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Abstract: The contribution of the sol-
vation energies to the assembly of
polynuclear helicates reduces the free
energy of intermetallic repulsion,
AEM in condensed phase to such an
extent that stable D;-symmetrical tetra-
nuclear lanthanide-containing triple-
stranded helicates [Ln,(L4),]"** are

constants using statistical factors,
adapted to self-assembly processes in-
volving intra- and intermolecular con-
nections, provides a set of five micro-
scopic parameters, which can be suc-
cessfully used for rationalizing the step-
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wise generation of linear bi-, tri- and
tetranuclear analogues. Photophysical
studies of [Eu,(L4);]”** confirm the ex-
istence of two different binding sites
producing differentiated metal-centred
emission at low temperature, which
transforms into single site lumines-
cence at room temperature because of

quantitatively produced at millimolar
concentrations, despite the twelve posi-
tive charge borne by these complexes.
A detailed modelling of the formation

multicomponent

thermodynamics

Introduction

A challenge in supramolecular chemistry is the development
of a rational bottom-up process, which would produce nano-
scopic, or even macroscopic objects from the assembly of
molecular edifices obeying some simple rules based on mo-

[a] N. Dalla-Favera, Dr. J. Hamacek, Prof. Dr. M. Borkovec,
Prof. Dr. C. Piguet
Department of Inorganic, Analytical and Applied Chemistry
University of Geneva, 30 quai E. Ansermet
1211 Geneva 4 (Switzerland)
Fax: (+41)22-379-6830
E-mail: Claude.Piguet@chiam.unige.ch

[b] Dr. D. Jeannerat
Department of Organic Chemistry, University of Geneva
30 quai E. Ansermet, 1211 Geneva 4 (Switzerland)

F. Gumy, Prof. Dr. J.-C. G. Biinzli

Laboratory of Lanthanide Supramolecular Chemistry

Ecole Polytechnique Fédérale de Lausanne

BCH 1402, 1015 Lausanne (Switzerland)

Prof. Dr. G. Ercolani

Dipartimento di Scienze e Tecnologie Chimiche

Universita di Roma Tor Vergata

Via della Ricerca Scientifica, 00133 Roma (Italy)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Equations (S1-
S13), appendix, Tables S1-S3 and Figures S1-S6 corresponding to
thermodynamic modeling, and structural and spectroscopic analyses.

[c

—

[d

—

WWILEY

2994 —— Inte rS_;_ien_;e‘

polynuclear - statistical factors -

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

intramolecular energy funelling pro-
cesses.

assembly .

lecular recognition processes.!!! The latter approach is partic-
ularly attractive when specific properties and functions can
be amplified by the supramolecular interactions operating
between the building blocks in the self-assembled edifices.
For instance, sophisticated multifunctional photophysical de-
vices based on inter-connected [Ru(2,2"-bipyridine);]*" de-
rivatives benefit from supramolecular energy funnelling
pathways,m while artificial machines and motors,” nano-im-
printed devices,™ and programmed luminescent liquid crys-
tals®! could not be designed without a significant increase in
molecular complexity.

However, the rationalization of the underlying multicom-
ponent assemblies is still limited to some semiempirical
transcriptions of macroscopic intuition into the microscopic
domain, while statistical mechanics, the natural tool for con-
necting micro- and macroscopic worlds, is usually not con-
sidered (we use the word “microscopic” in the usual way,
that is, as opposed to “macroscopic”, while it really means
“molecular or atomic scale”). Except for some remarkable
attempts, which aim at correlating the intriguing stabilities
of multicomponent assemblies with preorganization and co-
operativity concepts,*® we are aware of a single case, in
which the transfer matrix formalism, inherited from statisti-
cal mechanics, has been used to predict the partition func-
tion of simple one-dimensional chains of charged metal ions
bound to a single receptor.”! Starting from the modelling of
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the thermodynamic data relevant to the formation of linear isotherm of identical metal ions to a long linear receptor
binuclear [Lny(L1);]°*,®1  [Lny(L2);]**® and trinuclear strongly depends on the nearest neighbour free-energy pair
[Lns(L3);°* helicates (Ln is a trivalent lanthanide, interaction AEM™""" When AEM"S"=0, the binding sites are
Figure 1),'% statistical mechanics predicts that the binding statistically occupied by the metals, thus leading to a
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Figure 1. Self-assembly of the polynuclear triple-stranded helicates a) [Ln,(L1);]°*, b) [Ln,(L2);]°*, c) [Lns(L3);]°*, and associated extended site-binding
model o.Mk j5 the statistical factor of the assembly process, (fx3)° and (fX3,)° are the microscopic affinities of Ln™ for the tridentate Ny (pink) and
N¢O; (yellow) sites, respectively, ¢, is the so-called effective concentration adapted to the intramolecular ring closure of two neighboring sites, AE"" =
—RTIn(u'") and AEY","=—RTIn(u}!";") represents the free energies for intramolecular interligand, respectively intermetallic interactions operating be-
tween two nearest neighbors).”) The final helicates correspond to X-ray crystal structures.
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random arrangement along the chain (Figure 2a, non-coop-
erative process). When AE"S" > 0, the repulsive interaction
between adjacent metals produces a plateau in the binding
isotherm corresponding to the half occupancy of the sites, in
which alternating empty and occupied sites are expected
(Figure 2b, anti-cooperative process). Finally, AEI™" < 0 re-
lates to attractive neighbouring intermetallic interactions
producing clusters of metals along the chains during the
metal loading process (Figure 2¢, cooperative process).

» 0000000000000
» O000000000000
9 0000000000000

Figure 2. Pictorial representation of microstates of long linear receptors:
a) random occupancy (AEM"S"=0), b) half-occupied receptor with alter-
nating occupied and empty sites (AEM"S" > 0), and c) clusters of empty
and occupied sites (AEI™" < 0).

