber, J.; Bu¨nzli, J. C.Inorg. Chem.2000, 39, 5286-5298.
(89) Annunziata, R.; Benaglia, M.; Famulari, A.; Raimond, L.Magn. Res. Chem.

2001, 39, 341-354.
(90) Priimov, G. U.; Moore, P.; Helm, L.; Merbach, A. E.Inorg. React. Mech.

2001, 3, 1-23.
(91) Hancock, R. D.; Jackson, G.; Evers, A.J. Chem. Soc., Dalton Trans.1979,

9, 1384-1387.
(92) Pyatnitskii, I.; Makarcheuk, T.; Gavrilova, E.Zh. Neorg. Khim.1984, 29,

2141-2143.
(93) Charbonnie`re, L. J.; Williams, A. F.; Frey, A.; Merbach, A. E.; Kamalaprija,

P.; Schaad, O.J. Am. Chem. Soc.1997, 119, 2488-2496.

Figure 8. Schematic representation of the proposed mechanism.

A R T I C L E S Hamacek et al.

1548 J. AM. CHEM. SOC. 9 VOL. 125, NO. 6, 2003



addition of the third strand to Eu2L2 (k4 ) 6.2× 102 M-1 s-1).
The respective values ofk-2 (6.0 × 10-3 s-1) andk-4 (1.0 ×
10-3 s-1) show that the successive “braiding” process signifi-
cantly enhances the inertness of the corresponding complexes
EuL2 and Eu2L3, whereas the “keystone” addition of the second
europium(III) cation leads to the labile species Eu2L2 (k-3 )
0.17 s-1). Therefore, it has been observed that the wrapping
and assembly mechanism of three ligand strands around the two
metallic centers is essentially governed by ion-dipole interac-
tions while aromaticπ-π stacking seemingly played no role
neither in the final helical edifice70 nor in the intermediate
complexes.

It is significant that we observe a good agreement, within
experimental errors, between kinetics (âEuL2 ≈ 2 × 1011 M-2;
âEu2L2 ) 0.7 × 1018 M-3; âEu2L3 ) 1.2 × 1024 M-4) and
thermodynamics (âEuL2 ) 4 × 1011 M-2; âEu2L2 ) 1.3 × 1018

M-3; âEu2L3 ) 2 × 1024 M-4) which supports our mechanistic
interpretation schematically illustrated in Figure 8.

Figure 9 presents the kinetic curves, which were simulated
under various europium(III) and ligandL concentrations. For
[L ]tot )10-4 M, we notice that the equilibrium is reached in
the time range of minutes for the stoichiometry of the helicate
(Figure 9b) as well as in excess ofL (Figure 9c). Neverthe-
less, hours are necessary to achieve the equilibration in excess
of europium(III) (Figure 9d). Higher concentrations ofL
([L ]tot ) 10-2 M) strongly favor the dinuclear triple-stranded
helicate (Figure 9a). This is also an interesting illustration of
the thermodynamic and kinetic behavior of Eu2L3, which is not
significantly formed in excess of cation, but which is rapidly
formed in excess of ligand. Figure 9a and b clearly show that
increased concentrations ofL and stoichiometry conditions
induce a fast self-assembly of Eu2L3, which becomes the only
product of the reaction.

Conclusion

The present study has allowed us to better understand the
mechanistic processes occurring during formation of the triple-
stranded helicate Eu2L3. The formation of EuL strongly suggests
slow and concerted conformation changes of strandL . The
structure of EuL prevents a fast addition of the second
europium(III) cation and favors the “braiding” of a second
strand. The addition of a second europium(III) cation in a
“keystone” process leads to a labile side-by-side Eu2L2 species,
which allows the “braiding” of the third strand in the final
bimetallic triple-stranded helicate Eu2L3. Interestingly, the Eu2L3

formation is mainly governed by electrostatic interactions. The
kinetic studies clearly demonstrate that the apparent “magic”,
quantitative and fast, self-assembly of five partners (3L /2 Eu)
into the final helicate Eu2L3 is only observed under strict
stoichiometric conditions with high reagent concentrations.
Deviations from these asymptotic conditions severely limit (and
sometimes prevent) the formation of the target helicate: a crucial
point which must be carefully considered when programming
multicomponents self-assembly processes.
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Supporting Information Available: Figures showing ad-
ditional mass spectra (S1), comparison of calculated and
experimental absorption spectra (S2), variation of the pseudo-

Figure 9. Simulation of the concentration variation of the different europium(III) complexes formed withL versus time using the kinetic constants given
in Table 3. Solvent: acetonitrile;T ) 25.0 °C. (a) [L ]tot ) 10-2 M, [Eu]tot/[L ]tot ) 0.67; (b) [L ]tot ) 10-4 M, [Eu]tot/[L ]tot ) 0.67; (c) [L ]tot ) 10-4 M,
[Eu]tot/[L ]tot ) 0.1; (d) [L ]tot ) 10-4 M, [Eu]tot/[L ]tot ) 10.
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first-order rate constants (k1,obs, k2,obs, andk3,obs) in excess of
europium(III) (S3), time-resolved absorption spectra in excess
of europium(III) (S4), formation kinetics in excess ofL (S5)
are given. Table (S1) with pseudo-first-order rate constants in
excess ofL and Table (S2) with absorption maxima of Eu(III)

complexes withL and bis(benzimidazolyl)pyridine derivatives
are given. This material is available free of charge via the
Internet at http://pubs.acs.org.

JA028861Q
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