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CONSTRAINTS IMPOSED ON BIOLOGICAL SYSTEMSBY THEIR
ENVIRONMENT

Macroscopic level — Biological systems are living things that can move, grow and replicate. They can
only do this by making use of the resourcesin their immediate vicinity. They aso have to be able to
survive the effects of the immediate vicinity as well.
*  Abundance of the chemical elements
» Externa physical conditions - prevailing gravity, pressure, temperature, radiation
levels
» Externa chemical environment - (either water or mixture of No and Oo)

» Auvailable energy sources - heat, light, unstable chemicals from the surroundings
(usually other biological systems and thus indirectly from light).

CONSTRAINTS IMPOSED ON BIOLOGICAL SYSTEMSBY PHYSICSAND
CHEMISTRY

Molecular level - Biological systems are just alarge collection of spatially and temporally localised
chemical reactions. These reactions follow the same rules whether they happen in atest tube or a cell.
»  Chemica properties of the elements and their compounds - determined entirely by
the covaent and non-covalent interactions between atoms.
guantum mechanics
macromolecular structure
*  Energetic requirements of chemical reactions - the energy requirement must be met
by the available energy sources, otherwise reactions cannot occur.
thermodynamics
» Ratesof chemical reactions - the rate of areaction is determined by the nature of the
process and its energy requirements.
reaction kinetics
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FUNDAMENTAL PARTICLES- A PHYSICISTSVIEW

Everything in the entire universe is made up of fundamental particles (defined as particles with no
internal structure). There are three types of fundamental particles;

1. Leptons—eg. eectrons, neutrinos

2. Quarks—e.g. up, down, charm

3. Force carriers— e.g. photon
There are 6 leptons, 6 quarks and 4 force carriers.

Leptons can be directly detected. Quarks cannot be directly detected, we can only see particles made up
of several quarks (the proton and neutron are both made of three quarks). We only know that quarks

exist because the best theory available requires that they do. Force carriers mediate all the interactions
between the other particles.

FUNDAMENTAL PARTICLES- A CHEMISTSVIEW

The only particles that are of interest to chemists (and thus biochemists) are;

proton mass=1 charge = +1
neutron mass=1 charge=0
electron mass=0.0005 charge=-1
photon mass=0 charge=0

Each of these particles can have two types of energy;

1. Kinetic energy associated with their velocity (1/m1v2)
2. Potentia energy associated with the interactions (forces) between the particles

TYPES OF FORCES - A PHYSICISTSVIEW

There are four (and only four) fundamental forces;
1. Strong force — holds nuclel together (only of interest to physicists)
2. Electromagnetic force — interactions between charges and between el ectromagnetic radiation
and matter
3. Weak force —involved in radioactive decay (also only of interest to physicists)
4. Gravity - interaction between masses over very long range (only of interest on a macroscopic
scale, e.g. astronomy).

The electromagnetic force determines ALL chemistry and hence al biochemistry.

ELECTROMAGNETIC FORCE

The electromagnetic force is responsible for;
Holding electrons around nuclei in atoms (i.e. atomic structure)
Covalent bonding between atoms (holding nuclei together, mediated by the electrons)
lonic bonding between ions (asin crystals)
Non-covalent interactions between molecules (charged regions of the molecules interacting)
Being able to write (electronsin your finger repel electrons in the pen, alowing you to push
the pen)
The electromagnetic force has two parts;
» an electricinteraction due to the presence of any charges (electrostatic interaction)
* amagnetic interaction as aresult of moving charges.
We will only worry about the electric interaction because that it what is needed to understand atoms,
molecules and intermolecular forces.

The magnetic interaction is only relevant in biochemistry in;
»  Techniques such as Nuclear Magnetic Resonance spectroscopy
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»  Magnetoreceptors in some organisms (such as magnetite particles)

ELECTROSTATIC INTERACTION - COULOMB’S LAW

Theforce (F) of the interaction between two chargesis;

F= iﬂ
4pe, r?
where a1, o — charges (C)
r — distance between charges (m)
& — permittivity of free space (8.85 1012 c2 m2 N1

In order to calculate the potential energy (E) of two charged species, we have to calculate the force
required to push them together from infinity (where by definition E=0). Thisis equivalent to integrating
Coulomb’s Law between infinity and r.

