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Preface

Physical chemistry provides the conceptual infrastructure of chemistry. It stands up to its knees in
physics but has its head in inorganic and organic chemistry, the other two principal branches of
chemistry. It follows that to understand modern chemistry, what it achieves, how it achieves it, and
how it views the world, it is essential to understand the contributions of physical chemistry.

Physical chemistry, however, is built on a framework of mathematics. Therein lies the difficulty that
aspiring students often find with the subject and which this author finds when seeking to share his
vision of the subject without frightening his audience. With that in mind, I have sought to present an
almost entirely verbal account of the subject so that readers can gather its attitudes and contributions
to our understanding without being distracted by equations. Just occasionally, I show an equation to
round out the discussion and show the basis of my verbalization; but I do that discreetly.

Standing in physics up to its knees necessarily means that physical chemistry draws on the wonderfu
contributions that physicists have made to our understanding of the world, and it will become
apparent on reading these pages that Nobel Prizes for topics now fully part of physical chemistry hav
in large part been awarded to physicists. That is just a mark of the debt that physical chemistry owes
to physics. I shall introduce these topics, which include aspects of quantum mechanics and
thermodynamics, but only at the level I judge sufficient.

I hope these pages will reveal the contributions that physical chemistry has made to all branches of
chemistry. It provides, or at least elucidates, elaborates, and justifies, much of the language of moder
chemistry, and these pages will give some insight into that language and the concepts that all chemis
use in their conversations and work. I hope too that they will illustrate the cultural contributions that
the subject makes to our understanding of the natural world.

Finally, I must stress that although the principles of chemistry are, as far as we know, thoroughly
understood, physical chemistry is still a vibrantly alive subject. Such is the sophistication of current
and emerging instrumental techniques, including computation, that the sinews of physical chemistry
are stretched to wring all the information from the data that the techniques provide. Moreover, new
types of matter—I have in mind soft matter and nanosystems—and elaborate ‘old’ matter, biological
matter, are now open to study by its techniques and are providing rich fields for its application. I hav
tried to identify these emerging fields in the concluding ‘The current challenge’ paragraphs of each
chapter. Perhaps those paragraphs outline what might be regarded as the research interests of a
hypothetical perfect research laboratory in modern physical chemistry, where collaboration with
intellectually neighbouring disciplines should be the core strategy.
Peter Atkins
Oxford, 2013

Chapter 1
Matter from the inside

One way to understand how a physical chemist thinks and contributes to chemistry is to start at the
interior of an atom and then to travel out into the world of bulk matter. The interior of an atom is
where much of the explanation of matter is to be found and it is here that a chemist is most indebted
to physics. Within this realm, within an atom, explanations necessarily draw on quantum mechanics,
that perplexing description of the behaviour of the very small. That quantum mechanics is central to
their description should not be taken to be a warning that the rest of this chapter will be
incomprehensible! I shall distil from that theory only the qualitative essence of what we need.

Atoms

The ancient Greeks speculated that matter was composed of atoms. That was pure speculation
unsupported by any experimental evidence and so cannot be regarded as the beginning of physical
chemistry. Experimental evidence for atoms was accumulated by John Dalton (1766–1844) in the ver
early 19th century when the use of the chemical balance allowed quantitative measurements to be
made on the reactions that matter undergoes. Dalton inferred the existence of atoms from his
measurements but had no way of assessing their actual sizes. He had no notion that nearly two
centuries later, in the late 20th century, scientists would at last be able to see them.

For a physical chemist, an atom consists of a central, tiny, massive, positively charged nucleus
surrounded by a cloud of much lighter, negatively charged electrons. Chemists have little interest in
the details of the structure of the nucleus itself and are content to think of it as a tightly bound
collection of two types of fundamental particle, positively charged protons and electrically neutral
neutrons. The number of protons in the nucleus, the atom’s ‘atomic number’, determines the identity
of the element (1 for hydrogen, 2 for helium, and so on up to, currently, 118 for livermorium). The
number of neutrons is approximately the same as the number of protons (none for ordinary hydrogen
2 for ordinary helium, and about 170 for livermorium). This number is slightly variable, and gives
rise to the different isotopes of the element. As far as a physical chemist is concerned, a nucleus is a
largely permanent structure with three important properties: it accounts for most of the mass of the
atom, it is positively charged, and in many cases it spins on its axis at a constant rate.

