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Lanthanide Homobimetallic Triple-Stranded Helicates: Insight into the
Self-Assembly Mechanism
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The self-assembly mechanism leading to the exclusive
formation of a triple-stranded bimetallic helicate upon reac-
tion of Eu! with a ditopic hexadentate ligand L bearing two
carboxylate moieties has been fully elucidated in water for a
wide range of [Eu]yo/[L]io; ratios. Using a fruitful combination
of electrospray mass spectrometry, potentiometry, UV/Vis
spectrophotometry, luminescence, and 'H NMR spectro-
scopy, the final product Eu,L3; and the intermediate species
EuL, and Eu,L, have been characterised. The presence of
terminal carboxylates in L significantly reduces the electro-
static repulsions of the coordination sites in Eu,L, and Eu,L3
compared with the corresponding complexes formed with
analogous neutral ligands and thus increases the stability of
the L-europium(if) complexes. Kinetic investigations carried
out with an excess of L and with an excess of Eu'l, show

that the self-assembly proceeds through either EuL, or Eu,L
intermediates depending on the experimental conditions and
leads to a pre-organized Eu,L, complex by either a “braid-
ing" or a "keystone” mechanism. In the last step, a fast and
efficient wrapping of the third ligand strand leads to the tar-
get Eu,L3 helicate. The overall process is mainly governed
by electrostatic interactions and proceeds via a key double
stranded intermediate helicate Eu,L,. To the best of our
knowledge, as a result of the fine-tuning of the coordination
properties of L, we present one of the most efficient and
cooperative metal/ligand systems for the spontaneous organ-
ization of a bimetallic triple-stranded structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The self-assembly of supramolecular edifices, which was
inspired from one of the basic principles in biology,!!l is an
appealing approach to the design of novel nanomaterials
with predetermined and specific properties.[?! In particular,
combining the toolbox of non-covalent interactions with
the intriguing chemical and physicochemical properties of
transition metal ions allows one to build functional supra-
molecular architectures via metal-ion assisted self-as-
sembly.’] This strategy has successfully generated fascinat-
ing two and three-dimensional edifices from polytopic li-
gands, which include rods,™ grids,® cages,[® helices,!”]
ladders,®! and rings.’! Initial studies of metallo-supramol-
ecular helicates have mainly involved double- or triple-
stranded structures containing cations such as Cu!, Agl,
Cu', Ni'!, Ga™, or Fe'! and ligands derived from bipyri-
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dine, terpyridine, or catechol frameworks.['%!!] The specific
magnetic and luminescent!!'>~ !4 properties of the trivalent
lanthanide cations!!”! are increasingly being taken advan-
tage of in medical diagnoses!'®!”) and therapy!'®! as well as
in the catalytic cleavage of DNA and RNA.!" In this con-
text, the synthesis of elaborate polymetallic lanthanide hel-
icates, which are potentially chiral, may contribute to the
development of such applications. However, the poor
stereochemical preferences and the variable coordination
numbers adopted by Ln' ions render difficult a reliable
molecular programming in solution. In spite of this diffi-
culty, we have demonstrated that a careful ligand design
based on the induced fit principle!?”! leads to the strict self-
assembly of lanthanide-containing triple-stranded helicates
in organic media.?!>?l Ditopic pentadentate, hexadentate
or nonadentate ligands derived from 2-pyridin-2-yl-1H-
benzimidazole are indeed versatile building blocks and can
be used to prepare bimetallic 3d—4f and 4f—4f assembl-
ies,?3 as well as trimetallic 4f—4f—4f edifices.**! Recently,
we have also shown that grafting different substituents at
the end of the hexadentate ligands results in ditopic hosts
able to specifically recognize a pair of lanthanide ions in
solution.?! Bioanalytical and medical applications require
water-soluble probes, so that the ditopic ligand L with two
terminal carboxylate moieties was synthesized (Figure 1)
and was found to yield highly stable bimetallic helicates
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Figure 1. a) Chemical formula of deprotonated transoid ligand L
and b) schematic view of the X-ray structure of Eu,L;?°

Ln,L; in water, despite the large hydration enthalpy of the
metal ions.[2¢

The numerous helicates reported so far!!%l have been es-
sentially characterised by their molecular structures and,
sometimes, by their thermodynamic parameters. Kinetic
data, which are essential for deciphering the self-assembly
mechanism and, therefore for understanding the recog-
nition process, are extremely scarce.?’ 3% As part of our
ongoing kinetic investigations of supramolecular edifices
with polytopic ligands, dealing with either copper(1) trimet-
allic double-stranded™! or lanthanide(rir) bimetallic triple-
stranded% helicates in acetonitrile, we present here a de-
tailed physicochemical study of the Eu,L; helicate in aque-
ous solution. The work is focused on getting a better under-
standing of the key steps of the self-assembly process. An
original combination of potentiometry, absorption and em-
ission spectrophotometry, ES mass spectrometry, and
stopped-flow techniques, allowed us to determine both the
thermodynamic and kinetic parameters characterising the

52 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

formation of the bimetallic europium(i) triple-stranded
helicate in water.

Results and Discussion

Ligand Properties

Detailed interpretation of thermodynamic and kinetic
data requires knowledge of the ligand pK, values, at least
in the pH range in which the data are collected. Indeed,
pK, values of the carboxylic acid functions are difficult to
determine in view of the extremely poor solubility of the
ligand below pH 6 and its precipitation at pH 4. We have
therefore investigated the acid-base properties of the ligand
in the sole pH range 10.5—5.8 by various techniques.
Potentiometric titrations of ca. 10~3 M solutions (Figure S1
in the Supporting Information; see also the footnote on the
first page of this article) followed by a statistical treatment
of the datal®!! yielded the three protonation constants listed
in Table 1. The corresponding distribution diagram is pre-
sented in Figure S2 (see Supporting Information).