For the [Ln,,(Lk);]’""* (k=1-3) helicates, the experimen-
tal AEM™." values systematically correspond to weak repul-
sive intermetallic interactions and anti-cooperative behav-
iours.'!! However, some significant improvements of our un-
derstanding of the behaviour of discrete chains of metal ions
in helicates have emerged during the past three years thanks
to 1) the explicit consideration of intra- and intermolecular
binding events in self-assembly processes,'” which allows
the estimation of physically meaningful intermetallic inter-
actions AE™™." by using the extended site-binding model "
and 2) the partition of AE™"" between electrostatic and sol-
vation effects, which opens perspectives for a quantitative
interpretation of intercomponent interactions in condensed
phases."¥ Consequently, the chemical tuning of AEL™" for
programming selective organized sequences of lanthanides,
or more generally metal ions, along a linear receptor re-
mains a crucial unresolved challenge.

As a first step toward this goal, we report in this contribu-
tion on the thorough investigation of the tetranuclear Ds-
symmetrical analogue [Ln,(L4);]"** (Figure 3) which allows
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i) the assignment of adequate statistical factors for helicate
self-assemblies involving intra- and intermolecular process-
es, ii) the collection of a sufficient amount of thermodynam-
ic formation constants to reliably estimate the intramolecu-
lar intermetallic interactions (AE'"S"), and iii) the design of
a simple thermodynamic model for predicting the energetics
of multicomponent metallosupramolecular assemblies. The
syntheses of the ligand L4 and of its complexes [Ln,(L4);]-
(CF;S0;),,, and the crystal structure of [Eu,(L4);]"* have
been described in a preliminary communication.!'”

Results and Discussion

Quantitative predictions for the self-assembly of the tetranu-
clear helicate [Eu,(L4);]" in solution: The application of
the extended site-binding model," which holds for self-as-
sembly processes involving intra- and intermolecular binding
events, requires the consideration of one statistical factor
i oyt and four parameters (F}"", ¢, uM™, u;) for the
description of any microscopic stability constant S associ-
ated with the formation of the supramolecular complex

[M,,L,] from its separated components [Eq. (1)]."

M,L
m,n

_ o (8GyRT)

) IVlVl*m*Vl‘Fl (1)
— a)chlral H fML 11 .11 uMM H uLL
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In this equation, fM" represents the intermolecular micro-
scopic affinity characterizing the connection of a metal M to
the binding site 7 of a ligand L, ¢tf=e S 2SR is the so-
called effective concentration used for correcting the entro-
py change occurring in intramolecular connections, u =
e (AEMRD and iy =e “ERD are the Boltzman’s factors ac-
counting for the intermetallic AE?;M, respectively interligand
AE"Y, free energies of interaction operating in the final
[M,,,L,,] complex.® Taking into account the two standard as-
sumptions relevant to helicate self-assemblies with semi-
rigid ligands, 1) no hairpin or constrained structures are
formed and 2) the principle of maximum site occupancy is
obeyed,™! application of Equation (1) to the complexation

Lnl Ln2 Ln3 Ln4

[Lny(L4),]"

Figure 3. Self-assembly of the polynuclear triple-stranded helicates [Ln,(L4);]** (the LnN, sites are represented in pink and the LnNO; sites in yellow).

The final helicates correspond to the X-ray crystal structure of [Eu,(L4),]">*.1%)
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of the tetratridentate ligand L4 with Eu™ to give
[Eu,(L4);]"** [Equilibrium (2)] provides a straightforward
model for the associated formation constant ;3" [Eq. (3)].

3L4 + 4Eu’" = [Eu,(L4),]*" g™ 2)
Eg’u = ‘“Zh;ml w43L4 (szo) : ) (Ciffz) (u113u123u>z 3)
(P () - ()

B = ol ol (FR0)° - (RY° - () W
u(llilllziu)ztﬁ . (uLL)lz

The parameters fry, and fR3 represent the intermolecular
microscopic affinities of Eu™ for the tridentate N,O (termi-
nal) and N; (central) binding sites of L4, respectively; ¢ is
the entropic correction operating when the intramolecular
cyclization involves two adjacent tridentate sites bound to
Eu™ in the final metallomacrocycle. The dependence of ¢
on the distance is not trivial and an analytical formulation
only exists for long flexible polymers (see Appendix, Sup-
porting Information)." For highly flexible long polymers
connecting two sites separated by a distance d in a receptor,
¢ ocd™®, while the use of a related polymer of optimized
size leads to ¢ ocd .1 The ligand strands in the triple
stranded helicate [Euy(L4);]"** can be considered neither as
long flexible nor as optimized polymeric chains, but are
probably in between. The two limiting cases ¢ o« d* (a=
1.5 or 3) are thus systematically considered in our model.
We therefore calculate that ¢, = ¢ /2* and ¢, = /3¢
because the four binding sites are regularly spaced along the
ligand strand. The parameter u™5" represents the interme-
tallic interaction occurring between two adjacent Eu™ sepa-
rated by 9.054-9.405 A as determined in the crystal structure
of [Eu,(L4);]"** (average 9.26(18) A).”) For the rigid assem-
bly in question, a standard Coulombic approach predicts

In(u™=) oc-const/d,™ which leads to ™" = (u™5")* an
u = (u2E)03 because the metals are regularly spaced

along the strand. Finally, the interligand interaction u'" is
restricted to operate between two sites bound to the same
metal.¥ For instance, the complexation of each Eu" ion in
a nine-coordinate site in [Eu,(L4);]"** provides three interli-
gand interactions, thus leading to a total of 3-4=12 interli-
gand interactions in the complex. Consequently, Equa-
tion (3) reduces to Equation (4), and the same approach can
be applied for the modelling of the formation constants of
the competitive complexes [Eusy(L4),]’* [Egs. (5-6)],
[Eus(L4);]"* [Egs. (7-8)] and [Euy(L4),]"** [Egs. (9-10)],
which are expected to exist for slightly different stoichiome-
tries (the schematic structures of the [Eu,(L4),]*"" com-
plexes are shown in Figure 4; ¢ stands for terminal, ¢ for cen-
tral and s for shifted).

