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1.1 INTRODUCTION

This is the first unit of the course on supramolecular chemistry. Now, what is
supramolecular chemistry? It is ‘chemistry beyond the molecule’. It is also
seen as the “chemistry of molecular assemblies and of the intermolecular
bond.” In this unit, we are going to discuss about the various concepts of
supramolecular chemistry. First of all we will discuss the definition and
development of this concept. Next we will discuss about the nature of the
different types of supramolecular interactions, namely ion-ion, ion-dipole,
dipole-dipole, hydrogen-bonding, van der Waals and solvophobic interaction.
In this way, we will be discussing the various concepts involved like the
bottom-up approach in supramolecular chemistry and we will understand that
the supramolecular chemistry is actually the chemistry of the non-covalent
bond.

Expected Learning Outcomes

After studying this unit, you should be able to:
+ discuss the definition and development of supramolecular chemistry; and

«» explain the nature of the different types of supramolecular interactions,
namely ion-ion, ion-dipole, dipole-dipole, hydrogen-bonding, van der
Waals and solvophobic interaction.
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1.2 SUPRAMOLECULAR CHEMISTRY

In this section we are going to discuss the definition and development of
supramolecular chemistry. Although the formal recognition of supramolecular
chemistry as a distinct discipline emerged in the late 1960s, its origins can be
traced much earlier. One early example is the discovery of chlorine clathrate
hydrate in 1810 by Sir Humphrey Davy, where chlorine was found to be
included within a solid water lattice. Now, supramolecular chemistry is often
described as “chemistry beyond the molecule”. A supermolecule is formed
when two or more covalent molecules or ions are held together by non-
covalent interactions such as hydrogen bonding, =— = stacking, van der Waals
forces, or metal-ligand coordination.

1.2.1 Definition and Development

Supramolecular chemistry is highly interdisciplinary, drawing upon:

e Organic and Inorganic Chemistry — for the synthesis of molecular
precursors,

e Physical Chemistry — to investigate the properties of supramolecular
systems,

e Computational Chemistry — to model complex supramolecular
behaviour,

Jean-Marie Lehn o Biological Chemistry — since many biological processes rely on
supramolecular principles,

¢« Nanotechnology and Materials Science — for applying supramolecular
systems in real-world devices.

The pioneering work of Charles J. Pedersen, Donald J. Cram, and Jean-
Marie Lehn in the late 1960s and 1970s laid the foundation of the field. For
their contributions, they were jointly awarded the 1987 Nobel Prize in
Chemistry.
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Fig. 1.1: (a) Crown ether complex (according to Pedersen), (b) cryptand
complex = cryptate (according to Lehn) and (c) Host-guest complex
(according to Cram).

Definitions of Supramolecular Chemistry

Jean-Marie Lehn defined supramolecular chemistry as “the chemistry of
8 molecular assemblies and of the intermolecular bond”. More simply, it can be
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expressed as “chemistry beyond the molecule”. Other related definitions
include:

e the chemistry of the non-covalent bond,
e non-molecular chemistry.

Originally, the field was centered on host—guest interactions, where a host
molecule forms a stable complex with a guest via non-covalent forces (Fig.
1.1). However, as in organometallic chemistry—where a strict definition would
paradoxically exclude key compounds like Wilkinson’s catalyst [RhCI(PPhs)s]—
rigid definitions of supramolecular chemistry can be limiting.

Next let us understand the modern scope of this area. Contemporary
supramolecular chemistry goes far beyond simple host—guest systems. It now
includes:

¢ Molecular devices and machines,

e Molecular recognition,

e Self-assembly and self-organization,

e Nanochemistry and emergence of complex matter.

The last 25 years have witnessed rapid growth, leading to a remarkable
diversity of systems—both intentionally designed and serendipitously
discovered—that may be considered supramolecular. For example, in
supramolecular photochemistry, a supramolecular compound may be defined
as an assembly in which each molecular component contributes its intrinsic
properties (such as light absorption or redox activity) to the whole. Thus, even
a covalently linked system containing a chromophore, spacer, and redox
centre can be regarded as supramolecular, because each functional unit
retains its identity and role within the larger construct. Similarly, self-
assembling pathways have enabled the synthesis of large molecular arrays
using interactions ranging from hydrogen bonding to metal-ligand
coordination. These processes rely on the intrinsic molecular information
encoded within the building blocks.

