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Abstract: A method has been proposed to assess cooperativity in self-assembly processes. The method
is based on a clear distinction between intermolecular and intramolecular processes which are compared
with the corresponding reference reactions. It has been applied to two classical cases, namely the self-
assembly of helicates and of porphyrin ladders, by using data previously published by the groups of Lehn
and Anderson, respectively. Contrarily to the conclusions of the authors, pointing out self-assembly processes
driven by positive cooperativity, the method here presented indicates in both cases the absence of
cooperative effects. The methods previously used to assess cooperativity, in particular Scatchard plot and/
or Hill plot, are criticized as being inappropriate for self-assembly, because they are pertinent to a specific
case only, namely the intermolecular binding of a monovalent ligand L to a multivalent receptor M, a case
very different from self-assembly which involves both inter- and intramolecular interactions. The present
method underscores the fact that positive cooperativity in artificial self-assembling systems is probably
much more rare than it was previously thought.

Introduction

Cooperativity takes place when the binding of one ligand
influences the binding strength of a macromolecule toward a
subsequent ligand (or ligands). This effect, which is the basis
of enzyme control and many other vital biological processes,1

has been rigorously defined in the case of multiple inter-
molecular binding of a monovalent ligand to a polyvalent
macromolecule.1,2 On the contrary, cooperativity, in the case
of intramolecular binding of a polyvalent ligand, has not been
adequately defined, and much confusion emerges from the
literature, especially in the field of supramolecular chemistry
where multiple intramolecular interactions play a key role. This
is particularly true in the case of self-assembly,3 which in recent
years has developed as one of the central themes of supra-
molecular chemistry. In fact, it has been demonstrated that
formation of defined linear oligomers by self-assembly is not
possible,4 and thus intramolecular binding appears as a necessary
prerequisite for self-assembly in solution.5,6 Needless to say,
cooperativity could play a crucial role in its success.

Along with artificial self-assembling systems, polyvalent
intramolecular interactions, possibly involving cooperativity, are
widespread in biological systems, but only recently, as the
importance of interactions involving multiple proteins and
ligands has begun to be unraveled, their study has become a
new focus of inquiry in molecular biochemistry.7

Here, a critical examination of the meaning of cooperativity
in the case of multiple intramolecular binding and a method
for the assessment of positive cooperativity in self-assembly
and other polyvalent intramolecular processes are presented.

Theory and Discussion

Background. Before facing the problem of cooperativity in
the case of multiple intramolecular binding, it is useful to briefly
review some concepts regarding multiple intermolecular binding
of a monovalent ligand to a polyvalent macromolecule.2

Consider two binding sites,-A and -B, each capable of
reacting with the other only in a reversible addition reaction
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characterized by the microscopic intermolecular equilibrium
constantKinter (eq 1).

Now, consider the interaction between a substrate M having
m identical and independent binding sites-B, and a ligand L
with a unique binding site-A. A series of stepwise equilibria
can be written (Scheme 1).

It is useful to remark that the various equilibria, apart from
the number of ligand molecules already bound to the substrate,
are virtually identical and expressed, therefore, by equilibrium
constants having the same dimensions, namely (concentration)-1.
On purely statistical grounds, it is easy to show that eq 2 holds

so that

The ratioKi+1/Ki provides a criterion to assess cooperativ-
ity: if the equality in eq 3 is satisfied, the binding is
noncooperatiVe or statistical; if the binding of a ligand favors
the binding of a subsequent ligand,Ki+1/Ki is higher than it
would be for statistical binding, then we speak ofpositiVe
cooperatiVity; on the contrary, when the binding of a ligand
impedes the binding of a subsequent ligand, thenKi+1/Ki is lower
than the value predicted by eq 3,negatiVe cooperatiVity having
taken place. There are other equivalent tests to assess co-
operativity, mainly graphical ones, based on the calculation of
theoccupancy r, that is to say the average number of occupied
sites of M. It is easy to show that the occupancy is given by
eq 4

whereâi are the overall binding constants (âi ) ∏j
iKj) and [L]

