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Multivalent interactions in supramolecular chemistry 



Additivity (?) 
In order to obtain a strong recognition between the host and the guest using weak non-covalent 
interaction, multiple interactions must be used. 

NH N Kass = 25 M-1 

NH N

NH N
Kass = 6.4×103 M-1 

Kass = 1.5×106 M-1 

∆G = -7.9 kJ mol-1  

∆G = -21.6 kJ mol-1  

∆G = -35.3 kJ mol-1  

Multivalent interactions in supramolecular chemistry 



Additivity (?) 
In some cases however, binding constant are much lower: H-bond acceptors and donors are 
also charge centers! 

Kass = 104 M-1 Kass = 102 M-1 

Each H-bond contributes with 7.8 kJ mol-1, each secondary interaction  with ± 2.9 kJ mol-1 
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Chelate effect 

M = Ni2+ 

log K = 8.76  

Host with multiple binding sites results in more stable complexes than multiple unidentate 
ligand (chelate cooperativity) 

ΔH° = -29 kJ mol-1  
-TΔS° = -25 kJ mol-1  

1. Greater basicity of primary amines 
2. Weaker solvatation of primary amines 
3. Decreased repulsive interaction between binding sites 
4. Steric interactions and strain in the complex 

1.Conformational changes 
2.Greater number of free species 



Positive cooperativity  is due to entropic and enthalpic contributions to binding. 
Enthalpy: secondary functional groups interactions, conformational changes, ring strain, 
 polarization of the interacting groups 

Enthalpy 



Entropy 

Positive cooperativity  is due to entropic and enthalpic contributions to binding. 
Entropy: loss of motion of the molecule, including internal rotation and vibrations 
  (contribution already paid for in connecting together the recognition  
 elements) 





Multiple interactions in binding: definitions  
(reference:                                                                   ) 

receptor ligand complex 

multiple binding sites: 
receptor interacts with 
a multivalent ligand 

multiple binding sites: 
receptor interacts with 
a monovalent ligand 





Measuring cooperativity: α value 

!! this is a wrong comparison !! 



α=degree of cooperativity 

when talking about cooperativity (in binding) we often consider this one as the 
typical situation. 
 

On the contrary this is a rare situation! 
most of the available examples are characterized by α<1 

α>1: positive cooperativity (synergistic) 

α=1: noncooperative (additive) 

α<1: negative cooperativity (interfering) 

in all cases overall 
binding  constants  
increase! 

Don’t be fooled by the overall strength of binding which is always larger: 
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Case study 

see PDF 



1. Hill equation 
 
imagine an enzyme with n binding sites for n substrates 

Koshland, Némethy and Filmer 





Hill plot 

n=2.8 

n>1: positive cooperativity 

n=1: no cooperativity 

n<1: negativecooperativity 

the slope in the region of 50% 
saturation is called the Hill constant  



2. Scatchard plot 







3. Binding curve 

a sigmoidal isotherm is indicative of cooperativity 



But is Lehn’s conclusion correct ? 



see PDF 



+ 

KS 

+ 
Kinter 

Kinter =  

H1 G H1G 

H1G 
H1 x G 

H3 G H3G3 

microscopic 
binding constant 

KS  =  
H3G3 

H3 x G3 

in case of non-cooperativity (indipendent binding sites) we can anticipate that 

KS = KinterKinterKinter = Kinter
3

 

but what about the individual binding steps ? 

macroscopic 
binding constant 

How are the microscopic constant, Kinter, and macroscopic constant, KS, related ?  

KS is the statistical, or noncooperative, self-assembly equilibrium constant 



+ 

K1 

H3 G H3G 

K1  =  
H3G 

H3 x G 

What is the relation between K1 and Kinter ? 

complex H3G 
has 3 sites for binding G, 
which are all identical 

thus K1 = 3Kinter 
 

it’s like having a 3-fold higher concentration of H1 

1. complexation of the first guest 



2. complexation of the second guest 

H3G 

+ 

K2 

G H3G2 

K2  =  
H3G2 

H3G x G 

What is the relation between K2 and Kinter ? 

complex H3G has 2 sites available for G (x2) 

+ 

+ 

, but each complex can be formed in 2 ways(/2) 

+ 

+ 

thus K2 = 2Kinter/2 = Kinter 



3. complexation of the third guest 

H3G2 

+ 

K3 

G H3G3 

K3  =  
H3G3 

H3G2 x G 

What is the relation between K3 and Kinter ? 

thus K3 = 1/3 Kinter 

complex H3G2 has 1 site available for G (x1) 

+ 

, but the final complex can be formed in 3 ways(/3) 

+ 

+ 



+ 

KS 

H3 G H3G3 

statistical  
(or noncooperative) 

self-assembly 
equilibrium constant 

KS = K1 K2 K3 = (3Kinter)(Kinter)(1/3Kinter) = Kinter
3

 

