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A Simple Thermodynamic Model for Quantitatively Addressing
Cooperativity in Multicomponent Self-Assembly Processes—Part 2:
Extension to Multimetallic Helicates Possessing Different Binding Sites

Josef Hamacek,* Michal Borkovec, and Claude Piguet*!*!

Abstract: The extended site-binding
model, which explicitly separates intra-
molecular interactions (i.e., intermetal-
lic and interligand) from the successive
binding of metal ions to polytopic re-
ceptors, is used for unravelling the self-
assembly of trimetallic double-stranded
Cu' and triple-stranded Eu' helicates.

stability constants systematically shows
that negatively cooperative processes
operate, in strong contrast with previ-
ous reports invoking either statistical
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behaviours or positive cooperativity.
Our results also highlight the need for
combining successive generations of
complexes with common binding units,
but with increasing metallic nucleari-
ties, for rationalizing and programming
multicomponent supramolecular as-
semblies.

A thorough analysis of the available

Introduction

In a previous contribution,! we have shown that the micro-
scopic stability constant ﬁi‘:’f of a supramolecular complex

[M,,(L),] can be modeled with four parameters according to
Equation (1).

mn mn—m—n+1
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i=1 i=1 i<j k<l

In this equation fM" represents the intermolecular micro-
scopic affinity constant characterizing the connection of a
metal M to the binding site i of a ligand L; uf™=
exp(fAEg.’[M/RT) is the Boltzman’s factor accounting for the
intermetallic interaction AE}.}’[M (in term of free energy),
which occurs when two metals occupy two adjacent binding
sites i and j of the same ligand; ul =exp(—AEL/RT) is the
Boltzman’s factor accounting for the interligand interactions
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AE}, which results from the connection of two binding sites
k and [ to the same metal; and ¢{"=exp((AS}),,—ASN: )/R)
is the “effective concentration” used for correcting the en-
tropy change observed between inter- and intramolecular
binding processes. The term o:-w,,, represents the degener-
acy of the microscopic state. For an achiral ligand Lk, o)t =
1, except when the point group of the [M,,(L),] microspecies
does not contain symmetry element of the second kind, then
oMt=2, and ®,, is evaluated for each microspecies by
using standard statistical methods. Finally, the two last prod-
ucts [[” and []" run over all the pairs of adjacent interme-
tallic (™) or interligand (x"") interactions occurring in the
[M,,(L),] microspecies.!! " Application of Equation (1) for
modeling the formation of standard monometallic coordina-
tion complexes successfully reproduces experimental stabili-
ty constants, and it further provides a quantitative analysis
of the cooperativity (i.e., deviation from repetitive statistical
binding) associated with the successive binding of ligands to
a single metal.l'! Related mathematical analyses of the self-
assembly of bimetallic triple-stranded helicates [Eu,(Lk);]
(k=1-3) is complicated by the various possible combina-
tions of metals and ligands in the final complexes, and the
fitting process fails for k=1 or 2, because of the too limited
sets of available experimental stability constants. For
[Eu,(L3);], a sufficient amount of experimental data is ac-
cessible, and the use of Equation (1) eventually demon-
strates that the assembly process is driven to completion by
positive cooperativity, originating from attractive interligand
interactions.
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Although the extended site-binding model, mathematical-
ly formulated in Equation (1), has benefited from its appli-
cation to basic complexation processes for its validation,[ it
is not limited to systems that display identical binding sites.
It may apply, at least theoretically, to any multicomponent
assembly process, and the famous self-assembly of Lehn’s
double-stranded trimetallic helicates [Cus(Lk),]*T (k=4, 5)
plays a crucial role in this context, because 1) it involves
(slightly) different binding sites along the strands, and 2) the
associated thermodynamic constants have been originally in-
terpreted within the frame of positive cooperativity accord-
ing to Scatchard plots.>* Interestingly, Ercolani recently
pointed out that the latter approach did not take into ac-
count the entropy change occurring when a dative bound is
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part of a cyclic structure, and some corrective parameters,
derived from the accepted theory of “effective concentra-
tion” used in macrocyclic chemistry, must be considered.”l
He indeed re-analysed the thermodynamic formation of
[Cu,(L4),]’* by using two thermodynamic microconstants
Kiyer and K., which hold for the formation of inter- and
intramolecular dative bonds, respectively. He eventually
concluded that statistical binding occurs,*! in contrast with
the positively cooperative process originally suggested by
Lehn.” However, Ercolani’s model only considers the
three first terms of Equation (1), and it neglects the specif-
ic intramolecular interactions described by the last two
terms. Therefore, the latter approach is only adequate, when
both intramolecular interactions (intermetallic + interli-
gand) are strictly proportional to the total number of bonds
(mn) connecting the m+n components in each [M,,(L),]
complex. Under these conditions, u™ and u'" can be safely
partitioned and incorporated into K., and K,,.,. However,
this special case is rarely met in supramolecular chemistry,”
and it does not hold for [Eu,(L3),].I"

In this contribution, we propose a complete analysis of
the archetypal thermodynamic self-assembly of [Cuy(Lk),]*"
(k=4, 5) with the help of Equation (1), which aims at unam-
biguously separating intramolecular interactions from repet-
itive statistical binding processes. A quantitative cooperativi-
ty index is then calculated for each complex participating to
the assembly processes."! In the second section, Equation (1)
is used for unravelling the assembly process of the more
complicated trimetallic triple-stranded helicate [Eus(L6);]°*,
in which the central N; binding site is now significantly dif-
ferent from the terminal N,O
sites.*® According to the consid-
erable amount of parameters re-
quired for assigning a specific af-
finity to each binding site, the si-
multaneous fit of bimetallic
[Euy(Lk);]°t (k=1, 2)P% and
trimetallic  [Euy(L6);]°"  com-
plexes, containing common bind-
ing sites, is an attractive solution
for reaching enough experimen-
tal data.

