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NENOCHEMISTRY

Dr. Vimal Singh Chauhan

Assistant Professor (Deptt. of Science and Technology)
Hukumchand Noble Institute of Science and Technology

Introduction

Nanochemistry is a branch of chemistry that deals with the
study, design, and manipulation of materials at the nanometer scale
— that is, at the level of atoms and molecules. The word “nano”
comes from the Greek word ‘nanos’, meaning “dwarf.” In scientific
terms, one nanometer (nm) is one-billionth of a meter (10 m). This
scale is so small that about 80,000 nanometers equal the thickness
of a human hair.

At this tiny scale, matter behaves in extraordinary ways. The
physical and chemical properties of substances can change
dramatically when their size is reduced to the nanometer range. For
example, gold, which we normally see as a shiny yellow metal, can
appear red or purple when made into nanoparticles. Similarly, carbon,
which we know as graphite or diamond, can form a completely new
material called carbon nanotubes that are 100 times stronger than
steel yet extremely light.

Nanochemistry sits at the intersection of chemistry, physics,
biology, and materials science. It focuses on how to control the
structure and composition of materials at the nanoscale and how these
changes influence their properties and functions. Scientists and
engineers use nanochemistry to create new materials with specific
characteristics — like self-cleaning glass, ultra-light batteries, or
targeted drug delivery systems.

The importance of nanochemistry has grown rapidly in recent
decades. It forms the foundation of nanotechnology, which has
applications in medicine, electronics, energy, environment, and even
space research. The idea is simple yet powerful: by manipulating
atoms and molecules directly, we can design materials with properties
that nature never intended.
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Modern research in nanochemistry began in the late 20th
century when scientists developed techniques like electron
microscopy and atomic force microscopy, which allowed them to
“see” and “move” atoms. However, the conceptual roots go back
much further — to 1959, when the famous physicist Richard
Feynman delivered his lecture “There’s Plenty of Room at the
Bottom.” He envisioned a future where humans could arrange atoms
one by one to create new materials and devices.

Today, nanochemistry is not just a theoretical field; it is a
practical science that affects our daily lives. Sunscreens use
nanoparticles of zinc oxide and titanium dioxide to block harmful
UV rays without leaving a white residue. Clothes are coated with
nanosilver particles to prevent bacterial growth and odor. Even food
packaging now uses nanomaterials to keep products fresh longer.

The field continues to grow as scientists discover new ways
to synthesize, characterize, and apply nanomaterials. The beauty of
nanochemistry lies in its versatility: from creating tiny sensors that
detect pollutants in the air to engineering nanoparticles that destroy
cancer cells, the possibilities are almost limitless.

History and Development of Nanochemistry

The history of nanochemistry is both ancient and modern.
While the scientific understanding of “nanoscience” is recent, the
use of nanomaterials — often unknowingly — dates back thousands
of years. Ancient artisans and craftsmen used materials with
nanoscale features long before scientists understood their structure.
The modern era, however, gave birth to nanochemistry as a defined
scientific discipline, connecting the world of chemistry with that of
atomic-scale engineering.

Early and Ancient Uses of Nanomaterials

As early as the 9th century, artisans in Mesopotamia created
shimmering glazes for pottery that contained metallic nanoparticles
of silver and copper. These particles scattered light in unique ways,
giving the pottery a colorful metallic sheen. In the 4th century A.D.,
Roman craftsmen made the famous Lycurgus Cup, which appears
green when viewed in reflected light but glows red when light shines
through i1t. Modern analysis revealed that the cup contains tiny gold
and silver nanoparticles — a perfect example of ancient
nanotechnology.
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During the Middle Ages, European stained-glass makers
unknowingly used nanoparticles to produce the brilliant colors 1n
cathedral windows. Gold nanoparticles produced deep red hues,
while silver or copper nanoparticles produced yellow and green.
Though the artisans did not understand the science, they were early
practitioners of what we now call “nanochemistry.”

Scientific Beginnings in the Modern Era

The modern story of nanochemistry began with advances in
physics and chemistry in the late 19th and early 20th centuries. In
1857, the British scientist **Michael Faraday** made one of the first
scientific studies of colloidal gold — tiny gold particles suspended
in liquid. He noticed that the color of the gold solution changed
depending on the size of the particles. This was an early
demonstration of how nanoscale changes could alter material
properties.

Later, scientists such as Albert Einstein and Jean Perrin studied
Brownian motion — the random movement of particles suspended
in fluid — which helped establish the concept of atoms and
molecules as physical entities. These discoveries built the foundation
for understanding matter at very small scales.