Table 1. Successive protonation constants of ligand L; solvent:
water; T = 25.0+0.2 °C; I = 0.1 M (NEt4ClOy); for the sake of
simplicity charges have been omitted

Equilibrium log Ky +30
Mn
% 10.1+0.1
L+H — _H
LH,
LH+H —>1H, 95+0.2
-
Kun, 6.002
LH,+H 7 LH, e

In order to confirm the first pK,, UV/Visible absorption
spectra of the free ligand (see Supporting Information, Fig-
ure S3) were recorded in the range 7.38 < p[H] < 11.59
and a single cumulative protonation constant logfin, =
19.8+0.6 could be extracted using statistical methodsl*!
compared with 19.6 obtained by potentiometry.

,BLH“ .
L+nH —LH, withn=2
-

M

We have also taken advantage of the fluorescent proper-
ties of the benzimidazole derivatives.’>33 Decreasing the
p[H] from 11.43 to 7.59 resulted in a drastic quenching of
the ligand-centered fluorescence (Figure 2) and statistical
treatmentl3!] of the data leads to the following protonation
constants: logK; iy = 10.920.7 and logK; y, = 8.7%0.5. The
re-calculated spectra for L, LH and LH, are presented in
Figure S4 (see Supporting Information).
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Figure 2. Corrected fluorescence spectra of L as a function of p[H].
Solvent: water; 7'= 25.020.2 °C; I = 0.1 M (NEt,ClOy); / = 1 cm;
hexe = 308 nm. [L]oe = 3.56 X 107¢ m; (1) p[H] 11.43; (2) p[H]
7.59. Spectra are not corrected for dilution

Finally, the assignment of the pK, values was made on
the basis of structural information extracted from 'H and
13C NMR spectra recorded at various p[D] values. These
data clearly point to both monoprotonated LH and dipro-
tonated LH, species retaining C, symmetry in the p[D]
range 13.00—7.10, indicating that no intramolecular inter-
action occurs between the two identical subunits of the di-
topic strand (Figure 1). This lack of interaction can be
further confirmed by the difference between logKjy and
logKy 1, (AlogK = 0.6, Table 1), which is in excellent agree-
ment with a statistical evaluation.?*! NOE effects are con-
sistent with a transoid conformation for the ligand at
p[D] = 13.2%] When the p[D] was decreased from 13.00 to
7.10, small but significant variations in the chemical shifts
of the aromatic protons of the benzimidazole moiety (H*,
H®, and H”") were observed whereas the '*C chemical shifts
related to the terminal carboxylates did not vary (Table 2).
These NMR spectroscopic data strongly suggest that the
first two protonation processes occur at the imidazolyl
groups, an assumption confirmed by the absence of a red
shift in the absorption and emission spectra in the p[H]
range 11.4—7.4 (Figure 2 and Figure S3 in the Supporting
Information). Such a shift would be expected if the N-pyri-
dyl groups were protonated.3>-3

In spite of the converging of the information provided
by our measurements, one has to be aware that intra- and
intermolecular hydrogen bonding may occur which could
modify the above reasoning. For instance, in the case of 2-
(2'-pyridyl)benzimidazole in hydrochloric acid, "N NMR
spectroscopic measurements result in only two resonances
and are consistent with the presence of fast exchanging res-
onance structures, one of which having a proton linked to
two nitrogen atoms.’”l' A similar situation is met for 1,10-
phenanthroline which displays one N signal regardless of
the solvent, also pointing to the formation of bifurcated
hydrogen bonds involving both nitrogen atoms.*® In our
case, formation of a hydrogen bond between the imidazolyl
and the pyridine nitrogen atom is feasible and could affect
the pyridyl protons, especially H> (Table 2 and Scheme 1).
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Table 2. 'H- and '3C-chemical shifts § (ppm vs. TMS) as a function
of p[H]; p[H] values were determined by using p[H] = p[D] —
0.40;1881 solvent: D,O; [L]ior = 1072 ™; T = 25+1 °C

8('H)
HY HY H' H® H* W
p[H =126 756 7.2 730 787 792 1785
p[H =100 754 708 726 7.86 791 7.82
p[H =90 753 707 724 786 790 781
p[H =67 749 703 720 786 7.88 7.79
5 (130)
¢t ¢ ¢ ¢ ¢t ¢ Cc=0
p[H] = 13.1 110.8 124.0 1179 1256 1384 1247 172.7
p[H] = 9.1 110.1 1243 1174 1238 137.8 1251 1723
p[H] = 7.1 110.1 1244 1174 1251 137.9 1239 1724

Scheme 1. Potential hydrogen bonding in two protonated subunits
of L

The protonation constants logKyy and logKyy, are at
least 4—5 orders of magnitude larger than those reported
for benzimidazole (logK = 5.58)13%401 or 2-(2"-pyridyl)benz-
imidazole (logK = 4.41),3% but less than two orders of
magnitude smaller than the first protonation constant de-
termined for 1,10-phenanthroline-2,9-dicarboxylic acid in
water (logK; = 11.77%0.08).4! Carboxylic functions in po-
sitions 2 and 9 of the phenanthroline indeed induce a dras-
tic increase in the basicity of the N-pyridyl atoms compared
with phenanthroline (logK; = 4.77).#1 A similar trend can
be observed for the ditopic ligand L, and we note that intra-
molecular hydrogen bonds between N(3") and N(1) would
also contribute to increasing logKiy and logKjy,
(Scheme 1). If the third protonation were to take place at
N(1), a large decrease in Kiy, could be expected, due to
both statistical effects and hydrogen bonding. The value of
Kin, is about four orders of magnitude lower than Kip,
and could therefore reflect these contributions and be satis-
factorily compared with the constant relative to the second
protonation of 1,10-phenanthroline-2,9-dicarboxylic acid
(logK, = 9.04+0.14).*11 Solubility problems below p[H]
5.89 prevented the determination of Ky, Krm, and
King In fact, Ky p, is related to Ky, in terms of symmetry
(L adopting C, symmetry) and statistically should be
smaller than the latter by approximately 0.6.3* Much lower
values of Ky, and Kpp, are expected according to data
available in the literature for picolinic (logK, =~ 1)[4344 and
1,10-phenanthroline-2,9-dicarboxylic acids (logK; =
23702181 41 Tn 1.5 m HCIO,, slow and irreversible
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degradation of ligand L via a potential de-carboxylation
reactions was observed by UV/Visible spectrophotometry
(see Supporting Information, Figure S5).