Results and Discussion

Application of the extended site-
binding model to homotrimetal-
lic helicates: The trimetallic heli-
cates [Cuy(Lk),]’* (k=4, 5) and
[Eus(L6),]°* are obtained by the
reaction of C,,-symmetrical li-
gands Lk (k=4-6) with tetrahe-
dral Cu' (coordination number
CN=4),2% or with tricapped
« trigonal prismatic Eu™ (CN=

9).%7 Each ligand Lk possesses
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three adjacent binding segments (p =3), which are bidentate
for L4 and L5 (denticity: dent=2), and tridentate for L6
(denticity: dent=3). Consequently, the maximum valency
v=CN/dent amounts to 4/2=2 for Cu' in [Cu,,(Lk),]"" [k=
4,5, m=1-3, n=1, 2, equilibrium in Eq. (2)], and to 9/3=3
for Eu™ in [Eu,,(L6),]""* [m=1-3, n=1-3, equilibrium in
Eq. 3)].

mCu' +nLk = [Cu,,(Lk),]"" mu( 2)
mEW" +nl6 = [Eu,(L6),"" e (3)

Except for the different valencies v of the metals and the
maximum number of ligands involved in the final com-
plexes, the theoretical modeling of the formation constants
depicted in the equilibria given in Equations (2) and (3) is
identical, by means of Equation (1). Compared with L1-L3,
which possess symmetry-related (i.e., equivalent) binding
sites, the central binding site in Lk (k=4-6) is different
from the two appended terminal sites for evident symmetry
reasons, and two different intermolecular microscopic affini-
ty constants, adapted for the central M and terminal fM*
sites, must be considered. Moreover, intermetallic interac-
tions are no more limited to adjacent sites, and an additional
long-range intermetallic interaction (uM™) occurs between
two metal ions lying in the terminal sites. A parallel behav-
iour affects the corrective effective concentration, and a
novel term ¢, accounting for microspecies in which only
the well-separated terminal sites are occupied by metal ions,
must be considered. The latter parameter is different from
¢, which refers to the intramolecular connection between
occupied adjacent sites, because the formation of smaller
rings is entropically favoured (i.e., ¢ < ¢).4 112 Assuming
the standard hypotheses characterlzmg helicate self-assem-
blies with semirigid ligand strands,!*** that is, 1) no hairpin
structure is formed (two binding sites of the same ligand
cannot bind to the same metal ion), 2) no constrained struc-
ture is formed (two terminal binding sites of the same
ligand cannot connect to two adjacent metal ions borne by a
second ligand), and 3) the principle of maximum site occu-
pancy™ is obeyed (as previously justified for [Eu,(L3),]),!"
the application of Equation (1) with a single set of average
effective concentrations (c™, ¢"), and interligand (u*“) and
intermetallic (™, uM™) interactions leads to the microscop-
ic constants given in Equations (4)-(14) for double-stranded
helicates, and Equations (4)—(21) for triple-stranded heli-
cates, whereby the indices ¢ and t refer to central and termi-
nal sites, respectively. The schematic chemical structures as-
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Figure 1. Arrangement of microspecies with three nonequivalent sites
obeying the principle of maximum site occupancy. Schematic structures,
symmetries and degeneracies of the [M,,(Lk),] (m=1-3, n=1-3) micro-
species described in the equilibria in Equations (2) and (3). The point
groups are those established (or expected) in solution ("H NMR spectros-
copy, 298 K).[23:671

sociated with each microspecies are depicted in Figure 1. W = omr s (FMH) (R (™™)? (™) ®)
?/,lka(t) Ochlr ta)l 1 MLk) 4) 11\/4,12’”(0 = 0ch1rtwl z(fM Lk) (”LL) 9)
11 (0) = ot () (5) 15(et) = O @ L () (M) () (10)
gdlLk(tt) O chir, nwzl(fM Lk) ( ) (6) ];fiLk(C) = Gchlr cwlz(fM Lk) (” ) (11)
2 () = o @y (M) (FM) ™) (7) 25 (1) = o @5 (A () ™) () (12)
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15 () = o) ) (15)
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1 (cet) = o @3 (R (R () (17)
15 (0) = ogir o (M) (W)’ (18)
25 (1) = 0 @55 (A (1 )° (™) () (19)
2 (o) = O @3 (M) (M) () (@) () (20)
B = oo (AT (M W) M) ™) (e (21)

The least-squares fitting of
the seven parameters Sk

5) reduces to four M 4", 4™ and ¢*", and a least-squares
fit can be attempted with a minimum set of five experimen-
tal constants, which are available for [Cu,(L4),]"* from
thermodynamicl® and kinetict studies (8", 5™, BIs™,
S5 and 55", Table 1). For [Cu,,(L5),]"*, the more 11m1t-
ed amount of available thermodynamic data (four constants,
Table 1)P! prevents the extraction of four independent mi-
croscopic parameters, and some of them must be, a priori,
set to reasonable values provided by theoretical predictions.
The modeling of [Cu,,(Lk),]"t (k=4,5; m=1-3,n=1, 2)
thus relies on Equations (4)—(14), which involves the eleven
possible microspecies depicted in Figure 2, because 1) the
copper(1) valency amounts to v=2, and 2) the tris-bidentate
ligand strands (p=3) possess two equivalent terminal sites
(p'=2) and one different central site (p°=1), despite their
similar microscopic affinities (fC*"aefCulh = fCulhy

Table 1. Experimental and fitted® stability constants for [Cu,(L4),]"" (acetonitrile/dichloromethane 1:1,
298 K) and [Cu,,(L5),]"* complexes (acetonitrile/water/dichloromethane 80:15:5, 298 K).