The Visionary Stage — The Idea of Nanoscience

The true birth of nanotechnology as a concept is often traced
to Richard Feynman’s 1959 lecture, “There’s Plenty of Room at the
Bottom.” In this visionary talk, Feynman proposed that scientists
could someday manipulate individual atoms and molecules to build
new materials and devices. He imagined writing the entire
Encyclopedia Britannica on the head of a pin, constructing
microscopic machines, and assembling matter atom by atom. Though
his ideas seemed like science fiction at the time, they inspired
generations of researchers.

The Rise of Modern Nanoscience (1980s — 1990s)

The 1980s marked a turning point. New instruments allowed
scientists to visualize and manipulate matter at the atomic scale. The
invention of the Scanning Tunneling Microscope (STM) in 1981 by
Gerd Binnig and Heinrich Rohrer at IBM revolutionized the field.
It was followed by the Atomic Force Microscope (AFM), which
made it possible to “feel” and move atoms on surfaces.

In 1985, scientists Harold Kroto, Robert Curl, and Richard
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Smalley discovered a new form of carbon called buck minster
fullerene (or “buckyball”) — a molecule made of 60 carbon atoms
arranged in a hollow sphere like a soccer ball. Two years later, in
1991, Sumio Iijima discovered carbon nanotubes, cylindrical
structures of carbon atoms with remarkable strength and conductivity.
These discoveries ignited global interest in nanomaterials and led
to the birth of nanochemistry as a formal discipline.

Nanochemistry in the 21st Century

By the early 2000s, nanochemistry had grown into a major
scientific field with applications across industries. Governments
around the world launched national nanotechnology initiatives to
support research and innovation. The U.S. National Nanotechnology
Initiative (NNI), established in 2000, marked a global shift toward
large-scale investment in nanoscale research.

Today, nanochemistry continues to evolve rapidly. Scientists
design nanoparticles with precise size, shape, and composition to
achieve specific functions. They use self-assembly processes —
where molecules organize themselves into desired structures —
inspired by nature’s own nanosystems such as DNA and proteins.
Modern nanochemistry combines synthetic chemistry, materials
science, and molecular biology to build functional materials atom
by atom.

A New Era of Atomic Design

What began as a dream of manipulating atoms has now become
reality. From the atomic-scale manufacturing of semiconductors to
the targeted delivery of drugs using nanoparticles, nanochemistry has
reshaped both science and technology. It represents the bridge
between the microscopic world of molecules and the macroscopic
world of materials — a bridge that humanity continues to cross with
ever-greater precision.

Basic Concepts and Principles of Nanochemistry

Nanochemistry is the branch of chemistry concerned with the
study, synthesis, and manipulation of materials at the nanoscale —
typically between 1 and 100 nanometers (nm). At this scale, materials
exhibit unique physical, chemical, optical, magnetic, and electronic
properties that differ significantly from their bulk counterparts. These
new behaviors arise due to quantum effects and surface phenomena,
which dominate the nanoscale world.

[216]



Understanding nanochemistry requires grasping a few
fundamental principles that govern how matter behaves when its
dimensions are drastically reduced. These principles provide the
scientific foundation for creating, controlling, and applying
nanomaterials.

(1) The Nanoscale: Understanding the Dimension of the
Invisible

A nanometer (nm) is one-billionth of a meter (10- m). To
understand this scale:

* A human hair 1s about 80,000—100,000 nm thick.

* A red blood cell 1s about 7,000 nm wide.

* DNA molecules are about 2.5 nm in diameter.

At this level, matter behaves differently because the ratio of
surface area to volume increases enormously. Atoms on the surface
of nanoparticles play a dominant role in determining their overall
properties.

(2) Surface Area to Volume Ratio

The surface area to volume ratio is one of the most crucial
principles in nanochemistry. When a bulk material is reduced to
nanoscale size, a much larger fraction of its atoms or molecules lie
on the surface rather than inside the material.

For example:

* A cube of material with sides of 1 cm has relatively little
surface area compared to its volume.

* If the same cube is divided into nanoparticles 1 nm in size,
the total surface area increases by millions of times.

This increased surface area leads to:

* Higher reactivity, since more atoms are exposed.

* Enhanced catalytic activity.

* Greater absorption and adsorption capabilities.

* Modified melting points, electrical conductivity, and
mechanical strength.

Thus, nanochemistry allows scientists to tailor materials by
controlling size, shape, and surface characteristics.

(3) Quantum Effects at the Nanoscale

At nanoscale dimensions, quantum mechanics governs the
behavior of electrons rather than classical physics. This leads to
remarkable phenomena known as **quantum confinement effects.
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In bulk materials, electrons can move freely, but in
nanoparticles — especially in quantum dots — their movement
becomes restricted within tiny spaces. This confinement changes the
material’s optical and electronic properties. For instance:

* Quantum dots of cadmium selenide (CdSe) emit different
colors depending on their size. Smaller dots emit blue light, while
larger ones emit red light.