Stoichiometry and Stability of Europium(iir) Complexes
with L

The use of electrospray mass spectrometry (ES-MS) to
characterize the stoichiometry of metallic complexes in
solution is well documented,!'®#?l and has been employed
by us for this purpose on previous occasions.[?!-2730:47=49]
ES-MS measurements were carried out at two different
[Eu]io/[L]io: ratios (Figure 3) and the corresponding spectra
clearly indicate the formation of three europium(i) com-
plexes, Eu,L;, Eu,L,, and EuL, (see Supporting Infor-
mation, Table S1). The peaks of the triple-stranded Eu,L;
helicate dominate the spectra, even with an excess of Eu''l.
The inner coordination spheres of the minor species Eu,L,
and Eul, are completed with water molecules. Since lan-
thanide cations possess large solvation energies,*”#8] the
ES-MS responsest™’ will be drastically decreased for the lat-
ter complexes compared with that of the Eu,L; helicate.
Loss of neutral CO, was also observed, as previously re-
ported for amino acid- or peptide-metal complexes in posi-
tivel®-32 and in negative modes.[>’]

To quantify the interaction between L and Eu', we ti-
trated the ligand in water at p[H] 6.15£0.05 with eu-

100+ 969.3
~ [Eu,L, + 2H]*
2
2
[
7] 50+
£
o 696.2
> +
= [Eu,L,J* |
E \ ‘M

0 Loal o 4 _/LUJ\)'LWMW\AA._%
800 1000 1200
m/z
a)
100+
969.3
- [Eu,L, + 2HT"
2
2
B
& 50-
£
o 622.0 1242.5
£ [EuL + 3HI* [E”LZ"\ZH]
@ [y
9 Wl A \
800 1000 1200
m/z

b)

Figure 3. Electrospray mass spectra (a) [Eu]o; = 7.96 X 1074 M.
[Llot = 4.04 X 10~% m; (b) [Eulio; = 2.05 X 107* M. [L]or = 7.96
X 107* M. Solvent: CH;0H / H,O (80 / 20 by weight); positive
mode; V.= 120 V
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Figure 4. Spectrophotometric titrations of L versus Eu''! concen-
trations. (a) Absorption spectra: / = 2 cm. [L]o; = 8.22 X 107¢ Mm;
(1) [Bulo/[Lloe = 0; (2) [Euiod/[L]ior = 23.36. (b) Gated lumin-
escence spectra; A = 308 nm; 7, = 0.05 ms; gate time = 1 ms;
cycle time = 200 ms. [L]o; = 1.64 X 1076 M; (1) [Eu]o/[L]oc = O,
(2) [Eulio/[L)io: = 15.37. Solvent: water; buffer MES (0.1 wm);
p[H] = 6.15x0.05; T = 25.0%+0.2 °C

ropium(1r) and monitored the changes occurring in solu-
tion using both absorption (Figure 4a, and Figure S6 in the
Supporting Information) and gated luminescence spec-
troscopy (Figure 4b).

The formation of the helicate induces a significant red
shift to 332 nm in the ligand t—n* transition band centered
at 308 nm (Figure 4a). Moreover, L was reported to be a
fair luminescence sensitizer for europium(im),’*®! the abso-
lute quantum yield of the metal-centered luminescence
reaching 1.3% at p[H] = 7.0 with a lifetime of 2.13(2) ms.
Data were satisfactorily fitted to the simple model rep-
resented by Equation (2) and both experiments yielded very
similar values (Table 3), in agreement with the previously

Table 3. Cumulative stability constants for the Eu,L; helicate; sol-
vent: water; 7= 25.0 = 0.2 °C

Titration method logBeu,L, * 3olal

UV/Vis absorption, direct 50.6 = 2.0
Gated luminescence, direct 499 + 1.3
'"H NMR, competition with DOTA 52.3 + 23020

[al The stability constants were calculated® from conditional val-
ues with the protonation constants given for L in Table 1.
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reported one obtained via '"H NMR competitive titrations
with various concentrations of DOTA (1,4,7,10-tetraazacy-
clodecane-N,N',N'’ ,N'"'-tetraacetic acid) in D,0.[>°]

ﬁEu,L
3L+2Eu —— Euyl;
—

@

Spectrophotometric (absorption and luminescence) and
NMR spectroscopic data clearly demonstrate that the
major species in aqueous solution at pH 6.15 and in a large
range of [Eu],./[L]io ratios is the triple-stranded helicate
Eu,L;. In addition to this main species ES-MS, which is by
far a more sensitive method, indicated the presence of small
amounts of Eu,L, with an excess of Eu'!, and of EuL, with
an excess of L. The triple stranded helicate is with no doubt
a thermodynamic product and its structure in aqueous solu-
tion is the same as that determined by single-crystal X-ray
diffraction.?! Although the Eu,L, species is not seen in the
spectrophotometric titrations, 2:2 species have been ob-
served with similar ligands.?!-?? In particular, [Eu,(LB),]%"
(LB: R! = C(O)NEt, and R? = CHj, see Figure 1) adopts
a box-like structure in the solid state, in which the ligand
strands are arranged ‘“‘side-by-side” and the two metal are
ions connected via hydrogen bonds produced by four water
molecules.??! Therefore, the 2:2 species may also be con-
sidered to be a thermodynamic product. The presence of
the terminal carboxylate functions of L could be expected
to significantly reduce the electrostatic repulsions of the co-
ordination sites in Eu,L, and Eu,L; by comparison with
the corresponding complexes with LA (R! = 1-(3,5-dimeth-
oxybenzyl)-1 H-benzimidazole and R> = CHj, see Figure 1)
and LP and thus to increase the stability of the L-eu-
ropium(i) complexes.54

Formation Kinetics in Excess of Ligand

Two series of experiments carried out with two different
metal concentrations, [Eu];o; = 1.06 X 107° M and 2.73 X
107° M, allowed us to observe two rate-limiting steps in the
second and minute time spans, respectively (see Supporting
Information, Figure S7). The corresponding spectrophoto-
metric signals recorded at 350 nm undergo an increase in
absorbance followed by a decrease. The variation of the two
corresponding pseudo-first-order rate constants k; .,s and
k3.obs (s71) versus [L]io; (see Supporting Information, Tables
S2 and S3) is presented in Figure 5.