is the free ligand concentration. If the binding is statistical, i.e.,
if eq 2 holds, it can be demonstrated that eq 4 reduces to the

binding isotherm shown in eq 5,

that can be put in the linear form known as the Scatchard
equation2,8

or in the linear form known as the Hill equation2,9

Since all of the eqs 5-7 describe noncooperative behavior,
plots that deviate from the above equations are diagnostic for
cooperativity. Positive or negative deviations from the binding
isotherm (eq 5), which indicate positive or negative co-
operativity, respectively, are not always recognizable, unless
an independent evaluation ofKinter from monofunctional model
compounds is available. A plot ofr/[L] as a function of r
(Scatchard plot) is a much better diagnostic because it presents,
respectively, a concave downward curve, a straight line, and a
concave upward curve for positive cooperativity, noncoopera-
tivity, and negative cooperativity. Plots of log[r/(m - r)] vs
log[L] (Hill plots) are also widely applied as aids in the study
of cooperative binding; apart from the case of noncooperativity
that is evidenced by a straight line of unit slope, cooperativity
manifests itself as two lines of unit slope connected by an
S-shaped curve. The value of the slope in the central region of
the curve is called the Hill coefficient (nH). Values ofnH>1
and<1 are diagnostic for positive cooperativity and negative
cooperativity, respectively. SincenH can vary between 0 and
m, it provides a quantitative measure of cooperativity.

Cooperativity in Self-Assembly.“Self-assembly” is a broad
term that encompasses a number of diverse subjects ranging
from the noncovalent association of organic molecules in
solution to the growth of semiconductor quantum dots on solid
substrates.3r Lehn in his seminal book on supramolecular
chemistry defined supramolecular self-assembly as “the spon-
taneous association of either a few or many components
resulting in the generation of either discrete oligomolecular
supermolecules or extended polymolecular assemblies such as
molecular layers, films, membranes, etc.”.3a In the present work,
the term self-assembly refers to the first of the two alternatives
indicated by Lehn, namely the spontaneous generation in
solution of a well-defined, discrete supramolecular architecture
from a given set of components under thermodynamic equilibra-
tion. To speak of cooperativity in self-assembly, the formed
complex must be polycyclic with a clear pattern of identical
cyclic substructures. An example will suffice: consider two
ligands with three complementary binding sites-A and -B.
Among the possible pathways for self-assembly, consider that
reported in Scheme 2.

The constantK1 is an intermolecular constant having dimen-
sions mol-1 L, whereas the constantsK2 andK3 are dimension-
less intramolecular constants. The case illustrated in the previous

(8) Scatchard, G.Ann. N.Y. Acad. Sci.1949, 51, 660.
(9) (a) Hill, A. V. J. Physiol. (London)1910, 40, 4. (b) Hill, A. V. Biochem.

J. 1913, 7, 471.
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section suggests that,to assess cooperatiVity, only Virtually
identical processes described by equilibrium constants haVing
the same dimensions should be compared. Therefore inter-
molecular and intramolecular processes should be considered
as forming two distinct groups within which cooperativity is
assessed independently. In the example illustrated in Scheme
2, since there is only one intermolecular interaction, the
processes relevant to cooperativity are those intramolecular.
Thus if the closure of the first ring facilitates the closure of the
virtually identical second ring, there is positive cooperativity.
If, for the sake of simplicity, we consider the bond between
-A and -B as nonfreely rotatable so as to ignore the
contribution of the internal symmetry number, the first cycliza-
tion is statistically favored by a symmetry factor 2,10 whereas
the second is statistically disfavored by the same factor; thus
positive cooperativity would requireK3/K2 > 1/4. In most cases,
however, it is difficult, if not impossible, to extract the relevant
stepwise equilibrium constants, whereas the overall self-
assembly constant is generally more accessible experimentally.
It would be useful, therefore, to devise a method to assess
cooperativity that is based on the overall constant and on data
available from simple reference compounds.

Let us consider two building blocks, L, havingl binding sites
-A, and M, havingmbinding sites-B. The two building blocks
are predisposed to yield the assembly S, whose molecular
formula is LpmMpl, wherep is a coefficient needed to account
for the stoichiometry of L and M within S. The overall self-
assembly equilibrium is shown in eq 8, and a cartoon showing
the self-assembly of a cube is reported, by way of illustration,
in Figure 1.