MLk LL MM MM _eff eff -
FOS w w™, uY, e and ¢ Species

L=L4 L=L5
requires at least elght experi- log(B,") log(B,5) log(B5) log(B,,5) log(B,5") log(B,4")
mental macroscopic constants, (exptl) model 1! model 21! (exptl) model 11 model 21¢!
which are not yet available for [CuLk]* 4.0(5)0 4.7 4.5 3.6(4)0 4.6 3.9
any self-assembly process. [Cu, L&+ 8.0(5) 7.7 7.8 81(3) 7.6 8.0
[Cu;LEP+ - 8.1 9.8 - 8.7 (el
. [Cu(Lk),]* 82(2) 8.0 79 - 59 6.6
Modeling the self-assembly of ¢y )+ 13.5(2) 13.9 137 12.9(3) 129 127
double-stranded helicates  [Cu,(Lk),]** 18.6(1) 18.4 18.6 18.7(3) 18.7 18.8

[Cu,(Lk),]"* (k=4, 5): Al-
though not equivalent, the ter-
minal and central bipyridine
sites in L4, or in LS, are very
similar and the approximation
fCu LkaCu Lk fCu Lk is ]uStlfled
for these ligands, because com-
parable stability constants are
found for the complexes
formed by 4,4'-diethylcarboxy-6,6'-dimethyl-2,2"-bipyridine,
or 4,4'-N,N'-diethylcarboxamido-6,6"-dimethyl-2,2'-bipyridine
with Cu'.’! Moreover, the distance between two linked bind-
ing sites (r) can be reliably approximated by the intermetal-
lic distances found in the crystal structures of these multime-
tallic helicates, which show that the separation between the
central and terminal sites (r,=5.8 A) is half that measured
between the two terminal sites (r,=2r,).* Since both ™"
and ¢ depend on r, according to ™ e ¥ and o<1/
P 1481 the parameters uM™ and ¢ can be modeled with
uM = (™M) and = eff/8, respectively. As discussed in
the theoretical part,“] the dependence of ¢! may deviate
from r~* for rigid systems, in which the second binding site
cannot access the volume of a whole sphere (i.e., for an
access limited to the surface of a sphere, a 2 dependence is
expected)."*'”] However, the oxopropylene spacers in L4
and LS, ensure enough flexibility for limiting significant de-
viations from the asymptotic #> dependence. With these
reasonable approximations, the number of parameters re-
quired for modeling the formation of [Cu,,(Lk),]"* (k=4,

(Table 2).
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[a] Computed using the fitted parameters in Table 2 and Equations (22)—(27). The quoted errors correspond to
those reported in reference [3]. [b] log(u™)=—1.8. [c] ¢"=1.3. [d] log(t:™™) = —1.4. [e] ¢*"=1.3. [f] The ther-
modynamic stability constants obtained for [CuLk]* (k=4, 5) correspond to hairpin structures,”! while the al-
ternative stability constants determined from kinetic data, as mentioned in Table 1, refer to linear arrange-
ments, in which Cu' is coordinated by a single bipyridine group.®! [g] Reliable predictions for multimetallic
complexes not included in the fitting process cannot be obtained with this model, because log(u™™)>0

We have previously demonstrated!"! that the total degen-
eracy of a macrospecies [M,,(Lk),] possessing n ligand
strands with p symmetry-related (i.e., equivalent) binding
sites is given by w,, ,(macro) = (C,)"(C")", whereby the bino-
mial coefficients C, stand for the number of ways of putting
n ligands to v positions available around one metal ion (n <
v), and C? refers to the number of ways of connecting m
metals to the available p binding sites of one ligand (m <
p).l'! When different sites are available within the strand,
the latter calculation only holds for complexes in which all
the binding sites are occupied by metals (m =p), a situation
encountered for [Cuy(LE)]’*T (w;;=(C3)*(C})'=8) and
[Cus(Lk),I’* (w3,=(CH)*(C)'=1, Figure 2). However, for
complexes with partially occupied binding sites (m <p), the
macroscopic degeneracy is partitioned between several con-
tributing microspecies possessing different energies. Since
we consider that interligand (z"") and intermetallic (™) in-
teractions do not depend on the specific structure of the
complexes, each [Cu,,(Lk),]"* macrospecies, for which m <
p, is made up of n+1 different microspecies. The degenera-

www.chemeurj.org Chem. Eur. J. 2005, 11, 52275237
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Point groups oM o, (23), and (25)-(27) (corresponding to the available experi-
mental macroconstants collected in Table 1) provides an
almost ideal match between experimental and computed for-

mation constants, but the resulting large negative value of

AE™ cannot account for the expected repulsion between
two cations coordinated to the neutral ligands. This strongly

@ ! ~ . o 1 4
B ) ~ ” A Co 1 2
B () ! A~ ! Gy, 1 4
Brten ,_._._n_‘ C 1 g

suggests that our set of only five equations is not sufficient
for extracting four independent parameters. Therefore, we

i ,_'_._'_‘ Ca 1 8

decided to fix either 1) log(z™) in model 1 {calculated for
the electrostatic repulsion!® between two adjacent monocat-

bl O}

ionic Cu' ions separated by 5.8 A3 in acetonitrile/dichloro-
methane 1:1 (g,~23) for [Cu,,(L4),]"* (log(t:™™)=—-1.8),2

or in itri i
B3 (ct) ! : ~_ G 1 4 [Cu,,(L5),]"* (log(@™™) = —1.4)},! or 2) =

acetonitrile/water/dichloromethane  (g,~30) for
1.3 in model 2

(calculated for a single-stranded flexible polymer in which

B

W s

the adjacent binding sites are separated by 5.8 A).") All fits

converge to a unique microscopic intermolecular free

B

- 8 . .

energy of connection Agt®*~_—21kJImol™! for the binding

inter

(including desolvation) of Cu' to a substituted bipyridine

g OO o .

site found in Cu-Lk systems (k=4, 5, Table 2). As expected,
the replacement of ester substituents (L4) with amides (L5)

has negligible effects on the affinity for Cu.>* A slightly re-

IJ—.M.Lk
3.2

o o ® . -

pulsive interligand interaction AE™~5 kJmol ' (Table 2) is

found for both L4 and LS5 ligands, which can be tentatively
assigned to the steric congestion resulting from the wrapping

Figure 2. Arrangement of microspecies in [Cu,,(Lk),]"+ (k=4, 5) obey-
ing the principle of maximum site occupancy. Schematic structures, sym-
metries and degeneracies of the [Cu,,(Lk),]"* microspecies described in
the equilibrium given in Equation (2) (k=4, 5). The point groups are
those established (or expected) in solution (‘HNMR spectroscopy,

of the strands around small Cu' metal ions, a phenomenon
responsible for the extremely slow twisting observed by ki-
netics.”’) However, the large uncertainties affecting the fitted

298 K).P!

cy of each microspecies is calcu-
lated in the appendix and is

AE™ parameter suggest that deviation from statistics (i.e.,
AE™ =0) remains moderate. We also note that z™ and "

Table 2. Fitted thermodynamic parameters for [Cu,(L4),]"* (acetonitrile/dichloromethane 1:1, 298 K) and
[Cu,,(L5),]"* complexes (acetonitrile/water/dichloromethane 80:15:5, 298 K).