The variation of kj s is in good agreement with a fast
pre-equilibrium for the formation of EuL, followed by a
slower binding of L to EuL:

Eu+L —fa | By

fast (3)

EuL +L BLENIN EuL,
PR

[ 4)

The rate law corresponding to the equilibrium according
to Equation (4) is expressed by the following Equation (5).
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Figure 5. Variation of the pseudo-first order constants ks ops (@)
and k3 ops (b) for the formation of L-europium(ir) complexes versus
[L]ior- Solvent: water; 7= 25.0£0.2 °C; p[H] = 6.15%£0.05 (MES
buffer 0.1 m); m [Eu]o = 1.06 X 1076 M; © [Eu]o = 2.73 X 107 M

d|EuL,]/dt = ky x [EuL] X [L]o - k.2 X [EuL,]

(5)
and leads to Equation (6).5%
ka.obs = M +k_,
1+KEuL><[L]h)( (6)

The rate constant k, and the stability constant Kg,; were
determined by a non-linear least-squares methodl®
(Table 4) but k_, could not be obtained under our exper-
imental conditions.

On the other hand, the variation of kj ops versus [L]io
suggests the coordination of a second Eu'! cation to EuL,:

K
Eul, +Eu " Ewl,

ks ™
The corresponding rate law can be written:

d [EusL)/dt = ka X [Eul,] X [Eu] - k3 X [EusLs] (8)

Resolution of the differential Equation (8)1* leads to the
following reduced expression, under our experimental con-
ditions:

4y X By X[LIg, x[Eu]

ot

(1 + KEuL X[L]mz + 'BEuLl X[L]lzol )2 h (9)

3obs —
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Table 4. Formation mechanism of Eu,L; with an excess of L; solvent: water; 7' = 25.0 £ 0.2 °C; p[H] = 6.15+0.05 (MES buffer 0.1 m);

the errors are given as standard errors

Steps Experimental values Calculated values
K;
Eu+L Filos  EuL Kew, = (1.9 £ 0.8) x 10* m”!
«
Akl VR | 3 kz X KF_ul -1
EuL +L ‘_“’ Eul.; ky=(441£09)x 10°M"s ko e = (4 =038
%, o (204 0.7)x 107 M P,
. 43_,,( CR ) k3 6l
Eul.; + Fu M Eu,L, by =(7.0£0.6) x 10° M 's Koz = k__ ={(4£4.7)x 10" M
ks v=(11£08)x 1075 3 Bz feaz % Kpaw
=(1.3+1.0)x 10°M"
ky )
EwL, + L. PR Ewpl; not determined
K

The corresponding rate constants ks, k_3 are given in
Table 4.

The absorbance at 350 nm at the end of the third step
(Figure S7 in the Supporting Information) is in good agree-
ment, within experimental error, with the sum of the ab-
sorption of the excess of free ligand and of the bimetallic
triple-stranded helicate ([Eu,Ls].. = 1/2[Eu];). This result
constitutes a good indication that the last step is faster than
the formation of the Eu,L, precursor and that the final step
in the formation of Eu,L; involves the addition of a third
ligand to Eu,L,, in a “braiding” mechanism, as opposed to
a “keystone’” mechanism in which the second metal ion is
added to a pre-organized EuL; complex.[”)

Formation Kinetics with an Excess of Europium(1ir)

Kinetic measurements were carried out under pseudo-
first order conditions. Two exponential signals were re-
corded at 332 nm in the second time range using a stopped-
flow technique, whereas an exponential signal was meas-
ured in the hour time range on a classical spectrophoto-
meter (Figure 6).

0.80
[ 1
(%] 3
E |
§075,
E \‘\
070y J—
¢ 2 4 6 8 10 2 4 6 8
Time (s) Time (hour)

Figure 6. Variation of the absorbance at 332 nm versus time. Sol-
vent: water; T = 25.0+0.2 °C; p[H] = 6.15=0.05 (MES buffer 0.1
M); /= 1 em. [Llio, = 2.55 X 1075 M, [Eulyo = 1.80 X 1073

Three corresponding pseudo-first-order rate constants
k' 20b5 K'3,00e and k'4,0ps (s71) extracted from these data
are reported in Table 5 (see also Figure S8 in the Support-
ing Information).
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Table 5. Variation of k' ops, k'3.0bs and k' 4 ops for the formation of
L-europium(tr) complexes versus [Eu],; solvent: water; 7 =
25.0£0.2 °C; p[H] = 6.15x0.05 (MES buffer 0.1 m); [L};o; = 2.55
X 1073 M; reported errors are +3cG

[Eu]tol X 104 k’l,obs k,lobs k’4,obs X 104
[M] [s7'] [s7'] [s7]

2.57 12.9+2.2 0.99+0.01 5.3%0.6
5.15 15.9%25 1.07%0.03 2.5+0.3
7.70 16.1+x1.2 1.07+0.04 2.7%0.3
10.30 15.1+2.5 1.08+0.04 8.2+0.9
12.80 16.5%+3.6 0.98+0.02 6.2+0.9
15.40 16.8+3.7 0.960.02 1.4%0.3
18.00 16.2+2.4 0.860.02 2.4*0.6

The pseudo-first-order rate constant k', .ps increased
slightly, but significantly as [Eu],, was increased. A large
increase of the spectrophotometric absorption occurred
during the dead-time (= 3 ms) of the stopped-flow device
and could be attributed to the initial and fast formation of
EuL [Equation (3)]. The following equilibria are in satisfac-
tory agreement with these experimental data:

k’7
EuL + Eu k'A Eu,L

2 (10)

The rate law corresponding to equilibrium (10) is ex-
pressed by:

d [Ew,L)/dt = k' X [EuL] X [EuJer — k"2 X [EwsL]

(an
and leads to Equation (12):[%
_ ky X Ky X[Bulg,
14 Ky XI[Bul, (12)
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Table 6. Formation mechanism of the Eu,L; helicate with an excess of Eu'll; solvent: water; T = 25.0=0.2 °C; p[H] = 6.15=0.05 (MES

buffer 0.1 M); the errors are given as standard errors!>®!