The number of molecules in the assembly,N, is equal topl
+ pm, and the number of bonds joining them,B, is equal to
plm. To join pmL and plM molecules,N - 1 intermolecular
bonds are required. Because the assembly of S requires in total
B bonds, the number of intramolecular bonds isB - N + 1.

Let us consider the reference reactions for the formation of
the intermolecular and intramolecular bonds, respectively. The
intermolecular reference reaction is that occurring between
monofunctional reactants, as reported in eq 1, which allows the
evaluation of Kinter. The intramolecular reference reaction

consists of the ring closure process yielding the cyclic sub-
structure characteristic of the assembly. For example, in the case
of the self-assembly process reported in Scheme 2, the intra-
molecular reference reaction would be that reported in eq 9.

The microscopic (statistically corrected) intramolecular con-
stantKintra is given byKobs/σintra, whereσintra is the symmetry
factor of the reaction.10 In the present case,σintra ) 1/2. Having
defined the microscopic intermolecular and intramolecular
constants, we can evaluate the statistical or noncooperative self-
assembly equilibrium constantKS by eq 10.

whereσsa, equal toσL
pmσM

pl/σS, is the symmetry factor of the
self-assembly equilibrium.10 An additional factor of 2 multiply-
ing the right-hand side of eq 10 should be considered if the
assembly S is chiral and the reagents are achiral. This correction
would account for the entropy of mixing the two enantiomers
(ref 10, p 177).

Positive cooperativity, noncooperativity, and negative co-
operativity would be evidenced by an experimentalKS value
greater, equal, and lower, respectively, than that predicted by
eq 10. In the example shown in Scheme 2, eq 10 yields
KS ) 2 KinterKintra

2. Considering the symmetry factors of the
equilibria in Scheme 2, it is easy to show thatK1 ) 2Kinter

(remember that we have considered the bond between-A and
-B nonfreely rotatable),K2 ) 2Kintra, andK3 ) Kintra/2. Since
KS ) K1K2K3, it follows that eq 10 is consistent with our
previous criterion for self-assembly based on the ratio
K3/K2; indeed if K3 > Kintra/2, then K3/K2 > 1/4 and KS >
2KinterKintra

2.

(10) The symmetry factor of an equilibrium is easily calculated on the basis of
the symmetry number of the species participating in the process. The
symmetry number of a molecule,σ, is defined as the total number of
independent permutations of identical atoms or groups in a molecule that
can be arrived at by simple rotations of the entire molecule or by rotations
about freely rotating single bonds within the molecule. In practice, the
symmetry number is found by multiplying the symmetries of the inde-
pendent axes. These axes may be of two types, external or internal. External
axes generate an identical arrangement of atoms by rigid rotation of the
molecule as a whole; internal axes do so by rotations arounds bonds within
the molecule. The symmetry number affects the entropy of the molecule
by a fator-R ln σ. Therefore, for a generic equilibriumaA + bB h cC,
if σA, σB, andσC are the symmetry numbers of A, B, and C, respectively,
the effect of their symmetry on the equilibrium constant is given by the
factorσA

aσB
b/σC

c. Lowry, T. H.; Richardson, K. S.Mechanism and Theory
in Organic Chemistry, 3rd ed.; Harper & Row: New York, 1987; pp 175-
177.

Scheme 2

pmL + plM y\z
KS

S (8)

Figure 1. Self-assembly of a cube by two predisposed building blocks. In
the example shown,p ) 4, m ) 2, andl ) 3.

KS ) σsaKinter
N-1 Kintra

B-N+1 (10)
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In the following, we will apply the method illustrated here
to the self-assembly of helicates and double-strand porphyrin
ladders, two classical cases which have been previously
investigated quantitatively.