r

_~ 1 99 _ 1 qg,
= O. dr =
o 4dpe, 1’ 4pe, r

(0]

The charge on an electron is -1.6" 10719 C. The attraction between two species with opposite unit
charges (e.g. Nat and CI”, or aglutamic acid residue and alysine residue) at a separation of 10 A
(1 10%m) is
B 1 (1.6 10")" (-1.6"10") _
4” 3.14 8.85° 10" 1 10°
Thermal energy a 300 K is4 1021 3,

-2.3710%]

For multiple charges, the potential energy isjust the sum of all the pairwise interactions.
E = 1 o qgq;
4pe, aiij I

. [
pairs

ELECTROSTATIC INTERACTION - DIPOLES

@ r @ A dipole consists of two opposite charges separated by afixed
0

distance.
I m Dipole moment (M) =dq " r
>
!
The interaction between a charge and a dipole can be calculated in the
usua way
VX M2 E= 1 dg’ Qg 1 dq” q,
! r dpe, 1, 4pe, T,
or this can be rewritten as;
maq,. t
E - q2 _2
4peo r12

where t is atriganometric term depending on the position of the charge relative to the dipole.

The interaction between two dipoles can be calculated in the same basic way, or can be written as
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’

e-mom. t

3
4 peo r12

where t is atriganometric term depending on relative orientations of the dipoles.
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Summary so far ...

» All matter is made of charged particles (nuclei and electrons).
*  These particles interact via the electromagnetic force.
* Thepotential energy of the electrostatic interaction between two charged particlesis

_ 1 qq,
dpe, r

(0]

THE CLASSICAL WORLD

Matter consists of particles (e.g. atoms). Energy is either associated with particles (e.g. kinetic energy)
or consists of waves (e.g. light). One form of matter can be converted into another form of matter.
Similarly, one form of energy can be converted into another form of energy, but matter and energy are
fundamentally different and cannot interconvert.

have no mass, and thus no momentum
have no single position
spread out from a point
are characterised by awavelength and an intensity
* energy isrelated to the intensity
The interaction between two wavesiis called interference. The two interacting waves add (constructive
interference) and/or subtract (destructive interference) to give a resultant wave.

Particles;
*  have mass (m) and thus momentum (mv)
have a single position (X,y,z coordinates)
have awell defined velocity (v)
travel in straight lines
energy = kinetic energy + potential energy
Kinetic energy is due to the velocity of the particle — vamv2. Potential energy is due to the position of
the particle — there are many forms of potential energy, e.g. due to the position of the particlein a
gravitational field, an electric field, achemica bond, etc.

CHEMICAL BOND - CLASSICAL APPROACH

Consider amolecule which consists of two atoms joined by a bond. The equilibrium bond length is bg.
Thisisjust like two weights on a spring. When the actual bond length is bg the potential energy of the

bond isat a minimum. If the actual bond length is shorter or longer than this, the potential energy will
be higher, i.e. there will be aforce trying to return the atoms to their equilibrium positions.

= 2
Epotential = Kp(b —bg) Epot
where K}, is the bond force constant, which can be measured by vibrational
Spectroscopy. . b
For a vibrating bond:
* when the bond length is either at its maximum or minimum value, the VT Vimax
potential energy is a maximum and the atoms are stationary so the Eer |

kinetic energy is zero.

» when the bond length is the equilibrium value, the potential energy is
aminimum and the atoms are moving quickly so the kinetic energy is
amaximum.

Etotal = Kpb— be)2 + 15mv2

—-1--
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ELECTROSTATIC INTERACTION - ROLE OF THE MEDIUM

We can deal with solvent by explicitly calculating the el ectrostatic interactions between all the particles
present. However, thisis very complex so it is easier to make an approximation and treat the medium
as a continuum (ignore the fact that it is made of molecules).

F= 1 Chgz - E= 1 99
4pee r 4pee r
where eis thedidectric constant of the medium. It is a measure of how much the surroundings shield

one charge from the other. The larger the value of e, the weaker isthe interaction. Thisis equivalent to
saying that the interaction is shorter range.

Medium e Mmax
Vacuum 1 540 A
Middle of alipid bilayer ~2 260 A
Middle of a protein ~4 130 A
Water 80 6A

'max — longest distance over which the interaction of two ions of unit charge is significant at 300 K.