214 + 3Eu’™ = [Euy(L4),)”" f‘z‘“ %)
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Figure 4. Schematic structures, symmetries and statistical factors for
[Eu,,(L4),]*"* microspecies.
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A set of five microscopic parameters log(fis,)=>5.9(2),
log(f&)=5.6(2), log(cs")=-0.9(9), log(utt")=-2.4(8)
(ie., AEPE"=14(5)kImol™) and log(u"")=-0.9(4) (ie.,
AE™ =5(3) kImol™') have been previously computed from
the simultaneous non-linear least-squares fit of the experi-
mental thermodynamic formation constants obtained for the
complexes [Eu,,(L1),]*"*, [Eu,(L2),J’"* and [Eu,(L3),]*"*
(Table 1, column 2, the structures of the complexes are
shown in Figure 1).['*"!
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Table 1. Fitted microscopic thermodynamic parameters for [Eu,,(Lk),]*"* (simultaneous non-linear least-squares fits, acetonitrile, 298 K).

Microscopic k= 1=3al

parameters Binomial
statistics
a=3"

k=1-3
Symmetry
numbers
a=30

k=1-3 k=1-4 k=1-4
Symmetry Symmetry Symmetry
numbers numbers numbers
a=1.5 a=30 a=1.5

log(F5 )/ AgEs™ [KImol 7]
log(f5A4/AgLet [KImol ]

5.6(2)/—32(1)
5.9(2)/—34(1)

log(c")/AgEwt* [kImol™'] —0.9(9)/5(5)
log(u')/AE™ [kITmol '] —0.9(4)/5(2)
log(uPE"Y/ AE™E" [kJ mol ™) —2.4(8)/14(5)

5.1(2)/-29(1)
5.4(2)/-31(1)
~1.9(9)/11(5)
—0.6(3)/3(2)
—1A(7)I8(4)

5.3(2)/-30(1)
5.6(2)/-32(1)
~1.5(9)/8.6(5)
~0.8(3)/5(2)

—1.8(7)/10(4)

5.3(2)/-30(1)
5.6(2)/-32(1)
~0.8(2)/5(1)
—1.4(3)18(2)
~1.5(3)19(2)

5.4(2)/-31(1)
5.7(2)/-33(1)
~1.0(9)/6(5)
~1.03)/6(2)
~1.8(7)/10(4)

[a] Taken from ref. [13b]. [b] Dependence of the effective concentration on the distance ¢ o d~* (a=1.5 or 3), see text.

chiral, (,EuLk ysed for the

However, the statistical factors w; ", "
latter calculation relied on combinatorial analyses based on
binomial distributions, an approach limited to multicompo-
nent assemblies involving only intermolecular binding proc-
esses.'®® Recently,'” it has been demonstrated that statisti-
cal factors adapted to assemblies mixing intra- and intermo-
lecular connections can be obtained with the symmetry
number method,™ which fully agrees with the direct count-
ing technique.' Let us apply these two methods for the cal-
culation of the partial statistical factor wf3"* characterizing
the formation of the tetranuclear helicate [Eu,(L4);]>*
[Eq. (2)]. According to the symmetry number method,
wis™ is given by the ratio between the products of the sym-
metry numbers of the reactants and that of the product spe-
cies, taken to the power of their stoichiometric coefficients

n; [Eq. (11)].0¥

WM = IL () T (oot = —(“L;',)3 (0w qy)
i ] Euy(L4);

Each factor o is itself the product of external o™ and in-
ternal ¢™ symmetry numbers; o™ corresponds to the
number of different, but indistinguishable atomic arrange-
ments that can be obtained by rotating a molecule with sym-
metry operations of the first kind; o™ refers to the same
definition relevant to internal rotations about single bonds
within a molecule. In order to calculate the symmetry num-
bers, the solvent molecules in the first coordination spheres
of the metals must be explicitly considered, and the notation
of Equation (2), which is common in supramolecular
chemistry, must be replaced with Equation (12),* thus al-
lowing the calculation of the statistical factor wjy"=1728
[Eq. (13), Figure 4 entry 1].

314 + 4 [Eu(CH,CN),**
= [Eu,(L4);]"*" 4 36 CH,CN

Eu,L4
43
(12)
symmetry C,, D, D, C.n
o™ 2 6 6 1
2998 —— www.chemeurj.org
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o™ 1 3 1 3
O_chiral 1 1 1/2 1
3, 4 2.1 3, L1294
WEs = (000)” - (k) _ (2-1)-(6-3) — 1728

Ok, L4), * (ar‘nxm\')% (6 . 1) ) (1 : 3)36

(13)

The symmetry number of a chiral molecule present at equi-
librium as a racemic mixture must be divided by two to ac-
count for the existence of two enantiomers with identical
symmetry due to the entropy of mixing.'” The latter effect
can be introduced as a correction term o™ given in Equa-