Self-Assembly of Helicates.Among the most fascinating
assemblies that have been reported in the literature, the helicates,
first due to the ingenuity of Lehn and co-workers, occupy a
preeminent position.3a,11 They also represent one of the few
examples in which cooperativity has been investigated in detail.
Lehn and Pfeil carried out an analysis of the binding of CuI

ions to the tris-bipyridine ligand1 and concluded that the
assembly of the resulting trihelicate2 is a self-organization
process displaying positive cooperativity.12

Spectrophotometric titration data were analyzed in terms of
four equilibria (eqs 11-14 in which M) Cu+ and L) 1) whose
stability constants were obtained with an estimated error on log
âij of (10%.13

It is interesting to apply the approach illustrated in the
previous section to the above data to disclose the possible
cooperative behavior in the formation of trihelicate2. Unfor-
tunately, the above data do not refer to simple model systems;
however, since eq 10 is valid also for preassembly equilibria,
we can extract from the intermediateâij values the necessary
information. We consider as the reference intermolecular process
the simultaneous binding of a Cu+ ion to two bipyridine ligands.
An estimate of the constantKinter can be obtained from the
constantâ12 by considering the ML2 species,3-5, that are
formed in equilibrium 12.

The complex3 (point groupC2) has symmetry number 2,
but since it is chiral, this effect is compensated by the entropy
of mixing of the enantiomers, thus considering that the ligand
1 (point groupC2V) has symmetry number 2, the equilibrium
constant for the formation of3 is 4Kinter. The complex4 (point
group Cs) has symmetry number 1 and is achiral; thus the
equilibrium constant for its formation is 4Kinter. The complex
5 (point groupD2d) has symmetry number 4 and is achiral; thus
it forms with a constantKinter. From this analysis, it can be
concluded thatâ12 ) 9Kinter, from which logKinter ) 7.25. An
estimate of the constantKintra can be obtained fromâ22.
Considering the equilibrium 13 in detail, the M2L2 species6
and7 can form.

(11) Constable, E. InComprehensiVe Supramolecular Chemistry; Atwood, J.
L., Davies, J. E. D., MacNicol, D. D., Vo¨gtle F., Sauvage, J.-P., Hosseini,
M. W., Eds.; Pergamon: Oxford, 1996; Vol. 9, pp 213-252.

(12) Pfeil, A.; Lehn, J.-M.J. Chem. Soc., Chem. Commun.1992, 838-840.
(13) Although in the original paper (ref 12)âij values were distractedly associated

with stepwise binding constants, it is evident from the context that they
refer to overall binding constants.

M + L h ML log â11 ) 4.6 (11)

M + 2L h ML2 log â12 ) 8.2 (12)

2M + 2L h M2L2 log â22 ) 13.5 (13)

3M + 2L h M3L2 log â32 ) 18.6 (14)
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We have deliberately ignored the formation of the M2L2

species in which the two Cu+ ions occupy the first and the third
binding site of the two ligands because this species would
involve the formation of a larger ring that is entropically
disfavored according to the Jacobson-Sockmayer theory.14 Both
complex6 and7 are chiral (point groupC2) and have symmetry
number 2; thus according to eq 10, their formation, respectively,
occurs with a constant 4KinterKintra. Therefore,â22 ) 8KinterKintra,
from which logKintra ) 5.35. Now let us consider the formation
of the fully formed assembly2; since it is chiral (point group
D2) and has symmetry number 4, application of eq 10 yields
KS ) â32 ) 2KinterKintra

2. With the obtained values ofKinter and
Kintra, we can calculate the statistical or noncooperative value
of log â32 as 18.25. Since the experimental value of logâ32 is
18.6 with an estimated error of(10%, we can conclude that
the self-assembly of the trihelicate2 is noncooperatiVe within
the experimental errors.

But why did Pfeil and Lehn reach opposite conclusions? Their
analysis was based on three tests, namely eq 3, the Scatchard
plot, and the Hill plot, but all of these tests are valid indicators
of cooperative behavior only if, in the absence of cooperativity,
all the stepwise equilibrium constants follow eq 2. This requires,
inter alia, that all the stepwise constants have the same
dimensions and refer to virtually identical intermolecular
processes (Scheme 1). It is evident that this condition is not
realized in an assembly process where part of the stepwise
constants are intramolecular. The conclusion is that all of the
three tests used by Pfeil and Lehn to assess cooperativity in the
self-assembly of the trihelicate2 are without theoretical founda-
tion.