. . . Fitted [Cu,(L4),]"* [Cu,,(L4),]"* [Cu,,(L5),]"* [Cu,,(L5),]"*
summarized in Figure 2, while parameters model 11! model 2! model 114 model 2!
the associated microconstants . ccutio/xoCotk [ ol ] 3.93)/-22(2) 3.7(2)/—21(1) 3.8(5)/-22(3) 3.1(3)/~18(2)
computed with Equations (4)-  log(u-)/AE" [kimol™'] ~1.0(9)/6(5) —0.6(4)/4(2) —28(2.6)/16(15)  —0.7(4)/4(2)
(14) are combined to give the log(u™™)/AEM™ [kImol ] —1.8/10.4 —0.9(5)/5(3) —1.4/7.0 0.8(6)/—4(3)
macroconstants  in  Equa- 108(c")/AgGt* [kImol~] 1(1)/-6(6) 0.11/-0.65 4(4)/-22(22) 0.11/-0.65
tions (22)—(27). [a] The calculated values of log(u™™) or ¢*" were blocked during the fitting process (see text). Standard errors
estimated by the least-squares fits are given between parentheses. [b]log(u™™)=-1.8. [c]cT=1.3.
Cu Lk _ (fCutk) (22) [d] log(u™™) = —1.4. [e] ¢*T=1.3.
CuLk — g(fCally2(MMY0S 1 g(fCuLiy2 (3 MM (23) are correlated because of the two small sets of available
macroscopic thermodynamic constants. When u™ is fixed
Culk = G(FOLh) (MM (24) (model 1), the fitted ¢*" parameter displays large uncertain-
ties, which prevents detailed interpretation (Table 2). The
Culk _ 13(fCuLk)2(;LL) (25) reverse situation is found when ¢ is fixed (model 2,
Table 2). However, the macroscopic stability constants com-
Culke (O Y4 (1 LL)2 ([ MMOS (celf /3 | pgted for the CuTLk complexes with both models are in a
(26) fair agreement with experimental data (Table 1), which 1)
() (u ) (™) (c) supports our model despite the only limited amount of ther-
cork _ p(pens s M, eiia modynamic data and 2) allows an estimation for the stability
200 ()P (M) (et (27) constants of [Cuw;Lk]'* (k=4, 5) (f5}"°=8-10) and

A nonlinear least-squares fit of the four parameters ',
™ ™ and u** for [Cu,(L4),]"* by using Equations (22),

Chem. Eur. J. 2005, 11, 52275237
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[Cu(L5),]* (B75"*=6-7), for which no experimental forma-

tion constants are available. We also note that the accuracy
of the recalculated constants 3", f55", and 53" is com-
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parable with that observed when using Ercolani’s model,¥
which only considers the three first terms of Equation (1).
This situation results from the approximate proportional
correlation between the number of intramolecular interac-
tions (interligand and intermetallic) and the total number of
metal-ligand connections within the incriminated complexes
[Cu,,(Lk),]™* in Equations (25)-(27). However, the parame-
ters describing these intramolecular interactions are includ-
ed within the microscopic constants Kj,., and K, in the
latter model, which prevents a rational assessment of coop-
erativity.

As previously discussed, the two last terms of Equa-
tion (1) indeed combine any deviations from statistical be-
haviour, and partial (I*™, I'*) and global (I'') cooperativity
indexes can be thus calculated with Equation (28).! Taking
the specific mathematical development for the []” and []""
products of each [Cu,(Lk),]”" microspecies described in
Equations (22)—(27), leads to the cooperativity indexes col-
lected in Table 3.

Table 3. Indexes of cooperativity (I.) for the formation of the microspecies [Cu,,(L4),]"* !, [Cu,,(L5),]"*

and [Eu,,(Lk),]”"*(k=1, 2, 6).

ics.”) In the same context, the estimation of a strong nega-
tively cooperative index for [CusLK]’T (AEY=20-
26 kJmol™!, Table S1, Supporting Information) justifies that
thermodynamics drives the reaction by means of the
[Cu,(Lk),]** pathway, in complete agreement with the non-
detection of [Cu;LkJ** during the kinetic studies.”’

Modeling the self-assembly of triple-stranded helicates
[Eu,(L6),I*"*: For lanthanide complexes with the ligand L6
[equilibrium given in Eq. (3)], the assumption of similar af-
finities for the central (N;) and the terminal (N,O) binding
sites is not adequate, and two different intermolecular mi-
croscopic affinity constants M and M must be consid-
ered. On the other hand, since the distance between the ter-
minal sites is still twice that between adjacent sites,”” the pa-
rameterization ™ =(u™)"?, and =8, still holds.
Moreover, the degeneracy of each macrospecies w,,,(ma-
cro)=(C))"(C? )" is partitioned between n+1 different con-
tributing microspecies (m<p), specific degeneracies of
which are calculated with Equa-
tion (45) (see Appendix),

minding that v=3 and p =3, to-

: t C

Microspecies log(1-%) log(1M™) log(1") Cooperativity gether Wltl; p'=2 and p*=1 for