mn

tion (14):
pea — @ (o™ (- (14)
- ofifl, - (oBiR)y*  (1/2)-(1)*

We thus conclude that the global statistical factor of Equi-
librium (12) is given by wy™-wiy™ 21728 = 3456
(Figure 4, entry 1). The same result can be obtained by the
more intuitive, but more tedious, direct counting of micro-
species.'”! In the latter method, the statistical factor of an
equilibrium can be obtained by the ratio //r, whereby [ is the
number of microspecies in the products that can be formed
if all identical atoms in the reactants are labeled, and r rep-
resents the reverse situation, that is, the number of micro-
species in the reactants that can be formed if all identical
atoms in the products are labeled."! Let us apply this tech-
nique to the statistical factor related to the formation of
[Eu,(L4);]* [Eq. (2)] obtained by the reaction of four
metals considered as simple flat tripodal connectors (D,
symmetry, three labels Al, A2, A3), and three ligands
acting as linkers with four successive connection points (C,,
symmetry, labels B1-C-C-B2, Figure 5). Since all metals and
ligands are combined to give the single species [Eu,(L4);]"**,
the factor / is simply defined as the degeneracy of the final
complex. The three labels Al, A2, A3 of each trigonal con-
nector (i.e. metal), can be arranged clockwise (plus, P) or
anticlockwise (minus, M), thus leading to 16 different ar-
rangements in the final helicate (Figure 5, column 1): P,
(Cy=1 possibility), P;M (C}=4 possibilities, P,M, (Ci=6
possibilities), M;P (Ci=4 possibilities) and M, (C;=1 possi-
bility). For each chiral organization of the metals, there are

Chem. Eur. J. 2008, 14,2994 -3005
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(Table 2, last line) characteriz-
ing the self-assembly of the tet-
ranuclear helicate [Eu,(L4);]"**
[log(B;5*) = 419, Eq.(4)],
and of its competitive com-
plexes [Eus(L4),]"* [log(B35")

¢ @
B ————©@——p
A A A A 3,
B - Sl = 25.8, Eq.(6)], [Eusy(L4);]’"
€™ [log(BEs™) = 36.2, Eq. (8)] and
A A A A [Euy(L4),])"** [log(BEa™) =313,
_._._ ’ .
" C C N Eq. (4)]. The calculated predict-
ed speciation at millimolar con-

centrations of ligand indicates
that the target helicate

H_/
[Eu,(L4);]"** should correspond

\ B2 =l |3 |
B | =l 32
= ~ s v -~
16-27 = 432 possibilities 4 possibilities 1 possibility
~
——

L to more than 90 % of the ligand

oy =432.4.1=1728

Figure 5. Schematic illustration of the calculation of the statistical factor
method for the tetrametallic helicate [Eu,(L4);]"**.

3¢-D =27 different relative orientations of the four aligned
tripods with respect to rotation about the intermetallic axis
(Figure 5, column 2). Finally, there are four possible ar-
rangements of the three ligands corresponding to head-to-
head-to-head (1 possibility, three identical labels located at
the termini of the three ligand strands) and head-to-head-
to-tail organizations (3 possibilities, different labels located
at the termini of the three ligand strands, Figure 5, column
3). We thus calculate / = 16-27-4 = 1728 microspecies char-
acterizing the complex [Euy(L4);]"**, while there is only r=
1 way for dissociating the final helicate to give the separated
reactants. The partial statistical factor is thus simply ob-
tained wy§™ = I/r = 1728, in agreement with the method of
the symmetry numbers. The arrangement of the three
strands in the final chiral (i.e., helical) complex produces
two enantiomers and w}3"* must be multiplied by two, thus
the final statistical factor is w3y w3 = 2:1728 = 3456.
The same approach has been used for calculating the statis-
tical factors of the complexes [Eu,,(L4),]*"* (Figure 4, en-
tries 2-8), [Eu,,(Lk),]*"* (k=1, 2, Figure S1, Supporting In-
formation) and [Eu,,(L3),]*"* (Figure S2, Supporting Infor-
mation). A simultaneous non-linear least-squares fit of
Equation (S1-S13) (Supporting Information) modeling the
experimental stability constants collected for the binuclear
[Eu,,(Lk),]’"* (k=1, 2),®) and the trinuclear [Eu,,(L3),]*"*
helicates,,'"? with now adequate statistical factors, provides
a novel set of five microscopic parameters (Table 1, columns
3 and 4), for which the recalculated stability constants close-
ly match the experimental data (Agreement Factor AF =

2 (log(Brmey) —108(Byic))?/ 22 (10g(B,500,))
=0.006-0.009, Table 3, columns 4 and 5).

The choice of the dependence ¢* oc d™* (0.=1.5 or 3) has
only a marginal influence on the microscopic parameters
(Table 1, columns 3 and 4) and their introduction into Equa-
tions (4), (6), (8), (10) yields predicted formation constants

Chem. Eur. J. 2008, 14, 2994 -3005 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Www.chemeurj.org

speciation for a stoichiometric
ratio Eu/L4 4:3 (Figure S3, Sup-

414 by using the direct count porting Information); a strong

point justifying the synthesis of

Table 2. Experimental stability constants for [Ln,,(L4),]*"* (acetonitrile/
dichloromethane 9:1, 298 K).

La™" log(By3") log(By3" log(By5") log(B5")
La 31.9(4) 39.1(1.5) 252(1.5) 30.4(1.5)
Nd 29.7(1.8) 38.4(1.9) - 29.6(1.8)
Sm 29.7(1.5) 35.7(1.5) - -

Eu 36.8(1.5) 432(1.6) 28.9(1.4) 32.8(1.4)
Ho 34.5(1.5) 40.6(1.6) 26.3(1.4) 29.6(1.5)
Er 33.4(1.5) 38.1(1.5) - 28.9(1.3)
Yb 32.5(1.5) 41.0(1.6) 26.5(1.3) -

Lu 34.5(1.3) 40.8(1.3) 27.5(1.2) 31.1(12)
Eul® 36.2 419 25.8 313

[a] Predicted with Equations (4), (6), (8) and (10) and the microscopic
parameters of Table 1 (columns 3 and 4).