Steps Experimental values Caleulated values
kl ) 1
Eu+l —— Eul Ko =(1920.3)x 107 M
“k
-1
i, k' >
BuL+BEu - %> Bl y=(17+08) x 10°M' s Kpa = W =(1.24£0.6)x 10° M
6[2 k=138209s" -2 Bt = Kear % Keu,
’ =23+ 13)x10°m 7
K . 6t k% f3, . . 4t
Bl +L o= Bwls  Ky=(22£03)x 10°M"s k= D3TEGL = (39138)% 10 s
T
Ky Brur,
k' k.xp. ,
Buls+L %o Euly Ka=@xl)x 107" ke B Pon, =(6.1 £4.9)%x10° M "5
) k',.; ﬂli\nll,l
If we consider that under our experimental conditions
Keu X [Eu]ior >> 1 o Ak xBy, | XIL]y XIEul?,
3o0bs T 3

k' opy =k} [Eu] +£',

(13)

The values of the rate constants k'5 and k' _, were calcu-
lated by a least-squares method® and are reported in
Table 6.

When [Eu]y,, is increased, k'3 ops is decreases (Table 5 and
Figure S8b in the Supporting Information), which suggests
that the coordination of a second ligand strand to Eu,L
takes place and leads to the bimetallic double-stranded
species Eu,L,:

[

Eu,L+L - Eul,
K (14)

The rate law is then expressed by:

d [EUng]/dt =k3 % [Ewl] x [L] - k'3 x [Eusl,] (15)

If we assume that equilibrium is reached at the end of
the previous steps, we can use the corresponding stability
constants to solve the mass balance equation and evaluate
[L]:

L]= [Ll, —2%[Bu,L,]
U+ K gy X[Bulyy + B, , X[Bull, (16)

The new expression of the rate law becomes:

)

' 2
d[EU sz] — k 3><ﬁl-ju:l4 XlEthm X(“—'Jmt _2lEu iLZJ) 7k',3><[Eu2L2]
dt (1 + KEuL X[Eu](ul + IBEu:L X[EU];[)' (17)

The resolution of this differential equation, taking our
experimental conditions into account, gives the reduced
equation:
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(1+ Koy X[Bulig + g, X[Euly,)? (18)

Statistical processingl®®! of the kinetic data allows esti-
mation of k'3, Kg,r. and Sey,1 (Table 6), but not of k5. It
is noteworthy that the absorbance at the end of this step
(Figure 6) corresponds to the absorption at 332 nm of the
bimetallic triple-stranded helicate Eu,L; (see Supporting
Information, Figure S6). This is a sound indication that the
formation of Eu,L, is followed by the fast addition of a
third ligand strand leading to the final thermodynamically
stable helicate Eu,L:

k',
Ewl.+ L——Euwl;
fast

(19)

A decrease of more than four orders of magnitude was
observed for k'yops compared with k'; s (Table 5), but
k' 4.obs did not vary significantly with [Eul; (see Supporting
Information, Figure S8c). These data strongly suggest a
slow release of L from Eu,L; which was rapidly formed in
the previous step:

k',
EUZL3 E— Ellsz +L

(20)

The corresponding rate law can now be expressed by the
following relationship:

—d[Eu,Ls)/dt = k' 4 X [Eu,Ls] el
with:
k’4,obs = k,—4 (22)

We will now discuss the overall self-assembly mechanism
of the bimetallic triple-stranded helicate Eu,L; presented in
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Figure 7. Schematic representation of the self-assembly mechanism
of EleL:;

Figure 7. The initial and final steps are independent of the
stoichiometric ratio [Eu];,i/[L]io:. In contrast, the intermedi-
ate steps depend on whether the kinetics were measured in
the presence of an excess of ligand or metal.

Since the water exchange rates of Ln'"! ions are large,[®
slow complex formation is related to the ligand
properties.>*~¢!1 The ditopic molecule L was designed for
the fine-tuning of the Ln™ coordination sphere, with a
short methylenic spacer to prevent self-folding. At p[H] =
6.15, LH,, the major species, possesses one proton on each
imidazolyl group. If they are stabilized by hydrogen bonds
as shown in Scheme 1, the tridentate subunits of L adopt
a cisoid conformation (Scheme 1) which is preferable to a
coordination of Eu'™ limited by the exchange rate of the
first water molecule on the lanthanide cation.’®%2 Using
the water exchange rate constant k., determined by 7O
NMR spectroscopy for Eu'l! (5 X 108 s71),[3%:621 we calcu-
lated an outer-sphere stability constant®>*¥ K - = 0.16 m~!
for a triple charged cation/neutral ligand system. Under
these conditions, the formation rate constant for EuL can
be estimated® as k; = K o X ko = 8 X 107 M~' X s7 L,
This value is similar to the literature data reported for the
formation of anthranilate-Eu™ (1.05 X 108 M~ ! X
s71),166:67] picolinate-La™ (4.9 X 108 M~! X s™!) or picolin-
ate-Dy'™! (1.5 X 108 M~ X 719891 complexes at various
temperatures and ionic strengths in water. The formation
mechanism of EuL is at odds with the one determined for
the EuL” analogue, for which conformational changes lead
to a slower binding rate constant and to an increased inert-
ness.3% The stability constant Kg,; = (1.8+0.9) X10* M~ !,
calculated from the variation of the initial absorbance 4,
versus [Euj,; in the experiments with an excess of metal
(Figure 6 and Figure S9 in the Supporting Information), is
in excellent agreement with the values given in Tables 4 and
6. Comparing this constant with the one obtained for the
complex with the bidentate picolinate ligand (K; = 1.06 X
10* M~ H7 gives a good indication of a partial binding to
Eu™ by one of the tridentate subunits in L. The dis-
sociation rate constant k_; = k;/Kg,; can then be estimated
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to be ca. 4 X 103 s~!. EuL is indeed a labile species as was
observed, for instance, for the anthranilate-Eu™" complex
(3.3 X 10* s71).[06:67] Step 1 can therefore be considered as
being a fast pre-equilibrium in the formation process of the
target Eu, L.