(AELLy (AEM) (AES [Eu,,(L6),]>"*. The computed
[CLLAP (ct) ~ 1.8 (10) 1.8 (10) negative dege_neramf:s for ‘Fhe eighteen
[Cu,L4]P* (tt) - ~0.9 (5.0) ~0.9 (5.0) negative possible microspecies [Egs. (4)-
[Cu(L4),]* () —~1.0 (5.6) - —1.0 (5.6) negative (21)] matching the structural
%Cu((IA);]]*H(c(t)) -10 256)) - 10 -1.0 25-6)) negative criteria used in helicate self-as-

Cu,(L4), ct 2.0 (11 —-1.8 (10 -3.8 (21 negative . s

[Cu,(L4),P* (1) —20(11) ~0.9 (5.0) ~2.9(16) negative sembly (ie., no hairpin or con-
[Cuy (L4, ~3.0(17) 4.5 (26) ~7.5 (43) negative strained structures, and maxi-
[Cu,L5]** (ct) - -1.4 (8.0) —-1.4 (8.0) negative mum occupancy of the sites),
[Cu, L5+ (tt) - —0.7 (4.0) —0.7 (4.0) negative are collected in Figure 1. Com-
[Cuy(LS),]* (ct) =36 (32) —14(80) —7.0 (40) negative bination of the microconstants
[Cu,(L5),J** (tt) -5.6 (32) —0.7 (4.0) —6.3 (36) negative .. . C
[Cuy(L5), ] 8.4 (48) ~35 (20) 119 (68) negative pqssessmg identical stoichiome-
[Eu,(L6),]%* (ct) ~162 (92) —6.7 (38) —22.9 (130) negative tries, leads to the macrocon-
[Eu,(L6),]°* (tt) —16.2 (92) -33(19) —-19.5 (111) negative stants given in Equations (29)-
[Eus(L6),]°* —8.1 (46) —16.7 (95) —24.8 (141) negative (37) for [Eum(L6)n]3m+_ Howev-
[Euy(L6),]** —24.2 (138) ~16.7 (95) —40.9 (233) negative or. onlv three  experimental
[Eu(L1),l"* —27(15) - ~27(15) negative ’ v p
[Eu(L2),]’* —8.1 (46) _ —8.1 (46) negative macroscopic constants are
[Eu,(Lk),]** —5.4 (31) —6.7 (38) ~12.1 (69) negative available (833", B13'6, and
[Euy(Lk)5]** -16.2 (92) —6.7 (38) —22.8 (130) negative B5Y“)) for fitting five parame-
[

a] Computed using the fitted parameters in Table 2 with fixed intermetallic interactions (log(u™)=—1.8 (L4)
or —1.4 (L5)). [b] Cooperativity indexes calculated with Equation (28).!"! Values in kJmol™' are given between

parentheses.

Itm IMMILL H ”(ulr_}/lM) H W(ukIL) (28)

i<j k<l

Systematic negatively cooperative behavior is evidenced,
because both interligand (I-"<1) and intermetallic (I} <1)
interactions are repulsive in these assembly processes. How-
ever, the free energy difference between two cooperative in-
dexes calculated for [Cu,(Lk),]"* complexes displaying
identical global complexities GC=m+n, is relatively small
(Table 3), which implies that both reaction pathways involv-
ing [Cu,Lk]** or [Cu(Lk),]* may compete for the formation
of the final helicate, a behaviour indeed observed by kinet-
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M,Lk ‘M, Lk MM LL eff
ters fF, foN wtY, wn,

which prevents a direct model-

ing.
ELLE = 6(f214) + 3(2) (29)
AL — (LAY ()05 4+ T8(fAL) (FI1L4) () (30)
Btk — 27(f R (L) ()23 (31)
B ST AR (O 1 (32)

EuLk __ LL
o =18(u

)2 [(fM,Lk)4 (uix/IM)O.S (ceff/8)+
(fM Lk) M, Lk) (MMM) (Ccff)]
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3E,121.Lk — 54(uLL)3 (fIC\/I.Lk)Z (f[\/l,Lk)zt (MMM )2.5 (Ceff)z (34)

E;,Lk :2(MLL)3[8(fi\/I’Lk)3 + 12(f1\/I,Lk)2(f2/[,Lk)+ (35)
O + ()]

E;,Lk :2(uLL)6[(fiVI.Lk)6(uMM)O.S (Cefi/8)2+ (36)
80@{\4,Lk)3 (fE/I.Lk)S (MMM ) (Ceff)Z]

3E1él Lk (uLL)Q (f{VI,Lk)6(fE/LLk)3(uMM)Z.S(Ceff)4 (37)

To increase the number of available equations, for which
the experimental formation constants are accessible, we rea-
sonably assume that the central tridentate N; binding unit in
L6 is identical to those found in L1, while the terminal tri-
dentate N,O binding units are common for L6 and L2.
Moreover, the intermetallic separation is similar (~9 A) for
all complexes due to the use of a unique rigid diphenyl-
methane spacer in Lk (k=1, 2, 6).** In these conditions,
we can consider a single set of five parameters ffl szo’
™™ 4" and ¢ for simultaneously fitting the nine éxperl-
mental formation constants described in Equations (34),
(36), and (37) for [Eu,(L6),]”"*, and Equations (38)-
(43)1 for [Eu,,(Lk),]""* (k=1, 2).51

=120 (W) (38)
2ot = 9 () (@) () (39)
as = 208 () (@) (<) (40)
i3t =16(f) (W)’ (41)
22 = 9(fR0) () (™) () (42)
25 = 2(fR0) () (@) (e)? (43)

Due to the rather large uncertainties affecting some for-
mation constants (Table 4, vide supra), combined with sig-
nificant correlations between the fitted parameters, we in-
cluded two additional restraints in the nonlinear least-

res fitting pr . 1) Th
squa. es htting p oce§s ) N Table 5. Fitted thermodynamic
maximum acceptable intermetal- g K).

FULL PAPER

Table 4. Experimental and fitted stability constants for [Eu,(Lk),]*"*
(k=1, 2, 6) (simultaneous fits, acetonitrile, 298 K).