One particular nucleus will play an important role throughout this account: that of a hydrogen atom.
The nucleus of the most common form of hydrogen is a single proton, a single ceaselessly spinning,
positively charged fundamental particle. Although so simple, it is of the utmost importance in
chemistry and central to the way that physical chemists think about atoms in general and some of the
reactions in which they participate. There are two further isotopes of hydrogen: deuterium (‘heavy
hydrogen’) has an additional neutron bound tightly to the proton, and tritium with two neutrons. They

will play only a slight role in the rest of this account, but each has properties of technical interest to
chemists.

The electronic structure of atoms

Physical chemists pay a great deal of attention to the electrons that surround the nucleus of an atom:
is here that the chemical action takes place and the element expresses its chemical personality. The
principal point to remember in this connection is that the number of electrons in the atom is the same
as the number of protons in the nucleus. The electric charges of electrons and protons are equal but
opposite, so this equality of numbers ensures that the atom overall is electrically neutral. Thus, a
hydrogen atom has a single electron around its nucleus, helium has two, livermorium has a crowded
118, and so on.

Quantum mechanics plays a central role in accounting for the arrangement of electrons around the
nucleus. The early ‘Bohr model’ of the atom, which was proposed by Neils Bohr (1885–1962) in 191
with electrons in orbits encircling the nucleus like miniature planets and widely used in popular
depictions of atoms, is wrong in just about every respect—but it is hard to dislodge from the popular
imagination. The quantum mechanical description of atoms acknowledges that an electron cannot be
ascribed to a particular path around the nucleus, that the planetary ‘orbits’ of Bohr’s theory simply
don’t exist, and that some electrons do not circulate around the nucleus at all.

Physical chemists base their understanding of the electronic structures of atoms on Schrödinger’s
model of the hydrogen atom, which was formulated in 1926. Erwin Schrödinger (1887–1961) was on
of the founders of quantum mechanics, and in what he described as an episode of erotic passion whils
on vacation with one of his mistresses, he formulated the equation that bears his name and solved it
for the location of the electron in a hydrogen atom. Instead of orbits, he found that the electron could
adopt one of a variety of wave-like distributions around the nucleus, called wavefunctions, each wave
corresponding to a particular energy.
Physical chemists adopt Schrödinger’s solutions for hydrogen and adapt it as the starting point for
their discussion of all atoms. That is one reason why the hydrogen atom is so central to their
understanding of chemistry. They call the wave-like distributions of electrons atomic orbitals,
suggesting a link to Bohr’s orbits but indicating something less well-defined than an actual path.

We shall need some nomenclature. The lowest energy atomic orbital in a hydrogen atom is an
example of an s-orbital. An electron in an s-orbital (physical chemists say ‘in’ when they mean
having a distribution described by a particular orbital) can be pictured as a spherical cloud-like
distribution that is densest at the nucleus and declines sharply with distance from it (Figure 1). That
is, the electron is most likely to be found at the nucleus, and then progressively less likely to be foun
at points more distant from it. Incidentally, an electron in this orbital has no sense of rotation around
the nucleus: it is effectively just hovering over and surrounding the nucleus. An atom is often said to
be mostly empty space. That is a remnant of Bohr’s model in which a point-like electron circulates
around the nucleus; in the Schrödinger model, there is no empty space, just a varying probability of
finding the electron at a particular location.

1. The typical shapes of s-, p-, d-, and f-orbitals. The boundaries enclose regions where the
electron is most likely to be found. The inset shows the internal structure of an s-orbital, with
density of shading representing the probability of finding an electron at each location
There are other s-orbitals, each one of successively higher energy, and each one forming a spherical
cloud-like shell at progressively greater distances from the nucleus. They are denoted 1s (the lowest
energy s-orbital), 2s, 3s, and so on. In a hydrogen atom only the 1s orbital is occupied by the atom’s
lone electron.

There are also other wave-like solutions of the Schrödinger equation for the hydrogen atom (as show
in the illustration). What is called a p-orbital is like a cluster of two clouds on opposite sides of the
nucleus, a d-orbital consists of four cloudlike regions, an f-orbital of eight such regions, and so on.
There are two points to make in this connection: the s, p, d, f notation is derived from very early
spectroscopic observations on atoms and its origin is no longer of any significance except to
historians of science, but the notation persists and is a central part of every chemist’s vocabulary.
Second, the notation continues to g, h, etc.; but chemists almost never deal with these other orbitals
and there is no need for us to consider them further.