This natural evolution—from traditional host—guest chemistry to a broader
exploration of molecular information and complexity—represents the healthy
expansion and maturity of supramolecular chemistry as a discipline.

Molecular chemistry

Molecular precursors
Covalent Molecule:
_I Chemical nature
A .W —
= Redox-properties
HOMO-LUMO gap
Polarity
Vibration and rotation
Magnetism
Chirality

Supramolecular chemistry

Specific characteristic,
e - — function of properties

Recognition

Catalysis

Transport
Guest Host Supramolecule (complex):
Degree of order, Interactions between subunits,
Symmetry of packing, Intermolecular interactions

Fig. 1.2: Comparison between the scope of molecular and supramolecular
chemistry. 9
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In the above Fig. 1.2, the scope of molecular and supramolecular chemistry
has been compared according to Lehn.

Before going to the next section please try the following SAQ.

SAQ1

What do you mean by “supramolecular chemistry”? Who defined the concept
of “supramolecular chemistry”?

1.3 NATURE OF SUPRAMOLECULAR
INTERACTIONS

Self-Assembly: The
spontaneous and
reversible association
of two or more
components to form a
larger, non-covalently
bound aggregate.

10

Non-covalent interactions represent the energies that hold supramolecular
species together. Non-covalent interactions are considerably weaker than
covalent interactions, which can range between ca. 150 kJ mol™ to

450 kJ mol™ for single bonds. Non-covalent bonds range from 2 kJ mol™ for
dispersion interactions to 300 kJ mol™" for ‘jon-ion’ interactions. However,
when these interactions are used in a co-operative manner a stable
supramolecular complex can exist. The term ‘non-covalent’ includes a wide
range of attractions and repulsions which are summarised in Table 1.1 and will
be described in more detail later.

Table 1.1: Summary of supramolecular interactions

Interaction Strength (kJ mol'1) Example

lon-ion 200-300 Tetrabutylammonium chloride

lon-dipole 50-200 Sodium [15] crown-5

Dipole-dipole 5-50 Acetone

Hydrogen bonding 4-120 (See Table 1.2)

Cation-n 5-80 K" in benzene

-1 0-50 Benzene and graphite

van der Waals < 5 kJ mol”" but Argon; packing in molecular
variable depending | crystals
on surface area

Hydrophobic Related to solvent- | Cyclodextrin inclusion
solvent compounds

1.3.1 lon-ion, ion-dipole, dipole-dipole, H-bonding,
van der Waals and Solvophobic Interaction

Let’s begin by reviewing the different types of non-covalent interactions,
starting with ion—ion interactions.

lon—lon Interactions

lon—ion interactions are among the strongest non-covalent forces, often
approaching the strength of covalent bonds. The bond energies typically fall in
the range of 100-350 kJ mol ', which is why ionic solids like sodium chloride
(NaCl) are so stable in the solid state.
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In NaCl, each Na* ion is surrounded by six CI- ions in a perfectly cubic lattice.
This arrangement is highly ordered and maximizes electrostatic attractions
between oppositely charged ions (see Fig. 1.3a). NaCl is not a supramolecular
system, but its lattice still illustrates an important concept: how a positively
charged ion can organize multiple negatively charged partners around itself
through non-covalent interactions.

However, this ordered structure doesn’t persist in solution. When NaCl
dissolves in water, solvation (hydration in the case of water) breaks up the
lattice. Each Na*® becomes surrounded by six water molecules, forming a
[Na(H:20)s]" complex. This is a labile, octahedral species, meaning the water
molecules are not permanently fixed and can exchange rapidly. Now let’s
move to a more supramolecular context, where ion—ion interactions play a key
role in molecular recognition.

A good example is the complex formed between a triply charged host
molecule, such as tris(diazabicyclooctane), and a triply charged anion like
[Fe(CN)s]* (see Fig. 1.3b). This is a classic supramolecular system where
electrostatic attraction drives the assembly of two complementary charged
species into a stable structure.

In such systems, the geometry, charge distribution, and preorganization of the
host molecule are critical. Unlike the rigid NaCl lattice, supramolecular
assemblies like this one are often dynamic and reversible, and their formation
is sensitive to solvent, temperature, and competing species.

lon-Dipole Interactions

lon—dipole interactions occur when an ion (either a cation or an anion)
interacts with a polar molecule, such as water. These interactions are
directional and moderately strong, typically in the range of 50-200 kJ mol™* —
stronger than most dipole—dipole interactions, but generally weaker than ion—
ion attractions.