the ligand L4.'") We note that the apparent intermetallic re-
pulsion AEFF" = 8-10 kJmol™' (Table 1, columns 3 and 4)
is much smaller than that calculated with the Coulomb inter-
action AET'SY = 9Ny-el4mepe d = 1388 kJ-mol™" for
two triply charged cations separated by d=9 A in a mole-
cule (Npy=06.0210" mol ™!, e=1.602:10"" C, &=
8.859-10"2CN'm™2, ¢ ~1.0).'" This deviation is mainly
due to the contribution of solvation to the intermetallic in-
teractions, which can be estimated with a Born—-Haber cycle
involving the solvation energies obtained with Born equa-
tion for the complexes [Bu(L3);’* (A,WG'=—
607 kImol™), [Euy(L3);]°" (AyG°=—2208 kJmol™!) and
[Euy(L3);]°" (A G°=—4554 kJmol ™). An exact fit to
AED™" = 9kJmol ' implies that the successive fixation of
the metal ions in going from [Eu(L3);]’* to [Eu,(L3);]°*,
and to [Eus(L3),]°", which is responsible for the increasing
total charge of the complexes, is accompanied by a relative
13.8% stepwise increase of their pseudo-spherical sizes,™* a
value comparable to that previously reported for the succes-
sive fixation of three Cu' cations in famous Lehn’s double-
stranded helicates (10 % )./
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Table 3. Experimental and fitted stability constants for [Eu,,(Lk),]*"* (simultaneous non-linear least-squares fits, acetonitrile, 298 K).

Species log (B, log(B, e log(B, )" log (B, log (B, )" log(Bytcd)"™ log (Bt )
k=1-3 k=1-3 k=1-3 k=1-4 k=1-4 k=1-4
Binomial Symmetry Symmetry Symmetry Symmetry Symmetry
statistics!®! numbers numbers numbers numbers numbers'®!
a=3 a=3 a=1.54 a=3 a=1.54
[Eu(L1),/* 11.6(3) 114 114 113 114 112 122
[Ew(L1),]"* 18.1(3) 183 183 183 18:6 18.6 183
[Eu,(L1),]* 243(4) 242 242 243 24.1 243 25.0
[Eu,(L2),]* 19.6(2) 19.5 19.5 19.4 19.8 19.8 183
[Eu,(L2)," 26.0(2) 26.1 26.1 26.0 2538 26.0 25.0
[Euy(L3),]** 25.9(1.4) 26.1 26.1 26.3 25.9 26.3 268
[Eus(L3),J°* 26.0(1.6) 26.1 26.0 26.1 26.6 269 26.0
[Euy(L3):]"* 34.8(1.6) 34.7 347 346 347 35.1 340
[Eus(L4), " 28.9(1.4) - - - 282 277 298
[Eu(Ld)|®"  328(1.4) - - - 326 328 33.0
[Eus(L4), " 36.8(1.9) - - - 372 358 372
[Eu,(L4);] 2 432(1.9) - - - 52 435 43.0
AFU - 0.006 0.006 0.009 0.012 0.02 0.03

[a] Experimental formation constants. [b] Computed using the fitted parameters in Table 1. [c] Taken from ref. [13b]. [d] Dependence of the effective

concentration on the distance ¢

Experimental characterization of the self-assembly of the
tetranuclear helicate [Eu,(L4);]** in solution: Electrospray-
Ionization Mass Spectrometric (ESI-MS) titrations of L4
(107*m) with [Ln(CF;S0;);]-xH,0 (x=3-5) in acetonitrile
(Ln = La, Eu, Lu) are dominated by the signals of the satu-
rated species [Ln,(L4);(CF;S0,),]"* ™+ (n=3-9) together
with signals arising from the unsaturated complexes
[Ln;(L4);(CF;S0,),]® "+ detected in excess of ligand (Ln/
L4 < 1.33), and [Lns(L4),(CF;S0,),]®™* and
[Lny(L4),(CF;S05),]">™* observed in excess of metal (Ln/
L4 > 1.33, Figure 6).

The parallel spectrophotometric batch titrations of L4
(2:107*m) with [Ln(CF;S0;);]xH,0 (x=3-5; Ln=La, Nd,
Sm, Eu, Ho, Er, Yb, Lu) in acetonitrile/dichloromethane
(9:1) show complicated variations of the absorption spectra
(Ln/L4 0.1 to 4.0, Figure 7). Factor analysis™ indicates the
existence of at least five absorbing species corresponding to
the free ligand L4 and four complexes. Evolving factor anal-
ysis®! suggests end points for Ln/L4 1.0, 1.3, 1.5 and 2.0,
which match the stoichiometries of the various complexes
detected in the gas phase during ESI-MS titrations. The
spectrophotometric data can be satisfyingly fitted by using
non-linear least-squares techniques! with the four absorb-
ing complexes [Ln;(L4);]°" [end point Ln/L4 1.0, Eq. (7)],
[Ln,(L4);]"** [end point Ln/L4 1.33, Eq. (2)], [Lns(L4),]°*
(end point Ln/L4 1.5, Eq. (5)] and [Ln,(L4),]"** [end point
Ln/L4 2.0, Eq. (9)]. Because of the strong correlation be-
tween the calculated absorption spectra of these complexes,
we were able to obtain a set of four independent macro-
scopic stability constants 5.4 only for Ln = La, Eu, Ho
and Lu, while partial data are available for the other lantha-
nides (Table 2).