With an excess of L, Step 2 implies the binding of a se-
cond ligand strand to EuL, leading to the more stable com-
plex EuL,. The bimolecular rate constant k, (Table 4) is
about four orders of magnitude lower than k. The electro-
static repulsions between the terminal carboxylate groups
of the ligands probably induce conformational rearrange-
ments which drastically slow down the coordination of L
to EuL. The strong negative interactions between the li-
gands will prevent even more efficiently the formation of
EuL;. The addition of a second Eu'! cation to EuL, pro-
ceeds in Step 3 and leads to a very inert complex Eu,L, for
which either the release of a ligand (k_5 =103 s~ ') or of
a cation (k' _5 = 10~* s~ ') is dramatically slow. Since Eu,L,
is a minor species, detected by ES-MS but neither by spec-
trophotometry nor by 'H NMR, its stability constant could
only be calculated from the rate constants (Table 4).

With an excess of Eu', the binding of a second cation
(Step 2') leads to the formation of Eu,L. Assuming a disso-
ciative Eigen—Wilkins[®! mechanism and using the Fuoss
equation,!®3l a formation rate constant equal to 5 X 103 m~!
X s~! can be calculated, in excellent agreement with the
measured rate constant k', (Table 6). Therefore, the binding
of a second Eu' cation does not involve any structural re-
arrangement, but is mainly governed by the de-solvation
of the entering cation and by intramolecular electrostatic
repulsions. The latter induce a sizeable negative cooperative
effect!*’*4 as demonstrated by the ratio Kgu, /Kgu =
1072—1073. Step 3’ is related to the formation of a double-
stranded bimetallic “pre-helicate” from Eu,L. The ap-
proach of a second ligand is favored because coordination
of the first ligand strand labilises the solvation sphere of the
two cations and reduces the charge on the two binding sites.
The estimation, via fg,,1, (Tables 4 and 6), of k'3 (= 10-4
s 1) provides information on the inertness of Eu,L,. A
“side-by-side’” arrangement, as already reported in the solid
state for a closely related ligand®?! with two europium(iir)
cations, cannot explain an inert edifice in which the interac-
tions between the two lanthanide ions are drastically re-
duced, perhaps by a “braided” structure (Figure S10, see
Supporting Information).

Step 4 corresponds to the fast wrapping of the third
strand around Eu,L,. The kinetic behavior in Step 4 is
dominated by the slow solvolysis of the bimetallic triple-
stranded helicate. The rate constant k_4 listed in Table 6 is
within the range of data reported for the dissociation of
various Ln-polyaminocarboxylate complexes (1076 s7! <
k < 1073 s71).71 This could also be in line with the X-ray
structure of Eu,Ls, in which two slightly different types of
molecules were found, showing that an increase in the solv-
ation of the carboxylates induces a lengthening of Eu'"'—0O
distances.[*] It is noteworthy that the self-assembly mecha-
nism of Eu,L; does not exhibit any slow rearrangement
from a precursor species, as previously reported by us for
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a tri-cuprous double-stranded helicate.[*”! The situation is
summarized in Figure 8 which displays the calculated time-
dependences of the concentrations of the various Eu™'-con-
taining species formed during the self-assembly process for
a stoichiometric [Eu]ioi/[L]io¢ ratio of 0.67. The formation
of the unique species Eu,L; clearly occurs via the “braid-
ing” of two ligand stands around the first Eu'! cation fol-
lowed by the “keystone” addition of a second Eu'"! ion and
a fast wrapping of the third ligand around Eu,L,, the latter
never being significantly accumulated.

[Species] x 10° (M)

Time (min)

Figure 8. Calculated time dependence of the concentrations of the
Eu'"! complexes formed using the rate constants given in Tables 4
and 6.1 Solvent: water; T = 25.0+0.2 °C; p[H] = 6.15+0.05
(MES buffer 0.1 M). [L]iot = 1.5 X 107 M; [Eu]io/[L]ior = 0.67

Conclusion

A fruitful combination of potentiometry, absorption and
emission spectrophotometry, 'H and '3C NMR spec-
troscopy, and electrospray mass spectrometry allowed us to
fully characterize the formation mechanism of a europium-
containing triple-stranded Eu,L; helicate with a hexaden-
tate ditopic ligand. The self-assembly process implies a key
bimetallic double-stranded species Eu,L,. This species is
very inert towards the release of either a ligand or a cation,
but reacts very rapidly with an additional ligand strand to
yield the final triple-stranded helicate. This kinetic behavior
points to the Eu,L, intermediate probably adopting a struc-
ture different from the “side-by-side” arrangement ob-
served for Eu,(LB), in the solid state.?”) Indeed the forma-
tion of a 2:2 helical structure at this stage will decrease the
steric hindrance and, moreover, the presence of negatively
charged terminal carboxylate groups obviously contributes
to prevent the formation a labile “side-by-side”3%37 spec-
ies. This is in contrast to the formation mechanism of
Eu,(LA); for which we propose the formation of a labile
intermediate Eu,(L™),.?% As far as we can tell, the in-
creased inertness of the key intermediate is the main reason
why the rate constant of the last step in the self-assembly
process of Eu,Ls is 10° times larger than Eu,(L?);. More-
over, the addition of the successive ligand strands leads to
a strong diminishing of the electrostatic interactions be-
tween the two coordination sites. These two features, which
are reflected by the very low equilibrium concentrations of
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the intermediates, are probably of importance to “cooperat-
ively” drive a fast and efficient self-assembly of the target
triple-stranded di-europium(in) helicate.