A familiar example of an ion—dipole interaction is sodium ions (Na*) interacting
with water molecules. Water is a polar molecule, with a partial negative charge
on the oxygen atom and partial positive charges on the hydrogen atoms. The
Na* ion is attracted to the oxygen atoms of water due to this partial negative
charge. This leads to the formation of a hydration shell, such as [Na(H20)s]",
where six water molecules coordinate around the sodium ion. These
interactions are not just relevant in solution—they also help stabilize many
crystal structures and supramolecular assemblies.

Now let’s look at a supramolecular example. Instead of water molecules,
imagine a macrocyclic compound like a crown ether (e.g., [15]-crown-5).
These are large ring-shaped molecules with several ether oxygen atoms
strategically positioned (Fig.1.3b). When a metal cation like Na* or K* enters
the cavity of a crown ether, the lone pairs on the oxygen atoms coordinate to
the cation in a manner similar to water molecules — but with higher
preorganization and stability. This results in a highly stable host—guest
complex, often stabilized by both ion—dipole interactions and the chelate

effect. 1
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The stability of such complexes is increased because:

¢  The macrocyclic structure of the crown ether is pre-organized to surround
the metal ion.

e The chelate effect (multiple coordination points) enhances binding.

e The entropy loss is less significant compared to binding multiple individual
donor molecules.

Biological Relevance

Such interactions are not just academic — they also have real biological
parallels. For instance, valinomycin is a natural antibiotic that selectively
transports K* ions across membranes using similar ion—dipole and hydrogen
bonding interactions.

Fig. 1.3: (a) The NaCl ionic lattice. (b) Supramolecular ion-ion interactions
exemplified by the interaction of the organic cation (c) with [Fe(CN)6]3'.

Fig. 1.4: Valinomycin: a natural antibiotic which displays ion-dipole
(an H-bonding) interactions.
(Source: http://molsim.ch.umist.ac.uk/vm.shtml)

Dipole-Dipole Interactions

Dipole—dipole interactions arise when two polar molecules align in such a way
that the positive end of one dipole is attracted to the negative end of another.
Although these interactions are weaker than ion—ion and ion—dipole forces,
they still play a significant role in molecular recognition, crystal packing, and

solubility.
12
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Energy Range and Importance

The energy of dipole—dipole interactions typically falls within the range of 5-50
kd mol™. This makes them:

e Strong enough to influence molecular orientation and structure.

e Weak enough to allow dynamic and reversible interactions, which is ideal
in supramolecular chemistry.

Types of Dipole—Dipole Interactions. There are two primary geometries for
dipole alignment which are the following:

e Type I: Parallel alignment of like poles (positive to negative), which is
relatively straightforward.

e Type ll: Antiparallel or edgewise alignment, where molecules orient
themselves in a staggered fashion to minimize repulsion and maximize
attraction.

Both types are shown schematically in Fig.1.5 c) and d).

A good real-world example is found in carbonyl compounds, such as acetone.
In the solid state, acetone molecules align such that the 5" hydrogen atoms on
one molecule are near the & carbonyl oxygens on neighboring molecules.
This dipole alignment helps explain the relatively high boiling point of acetone
(56 °C), given its molecular size. However, in solution, especially in polar
solvents like water, dipole—dipole interactions are often overshadowed by
stronger interactions, such as hydrogen bonding or solvation.

In supramolecular systems, dipole—dipole interactions are not always the
primary driving force for binding, but they are:

e Crucial in pre-aligning molecules for stronger interactions (like hydrogen
bonds or ion pairing).

e Helpful in molecular recognition, especially in environments where
stronger electrostatic interactions are less dominant (e.g., in non-polar
solvents).

For example, a dipolar guest molecule might orient itself properly within a host
cavity due to dipole—dipole attractions before other, stronger interactions take
over to lock the complex in place.

So you see, the strongest of these interactions is the ion—ion (Fig. 1.5 (a)),
which is comparable with covalent interactions. lon—dipole (Fig. 1.5(b)) and
dipole— dipole interactions (Fig. 1.5(c) and (d), however, have orientation-
dependant aspects requiring two entities to be aligned such that the
interactions are in the optimal direction. lon—dipole interactions are stronger
than dipole—dipole interactions (50-200 and 5-50 kJ mol™ , respectively) as
ions have a higher charge density than dipoles. Despite being the weakest
directional interaction, dipole—dipole interactions are useful for bringing
species into alignment, as the interaction requires a specific orientation of both

entities.
13
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Fig. 1.5: Examples of electrostatic interactions: (a) ion—ion interaction in
tetrabutylammonium chloride; (b) ion—dipole interaction in the sodium
complex of [15]crown-5; (c) dipole—dipole interactions in acetone.