Species  log(B5)  log(B) log(Bn) log(Bi)
(exptl) (calcd) (calcd) (calcd)
global fit model 1! model 2
[Eu(L1),’* 11.6(3) 12.6 13.1 119
[Euy(L1),]°+ 18.1(3) 19.3 19.4 18.3
[Euy(L1),]°* 24.3(4) 242 245 242
[Eu(L2);*  19.4(5) 15.6 15.9 16.8
[Euy(L2),]°* 19.6(2) 20.9 20.9 20.0
[Euy(L2),]°* 26.0(2) 26.5 26.8 26.8
[Euy(L6)5]°+ 25.9(1.4) 28.1 29.1 27.0
[Eusy(L6),]°+ 26.0(1.6) 253 23.8 255
[Euy(L6),]°+ 34.8(1.6) 33.9 332 34.5

[a] Computed using the fitted parameters in Table 5 and Equations (34)
and (36)—(43). The quoted errors correspond to those reported by au-
thors in references [6,8] and [10]. [b] log(u™) = —8.4. [c] ¢*"=0.34.

wa—ASiner becomes larger). ¥ In these conditions the global
nonlinear least-squares fit of Equations (34) and (36)-(43)
converges to the set of f!, fi'o, u™, u'*, and ¢*" parame-
ters collected in Table 5, which produces recalculated stabili-
ty constants in fair agreement with experimental data,

except for [Eu(L2);]** (Table 4, Figure 3). For the self-as-

40 -
30 - -
< oy
E’ i‘l
o o
% 20 3"‘
] .
o ol
© *
O 10 4
y=1.0005x
R?=09275
0+ T T T ]
0 10 20 30 40

Experimental log g

Figure 3. Correlation between experimental and calculated stability con-
stants for [Eu,(Lk),]”"* (k=1, 2, 6) (global fit, acetonitrile, 298 K).
Error bars correspond to those obtained during the nonlinear least-
squares fits of the spectrophotometric data (see text).

parameters for [Eu,(Lk),]*"* (k=1, 2, 6) (simultaneous fits, acetonitrile,

lic interaction corresponds to

the electrostatic repulsion calcu-
lau?d between two triply chaolrgetd log(FEi4). AgEu L [k mol 1]
cations separated by 9 A in 10g(uLL)/AELL [kJmol ]
[Eu,,(Lk),]’"* (e,~30, AEMM<  log(u™)/AEM [kImol ]
48 kImol ™!, log(uM) > —8.4).  log(c™)/AgiH [kimol ]

Fitted parameters global fit model 1! model 20!
log(FE)/ A [kI mol '] 7.1(1.2)/—40(7) 7.5(8)/—43 (4) 6.0(5)/—34(3)
7.5(1.2)/—43(7) 7.9(8)/—45(5) 6.4(5)/—37(3)
~27(1.6)/15(9) ~3.08)/17(5) ~13(4)7(3)
—6.7(3.4)/38(19) —8.4/48 ~37(9)21(5)
2.1(3.3)/-12(19) 2.7(1.8)/~16(10) —0.4727

2) The minimum acceptable ef- [a] The calculated values of log(u™™) or ¢*" were blocked during the fitting process (see text). Standard errors
fective  concentration corre- estimated by the least-squares fits are given between parentheses. [b] log(u™") =—8.4. [c] ¢*"=0.34.

sponds to that expected for two
adjacent sites separated by 9 A
in a single-stranded polymer (c*>0.34),'¥ because the in-
creased rigidity and preorganization in the multistranded
[Eu,,(Lk),]*"* assemblies favor intramolecular cyclization
over intermolecular complexation (i.e., RIn(c™)=AS,,

semblies of [Cu,(Lk),]"* and [Eu,(Lk),]”"", the experi-
mental formation constants are obtained by direct spectro-
photometric titrations; this strongly limits their accuracy be-
cause the quantities of free ligands and metals are negligible
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at the concentrations (10*~10°m) used for recording relia-
ble absorption spectra.>*%'% Therefore, log(,,,) are esti-
mated within +£5-10%, and the quoted errors given in
Table 4, indeed refer to those obtained during the nonlinear
least-squares fit of the spectrophotometric data.”*¢% For
example, log(AF4'?)=19.4(5) must be compared with
log(Bm1?)=17.5(4) and log(p%'?)=18.8(5) found for the
two next neighbours along the lanthanide series, and for
which we do not expect any significant change.”®! With this
in mind, the average relative discrepancy of 6.4 % (4.7 % if
we neglect [Eu(L2),]>*, Figure 3) observed between experi-
mental and recalculated constants remains acceptable
(Table 4).

The microscopic intermolecular free energies Agfl‘::
—RTIn(fy") and Agi'o=—RTIn(fy,) are identical within
experimental errors (Table 5), which contrasts with Agf,:‘<
Agy!o suggested by using the original site-binding model.®¥
In the Ilatter model, the three wrapped strands in
[Eu,,(Lk);]*"* are considered as a preorganized receptor,
which defines an arbitrary zero-level of the free energies.
The observed discrepancy with the extended site-binding
model discussed here, illustrates the consequences of the ex-
plicit consideration of specific intramolecular entropic con-
tributions (c*") and interligand interactions (x'") in each mi-
crospecies according to Equation (1), which are neglected
(¢*"=1 and u'*=1) in the site-binding model.”>* The fitted
intermetallic  interaction  energy =~ AEMM~38 kImol™!
(Table 5) corresponds to the lower limit observed in the re-
lated bimetallic helicates [Ln,(L2);]** (Ln=Ce-Lu).’l The
repulsive interligand interaction AE*"~15 kJmol ' is diag-
nostic for a negatively cooperative binding of the strands to
the metal ions. Since both interligand and intermetallic re-
pulsion are repulsive (i.e., AEM >0 and AE">0), the co-
operativity indexes log(I®), log(I*"), and log(I**") calculat-
ed with Equation (28) are systematically negative and point
to negatively cooperative assembly processes for these
highly charged lanthanide-containing helicates
[Eu,,(Lk),]*"*. Comparisons between the interligand 75"
and the intermetallic /Y™ contributions to /' indicate that
multiligand assemblies are preferred over successive Eu'
binding, a feature that may account for the systematic obser-
vation of [Eu(L1),]’* as the keystep intermediate (instead
of [Eu,L1]**) in the self-assembly mechanism leading to
[Eu,(L1);]°*.7 The large uncertainties affecting ¢ pre-
vents its detailed interpretation, but it stimulates us to per-
form control fits, in which the two extreme theoretical
values of log(u™™)=—-84 (model 1)® and =0.34
(model 2)" are alternatively fixed, as previously discussed
for Cu-Lk helicates. The recalculated formation constants
are still satisfying (Table 4), and the fitted parameters
roughly span the range of the uncertainties obtained during
the global fit (Table 5).