To see the question in more detail, let us extract from eqs
12-14 the following stepwise equilibrium constants

By applying eq 3 withm ) 3 (number of binding sites for
the metal ion), Pfeil and Lehn concluded that sinceK3/K2 >
1/3, this is sufficient for indicating positive cooperativity.15 This
conclusion is not correct for two reasons. The first and more
fundamental one is that the application of eq 3 withm ) 3
requires the existence of a process leading to ML2 virtually
identical to those described by eqs 15 and 16 and whose constant
K1 would yield aK2/K1 value consistent with eq 3. In fact, this
process does not exist, because the process leading to ML2 (eq
12) is radically different from the previous ones, even as far as
the dimensions of the constantK1 (equal toâ12) are concerned.
This implies that the statistical valueK3/K2 ) 1/3 is erroneous.
The second reason is that even if this statistical value were
correct, the experimental errors in the constants are so large
that one cannot conclude thatK3/K2 > 1/3. Indeed passing to
the logarithms, one obtains

Even considering an error on the logâij of ( 0.1, much lower
than the estimated(10%, from the theory of error propagation,
one obtains that log(K3/K2) ) -0.2 ( 0.4 that is not greater,
within the experimental error, than log(1/3) ) -0.48.

In fact, the correct statistical value of log(K3/K2) can be
obtained by substituting in eq 17 the statistical expressions
obtained by us:â12 ) 9Kinter, â22 ) 8KinterKintra, and â32 )
2KinterKintra

2, yielding a value of-0.55, that again is not lower
than log(K3/K2) within the experimental error.

Pfeil and Lehn also reported a Scatchard plot with an
impressive downward curvature that was interpreted in terms
of positive cooperativity, but is it appropriate to use the
Scatchard plot (as well as the Hill plot) in self-assembly? A
curvature in the Scatchard plot is significant only if it represents
a deviation from the noncooperative linear behavior expressed
by eq 6. But eq 6 can be obtained only if the stepwise constants
obey eq 2. We have shown that this statistical behavior cannot
be followed in self-assembly because it is not even dimension-
ally correct; thus the use of the Scatchard plot in this context is
deceptive because it will always show a fake curvature, devoid
of any meaning, whatever the values of the stepwise constants.
The same arguments apply to the Hill plot as well, because the
noncooperative linear Hill equation (eq 7) also depends on the
statistical behavior expressed by eq 2.

The present remarks also apply to the self-assembly of
silver(I) trihelicates16 as well as to a recent claim of positive
cooperativity in the self-assembly of trimetallic lanthanide
helicates.17

Self-Assembly of Porphyrin Ladders.In an excellent paper
by Anderson and Taylor, a careful study was reported of the
self-assembly of a series of zinc porphyrin oligomers, from the
monomer through to the hexamer, with a bidentate ligand
(DABCO), to form stable ladder complexes as shown in Scheme
3.18

Experimental equilibrium constantsKS obtained in both
toluene and choloroform are reported in Table 1.

The equilibrium in Scheme 3 withn ) 1 can be taken as
reference to estimate the constantKinter. Considering that the
symmetry factor of the reaction in this case is 1,KS ) Kinter

2,
from which log Kinter ) 4.85 ( 0.02 in toluene and 4.35(
0.02 in chloroform. Application of eq 10 to the equilibria shown
in Scheme 3 withn > 1 gives the following general formula

The casen ) 2 can be taken as reference for the intra-
molecular reaction and used to estimate logKintra (4.85( 0.16
in toluene and 4.62( 0.16 in chloroform). KnowingKinter and
Kintra, the statistical constants can be calculated by eq 18 in all
the other cases; the results are reported in Table 1 together with
the corresponding errors calculated by the theory of error
propagation. The accordance between experimental and statisti-
cal log KS values is extraordinarily good. Overall these data

(14) (a) Jacobson, H.; Stockmayer, W. H.J. Chem. Phys.1950, 18, 1600-
1606. (b) Ercolani, G.; Mandolini, L.; Mencarelli, P.; Roelens, S.J. Am.
Chem. Soc.1993, 115, 3901-3908. (c) This conclusion is valid as long as
the smaller ring in6 and 7 is devoid of significant strain factors that in
principle could also arise from electrostatic repulsions between the two
Cu+ ions.