Hydrogen Bonding

Let us now study about hydrogen bonding — one of the most critical and
versatile non-covalent interactions in both supramolecular and biological
chemistry.

Hydrogen bonding is a special type of dipole—dipole interaction, but it is
stronger and much more directional, making it highly valuable in the design of
supramolecular architectures. A hydrogen bond occurs when a hydrogen
atom, covalently bonded to a highly electronegative atom (such as O, N, or F),
interacts with another electronegative atom that possesses lone pairs of
electrons.

We generally describe it in the form:

D—H---A

Where:

e D is the donor atom (e.g. N or O),

e His the hydrogen covalently attached to the donor,
e Als the acceptor atom, which must have a lone pair.

Hydrogen bonds can vary widely in strength, typically ranging from 4 to 120 kJ
mol~. This variation depends on factors like:

e The electronegativity of donor and acceptor atoms.
e The geometry of the bond (linear bonds are generally stronger).

e The solvent (hydrogen bonds are weaker in polar solvents like water).
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Table 1.2: Hydrogen bond interactions and their properties (A, acceptor,

D, donor)
Type Strength Bond Bond Length Nature Example
(kJ mol™) Angle (°) (A)

Strong 60-120 175-180 | Short Partially covalent [F-H---F]~
) Mixed . e

Moderate 16—60 130-180 Intermediate . Carboxylic acid dimers

covalent/electrostatic
Weak <12 90-150 Long Mostly electrostatic C-H-+-O0,C-H--=n

Next let us study the hydrogen bond geometry which is extremely important:

e Linear bonds (D-H:--A at ~180°) are the strongest and most stable (Fig.
1.7a). A strong interaction is somewhat similar in character to a covalent
bond, whereby the hydrogen atom is close to the centre-point of the donor
and acceptor atoms. Strong hydrogen bonds are formed between two
strong bases, for example in the HF, ion, which is practically linear with

the hydrogen atom between the two fluorine atoms [F --- H ---F]".

o Bent or bifurcated bonds are weaker but often occur in flexible systems
(Fig. 1.7b). Moderate-strength hydrogen bonds are formed between
neutral donor and neutral acceptor groups via electron lone pairs, for
example, the self-association of carboxylic acids. Moderate hydrogen
bond interactions do not have a linear geometry but are slightly bent.

o Multifurcated geometries can arise when a single donor or acceptor
interacts with multiple partners (Fig. 1.7c, d, e and f).

These geometrical arrangements are especially relevant in biomolecules, such
as proteins and nucleic acids, where multiple hydrogen bonds organize large
structures (see Fig. 1.9).

Primary vs. Secondary Hydrogen Bonds
e Primary hydrogen bonds: The direct D—H:--A interaction.

e Secondary interactions: Electrostatic attractions or repulsions between
adjacent groups, often influencing the of the binding.

For example:

o In DDD-AAA arrays, all interactions are attractive — enhancing stability
(Fig. 1.8a).

o In DAD or ADA arrays, repulsions between like charges may weaken the
interaction (Fig. 1.8b).

A classic biological illustration is DNA Base Pairing:
e Guanine (G) and Cytosine (C) are held together by three hydrogen bonds.
e Adenine (A) and Thymine (T) by two hydrogen bonds. 15
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Besides these primary interactions, the arrangement of donors and acceptors
also creates secondary interactions, helping to stabilize the double helix (see
Fig. 1.10).

In supramolecular chemistry hydrogen bonds are heavily exploited in the
design of:

e Receptors for anions and neutral guests.
o Self-assembling systems (e.g., rosettes, capsules, helices).

e Molecular recognition motifs in synthetic hosts like ureas, thioureas and
amide-based structures.

This can be done as they are directional and thus predictable. Also they are
reversible, allowing for dynamic binding and can be fine-tuned in strength and
number to achieve selectivity.

So in supramolecular chemistry, hydrogen bonding offers a balance of
strength, directionality, and reversibility — ideal for building functional
assemblies, molecular machines, and biomimetic systems.