Finally, we have performed an ultimate nonlinear least-
squares fit, in which the debatable stability constant
log(B75"*) =19.4(5) [Eq. (41)] is neglected (Table 4). Conver-
gence readily occurs without resorting to any constraint con-
cerning log(u™™) and/or ¢ (Table S2, Supporting Informa-
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tion), and the eight recalculated stability constants modeled
with Equations (34), (36)—(40), and (42)-(43) almost exactly
fit the experimental data (Table S3, Supporting Informa-
tion). Although any reevaluation of experimental data is out
of the scope of this contribution, this result indicates that
the analysis of the spectrophotometric data implying the
complex [Eu(L2);]** should be carefully reconsidered.’
This suggestion is further supported by the a posteriori esti-
mation of log(8y"*)=16.2 obtained by using Equation (41)
and the microscopic parameters of Table S2 (Supporting In-
formation), which is in a good agreement with stability con-
stants reported for monometallic complexes [LnL;]** pos-
sessing analogous tridentate N,O binding sites.'! Interest-
ingly, AEM and AE™ are reduced, but remain positive,
which confirms negative cooperative.

Testing the principle of maximum site occupancy in trime-
tallic helicates displaying a negative cooperative effect: As
previously described for the cooperative process leading to
[Eu,,(L3),]®"~2"* 1 we have, a posteriori, estimated the for-
mation  constants of selected [Cu,(Lk),]"* and
[Eu,,(Lk),]*"* complexes, which deviate from the principle
of maximum site occupancy (Figure 4)."! The predicted
constants for these unsaturated complexes are indeed 2-4
orders of magnitude smaller (Tables 6 and 7) than those

Table 6. Predicted® stability constants for unsaturated [Cu,(Ld),]"*
complexes.

Species Type log(B5**)  Equation x/
[Cus(L4),]**+ saturated 18.6 27 >0.999
[Cus(L4),*+ (A) unsaturated  15.3 (v} 5.0x107*
[Cus(L4),]*+ (B) unsaturated  12.0 (v} 2.5%1077
[Cus(L4),]** (C) unsaturated  14.1 (°] 32x107°
[Cuy(L4),J** (ct) saturated 13.5 13 (26) 0.998
[Cuy(L4),]** (ct, A) unsaturated 10.7 (v} 2.0x107°
[Cuy(L4),** (tt) saturated 13.4 12 (26) 0.992
[Cu,(L4),** (tt, A)  unsaturated 11.3 (v} 8.0x107°

[a] Computed using the fitted parameters in Table 2 (log(z™)=—1.8,
model 1). [b] The corresponding equation is given in Figure 4a. [c] Moles
fractions calculated with x;=p/ > f; (see text).

i

Table 7. Predicted® stability constants for unsaturated [Eu,(L6),]*"+
complexes.

Species Type log(BE41%)  Equation  x/
[Eus(L6),)°+ saturated 339 37 >0.999
[Euy(L6),]°+ (A) unsaturated  30.8 (vl 7.9x107*
[Eusy(L6),)° (B) unsaturated  27.4 (*] 32x1077
[Euy(L6)5]°* (C) unsaturated  24.2 (vl 2.0x1071°
[Euy(L6),]°+ (D) unsaturated  27.5 (vl 4.0x1077
[Euy(L6)5]°* (ct) saturated 26.3 20 (36) >0.999
[Euy(L6)5]°t (ct, A) unsaturated 23.0 (vl 5.0x107*
[Euy(L6)5]°* (tt) saturated 28.1 19 (36) 0.994
[Euy(L6);]°* (tt, A) unsaturated 25.9 (vl 6.0x107?
[Eus(L6),)°+ saturated 25.3 34 0.999
[Euy(L6),]°t (A) unsaturated  19.0 (vl 5.0x1077
[Eus(L6),]°*+ (B) unsaturated  12.2 (vl 7.9x107"
[Eus(L6),]°* (O) unsaturated  22.3 (bl 1.0x1073

[a] Computed using the fitted parameters in Table 5 (global fit). [b] The
corresponding equation is given in Figure 4b. [c] Moles fractions calculat-
ed with x;=f/ >~ f; (see text).

]
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a) Structures

b) Structures
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Figure 4. Schematic structures, symmetries, degeneracies and modeled formation constants for selected a) [Cu,,(Lk),]"* and b) [Eu,,(L6),]*"* microspe-

cies deviating from the principle of maximum site occupancy.

found for the saturated analogues (Tables 1 and 4), which
justifies their neglect in our model. However, the free-
energy gap between the stability of an unsaturated micro-
species and its saturated analogue strongly depends on
AE™, because the reduction of the total number of dative
bonds in the unsaturated species may be overcome by the
parallel decrease of the total interligand repulsion, when
considering negatively cooperative processes. We thus pre-
dict, that systems exhibiting strong negative cooperativity
may escape the principle of maximum site occupancy, a sit-
uation not encountered for [Cu,,(Lk),]"" and [Eu,,(Lk),]’""
because the mole fractions of the saturated species x*"™¢¢ =
pusaturated (57 gunsaturated | gsaturatedy are gystematically larger than

mpn m,n mn

0.99 (Tables 6 and 7).
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Conclusion