Schrödinger went on to show that whereas there is only one way of wrapping a spherical shell around
a nucleus (so there is only one s-orbital of any rank), there are three ways of wrapping a p-orbital
around the nucleus (so there are three p-orbitals of any rank). Similarly, there are five ways of
wrapping the even more complex d-orbitals around the nucleus (five d-orbitals of a given rank) and
seven ways of wrapping f-orbitals. Moreover, for a given energy there are only certain types of
orbitals that can exist.
The actual pattern is as follows:
1s
2s 2p
3s 3p 3d
4s 4p 4d 4f
and so on, with 1s having the lowest energy.

In a hydrogen atom, all the orbitals of the same rank (the same row in this list) have the same energy
In all other atoms, where there is more than one electron, the mutual repulsion between electrons
modifies the energies and, broadly speaking, the list changes to

1s
2s 2p
3s 3p
4s 3d 4p
with more complicated changes in other orbitals. I shall make two points in this connection.

First, physical chemistry has a sub-discipline known as computational chemistry. As its name
suggests, this sub-discipline uses computers to solve the very complex versions of the Schrödinger
equation that arise in the treatment of atoms and molecules. I shall deal with molecules later; here I
focus on the much simpler problem of individual atoms, which were attacked very early after the
formulation of the Schrödinger equation by carrying out the enormously detailed calculations by
hand. Now atoms are essentially a trivial problem for modern computers, and have been used to
derive very detailed descriptions of the distribution of electrons in atoms and the energies of the
orbitals. Nevertheless, although physical chemists can now calculate atomic properties with great
accuracy almost at the touch of a button, they like to build up models of atoms that give insight into
their structure and provide a sense of understanding rather than just a string of numbers. This
understanding is then exported into inorganic and organic chemistry as well as other parts of physica
chemistry. Models have been built of the way that repulsions between electrons in atoms other than
hydrogen affect the order of orbital energies and the manner in which electrons occupy them.

The phrase ‘the manner in which electrons occupy them’ introduces another important principle from
physics. In 1925 Wolfgang Pauli (1900–58) identified an important principle when confronted with
some peculiar features of the spectroscopy of atoms: he noted that certain frequencies were absent in
the spectra, and concluded that certain states of the atom were forbidden. Once quantum mechanics
had been formulated it was realized that there is a deep way of expressing his principle, which we
shall not use, and a much more direct way for our purposes, which is known as the Pauli exclusion
principle:
No more than two electrons may occupy any one orbital, and if two do occupy that orbital, they must spin in opposite
directions.

We shall use this form of the principle, which is adequate for many applications in physical
chemistry.

At its very simplest, the principle rules out all the electrons of an atom (other than atoms of oneelectron hydrogen and two-electron helium) having all their electrons in the 1s-orbital. Lithium, for
instance, has three electrons: two occupy the 1s orbital, but the third cannot join them, and must
occupy the next higher-energy orbital, the 2s-orbital. With that point in mind, something rather
wonderful becomes apparent: the structure of the Periodic Table of the elements unfolds, the principa
icon of chemistry.

To see how that works, consider the first 11 elements, with 1 to 11 electrons (the numbers in brackets
in this list):
H[1] He[2]
Li[3] Be[4] B[5] C[6] N[7] O[8] F[9] Ne[10]

Na[11]...

(If you need reminding about the names of the elements, refer to the Periodic Table in the Appendix
the end of this volume.) The first electron can enter the 1s-orbital, and helium’s (He) second electron
can join it. At that point, the orbital is full, and lithium’s (Li) third electron must enter the next highe
orbital, the 2s-orbital. The next electron, for beryllium (Be), can join it, but then it too is full. From
that point on the next six electrons can enter in succession the three 2p-orbitals. After those six are
present (at neon, Ne), all the 2p-orbitals are full and the eleventh electron, for sodium (Na), has to
enter the 3s-orbital. Simultaneously, a new row of the Periodic Table begins. At a blow, you can now
see why lithium and sodium are cousins and lie in the same column (‘group’) of the table: each one
has a single electron in an s-orbital. Similar reasoning accounts for the entire structure of the Table,
with elements in the same group all having analogous electron arrangements and each successive row
(‘period’) corresponding to the next outermost shell of orbitals.

This is where physical chemistry segues into inorganic chemistry, the specific chemistry of all the
elements. Physical chemistry has accounted for the general structure of the Periodic Table, and
inorganic chemistry explores the consequences. It is quite remarkable, I think, that very simple ideas
about the existence and energies of orbitals in alliance with a principle that governs their occupation
accounts for the brotherhood of the elements, as represented by the Periodic Table.