Fig. 1.6: A carbonyl accepting a hydrogen bond from a secondary amine donor
(a) and (b) the standard way of expressing donor and acceptor atoms
(D, donor atom; A, acceptor atom)

A
A
D— H-— A D—H’ D—H
A
(b) (c)
(a)
A
M ~ M
5 A D— H-—A 5 A
\ // AN ,’/
H A \ H .
A

(a) (b) (c)

Fig. 1.7: Various types of hydrogen bonding geometries: (a) linear; (b) bent;
(c) donating bifurcated; (d) accepting bifurcated; (e) trifurcated;
(f) three-centre bifurcated.
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Fig. 1.8: (a) Secondary interactions providing attractions between neighbouring
groups in DDD and AAA arrays and (b) repulsions from mixed
donor/acceptor arrays (ADA and DAD), with primary interactions shown
in ‘bold’.

: 1 B N
backbone  \ N \ N‘ N/
N_< / backbone TN
/{0+ &5—
----- D A

Guanine Cytosine

(@) (b)
Fig. 1.9: (a) Primary and secondary hydrogen bond interactions between
guanine and cytosine base-pairs in DNA and (b) a schematic
representation.

Let us continue by exploring the next group of important non-covalent forces in
supramolecular chemistry: © -interactions.

In supramolecular chemistry, r -interactions play a key role in molecular
recognition and self-assembly. These interactions involve aromatic systems or
m -electron-rich regions and include:

(i) Cation—r interactions
(i)  Anion— 7 interactions
(i) m—m stacking interactions
Let’s look at each in turn.
(i) Cation- & Interactions

This interaction occurs between a cation (such as K*, Na*, or even metal
centres like Ag*) and the electron-rich ©t -cloud of an aromatic system (like
benzene). The main features are:

o Typical interaction energies: 5-80 kJ mol”
e  Strong enough to compete with ion—dipole interactions (e.g., K'=OH,)

e Important in both biological systems (e.g., in enzyme active sites) and
synthetic receptors 17
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E.g. Potassium ion interacting with benzene rings. In water, K* prefers
hydration (many water molecules can coordinate around it). But in a
hydrophobic environment, K* can be stabilized by interaction with & -systems
(Fig. 1.10).

Fig. 1.10: a) Six or more water molecules can fit around K’ whereas (b) there is
space for only two benzene molecules.

In supramolecular chemistry, crown ethers or cryptands often incorporate
aromatic rings (Fig.1.11) to provide additional stabilization via cation— nt
interactions. Also they are used in designing ion-selective receptors.

&

Fig. 1.11: The quadrupole moment of benzene, along with its representation as
two opposing dipoles, is also shown. (Source: Wikipedia).

Here you should note that cation— & interactions should not be confused with
organometallic t-complexes like ferrocene or Zeise’s salt ([PtCls(7° -CoHa)]), —
those are covalent in nature.

(ii) Anion- 7 Interactions

These involve an anion interacting with an electron-deficient ©t -system (not a
regular aromatic ring).

Electron-deficient aromatic rings (like perfluorinated aromatics or quinones)
can stabilize anions via charge-transfer interactions or electrostatic attractions.
Interaction energy is g enerally weak (1-10 kdJ mol™), but significant in specific
environments.

E.g. Anions such as F~ or CI™ interacting with & -acidic rings, like
tetrachloroquinone or other electron-poor aromatics.

Experimental evidence:

e  X-ray crystal structures show short anion—carbon distances (shorter than
van der Waals contact).

e Formation of coloured charge-transfer complexes.

e Observed in the self-assembly of silver(l) complexes with & -acidic ligands
(Fig. 1.12).
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Fig. 1.12: & -acidic ligands

In supramolecular chemistry they are used in anion recognition and helps in
designing selective sensors for halides or carboxylates.

(iii) m — « Interactions (n -Stacking)

7 — 1 interactions occur between aromatic rings, typically in two
orientations:

o Face-to-face (m -stacking): Aromatic rings lie parallel, slightly offset
(Fig.1.13a).

o Edge-to-face (T-shaped): One ring edge interacts perpendicularly
with the face of another (Fig.1.13b).

(@) (b)

H

Fig. 1.13: The two types of n—interactions: (a) face-to-face; (b) edge-to-face.

0

Interaction energies: 0-50 kJ mol”, depending on the offset and electronic
nature of the rings.

It occurs due to a combination of:

e Quadrupole interactions (arising from the distribution of electron density in
the r -cloud) (Fig. 1.14).