Despite the uncertainties affecting the stability constants
resulting from i) the use of a batch method required by the
slow helicate formation (>24h) and ii) the strong correla-
tion between the absorption spectra of the four complexes,
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x d™* (a=1.5 or 3), see text. [e] Ercolani’s model given in Equation (15). [f] Agreement factor, see text.

we can conclude that the experimental stability constants
found for [Eu,,(L4),]’"" (Table 2, line 4) match fairly well
those predicted from the microscopic parameters deter-
mined for the binuclear [Eu,,(Lk),]*"* (k=1, 2) and trinu-
clear [Eu,,(L3),]”"* complexes (Table 2, last line). The com-
bination of these four experimental stability macroconstants

ALY and B5") reported here with the eight
stability macroconstants previously collected for bi- and tri-
nuclear complexes (Table 3)!'*"! produces an extended set of
twelve independent equations [constructed from Equations
(S1-S13), Supporting Information together with Equations
(4), (6), (8), (10)] for fitting five final microscopic parame-
ters by non-linear least-squares (Table 1, columns 5 and 6).
Again, we notice that the choice of the dependence ¢
d™* (a=1.5 or 3) has only marginal effect on the microscop-
ic parameters (Table 1, columns 5 and 6). The eventual re-
pulsive character of the intermetallic AEFF" = O-
10 kJmol ! and interligand AE™"=6-8 kJmol ! interactions
confirm the occurrence of global anti-cooperative processes
accompanying the formation of any complex in this family.
Moreover, since i) the microscopic affinities are similar gg
~ frs,) and ii) the intermetallic (AE™5") and interligand
(AE™) interactions are modest, the extended site-binding
model [Eq. (1)] can be reduced to the original Ercolani’s
model by setting Kiper=/ra=/koor Kintra=Kiner¢™" and
AEFE = AE™ =0 [Eq. (15)].1%!

ﬂxrl: — w:rl:irll'al . w%; . (Kimcr)mﬂz—l . (Kimcr . C?ff)mn—m—nJrl (15)
= wf:irl"ﬂl : wx:rl; : (Kintcr)m+n71 ) (Kintra) e

The simultaneous multi-linear least-squares fit of the twelve
experimental formation constants collected for the helicates
[Eu,(Lk),]’"* (k=1-4, Table1, column 2) with Equa-
tion (15) gives 10g(Kiner) =4.93 and log(Kiny,) =1.65. The
agreement between experimental and re-calculated con-
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diamagnetic complexes
[Lay(L4);]"*" (Figure 8a) and
[Lu,(L4);)"** (Figure 8b).

Structural and photophysical
properties of the self-assembled
tetranuclear helicate
[Eu,(L4);]1"" in the solid state:
Isolation of the target tetranu-
clear helicate from concentrat-
ed methanol solutions with Ln/
L4 = 1.33 gives 70-85% yield
of [Ln,(L4):](CF;SO;),,xH,0-
yCH;OH (Ln=La: x=8.1, y=
1.6 ; Ln=Eu: x=5.0, y=2.3;
Ln=Gd: x=14, y=0; Ln=Tb:
n x=44,y=52; Ln=Lu: x=9.6,
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y=4.7, Table S1, Supporting In-
formation).™ The crystal struc-
ture of [Eu,(L4);]"** unambigu-
ously confirms the formation of
the tetranuclear triple-stranded
helicate (Figure 3), character-
ized by an almost linear ar-
rangement of the metals (X
Eul--Eu2-Eu3 170.71(1)°, <
Eu2--Eu3--Eu4 172.03(1)°)
combined with their regular
spacing along the helical axis

(Eul-Eu2 9.312(1) A,
Eu2--Eu3 9.054(1) A, Eu3--Eu4
9.405(1) A, average Eu-Eu

9.26(18) A).'")  The resulting
palindromic helix is 31 A long

hw i ]

m/z

Figure 6. ESI-MS spectra recorded for Ln/L4=1.33 (acetonitrile, Otf = CF;SO;", |L4| =107 M) with a) Ln=

La, and b) Ln=Eu.

stants (Table 3, columns 1 and 8) are slightly less satisfying
with this model (AF=0.03), but its simplicity remains a very
strong argument for its use as a first approximation of the
energetics governing multi-component self-assembly pro-
cesses.

The 'HNMR spectra of the tetranuclear complexes
[Ln,(L4);]"** (Figure 8 and Figure S4, Supporting Informa-
tion) systematically display 39 signals, which confirm the ex-
clusive formation of the D;-symmetrical triple-stranded heli-
cates at millimolar concentrations."” The diagnostic down-
field shifts of protons H3, H9 and H12 in the fast-relaxing
paramagnetic [Eu,(L4);]"*" helicate points to the existence
of a tight triple-stranded helix,"”) while the detailed analysis
of two-dimensional COSY-, NOESY-, ROESY-NMR spec-
tra allows the complete assignement of the 39 signals for the
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[BuLy(Oth, P for 2.22 turns, which translates
i 20473 into an average 14.0 A helical

pitch, comparable with 13.6 A
previously reported for the tri-
nuclear analogous complex
[Eus(L3);)°*." The two termi-
nal metals (Eul and Eu4) are
nine-coordinated in pseudo-tri-
capped trigonal prismatic N4O; sites, while the two central
metals (Eu2 and Eu3) lie in pseudo-tricapped trigonal pris-
matic Ny sites. Since we expect slightly different crystal-field
parameters for these two environments,'” a detailed photo-
physical analysis has been performed by using Eu™ as a
structural and electronic probe in [Eu,(L4);]"**. The high-
resolution excitation profile of the Eu(°*D,+'F,) transition
in [Euy(L4);]"* at 10K indeed confirms the existence of
two main Eu'" sites, labeled I and II (Figure 9a). The most
intense transition displays two main components, labeled Ia
(#=17221cm™ at 10K, 17225cm™' at 295K), and Ib
(17215, 17227 cm ™). Selectively excited emission spectra
are, however, extremely similar, so that these two compo-
nents are ascribed to a single metal ion environment I, the
small differences evidenced probably arising from slight con-
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Figure 7. a) Variation of the absorption spectra observed during the spec-
trophotometric titration of L4 with Eu(CF;SO;);5H,0 (| L], =2:107*Mm,
acetonitrile + 10% CH,Cl,, 298 K, Eu/L4 0.1-4.0). b) Corresponding
variation of observed molar extinctions at five different wavelengths.