The properties of atoms
Physical chemists do not quite let slip their grip on atoms at this point and hand them over to
inorganic chemists. They continue to be interested in a variety of properties of atoms that stem from
their electronic structure and which play a role in governing the chemical personalities of the
elements.

Probably the most important property of an atom for the compounds that it can form is its size,
specifically its radius. Although an atom has a fuzzy cloud of electrons around its nucleus, the densit
of the cloud falls off very rapidly at its edge—so speaking of the radius of the atom is not too
misleading. In practice, atomic radii are determined experimentally by measuring the distance
between two bonded atoms in a molecule or solid, and apportioning the distance to each atom in a
prescribed way. The trends in atomic radius are found to correlate with the location of the element in
the Periodic Table. Thus, on crossing the Table from left to right, atoms become smaller: even thoug
they have progressively more electrons, the nuclear charge increases too, and draws the clouds in to
itself. On descending a group, atoms become larger because in successive periods new outermost
shells are started (as in going from lithium to sodium) and each new coating of cloud makes the atom
bigger (Figure 2).

Second in importance is the ionization energy, the energy needed to remove one or more electrons
from the atom. As we shall see, the ability of electrons to be partially or fully removed from an atom
determines the types of chemical bonds that the atom can form and hence plays a major role in
determining its properties. The ionization energy more or less follows the trend in atomic radii but in
an opposite sense because the closer an electron lies to the positively charged nucleus, the harder it is
to remove. Thus, ionization energy increases from left to right across the Table as the atoms become
smaller. It decreases down a group because the outermost electron (the one that is most easily
removed) is progressively further from the nucleus. Elements on the left of the Periodic Table can

lose one or more electrons reasonably easily: as we shall see in Chapter 4, a consequence is that these
elements are metals. Those on the right of the Table are very reluctant to lose electrons and are not
metals (they are ‘non-metals’).

2. The variation in atomic radius across the Periodic Table. Radii typically decrease from left to
right across a period and increase from top to bottom down a group. Only the ‘main group’
elements are shown here (not the transition elements)

Third in importance is the electron affinity, the energy released when an electron attaches to an atom
Electron affinities are highest on the right of the Table (near fluorine; ignore the special case of the
noble gases). These relatively small atoms can accommodate an electron in their incompletely filled
outer cloud layer and once there it can interact strongly and favourably with the nearby nucleus.

The importance of ionization energies and electron affinities becomes apparent when we consider the
‘ions’ that atoms are likely to form. An ion is an electrically charged atom. That charge comes about
either because the neutral atom has lost one or more of its electrons, in which case it is a positively
charged cation (pronounced ‘cat ion’) or because it has captured one or more electrons and has
become a negatively charged anion. The names ‘cation’ and ‘anion’ were given to these ions by
physical chemists studying the electrical conductivities of ions in solution, like salt dissolved in
water, who noted that one class of ion moved ‘up’ an electrical potential difference and others moved
‘down’ it (‘ion’ comes from the Greek word for traveller, and ‘an’ and ‘cat’ are prefixes denoting ‘up
and ‘down’, respectively). Elements on the left of the Periodic Table, with their low ionization
energies, are likely to lose electrons and form cations; those on the right, with their high electron
affinities, are likely to acquire electrons and form anions. This distinction brings us to the heart of on
subject explored and elucidated by physical chemists: the nature of the chemical bond.

The ionic bond
A ‘chemical bond’ is what holds neighbouring atoms together to form the intricate structures of the
world. All chemical bonds result from changes in the distribution of electrons in the bonded atoms,
and so their formation falls very much into the domain of physical chemistry.

Chemists identify three types of bond: ionic, covalent, and metallic. I shall put off the discussion of
the metallic bond until Chapter 4 and the discussion of metals. An ionically bonded substance consis
of cations and anions clumped together as a result of the attraction between their opposite electric

charges. The most famous exemplar of this type of bonding is sodium chloride, common salt, each
grain of which consists of a myriad of sodium cations (Na+) clumped together with an equal number
of chloride ions (Cl−). ‘Clumping’ is perhaps a misleading term, for the compound is not just a
random jumble of ions but serried ranks of them, each Na+ ion being surrounded by six Cl− ions and
each Cl− ion likewise surrounded by six Na+ ions in a highly orderly array that extends throughout th
little crystal (Figure 3).