THE ENERGY OF A MOLECULE

We can obtain asimple classica relationship for all the forms of potential energy that a molecule
possesses. Thisis called a molecular force field and alows us to calculate the energy of awhole
molecule (or assembly of molecules).

) 2 ) 2 o Vn pp - éAi' Bi' 1 qgq; l:,‘l
Epotential = a Kb (b_beq) + a Kq (q_qu) + a _§'+ cos(nf ) g)H+ a ?T;-_é+4 _J'
bonds angles dihedrals i<j @rij rij peoe rij 9]

Energy minimisation - We can calculate the potential energy for lots of different arrangements of atoms
for the molecule (different bond lengths, bond angles, conformations) and choose the one(s) with the
lowest energy. Thiswill give usthe most stable arrangement(s) of atoms, i.e. the most probable
structure(s) for the molecule.

NEWTON'S LAWS OF MOTION

The behaviour of particlesis governed by Newton's Law of motion (17th century).

1 Law: Every object in a state of uniform motion tends to remain in that state of motion unless an
external force is applied to it.

2nd | aw: The relationship between an object's mass m, its acceleration a, and the applied force Fis F
= ma. The direction of acceleration is the same as the direction of the applied force.

3rd | aw: For every action there is an equal and opposite reaction.

Molecular dynamics - We can cal culate the force on each atom in the molecule and use Newton's ond
law to predict where each will move to after a short time. We can then repeat the calculation to build up
amodel of how the atoms in the molecule moves. This gives us information about the range of
structures that a molecule can adopt and the dynamic properties (flexibility) of these structures.
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CHARGED SPECIESIN AN ELECTRIC FIELD

A charged speciesin an applied electric field, F, will have an additional potential energy term due to
its position in the field. A positive charge will be lower in energy in a negative electric field and higher
in energy in apositive electric field.
E=qF
A charged speciesin afield gradient will experience aforce tending to make it move up or down the
gradient (depending on its charge).
. dF

dr

ELECTROPHORESIS

In electrophoresis, a charged molecule is placed in amedium (usually agel) and an electric field
gradient applied to the gel. The molecule experiences two forces;
1. ané€ectrogtatic force in the direction of the field gradient.
2. africtiona forcein the opposite direction to motion, F=f" v, where f is the frictional
coefficient which depends on the interaction between the molecule and the medium.

. dF

F= -
—()

C———
Direction of motion with velocity v

F=f"v

+ o+ + +

The molecule will initially accelerate in the direction of the electrostatic force until its velocity is
sufficient for the frictional force to balance the electrostatic force. At that point the molecule will
continue moving at constant vel ocity, Veq

, dF ,
—=f" v,
dr a

. . V q
Electrophoretic mobilit = N |
P y(m dF/dr f

mdepends on the charge, size and shape of the molecule.

A dipole will tend to align with an electric field.

3
] —t

+ 4+ + +
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Summary so far ...

*  Classical mechanics can be used to explain the macroscopic world.
* Theclassica world consists of particles and waves
» Thebehaviour of classical particlesis governed by Newton's Laws.

CLASSICAL MECHANICS

Properties of a particle :
* Ithasmass
» Its position in space can be defined completely at any point in time (X, y, z co-ordinates or
their equivalent).
* Itsenergy (given by the sum of kinetic and potential energies) can be defined completely at
any point in time.
* |t can have any amount of energy from zero to infinity.

Properties of a continuous wave :

It extends from +¥ to -¥ and thus by definition has no position.

It has no mass.

It has awell defined frequency.

Its energy isrelated to itsintensity.

Asawave can have any intensity, it can have any energy from zero to infinity.

BREAKDOWN OF CLASSICAL MECHANICS

Waves can behave as particles :-
* Shining light on a metal surface can provide a measurable force. Light has momentum and
thus mass.

The energy of light does not depend on its intensity but its wavelength -

e Shining light on a metal surface can cause electrons to be emitted. Using long wavelength
light, even at very high intensity, does not produce electrons. Using short wavelength light,
even at very low intensity, does produce electrons. At higher intensity more electrons are
produced but each electron till has the same amount of residual kinetic energy. At shorter
wavelength each electron produced has more residual kinetic energy.