In conclusion, the hexadentate ditopic ligand L leads to
one of the most efficient cation/ligand systems for the self-
assembly of a bimetallic triple-stranded helicate in water.
This is mainly due to the simultaneous presence of a short
spacer and of the one negative charge borne by each ex-
tremity.

Experimental Section

Starting Materials and Solvents: L was synthesized according to a
previously published procedure.[?8! Eu(Cl0,);nH>O was prepared
from the oxide (Rhone—Poulenc, 99.99%) in the usual way.l”?!

CAUTION! Perchlorate salts combined with organic ligands are po-
tentially explosive and should be handled in small quantities and with
adequate precautions.!”)

Distilled water was further purified by passing through a mixed
bed of ion-exchanger (Bioblock Scientific R3-83002, M3-83006)
and activated carbon (Bioblock Scientific ORC-83005). Spectro-
photometric grade methanol (Merck, p.a.) and water were de-oxy-
genated using CO,- and O,-free argon (Sigma Oxiclear cartridge).
All stock solutions were prepared using an AG 245 Mettler Toledo
analytical balance (precision 0.01 mg).

Electrospray Mass Spectrometric Measurements: ES mass spectra
were recorded on an HP 1100 mass spectrometer (Agilent Technol-
ogies, Palo Alto, CA, USA, formerly Hewlett—Packard Company
Analytical Products Group). ES-MS was conducted in the positive
ion mode. Scanning was performed from m/z = 200 to 1500 and
the sampling cone voltage (V) was set at 120 V. For electrospray
ionization, the drying gas was heated at 250 °C and its flow set at
3 L/min, the nebuliser pressure was 10 p.s.i. and the capillary volt-
age 4 kV. Solutions containing ligand L (7.96 X 1074, 4.04 X 1074,
2.02 X 107> M) and various equivalents of Eu'"! were prepared in
CH;0H/H,0 (80:20 by weight). They were injected into the mass
spectrometer source with a syringe pump (Harvard type PHD
2000, Harvard Apparatus Inc., South Natick, MA, USA) at a flow
rate of 2 pL/min.

Potentiometric Titrations: The potentiometric titration of L
(1.036:1073 M) was performed using an automatic titrator system
DMS 716 Titrino (Metrohm) with a combined glass electrode (Me-
trohm 6.0234.500, Long Life) filled with 0.1 M aqueous NaCl and
connected to a microcomputer. The ionic strength was fixed at 7 =
0.1 m with tetraecthylammonium perchlorate (Fluka, puriss.). The
combined glass electrode was calibrated as a hydrogen concen-
tration probe by titrating known amounts of HCIO, (9.997 X 102
M) with CO,-free NMe4OH solutions (1.040 X 10! m).[7 The cell
was thermostatted at 25.0+0.2 °C by the flow of a Haake FJ ther-
mostat. A stream of argon, pre-saturated with water vapour was
passed over the surface of the solution. The potentiometric data
(about 160 points collected over the pH range 5.9—11.0) were re-
fined with the Hyperquad 200017%! program which uses non-linear
least-squares methods.[”®! Potentiometric data points were weighted
by a formula allowing greater pH errors in the region of an end-
point than elsewhere. The weighting factor W; is defined as the
reciprocal of the estimated variance of measurements: W; = 1/6> =
1/[og? + (8E/SV)*cy?] where 65> and oy” are the estimated vari-
ances of the potential and volume readings, respectively. The con-
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stants were refined by minimizing the error-square sum, U, of the
potentials shown below:

N
U= W Eg=E)’

i

Three titrations were treated either as single sets or as separated
entities, for each system, without significant variation in the values
of the determined constants. The quality of fit was judged by the
values of the sample standard deviation, S, and the goodness of
fit, %%, (Pearson’s test). At op = 0.1 mV (0.0023 o,y) and oy =
0.005 mL, the values of S in different sets of titrations were between
0.9 and 1.1, and y? was below 12.6. The scatter of residuals versus
pH was reasonably random, without any significant systematic
trends, thus indicating a good fit of the experimental data. The
successive protonation constants were calculated from the cumulat-
ive constants determined with the program. The uncertainties in
the log K values correspond to the added standard deviations in
the cumulative constants. The distribution curves of the protonated
species of L as a function of pH (Figure S2, see Supporting Infor-
mation) were calculated using the Haltafall program.l’]

Potentiometric and UV/Visible Titrations: A stock solution of L
(8.91 X 1075 m) was prepared by quantitative dissolution of a solid
sample in deionised water and the ionic strength was adjusted to
0.1 m with NEt4ClO,4 (Fluka, puriss). 100 mL of this solution were
introduced into a jacketed cell (Metrohm) maintained at 25.0£0.2
°C (Haake FJ thermostat). The free hydrogen ion concentration
was measured with a combined glass electrode (Metrohm
6.0234.500, Long Life) and a Tacussel Isis 20,000 millivoltmeter.
The Ag/AgCl reference electrode was filled with NaCl (0.01 w,
Fluka, p.a.) and NaClO4 (0.09 M, Fluka, p.a). Standardization of
the millivoltmeter and verification of the linearity (3.00 < p[H]
< 9.00) of the electrode were performed using commercial buffers
(Merck, Titrisol) according to classical methods.[”®! The initial p[H]
was adjusted to 11.59 with NMe,OH (Merck, 10 wt.% solution in
water), and the titration of the free ligand (7.38 < p[H] < 11.59)
was then carried out by addition of known volumes of 1.69 X 102
M perchloric acid (Prolabo, normapur, 70% min) with an Eppen-
dorf microburette. HCIO, solution (Prolabo, normapur, 70% min)
was titrated with NaOH (10! m, Carlo Erba, Titrisol Normex)
using phenolphthalein (Prolabo, purum) as an indicator and pre-
pared just before use. An aliquot (1 mL) was taken after each ad-
dition of acid, and simultaneous p[H] and UV/Visible spectra
(230—400 nm) were recorded. Spectrophotometric measurements
were made using Hellma quartz optical cells (0.2 cm) on a Kontron
Uvikon 941 spectrophotometer maintained at 25.0+0.2 °C (Haake
NB 22 thermostat).