* The energy gap between electronic states widens as the
particle size decreases, altering the absorption and emission spectra.

Quantum effects make nanomaterials suitable for
optoelectronic devices, LEDs, solar cells, and biological imaging.

(4) Surface Chemistry and Functionalization

Because of their large surface area, nanoparticles tend to be
chemically active and unstable. They may aggregate or react with
surrounding molecules. To stabilize them and tailor their
functionality, chemists modify their surfaces through **surface
functionalization.

Functionalization involves attaching molecules, ions, or ligands
to the surface of nanoparticles to:

* Prevent clumping or oxidation.

* Control solubility** and dispersibility.

* Add chemical recognition sites for specific reactions or
biological targets.

For example, gold nanoparticles are often coated with thiol (-
SH) groups or polymers to make them stable and biocompatible. This
property is especially useful in drug delivery, biosensing, and
catalysis.

(5) Self-Assembly and Bottom-Up Design

Nanochemistry often follows two main strategies for
constructing nanostructures:

1. Top-Down Approach: Breaking down bulk materials into
nanosized pieces through physical methods such as lithography,
etching, or milling.

2. Bottom-Up Approach: Building nanostructures atom by
atom or molecule by molecule through chemical synthesis or self-
assembly.

The bottom-up method is more closely related to
nanochemistry because it relies on chemical reactions, molecular
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interactions, and thermodynamic principles to form ordered
nanostructures.

In self-assembly, molecules spontaneously organize into stable
patterns without external guidance, driven by weak interactions such
as hydrogen bonding, van der Waals forces, and electrostatic
attraction. Nature provides many examples of this — DNA strands,
cell membranes, and proteins are all products of molecular self-
assembly.

(6) Types of Nanomaterials

Nanomaterials can be classified based on their dimensionality:

1. Zero-dimensional (0D): All dimensions at the nanoscale
(e.g., nanoparticles, quantum dots).

2. One-dimensional (1D): One dimension much larger than
the other two (e.g., nanorods, nanotubes, nanowires).

3. Two-dimensional (2D): Two dimensions larger (e.g.,
graphene sheets, nanofilms).

4. Three-dimensional (3D): Nanostructures with all three
dimensions above the nanoscale but still composed of nanosized
components (e.g., nanocomposites).

Each category exhibits distinct physical and chemical
characteristics and is suited for specific technological applications.

(7) Chemical Synthesis of Nanomaterials

Nanochemistry involves the controlled synthesis of
nanomaterials with precise size, shape, and composition. Common
synthetic routes include:

* Sol—gel method

* Co-precipitation

* Hydrothermal and solvothermal synthesis

* Chemical vapor deposition (CVD)

* Microemulsion and reverse micelle techniques

The choice of method depends on the desired material (metal,
oxide, polymer, etc.) and its intended application. Control over
reaction parameters such as temperature, pH, concentration, and time
determines the morphology and uniformity of the resulting
nanostructures.

(8) Characterization of Nanomaterials

To study nanostructures, specialized analytical tools are used:

* Scanning Electron Microscope (SEM) — for surface imaging.
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* Transmission Electron Microscope (TEM) — for internal
structure and atomic arrangement.

* Atomic Force Microscope (AFM) — for 3D surface topology.

* X-Ray Diffraction (XRD) — for crystallographic information.

* UV—Visible Spectroscopy — for optical properties.

* Dynamic Light Scattering (DLS) — for particle size
distribution.

These techniques provide insight into how nanoscale features
relate to material behavior.

(9) Thermodynamic and Kinetic Considerations

At the nanoscale, surface energy plays a dominant role in
determining stability. Smaller particles have higher surface energy
and tend to aggregate to minimize total energy. Nanochemists use
capping agents or stabilizers to overcome this tendency.

Kinetics also differ because diffusion rates, reaction rates, and
nucleation processes behave differently when particle size decreases.
Understanding these parameters is essential for controlled synthesis.

(10) Structure-Property Relationship

A fundamental goal of nanochemistry is to establish clear
relationships between structure, size, and property.

For example:

* Decreasing particle size increases catalytic efficiency.

* Changing the shape (e.g., sphere vs. rod) can tune optical
absorption.

* Altering the composition (e.g., alloy nanoparticles) can
enhance magnetic or electronic behavior.

This ability to design materials at the atomic level makes
nanochemistry a powerful platform for innovation in materials
science.

Conclusion
In essence, nanochemistry operates at the intersection of
physics, chemistry, and materials science — a field where size

becomes a tool for engineering new phenomena. By mastering the
principles of surface effects, quantum confinement, and molecular
assembly, scientists can design materials with properties never before
possible. Nanochemistry thus transforms the way we think about
matter — from something static and uniform to something dynamic,

tunable, and infinitely customizable.
adeofeale
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