formational changes, a fact corroborated by the almost
equal values of v for Ia and Ib at room temperature. In
agreement with the detailed assignment previously estab-
lished for the analogous complex [Eus(L3);]°* (site EuNO;:
17219 cm™" at 10 K),['” this chemical environment is ascri-
bed to the terminal N;O; coordination sites. The associated
emission spectrum recorded upon selective excitation of site
I in [Eu,(L4);]"** shows a crystal-field splitting compatible
with a pseudo-D; symmetry around Eu™ (Figure 9b and
Table S2, Supporting Information). The three observed tran-
sitions to the "F; level can be labeled A;—A, ('F;(A,) locat-
ed at 312cm™ with respect to "Fy(A,)) and A,—split E
(barycenter: 409 cm™!, Figure S5, Supporting Information).
The splitting of the E sublevel is related to the distortion
from idealized D; symmetry and amounts to AFEgg=
38 cm™!. These characteristics closely match those reported
for the terminal EuN¢O; sites in [Euy(L3);°* ('Fi(A,)=
327cm ™!, 'Fi(E)=402cm™!, AEgz=42cm™'), in agreement
with very similar structural organizations of the EuN¢Oj; ter-
minal sites in both triple-stranded helices.

The Eu(’D,—F,) transition in [Eu,(L4);]"** shows rough-
ly two groups of two emission bands assigned to the allowed
electric dipole transitions A;—E in D; symmetry, the latter
being further split into two components separated by ca.
20 cm™! (Figure S6, Table S2, Supporting Information). Be-
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cause of low-lying ligand-to-metal charge transfer (LMCT)
states, which quench the L4(mm*)—Eu™ energy transfer re-
sponsible for metal-centred luminescence of EuN sites,1*%!
the associated emission intensity of the central sites in
[Eu,(L4);]"** is very weak and cannot be observed upon
broad band irradiation (Figure 9b). However, selective exci-
tation of site II at 17235 cm™ (10 K) produces a weak, but
detectable emission spectrum reflecting trigonal symmetry,
which is compatible with its attribution to EuN, (found at
17238 cm™! in [Euy(L3);]’" under the same conditions).!'")
Due to thermally-activated EuNy—EuN¢O; energy migra-
tions, the photophysical signature of site II disappears at
295 K, but we can estimate #(Eu(’Dy+'Fy))=17250 cm™" at
295 K by taking into account the 1 cm™'/24 K dependence of
this transition.” Application of eq 16, which empirically
models the nephelauxetic effect produced by the donor
atoms in the first coordination sphere,?® predicts that 17;‘:1;‘3”
= 17235cm™! for a Eu™ atom coordinated by six heterocy-
clic nitrogen atoms (Sy_peeroeyetic = —13-3 cm )’ and three
amide oxygen atoms (0, e =—15.7 cm™');* and 78 =
17236 cm™' when Eu™ is coordinated by nine heterocyclic
nitrogen atoms at 295K (7,=17374 cm™! is the energy of
the Eu(’D,«F,) transition in the free ion, Cqy is an empiri-
cal coefficient depending on the coordination number of the
metal, Coy_g=1.06, Cen_o9 = 1.0, Con— 19 = 0.95 and 9; rep-
resents the nephelauxetic effect produced by an atom i
bound to Eu'!t).]

CN
peled = Vo + Con Z ;- 0; (16)
i=1

As previously noticed for [Eus(L3),]°+,! predictions for
both central and terminal Eu™ sites significantly deviate
from the experimental values recorded for the Eu(*Dy«—F,)
transitions at 295 K [Eqs. (17, 18)]. This observation sug-
gests that pyridine and benzimidazole rings in ligand L3 and
L4 possess different nephelauxetic parameters, in agreement
with the substantial larger m-donating properties of benzimi-
dazole rings, compared with pyridines.”® The straightfor-
ward mathematical solution of Equations (17-18) gives Oy.
pyridine = —25.3 cm™" and Oy venimidarotle = —8.0 cm ™', a result in
line with the expected larger capacity of pyridine rings to
expand the metallic electronic cloud.

17;;le603 = 1_/0 + 3 6O-carb0xamide + 3. 6N-pyridine (17)
+3 - Oneogim = 17227 cm ™!
Vb = Yo+ 3 On-pyridine + 6 * Onctyim = 17250 cm ™ (18)

The Eu(°D,) lifetimes in [Eu,(L4);]"** at 10 K (2.00-2.24 ms,
Table S3, Supporting Information) and at 295K (1.63-
1.74 ms, Table S3, Supporting Information) point to the ab-
sence of high-frequency oscillators (voy, ¥ny) in direct con-
tact with Eu™ in both types of coordination sites. Moreover,
these spectroscopic and photophysical characteristics still
hold for millimolar acetonitrile solutions of [Eu,(L4);]"**,

Chem. Eur. J. 2008, 14,2994 -3005
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Conclusion

The formation of stable tetra-

nuclear helicates [Ln,(L4);]"**

in condensed phase demon-

strates that highly charged mo-

lecular systems (Q=2Xq, g is

the charge borne per metal) do

not drastically suffer from the

26 large internal electrostatic re-
27 pulsion Ay .GM o (g%r), as
long as the total size of the mi-
croscopic objects (approximate
spherical radius R) is adapted
for providing solvation energies
A, yGoO*R, which are able to
balance the latter repulsion in
polar solvents.™ This phenom-
enon may explain the self-as-
sembly of linear helicates based
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in this contribution). The alter-
native recurrent argument in-
voking strong ion-pairing for
stabilizing highly charged ob-
jects in solution does not agree
with a simple calculation of the
charge density on the Connolly
surface around the cation,’”
which amounts to 9/1682.6 =
53510 euA for
[Eus(L3);)°* and 122044 =
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‘ J [Eu,(L4);]"**, while that ob-
tained for Na*t
(435102 eulA?), Ca’*
(72210 2euA? and La’*
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Figure 8. a) '"H NMR spectra with complete assignment for a) [La,(L4);]>" and b) [Lu,(L4);]"*" (CD;CN/