3. The structure of sodium chloride (NaCl). Each sodium ion (Na+) is surrounded by six chlorid
ions (Cl−), and each Cl− ion is surrounded by six Na+ ions. This pattern is repeated throughout
the crystal

Physical chemists identify several significant features of the ionic bond. One is that there is not a
discrete ion–ion bond. What I have called ‘clumping together’ is a result of all the ions in the crystal
interacting with each other: a Na+ ion interacts favourably with the Cl– ions that surround it, but is
repelled by the Na+ ions that surround each of those Cl– ions; in turn it interacts favourably with the
next rank of Cl– ions, unfavourably with the next rank of Na+ ions, and so on. The attractions and
repulsions diminish with distance, but nevertheless ionic bonding should be thought of as a global, no
local, aspect of the crystal.

The strength of an ionic bond, and the reason it exists, is that the ions in the crystal have a lower
energy than the same number of widely separated sodium and chlorine atoms. This is where ionizatio
energies and electron affinities come into play to determine whether bond formation is favourable.
Here, physical chemists turn into profit-and-loss accountants. At first sight the balance sheet shows
loss rather than profit. The ionization energy of sodium is low, but its single outermost electron
doesn’t simply fall off: there is a substantial energy investment needed to remove it. That investmen
is partly recovered by the electron affinity of chlorine, with energy released when the electron
attaches to a chlorine atom to form Cl–. However, that overall process still requires energy because
the energy lowering that occurs in the second step is much less than the energy required in the first
ionization step. The additional release of energy that turns loss into profit is the very strong net
favourable interaction between the ions that are formed, and which is released as they clump togethe
In effect, this huge lowering of energy drags the ions into existence and results in a stable crystal of
sodium chloride.

You can now see a third characteristic of ionic bonds: that they form primarily between atoms on the
left and right of the Periodic Table. Atoms on the left have low ionization energies, so the energy

investment for forming cations is reasonably low. Atoms on the right have reasonably high electron
affinities, so there is a reasonable lowering of energy when they form anions. This net loss (it is
always a loss, for ionization energies are high and electron affinities not very helpful) is turned into
profit by the resulting global net attraction between the ions.

The covalent bond
Elements on the right of the Periodic Table have such high ionization energies that if they alone are
involved in bond formation, then loss is never turned into profit. Physical chemists have identified
another way in which atoms can form liaisons with one another, especially if like elements towards
the right of the Table they are reluctant to release electrons and form cations. These atoms
compromise: they share their electrons and form what is known as a covalent bond.

I need to step back a little from this development before explaining the concept and consequences of
covalent bonding, and make a couple of points. First, the significance of the ‘valent’ part of covalent
This term is derived from the Latin word for ‘strength’ (‘Valete!’, ‘Be strong!’, was the Roman
farewell); the word valence is now a common chemical term in chemistry referring to the theory of
bond formation. The ‘co’ part is an indication of cooperation between atoms for achieving bond
strength.

Second, it is hard to pinpoint the moment in history when physical chemistry became an identifiable
discipline within chemistry. There were certainly physical chemists in the 19th century: Michael
Faraday among them and Robert Boyle (Chapter 4) even earlier in the 17th century, even though they
did not use the term. However, one branch of physical chemistry did emerge right at the beginning of
the 20th century when the electron (discovered in 1897) became central to chemical explanation, and
perhaps a good starting point for this branch of the discipline is the identification of the covalent
bond. That identification is due to the American chemist Gilbert Lewis (1875–1946), who proposed i
1916 that the covalent bond is a shared pair of electrons. It is one of the scandals of intellectual
history that Lewis never received the Nobel Prize despite his several seminal contributions to
chemistry and physical chemistry in particular.

As I have indicated, a covalent bond is a shared pair of electrons. If an atom has too high an ionizatio
energy for cation formation to be energetically feasible, it might be content to surrender partial
control of an electron. Moreover, it might recover some of that small energy investment by
accommodating a share in an electron supplied by another like-minded atom provided that overall
there is a lowering of energy. I have purposely used anthropomorphic terms, ‘content to’ and ‘likeminded’, for they commonly creep into chemists’ conversations as shorthand for what they really
mean, which is an allusion to the changes in energy that accompany the redistribution of electrons. I
shall avoid them in future, for they are sloppy and inappropriate (but often whimsically engaging, an
like much conversational informality, help to avoid pedantic circumlocutions).

The principal characteristic of covalent bonding is that, in contrast to ionic bonding, it is a local
phenomenon. That is, because the electrons are shared between neighbours, an identifiable bond exis
between those two neighbours and is not distributed over myriad ions. One consequence of this local
character is that covalently bonded species are discrete molecules, like hydrogen, H2 (H—H), water,
, and carbon dioxide, CO2 (O ═ C ═ O). I use these three molecules as examples for a
particular reason.
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