S ==
D 0

CGHS Cst

Quadrupole moments lon-induced dipoles

Fig. 1.14: Interacting n-quadrupoles. (Source: Wiley onlinelibrary).
e Van der Waals forces
« Dispersion interactions (London forces)

Recent studies suggest London dispersion plays a bigger role than
previously thought (for details see Unit 5 of BCHCT 137B course of IGNOU). 19
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Examples:
e Graphite layers are held together by n— © stacking (Fig. 1.15).
e Aromatic base pairs in DNA are stabilized by n— = interactions.

¢ Seen in the crystal packing of polyaromatic compounds (e.g., benzene,
naphthalene).

Fig. 1.15: (a) Top and (b) side views of the layered structure of graphite, held
together by face-to-face-interactions.

Most n — =t interactions are not perfectly stacked. They often exhibit slipped-
parallel geometries, which avoid electrostatic repulsion between n-clouds.

In supramolecular chemistry it is important as it is common in self-assembled
structures, host—guest complexes, and foldamers. Also used in design of
materials, molecular electronics, and molecular recognition systems.

These m -based interactions are especially useful because they:
e can operate in both polar and non-polar environments

¢ often complement hydrogen bonding and ionic interactions
e add selectivity and stability to supramolecular complexes.

1.3.4 van der Waals Interactions

Let us now discuss Van der Waals interactions, an important but often
underestimated type of non-covalent interaction in supramolecular chemistry.

Van der Waals interactions are a collective term for weak, non-covalent forces
that arise from fluctuations in electron density between nearby atoms or
molecules. They include:

e London dispersion forces: Instantaneous dipoles induced in
atoms/molecules due to electron movement.

e Dipole-induced dipole interactions: Where a permanent dipole induces a
dipole in a non-polar molecule.

e  Short-range repulsion (Pauli repulsion): Due to electron cloud overlap.

In supramolecular systems, we typically focus on dispersion (London) forces.
In these systems how does it work? Even non-polar molecules, like argon or
methane, exhibit weak attractions when brought very close together. This

happens as:
20 pp



Unit 1 Concepts of Supramolecular Chemistry

e Electron clouds around atoms are not static.

e Atany moment, an instantaneous dipole can form.

e This temporary dipole induces a dipole in a neighboring molecule.
e The two then weakly attract each other.

This is visualized in Fig. 1.16 as given below:

Electron cloud Nucleus

Fig. 1.16: A London interaction between two argon atoms. The shift of the
electron cloud around the nucleus produces instantaneous dipoles
that attract each other.

Two argon atoms are shown in Fig.1.6, where instantaneous shifts in electron
clouds generate a momentary attractive force.

Strength and Range
e Very weak individually: Usually < 5 kd mol™

« Short-range: Interaction strength falls off with the 6" power of distance (o
1/r®)

o However, cumulatively significant, especially in:
o Densely packed solids
o Large surface-area molecules
o Aromatic systems (as part of © — « interactions)

Its in supramolecular chemistry is immense. While van der Waals forces are
non-directional and generally nonspecific, they contribute to:

(i) Molecular recognition — especially where other interactions are weak or
absent.

(i) Host—guest inclusion complexes — e.g., in cyclodextrins or calixarenes.
(iii) Crystal packing — molecules orient to maximize surface contact.
(iv) Close-packed lattices — especially in molecular crystals or clathrates.

Kitaigorodskii Principle: In crystal engineering, Kitaigorodskii proposed that
molecules pack in a way that:

21
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¢ Minimizes void space
e Maximizes van der Waals contacts
e  Optimizes lattice energy.

This is particularly relevant when designing solid-state supramolecular
assemblies or inclusion compounds. Let us now go through some examples
of applications:

System Type Role of van der Waals Forces

Molecular crystals  Help in packing organic molecules in the solid state
Inclusion compounds Stabilize guests in hosts (e.g., cyclodextrins)
Micelles/lipid bilayers Contribute to tight packing of hydrophobic tails

Host—guest systems Complement hydrogen bonding or ionic interactions

Not every system has ions or H-bond donors/acceptors. Sometimes, van der
Waals forces are all you have to hold a system together — especially in
organic solvents, hydrocarbons, non-polar regions of biological
macromolecules (like the core of proteins or DNA). Also, when modeling
supramolecular complexes computationally, getting van der Waals parameters
right is essential for accurate structure and binding predictions.