(15) Actually in the original paper (ref 12) the constantsK3 andK2 are indicated
asK4 andK3, respectively. However we have preferred to useK3 andK2
for the sake of consistency with the indexes in eq 3.

(16) Garrett, T. M.; Koert, U.; Lehn, J.-M.J. Phys. Org Chem.1992, 5, 529-
532.

(17) Floquet, S.; Ouali, N.; Bocquet, B.; Bernardinelli, G.; Imbert, D.; Bu¨nzli,
J.-C. G.; Hopfgartner, G.; Piguet, C.Chem.sEur. J.2003, 9, 1860-1875.

(18) Taylor, P. N.; Anderson, H. L.J. Am. Chem. Soc.1999, 121, 11538-
11545.

ML2 + M h M2L2 log K2 ) log(â22/â12) ) 5.3 (15)

M2L2 + M h M3L2 log K3 ) log(â32/â22) ) 5.1 (16)

log(K3/K2) ) log â12 + log â32 - 2 log â22 (17)

KS ) 2nKinter
n+1Kintra

n-1 (18)
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indicate thatthe self-assembly of porphyrin ladders also occurs
without cooperatiVe effects.

Anderson and Taylor, on the contrary, sustained that positive
cooperativity has taken place. The reasons for this conclusion
are in part due to the fact that they consider the chelate effect
a cooperative effect. Indeed they wrote “The difference between
self-assembly and simple coordination is that self-assembly
processes involve multiple interactions operating in one or more
closed loops; the interaction that closes the loop becomes
intramolecular, resulting in cooperativity through the chelate
effect. Nonchelated multicomponent complexes, in which the
interactions do not form a closed loop, do not benefit by this
chelative cooperativity”.18 This terminology, shared, to say the
truth, by several other authors,19 is in our opinion a source of
much confusion and merits discussion in some detail. It is well-
known that intramolecular reactions can be strongly advantaged
with respect to the corresponding intermolecular processes. This
effect is quantitatively expressed by the effective molarity (EM)
which is defined as the ratioKintra/Kinter.20 According to the
classical analysis of Page and Jencks,21 this advantage is mainly
entropic and is due to the significant losses of translational plus
rotational entropy that occur in an intermolecular process with
respect to the corresponding intramolecular one;22 they estimated
that this advantage can be translated into a maximum EM value
of 108 mol L-1. We agree with Anderson and Taylor that the

EM is a major driving force for self-assembly; indeed we
ourselves proposed a model for self-assembly of monocyclic5

and polycyclic6 supermolecules pointing out that the driving
force depends on the productKinterEM and on the degree of
cyclicity of the assembly. However we strongly argue against
the definition of this effect as a cooperative effect, for the simple
reason that, involving a comparison of an intramolecular
constant with an intermolecular one, it is concentration depend-
ent. A simple example will clarify this point; consider the
titration of a substrate M having two binding site-B, with a
ligand L having two binding sites-A. The equilibria in Scheme
4 can be envisaged

Consider the second equilibrium in Scheme 4; if we indicate
with ML the cyclic species and with ML2 the acyclic one and
express the concentration of the free ligand L in terms of the
concentration of the binding sites-A so that [L] ) [-A]/2, it
is easy to show that [ML2]/[ML] ) [-A]/EM. In other words,
when the concentration of binding sites is lower than the EM,
the cyclic species is favored over the acyclic one, whereas the
opposite occurs when the concentration of binding sites is greater
than the EM. Therefore, we are left with the unpleasant result
that an intramolecular process could display positive or negative
cooperativity depending on the concentration. The same criti-
cism can be raised to a definition of cooperativity in intra-
molecular processes given by Whitesides et al.7 as well as, more
recently, by Calderone and Williams.19b According to these
authors, if the Gibbs’ free energy of binding of a species A-B
is more favorable than the sum of the free energies of binding
for the individual parts-A and -B, there is positive cooper-
ativity; on the contrary, if binding of the linked ligand is less
favorable than binding the unlinked ligands, there is negative
cooperativity. When translated in terms of equilibrium constants,
this definition is equivalent in saying that intramolecular
processes are positively cooperative if EM> 1 mol L-1, whereas
they are negatively cooperative if EM< 1 mol L-1. It is
apparent that fixing the value EM) 1 mol L-1 as the border