+ + + 

K1=3Kinter K2=Kinter K3=(1/3)Kinter 



4 Kinter 

3/2 Kinter 

3 sites left 
but each complex can be formed in 2 ways 

2 sites left 

2/3 Kinter 

but each complex can be formed in 3 ways 

1 sites left 

1/4Kinter 

but final complex can be formed in 4 ways 

Ki = Kinter(m-i+1)/i 

m: number of identical and indipendent binding sites 



this criterium is used to evaluate cooperativity 
and is at the basis of the Hill equation and Scatchard plot 

positive cooperativity: Ki+1 > Ki  

no cooperativity: Ki+1 = Ki  

negative cooperativity: Ki+1 < Ki  

however, it is only valid when comparing the same binding events 

to assess cooperativity, only virtually identical processes described by equilibrium 
constants having the same dimensions should be compared. 



to assess cooperativity, only virtually identical processes described by equilibrium 
constants having the same dimensions should be compared. 



inter 

intra 

intra 

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 or, in other words, Kintra,3 > Kintra,2 (or Kintra,3 /Kintra,2 >1) 
This implies K3 /K2 > 1/4 
 

K1 = 2 Kinter 
(rigid system) 

K2 = 2 Kintra,2 

K3 = 1/2 Kintra,3 

EXAMPLE 



KS  

KS = K1 K2 K3 = (2Kinter)(2Kintra)(1/2Kintra) = 2 Kinter Kintra
2  

 
in case of positive cooperativity : K3 /K2 > 1/4  
 
and thus Kobs > KS ( = 2 Kinter Kintra

2) 
   



L 
3 binding sites 

M 
2 binding sites 

assembly S has stoichiometry: L8M12 (or LplMpm) 

assembly S  

N: number of molecules in assembly S = pl + pm = 20 
 
B: number of bonds = plm = 24  
 
To form the assembly 19 (N-1) intermolecular bonds are required (defined by Kinter) 
 
The amount of intramolecular bonds is given by B-N+1 (defined by Kintra)  

l = # binding sites on L 
m = # binding sites on M 
p = factor to correct for stoichiometry 

A MORE COMPLICATED EXAMPLE 



positive cooperativity: Kobs > KS  

no cooperativity: Kobs = KS  

negative cooperativity: Kobs < KS  

statistical factor determined by the symmetry 



What about Lehn’s example ? 

So is this true? 



We (i.e. Ercolani) consider as the reference intermolecular process the simultaneous binding of a Cu+ 
ion to two bipyridine ligands. 

An estimate of the constant Kinter can be obtained from the constant β12 by considering the ML2 
species, 3-5, that are formed in equilibrium 12. 

The complex 3 (point group C2) 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 group C2V) has symmetry number 2, the equilibrium 
constant for the formation of 3 is 4Kinter.  
The complex 4 (point group Cs) has symmetry number 1 and is achiral; 
thus the equilibrium constant for its formation is 4 Kinter. 
The complex 5 (point group D2d) has symmetry number 4 and is 
achiral; thus it forms with a constant Kinter.  
 
From this analysis, it can be concluded that β12 
=9Kinter, and thus log Kinter = 7.25. 



An estimate of the constant Kintra can be obtained from β22. 
Considering the equilibrium 13 in detail, the M2L2 species 6 and 7 can form. 

Both complexes 6 and 7 are chiral (point group C2) 
and have symmetry number 2; thus according to eq 
10, their formation, respectively, occurs with a 
constant 4KinterKintra. 
 
Therefore, β22 = 8KinterKintra 
 
from which log Kintra = 5.35. 
(remember that Kinter is known) 

PS We (i.e. Ercolani) 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.  



Now let’s have a look at the final assembly. 

since it is chiral (point group D2) and has symmetry number 4, 
application of eq 10 yields 
 
KS = β32 = 2KinterKintra

2 
 

Having determined that log Kinter = 7.25 and log Kintra = 5.35 
 
it follows that log KS = 18.25 
 
 
Since the experimental value of log β32  (= Kobs) = 18.6 with an 
estimated error of 10%, we (i.e. Ercolani) can conclude that 
 
the self-assembly of the trihelicate 2 is noncooperative within 
the experimental errors.  





It’s all or nothing 



As a system approaches the limit of strong positive 
cooperativity, only the extreme states are significantly 
populated.  
 
Such systems can exhibit “all-or-nothing” behavior in two 
senses: 
 
1) At the molecular level: any individual molecule is likely to 
be fully bound or fully unbound; it spends little time in 
intermediate states. 
 