1.3.5 Hydrophobic Effects

Let us now study the hydrophobic effect, another key concept in
supramolecular chemistry, especially in aqueous systems and biological
environments. If you've studied biochemistry, physical chemistry, or materials
chemistry, you've encountered systems where non-polar molecules don't mix
well with water. In supramolecular chemistry, the hydrophobic effect becomes
a powerful driving force for molecular recognition, self-assembly, and host—
guest chemistry — especially in water.

The hydrophobic effect refers to the tendency of non-polar molecules or
groups to aggregate in aqueous solution in order to minimize their contact with
water. It's not because hydrophobic molecules “hate” water — it's because
water prefers to hydrogen-bond with itself, not with non-polar surfaces. Now,
why do hydrophobic interactions occur? Water is a highly structured solvent
due to its extensive hydrogen bonding network. When a non-polar solute (e.g.,
an alkyl group) is introduced then:

e  Water molecules around it become highly ordered.

e This ordering decreases entropy (disorder) of the system —
thermodynamically unfavorable.

e To reduce this effect, non-polar groups tend to cluster together,
minimizing the total surface area in contact with water.

As a result, the surrounding water becomes less structured (more disordered),
and entropy increases — which is thermodynamically favourable. There are
two types of Hydrophobic Effects.
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(iy Enthalpic Hydrophobic Effect which occurs when:

e A non-polar guest displaces water from a hydrophobic cavity (e.g.,
cyclodextrins).

o The displaced water rejoins bulk solvent, lowering the system's
energy.

E.g., A guest molecule entering a hydrophobic pocket in a host structure
(like cyclodextrin or calixarene) as given in Fig. 1.17.

b, hydrophilic
hydrophilic ) P

- oY 0.

hydrophobic
hydrophobic

lSelf»assembly l Self-assembly

Fig. 1.17: The displacement of water molecules from a hydrophobic cavity is
responsible for the enthalpic hydrophobic effect.

(i) Entropic Hydrophobic Effect which occurs when:
e Two or more hydrophobic molecules come together in water.

o Fewer "holes" in water = fewer ordered water molecules = higher
entropy.

E.g., Aggregation of alkyl chains, micelle formation, or DNA base
stacking.

The hydrophobic effect is fundamental in biology in the following ways:
Biological Structure Role of Hydrophobic Effect

Protein folding Drives non-polar side chains into protein core

Lipid bilayers Tails aggregate to avoid water, heads face outward
Micelles and vesicles Non-polar interiors shielded from aqueous phase
DNA stacking Base pairs interact via m — m and hydrophobic forces
In supramolecular chemistry the examples are:

o Cyclodextrins: Trap hydrophobic guest molecules in their inner cavity
(host—guest chemistry).

e Molecular cages: Use hydrophobic interiors to selectively bind organic
molecules in water.

o Self-assembled monolayers: Hydrophobic tails align away from polar
environments.

Now let us discuss the energetics of hydrophobic effects: 03
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Component Description
Displ t of ly solvat ter | t
AH (Enthalpy) isplacement of poorly solvated water lowers system
energy.
AS (Entropy) Water becomes less ordered as hydrophobic surfaces

aggregate.

AG (Gibbs Free

Overall process becomes more spontaneous.
Energy)

You should note that even though water seems passive, it's often the main
"decision-maker" in whether a supramolecular complex forms or not. So we
can say that hydrophobic effects are not a "bond", but a thermodynamic
phenomenon. They are solvent-dependent — very prominent in aqueous
media, less important in organic solvents. They play a major role in host—
guest inclusion, self-assembly, and bio-molecular recognition.

Fig. 1.18 illustrates that:

o  Two hydrophobic molecules in water forming one cavity (“hole”) instead of
two.

e This reduces disruption in water’s hydrogen-bonding network.

e Leads to an entropic gain and thermodynamically favourable binding.
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Fig. 1.18: Two organic molecules creating a hole within an aqueous phase,
giving rise to the entropic hydrophobic effect — one hole is more stable
than two.

Now before reading the summary, please try to solve the following SAQs.

SAQ2

Which of the following type of interaction is not important in supramolecular
chemistry:

a) Hydrogen Bonding b) lon-dipole
c) dipole-dipole d) lonic bonding?

Justify your answer.