(19) For recent examples, see: (a) ref 7. (b) Calderone, C. T.; Williams, D. H.
J. Am. Chem. Soc.2001, 123, 6262-6267. (c) Tobey, S. L.; Anslyn, E. V.
J. Am. Chem. Soc.2003, 125, 10963-10970.

(20) For reviews on the concept of EM and its application to ring closure
reactions, see: (a) Kirby, A. J.AdV. Phys. Org. Chem.1980, 17, 183-
278. (b) Mandolini, L.AdV. Phys. Org. Chem.1986, 22, 1-111. (c) Galli,
C.; Mandolini, L.Eur. J. Org. Chem.2000, 3117-3125.

(21) (a) Page, M. I.; Jencks, W. P.Proc. Natl. Acad. Sci. U.S.A.1971, 68, 1678-
1683. (b) Page, M. I.Chem. Soc. ReV. 1973, 2, 295-323.

(22) There are however different views underscoring the role of enthalpic effects.
For example, see: (a) ref 19b. (b) Bruice, T. C.; Lightstone, F. C.Acc.
Chem. Res.1999, 32, 127-136.

Scheme 3

Table 1. Experimental and Calculated log KS Values in Toluene
and Chloroform for Porphyrin Oligomers and DABCO

n
(log KS)exp

a

in PhMe
(log KS)calc

b

in PhMe
(log KS)exp

a

in CHCl3

(log KS)calc
b

in CHCl3

1 9.69( 0.04 8.69( 0.04
2 20.0( 0.1 18.3( 0.1
3 29.7( 0.2 30.0( 0.4 27.2( 0.2 27.5( 0.4
4 39.9( 0.2 40.0( 0.6 37.2( 0.2 36.8( 0.6
5 50.3( 0.3 50.0( 0.8 46.5( 0.3 46.1( 0.8
6 60.5( 0.3 60.0( 0.9 56.5( 0.3 55.4( 0.9

a Data from ref 18.b This work.

Scheme 4
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for cooperative or anticooperative behavior is absolutely
arbitrary. In fact, cooperative or anticooperative behavior
depends on the concentration of binding sites with respect to
the EM, whatever the value of the latter. The conclusion is that
any process involving at least one intramolecular interaction
could be carried at a concentration sufficiently low to display
positive cooperativity. It follows that the definition of the chelate
effect in terms of cooperativity is ambiguous, to say the least,
and should be rejected. To avoid these ambiguities, we reiterate
that cooperativity must be assessed by a comparison among
homogeneous processes.

Having clarified this point, it is obvious that effects such as
an all-or-nothing two-state assembly, sigmoidal binding curves,
and narcissistic self-sorting, all observed by Anderson and
Taylor, are only evidence of a large stability of the assembly
due to a high value of both the productKinterEM and the degree
of cyclicity of the assembly6 but not of positive cooperativity.
Other evidences for positive cooperativity, according to Ander-
son and Taylor, are the large Hill coefficients and the linear
dependence of the Gibbs free energy for ladder formation vs
the number of rungs. In the previous section, we have already
commented upon the lack of meaning of the Hill plot in self-
assembly. As to the fact that adding each new rung to the ladder
decreases the free energy by the same amount, it is not evidence
of positive cooperativity but, on the contrary, of its absence.
Indeed, with a little manipulation of eq 18, eq 19 is obtained

that shows the meaning of the slope and the intercept in the
plot obtained by Anderson and Taylor. The intercepts of the
plots in toluene and chloroform are close to zero simply because
Kinter andKintra have very similar numerical values. According
to Anderson and Taylor, the intercepts correspond to entropies
of ladder initiation; in our interpretations, they correspond to
the free energy associated with the EM for the closure of the
cyclic substructure of the assembly. According to the classical
view of Page and Jencks, this contribution is purely entropic
only in the absence of ring strain.21