2) At the macroscopic level: the behavior of the ensemble is 
characterized by a population switch from mainly free to 
mainly bound over a small change in conditions. Under 
most conditions, one state predominates, and this leads to 
the sigmoidal binding isotherms and sharp melting 
transitions that are the classical signatures of cooperativity, 
as illustrated by the binding of oxygen to hemoglobin and 
the denaturation of lysozyme in Figure 2. 



Cooperativity 

allosteric cooperativity:   

chelate cooperativity:  



We start by considering a system where there can be no cooperativity because there is 
only one interaction. The complex between a receptor with one binding site (A) and a 
ligand with one binding site (B) is our reference point for assessing other scenarios. This 
simple two-state equilibrium is characterized by the association constant K [Eq. (1)], 
where [A·B] and [A] are the concentrations of bound and free receptor, and [B] is the 
concentration of free ligand. 

The reference system 



Allosteric Ligand Binding (e.g. hemoglobin) 

The equilibria are characterized by two microscopic association constants K1 
and K2, which are defined by Equations (2) and (3). 

At the molecular level, the cooperativity of the system is described by the 
interaction parameter α, which is defined by Equation (4). 

In the absence of cooperativity, the microscopic association constants are identical to the value for 
the corresponding reference receptor with one binding site, that is, K1 = K2 = K and α = 1. 



Under a given set of conditions, the total fraction of receptor sites that are bound to ligand is 
defined as the binding-site occupancy of the receptor θA, which is given by Equation (5), where 
[AA]0 is the total receptor concentration (free and bound) 
 

No cooperativity (α=1) 

Negative cooperativity (α=0.01) 

Positive cooperativity (α=100) 

The concentration scales in the plots are normalized by the 
apparent association constant per site K’, where 1/K’ is the 
concentration at θA=50%. 

At the molecular level 



At the macroscopic level 

At the macroscopic level, cooperativity in allosteric systems is usually characterized by plotting  
log {θA/(1-θA)}  versus log [B]0 in a Hill plot. 
The Hill coefficient nH is the slope of this plot measured at 50% saturation, that is, at log log {θA/(1-θA)} =0. 



The macroscopic behavior of systems of this type can also be characterized by the switching 
window cR [Eq. (6)], 
 
 
  
 
which is the factorial increase in ligand concentration required to change the bound/free receptor 
ratio from 1:10 to 10:1 (Figure 5b). 

In other words, cR is a measure of the sharpness of the bound–free transition. 



chelate cooperativity:  

If the ligand is present in a large excess relative to  the receptor, then we can ignore complexes that 
involve more than one receptor, because they will not be significantly populated. Under these 
conditions, there are only four states for the receptor (highlighted in the box in Figure 9): free AA, 
two 1:1 complexes (the partially bound open intermediate o-AA·BB and the fully bound cyclic 
complex c-AA·BB), and the 2:1 complex AA·(BB)2. Here we limit ourselves to the scenario where 
α =1 and there is no allosteric cooperativity. 



At the molecular level, the key feature that defines the properties of this system is the intramolecular 
binding interaction that leads to the cyclic 1:1 complex c-AA·BB. 
This interaction is described using the effective molarity (EM) as defined in Equation (7). 

For complexes where the binding sites are identical, there is a statistical factor (Kσ=2), which 
accounts for the difference in binding site concentration between a monovalent ligand (B) and 
a divalent ligand (BB). Some authors incorporate the statistical factor into the value of EM. 

As implied by this equation, the ratio of the open and closed 1:1 complexes is 
independent of the ligand concentration. 
The product K EM determines the extent to which the cyclic complex is 
populated, and is the key molecular parameter that defines the 
cooperativity of self-assembled systems. 



K EM << 1 (Figure 10 a). Under these conditions, the partially bound intermediate is more stable 
than the cyclic complex. The system is unaffected by the presence of the cyclic complex, and the 
behavior is identical to that found for monovalent ligands (compare Figure 4b and Figure 10a). 

Figure 4b 



K EM >>1 (Figure 10b). In this case, the cyclic complex is more stable than the partially bound 
intermediate, and c-AA·BB is the major species over a wide concentration range. The open partially 
bound intermediate o-AA·BB is barely populated, and formation of the 2:1 complex AA·(BB)2 is 
suppressed compared to the situation with the corresponding monovalent ligands.  
The cyclic 1:1 complex c-AA·BB opens to form the 2:1 complex AA·(BB)2 only when 2[BB]0>EM. In 
other words, EM defines the concentration at which simple monovalent intermolecular interactions 
compete with cooperative intramolecular ones. 



Cooperative assembly of the complex is driven by the difference in strength between 
the intermolecular and intramolecular interactions, and is a consequence of the 
molecular architecture. 
This phenomenon gives rise to the chelate effect, so we call it chelate cooperativity. 
This is the type of cooperativity exhibited in the folding of proteins and supramolecular 
self-assembly (Figure 1b, c). 
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