SAQ3

Differentiate between enthalpic and entropic hydrophobic effects. lllustrate
your answer with examples from supramolecular chemistry and biological
systems.
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1.4 SUMMARY

In this unit, we have discussed about the various concepts of supramolecular
chemistry. Firstly the definition and development of supramolecular chemistry
were discussed. Thereafter, the nature of the different types of supramolecular
interactions, namely ion-ion, ion-dipole, dipole-dipole, hydrogen-bonding, van
der Waals and solvophobic interaction were discussed in detail. In this way,
we have discussed the various interactions involved in supramolecular
chemistry. In the next unit, you will study about the different effects and
binding processes involved in supramolecular chemistry.

1.5 TERMINAL QUESTIONS

1. Name any two supramolecular chemists who received Noble prize in
chemistry.

2. How can we define supramolecular chemistry?
3. What are the main concerns of supramolecular chemistry?

4. What are the main supramolecular interactions? What are their
properties?

5. Give in a tabular form the type of =- interactions used in supramolecular
chemistry, the partner, energy range and include a (molecular) example
for each interaction.

6. Why are hydrophobic effects more prominent in agueous solvents than in
organic solvents?

1.6 ANSWERS

Self Assessment Questions

1. Supramolecular chemistry is the ‘chemistry beyond the molecule’. It is
also seen as the “chemistry of molecular assemblies and of the
intermolecular bond.” Jean-Marie Lehn defined supramolecular chemistry.

2. (d) lonic bonding
Justification:

e Not typically considered “supramolecular”, because ionic bonds are
strong, classical electrostatic attractions, often comparable in strength
to covalent bonds.

e Supramolecular chemistry is built around weaker, reversible, non-
covalent interactions that allow dynamic assembly and disassembly.

e While ionic interactions can exist, they are generally too strong and
not reversible enough to serve as the subtle recognition forces central

to supramolecular systems. 25
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3. Both enthalpic and entropic hydrophobic effects are key thermodynamic
phenomena, not “bonds.”

Enthalpic Hydrophobic Entropic Hydrophobic

Feature Effect Effect

Displacement of water Aggregation of hydrophobic

Cause . :

from hydrophobic cavity =~ groups/molecules

Thermodynamic Lowering of system . S

driver enthalpy (AH < 0) Increase in entropy (AS > 0)

Supramolecular Guest bmghng n Micelle formation, DNA base

cyclodextrins or .

Example , stacking

calixarenes

Biological Example Ligand binding in enzyme Protelr) folding, lipid bilayer

pockets formation

Terminal Questions

1. The pioneering work of Charles J. Pedersen, Donald J. Cram, and Jean-
Marie Lehn in the late 1960s and 1970s laid the foundation of the field.
For their contributions, they were jointly awarded the 1987 Nobel Prize in
Chemistry.

2. Jean-Marie Lehn defined supramolecular chemistry as “the chemistry of
molecular assemblies and of the intermolecular bond”. More simply, it can
be expressed as “chemistry beyond the molecule”. Other related
definitions include:

o the chemistry of the non-covalent bond,
e non-molecular chemistry.

3. The main concern was simple host—guest systems. But now
contemporary supramolecular chemistry is concerned beyond this. It now
includes:

e Molecular devices and machines,
e Molecular recognition,
o Self-assembly and self-organization,
¢ Nanochemistry and emergence of complex matter.
4. Give Table 1.1.
5. m-Interactions
Interaction Interaction Partner Energy Range | Common Example
Type (kJ mol™)
Cation— = Cation + Aromatic - 5-80 K* and benzene
cloud
Anion— Anion + Electron-poor 1-10 F~and .
ring tetrachloroquinone
. . . Benzene dimers,
26 n —n stacking | Aromatic + Aromatic 0-50 DNA base stacking
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6. Here the nature of water as a solvent is to be considered first:

o Water is a highly structured solvent due to its extensive hydrogen-
bonding network.

e This structure is disrupted when non-polar molecules are introduced,
forcing water molecules to reorganize into ordered "cages" around the
hydrophobic solute.

e This ordering decreases entropy (AS < 0), which is thermodynamically
unfavorable.

So the driving force in aqueous systems may be:
¢ To minimize entropy loss, non-polar groups aggregate together.

e This reduces the surface area in contact with water, freeing water
molecules to return to bulk solvent, thereby increasing entropy.

e Thus, hydrophobic aggregation is strongly favoured in water.
The case is very different with organic solvents as:

e Most organic solvents (like hexane, chloroform, benzene) lack strong
hydrogen-bonding networks.

¢ Solvation of non-polar molecules in such solvents does not require
major restructuring.

e Hence, no significant entropic penalty occurs, and hydrophobic effects
are weak or negligible.
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