Generalization of the results provided by eq 19 suggests a
practical method to assess cooperativity in those cases in which
the degree of cyclicity of the assembly can be systematically
increased, as in double strand helicates or ladders. Indeed, a
plot of -∆G° against the number of cyclic substructures of the
assembly is expected to be linear with a positive slope in the
absence of cooperativity, whereas positive or negative deviation
from the linearity would be evidence of positive or negative
cooperativity, respectively. For example, it has been reported
that ladders based on hydrogen-bonded dimerization of oligo-
2-aminopyridines display linear free energy plots in both CDCl3

and cyclohexane.23 This would indicate the absence of coopera-

tive effects. On the contrary, studies of the nucleic acids (A)17

and (U)17 have shown that a certain number of base pairs are
required to form before double helix assembly will occur. The
double helix nucleation structure is believed to consist of three
to four base pairs. In terms of its free energy, the formation of
a base pair is unfavorable. However, additional base pairs
formed after nucleation make a large and negative contribution
to the overall free energy of double helix formation. Thus, a
plot of -∆G° for the self-assembly of the DNA double helix
against the number of base pairs formed displays a large positive
deviation from linearity indicating positive cooperativity (ref
3d and references therein cited).

Conclusions

In summary, it has been pointed out that, to assess cooper-
ativity, only virtually identical processes described by equilib-
rium constants having the same dimensions should be compared.
Therefore intermolecular and intramolecular processes should
be considered as forming two distinct groups within which
cooperativity is assessed independently. On the basis of this
view, a method has been proposed to evaluate the statistical
stability constant of the assembly. The method is based on the
knowledge of the following parameters: (i) the reference
constant for the intermolecular processes,Kinter; (ii) the reference
constant for the intramolecular processes,Kintra; (iii) the number
of intermolecular and intramolecular interactions required to
build the assembly (easily obtainable from the number of
molecules in the assembly,N, and the number of bonds joining
them,B); (iv) the symmetry factor of the self-assembly reaction.
The statistical stability constant of the assembly is then
compared with the experimental one; if the latter exceeds the
former, there is positive cooperativity, whereas if the opposite
occurs, negative cooperativity has taken place. The method has
been applied to two classical cases, namely the self-assembly
of helicates and of porphyrin ladders, by using data previously
published by the groups of Lehn12 and Anderson,18 respectively.
Contrarily to the conclusions of the authors, pointing out self-
assembly processes driven by positive cooperativity, the method
presented here indicates in both cases the absence of cooperative
effects. The methods previously used to assess cooperativity,
in particular, the Scatchard plot and/or Hill plot, are criticized
as being inappropriate for self-assembly, because they are
pertinent to a specific case only, namely, the intermolecular
binding of a monovelent ligand L to a multivalent receptor M,
a case very different from self-assembly which involves both
inter- and intramolecular interactions.

The rather diffuse usage of the term cooperativity to indicate
the advantage of intramolecular reactions with respect to the
corresponding intermolecular ones is criticized on the basis that
this effect is concentration dependent and can easily be reverted
upon changing the concentration of binding groups.

The cases examined in the light of the present method suggest
that positive cooperativity in artificial self-assembling systems
is probably much more rare than it was previously thought.

JA038396C

(23) Leung, M.-K.; Mandal, A. B.; Wang, C.-C.; Lee, G.-H.; Peng, S.-M.; Cheng,
H.-L-; Her, G.-R.; Chao, I.; Lu, H.-F.; Sun, Y.-C.; Shiao, M.-Y.; Chou,
P.-T. J. Am. Chem. Soc.2002, 124, 4287-4297.

-∆G° ) RT ln KS ) nRTln(2Kinter Kintra) -
RT ln(Kintra/Kinter) (19)
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