UV/Visible Titrations: To probe the coordination properties of L
with Eu'l, a solution of ligand L (8.22 X 10°¢ m) at p[H] =
6.15£0.05 [0.1 M, 2-morpholinoethanesulfonic acid (MES), Fluka,
microselect, 99.5%)] was prepared. Europium(ii) solutions were pre-
pared immediately before use from deionised water saturated with
argon. The solutions were acidified to p[H] < 4 with H,SO, (Carlo
Erba Reagenti, 96%) before complexometric titration to avoid hy-
droxide precipitation. Standardized Na,H,EDTA solution (Titri-
plex® 111, Merck) in ammonium acetate (Prolabo, rectapur) buff-
ered medium was used with xylene orange as an indicator.’l The
spectrophotometric titration of L with Eu''' was carried out in a
Hellma quartz optical cell (2 cm). Microvolumes of a concentrated
buffered (0.1 m MES, p[H] = 6.15£0.05) solution of europium(iir)
(4.24 X 10~* m) were added to 4 mL of the stock ligand solution
(the [Eu]io/[L]io; ratio varied from 0 to 23.36). Special care was
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taken to ensure that complete equilibration was attained. The cor-
responding UV/Visible spectra were recorded from 230 nm to
500 nm on a Kontron Uvikon 941 spectrophotometer maintained
at 25.0£0.2 °C by the flow of a Haake NB 22 thermostat.

Potentiometric and Fluorescence Titrations: A stock solution of L
(3.56 X 107%™, I = 0.1 M NEt,ClO,, Fluka, puriss) was prepared
by quantitative dissolution of a solid sample and 100 mL were in-
troduced into a jacketed cell (Metrohm) maintained at 25.0+0.2
°C by the flow of a Haake FJ thermostat. The initial p[H] was
adjusted to 11.43 with NMe,OH (Merck, 10 wt.% solution in
water), and the titration of L (7.59 < p[H] < 11.43) was carried
out by addition of known volumes of 1.69 X 10~2 M perchloric
acid (Prolabo, normapur, 70% min) with an Eppendorf microbur-
ette. An aliquot (2 mL) was taken after each addition of acid, and
simultaneous p[H] and fluorescence emission spectra were recorded
(350—550 nm) with Hellma quartz optical cells (1cm) on a
Perkin—Elmer LS-50B instrument maintained at 25.0%0.2 °C by
the flow of a Haake FJ thermostat. The excitation wavelength was
308+1 nm and the slit width was set at 4 nm for both excitation
and emission. The source was a pulsed xenon flash lamp with a
pulse width at half peak height < 10 ps and power equivalent to
20 kW.

Luminescence Titrations: Luminescence titrations were carried out
on solutions with an absorbance less than 0.1 at wavelengths = A
in order to avoid any errors due to the inner filter effect. The p[H]
was maintained at 6.15+0.05 by the use of 0.1 M MES (Fluka,
microselect, 99.5%) and perchloric acid (Prolabo, normapur, 70%
min). The titration of L (1.64 X 107° m) was carried out in a 1 cm
Hellma quartz optical cell by addition of known microvolumes of
a buffered solution of Eu (6.55 X 10> m) with an Eppendorf
multipette® plus microburette. The [Euli/[L]io; ratio was varied
from 0 to 15.37. Metal-centered luminescence spectra were re-
corded from 550 nm to 800 nm on a Perkin—Elmer LS-50B instru-
ment at 25.0£0.2 °C. Gated spectra were obtained using phos-
phorimeter acquisition, with a delay time of 0.05 ms, a 200 ms
sample window, 1 ms per flash and 1 flash per point. The slit width
was 12.5 nm for both excitation and emission.

Analysis and Processing of the Spectroscopic Data: The spectropho-
tometric data were analyzed with both the Letagrop—Spefol®0—821
and SpecfitB! programs which adjust the absorptivities and the
stability constants of the species formed at equilibrium. The Letag-
rop-Spefo program uses the Newton—Raphson algorithm to solve
mass balance equations and a pit-mapping method to minimize the
errors and determine the best parameter values. Specfit uses factor
analysis to reduce the absorbance matrix and to extract the eigen-
values prior to the multiwavelength fit of the reduced data set ac-
cording to the Marquardt algorithm.[83-84

Kinetics of Formation: All kinetic measurements were performed in
water at p[H] = 6.15%£0.05 (0.1 m MES buffer) using a stopped-
flow spectrophotometer (Applied Photophysic SX-18MV)
equipped with a diode array device. The reactants were thermo-
statted at 25.0£0.2 °C (Lauda M12 thermostat) and mixed in a
1 cm optical cell. The data sets, averaged out of at least three repli-
cations, were recorded and analyzed with the commercial software
Biokine.!®3! This program fits up to three exponential functions to
the experimental curves with the Simplex algorithm®® after in-
itialization with the Padé—Laplace method.[”!

The reaction of L with Eu™' in excess was followed at 332 nm.
Ligand L concentration was equal to 2.55 X 10~° M and Eu' con-
centrations were varied from 2.57 X 107% M to 2.57 X 1073 m. The
reaction of Eu"' with ligand L in excess was followed at 350 nm.
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Two sets of experiments were carried out. Eu!! concentration was
equal to 1.06 X 107° M or, 2.73 X 107° M and L concentrations
were varied from 1.06 X 1073 M to 8.15 X 107> ™ or from 3.08 X
107> M to 1.54 X 107% m.
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