The extended site-binding model, compactly formulated in
Equation (1), combines the minimal set of microscopic ther-
modynamic parameters required for the rational modeling
of the free-energy change occurring when mixtures of free
ligands and metal ions react to give sophisticated self-assem-
bled architectures. Compared to its application to much sim-
pler coordination complexes characterized by ligand strands
possessing identical binding sites,!l the consideration of dif-
ferent sites in the trimetallic [Cus(Lk),]** and [Eu,y(L6);]""
helicates evidently increases the number of microscopic pa-
rameters, but it does not provide major extra difficulties,
except for some efforts in obtaining a statistical formalism
for the degeneracy factors (see appendix). However, the
limited number of accessible experimental macro- or micro-
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constants usually prevents a direct fitting for a single assem-
bly process. This situation holds for the double-stranded hel-
icates [Cus(Lk),]’*, for which theoretical predictions of
either intermetallic interaction®® or effective concentra-
tion™ are used for limiting the number of fitted parameters.
When a series of related self-assembly processes, only differ-
ing by a stepwise increase in their metallic nuclearity, is ac-
cessible, the amount of available experimental data signifi-
cantly increases, without implying a parallel change in the
number of microscopic parameters. Therefore, simultaneous
fits appear as attractive solutions for unravelling the self-as-
sembly of sophisticated complexes, as illustrated for the
triple-stranded helicates [Eu,,(Lk);]*"*. Although the origi-
nal enthusiasm for designing multimetallic (i.e., multication-
ic) assemblies driven by positive cooperativity*°! has been
already tempered by Ercolani,”! who concluded that the
latter behaviour is probably much rarer than expected, our
thorough analysis further strictly limits the occurrence of
positive cooperativity to special cases, in which the unavoid-
able intermetallic repulsion is overcome by some specific
electronic changes and/or secondary intramolecular interac-
tions accompanying the ligand binding processes. Such a sit-
uation is encountered in the self-assembly of [Eu,(L3);], be-
cause 1) the intermetallic repulsion is limited by the charge
compensation provided by the multicomplexation of anionic
carboxylates to Eu’* and 2) the formation of the multi-
stranded architectures is tightened by a peripheral belt of fa-
vorable interstrand interactions.! These conditions are not
met for the larger assemblies [Cus(Lk),]’* and [Eus(L6)]’*,
and both intermetallic and interligand interactions are repul-
sive.

Finally, the application of this simple extended site-bind-
ing model is not limited to zero-dimensional monometallic
complexes, or one-dimensional multimetallic helicates. Two-
dimensional arrays of metal ions connected by bi-dimension-
al ligands,"” and three-dimensional systems, pertinent to
cages or clusters, can be easily amenable to modeling, ac-
cording that their thermodynamic stabilities are available.['"!

Appendix

Calculation of the degeneracy w,,, for each microspecies contributing to
a specific macrospecies [Cu,,(Lk),]"*: For each ligand strand in a specific
microspecies, the m metal ions are distributed either 1) with one metal
occupying the central site (characterized by the microscopic affinity
(&) and m—1 metals lying in the remaining terminal sites (character-
ized by the total microscopic affinity (fC"*¥)"~'; or 2) with the m metal
ions exclusively occupying the terminal sites (characterized by the total
microscopic affinity (F©'*)". The degeneracies of the microspecies
w,,,(micro) contributing to a specific macrospecies [Cu,,(Lk),]"* are
thus given by the coefficients of the binomial distribution shown in Equa-
tion (44), whereby p°=1, p'=2, and f<*** and & are the arguments of
the function.

(o) I(CF Tl MMyt 4 (CF C)(FEt4y (ot (44)

A straightforward mathematical development transforms Equation (44)
into Equation (45),!”) which can be used for calculating the degeneracy
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of each specific microspecies characterized by its complete microscopic
affinity argument.

Z {C;x Cp Cf” lfCuLk(fCulk)m l] [(Cp C,ﬁ)(f‘(‘,uj,k)m]n—i} (45)

Finally, since ,,,(macro)=>Xw,,,(micro), the consideration of the bino-
mial coefficients of Equation (45) leads to Equation (46), which high-
lights how the total degeneracy of the macrospecies is partitioned be-
tween its contributing microspecies.

Opn(macro) = (CI)"(C)" = (C))" Z {crcren

i=0

e @)

Let’s illustrate the use of Equation (45) for calculating the degeneracy of
the microspecies contributing to the [Cu,(Lk),]** macrospecies (m=2,
n=2,v=2, p=3) . Its total degeneracy (C)"(C")"=(C3)*(C3)*=9, is par-
titioned between n+1=3 microspecies. Application of Equation (45)
gives Equation (47), the eventual development of which is summarized in
Equation (48).

(G Y ACHCICH MG Ty (47)

1(ff$u.Lk)4 +4(f§u,Lk)(ff?u,Lk)3 +4(f§2u.Lk)2(f[Cu.Lk)z (48)

The argument (f™%)* of the first term in Equation (48) corresponds to
the microspecies, in which the four terminal binding sites of the two li-
gands are occupied, and we consequently safely assign its coefficient to
@,,(tt)=1 (Figure 2). The argument (f<*%)(f**) of the second term in
Equation (48) corresponds to the constrained structure, in which the two
terminal sites of one ligand are connected to the two adjacent central
and terminal sites of the second ligand (w,,(constrained)=4). This spe-
cies is excluded from our model, because the rigidity of the ligand strand
prevents such arrangement. Finally, the last term of Equation (48) corre-
sponds to the microspecies in which two central and two terminal binding
sites are connected to Cu'. We thus attribute w,,(ct)=4 (Figure 2), and
eventually verify that the sum of the degeneracies of the microspecies
(1+4+44=9) indeed matches the degeneracy of the macrospecies
[Cuy(Lk),)*" [Eq. (46)]. The appropriate degeneracy factors have been
calculated for all microspecies, and shown in Figure 2.

Experimental Section

Computational details: Computing of thermodynamic parameters were
performed by using linear and non-linear regression methods with least-
squares minimisation included in the Excel© and Mathematica®5 pro-
grams.
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