CD,(Cl, 95:5, 298 K).

which demonstrates that the tetranuclear triple-stranded
helical structure is maintained in solution. Finally, Table 4
summarizes the main photophysical characteristics of the
ligand-centred 'mw* and *mm* excited states in L4, which
closely resemble those reported previously for L3
(E('mm*)=23000 cm ™', ECrm*)=19800-20000 cm™").['
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B B s e
2 1

(8.85-10* euA?) are one order
of magnitude larger.’!! With
this observation in mind, the
use of statistical factors adapted
to  self-assembly  processes
mixing intra- and intermolecu-
lar connections combined with
simple additive thermodynamic site-binding models,'*%!
provides an efficient tool for predicting stabilities of target
supramolecular complexes within a family, for which basic
microscopic parameters can be estimated. In this context,
the a priori prediction (and experimental confirmation) of
the quantitative formation of [Eu,(L4);]'"*" at millimolar
concentration is unprecedented in coordination and metallo-
supramolecular chemistry. Moreover, the deeper under-
standing of the thermodynamic driving forces controlling
multi-component self-assembly processes, among which
tuneable intermetallic interactions play a crucial role, opens
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Table 4. Ligand-centred absorption and emission properties of L4 and of

its complexes [Ln,(L4);](CF;S0;),, (Ln=Eu, Gd, Tb) in the solid state.!

Compound T  Absorption Emission Emission Lifetime
(K] [em™1] em™]  [em™]  [ms]
T—mF Pk ot ()
L4 295 30660 23980sh - -
20880
77 23260sh  19840sh ™
21010 18350
[Gd,(L4);](CF;S803);, 295 31150 22270 19000br [
25640 sh
77 22730 20040sh  1.11(1)
18690
17421 sh
[Eu,(L4);](CF5S0;);, 295 30580 (el (el
25640 sh
77 [c] [c]
[Tb,(L4);](CF;S05),, 295 31150 (el 19000br [
25640 sh
77 [c] [c]

[a] sh=shoulder, br =broad. [b] The intensity is too weak to obtain relia-
ble lifetime measurements. [c] Ligand-centred luminescence quenched by
transfer to Ln ion.

novel perspectives for addressing the unsolved chemical
challenge of selectively introducing different lanthanides
possessing very similar coordination properties, but slightly
different sizes, into an organized linear polymetallic chain.

Experimental Section

Chemicals were purchased from Fluka AG and Aldrich, and used with-
out further purification unless otherwise stated. The ligand L4 and its
complexes [Lny(L4);](CF;SO;),,.xH,0-yCH;0H (Ln=La: x=8.1, y=1.6
; Ln=Eu: x=5.0, y=2.3 ; Ln=Gd: x=14, y=0; Ln=Tb: x=44, y=
5.2; Ln=Lu: x=9.6, y=4.7) were prepared according to literature proce-
dures.™ Ln(CF;SO;);xxH,O (Ln=La-Lu)® were prepared from the
corresponding oxides (Aldrich, 99.99%). The Ln content of solid salts
was determined by complexometric titrations with Titriplex III (Merck)
in the presence of urotropine and xylene orange.”® Acetonitrile and di-
chloromethane were distilled over calcium hydride.

Spectroscopic and analytical measurements: Electronic spectra in the
UV/Vis were recorded at 20°C from batch solutions in CH;CN/CH,Cl,
9:1 with a Perkin-Elmer Lambda 900 spectrometer using quartz cells of
1 mm path length. Mathematical treatment of the spectrophotometric
data was performed with factor analysis® and with the SPECFIT pro-
gram.® IR spectra were obtained from KBr pellets with a FT-IR Perkin-
Elmer Spectrum One. 'H and »C NMR spectra were recorded at 25°C
on a Bruker Avance 400 MHz and Bruker DRX-500 MHz spectrometers.
Chemical shifts are given in ppm with respect to TMS. Pneumatically-as-
sisted electrospray (ESI-MS) mass spectra were recorded from
10~ moldm™ solutions on a Finnigan SSQ7000 instrument. The equip-
ment and experimental procedures for luminescence measurements in
the visible range were published previously.* Excitation of the finely
powdered samples was achieved by a 300 W xenon high-pressure lamp
coupled with a monochromator or a Coherent Innova Argon laser. The
emitted light was analyzed at 90° with a Spex 1404 double monochroma-
tor with holographic gratings (band-pass used 0.01-0.2 nm). Emitted
photon flux was measured with a Hamatsu R-943-02 photomultiplier
with a cooled CaAs(Cs) photocathode (—20°C), coupled to a home-built
linear amplifier (440 MHz) and a Stanford Research SR-400 double
photon counter. The emission spectra were corrected for the instrumental
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Figure 9. a) High-resolution excitation profiles of the Eu(*Dy«—F,) tran-
sitions in [Euy(L4);](CF5S0;),, recorded at different analysing wave-
lengths (solid-state, 10 K). b) Emission spectra obtained upon broad
band and selective excitations in [Eu,(L4);](CF;SOs3);, (solid state, 10 K).

response. Luminescent lifetimes were measured using excitation provided
by a Quantum Brillant Nd/YAG laser equipped with frequency doubler,
tripler and quadrupler as well as with an OPOTEK MagicPrism OPO
crystal. Selective excitations of the 0-0 profiles were performed by means
of a Continuum MD 6000 dye laser pumped at 532 nm. The output signal
of the photomultiplier was fed into a Stanford Research SR-430 multi-
channel scaler and transferred to a PC. Lifetimes are averages of three
independent determinations. Computations of the concentrations were
performed with the HySS2 program (Protonic software). Least-squares
fitting methods were implemented in Excel and Mathematica. Elemental
analyses were performed by Dr. H. Eder from the Microchemical Labo-
ratory of the University of Geneva.
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