Particles can behave as waves :-
» Electrons, neutrons and hydrogen nuclei can be diffracted by using an atomic diffraction
grating (crystal) in exactly the same way that light can. They are not scattered randomly in all
directions, but behave as though they are interacting waves.

Particles do not posses continuously varying energy :-
» Rotational, vibrationa and electronic spectra of molecules consist of radiation emitted or
absorbed at a series of discrete frequencies. Thus, molecules cannot rotate, vibrate, etc., at any

speed but only at selected, predefined speeds.

WAVE-PARTICLE DUALITY OF EVERYTHING

As we have seen, particles can behave as waves and waves can behave as particles. Thus, the starting
point is to come up with a description of matter and energy that explains this. It is probably easier to try
and make awave behave like a particle than visa-versa. Thus, we use a simple wave as a starting point.

*  Bverything will be described as awave or collections of wave.

This description is called a wavefunction.
*  Waveshave mass.

—-1--
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This means that waves (and anything made by adding waves together) can have
momentum.
»  Particleswill be described as wave-packets.
This leads directly to the Uncertainty Principle and Zero-point energy.
» Theenergy of awave-packet depends on its wavelength, not itsintensity.
Theintensity is a measure of the number of wave-packets.
» Localisation of waves (or applying boundary conditions) gives rise to quantisation of energy
(or energy levels).

The mathematical formalism of this isthe Schrodinger equation (which we shall ignore).

WAVES AND PARTICLES

Pure wave

Superposition of three waves

R RS2SR SRS
SR o_‘\«.\/.n RC2S5S
B REBEE

Superposition of seven waves

Superposition of an infinite
number of waves

Anything (light, electrons, nuclei, chairs, tables, etc.) behaves as a wave or a collection of waves. This
is called the wavefunction of the object, usually given the symbol Y. Obviously, the more complex the
object is, the more complex will be its wavefunction. For awave, the square of Y at any point in space
issimply itsintensity - thisis the same as classical mechanics. We use the square of the wavefunction
because Y can be negative but we can’t have a negative intensity.

Wave/Particle duality :-

For a“classical particle” (such as an electron) the square of Y at any point in space can be interpreted
as the probability of finding the particle at that point [called the Born interpretation]. Usually we have
to normalise the wavefunctions, so that the total probability of finding a particle somewhere in space is

one. This does not mean that classical particles exist, they don't, it is simply a method of trandating the
wave properties of aparticleinto the classical properties that we find it easier to visualise.

THE DE BROGLIE RELATION

De Broglie provided a relationship between the momentum (p) of a particle and the wavelength (1 ) of
its associated wave (called the de Broglie wavelength).

Il =h/p
where h is Planck’s constant. The kinetic energy (E) of a particle of massm is given by;
E = %mv2 = (mv)2/2m = p2/2m

These two equations can be combined to give;
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h2
~oml?

Consider an electron, mass of 9.109 x 10731 kg, which has been accelerated to a velocity of 0.6 x 106

ms 1 (equivalent to an accelerating potential of approximately 1 V). The de Broglie wavelength is
given by;
h 6.626 x 10
mv  (9.109x10) x (0.6x 10)

Thus;

| =12x109m or 1.2nm
This is long compared to a typical chemical bond (0.1 nm) but short compared to the size of cell
structures (such as membranes). So an electron microscope using electrons at this speed should be able
to (and can) resolve mgjor cellular components and membrane structure.

For an electron which has been accelerated to avelocity of 20 x 108 ms'1 (equivalent to an accelerating
potentia of approximately 1 kV), then;

|  =0.036 nm

Thisis about one third the size of atypical chemical bond. So an electron microscope using electrons at
this speed should be able to (and can in favourable cases) resolve the atomic structure of molecules.

HEISENBERG S UNCERTAINTY PRINCIPLE
A pure wave has an absolute energy (the frequency is known) but the position is totally undefined.

A wave packet has an approximate position (not fully defined because it is spread out somewhat) and
an approximate energy (not fully defined because a summation over many frequenciesis required). The
more frequencies we use, the better the position is defined and the worse the energy.

A classical particle has an absolute position (it exists at a single point) but the energy is totally
undefined (to determine the energy requires the summation of an infinite number of frequencies).

This leads to one statement of Heisenberg's Uncertainty principle, which is;
“It isimpossible to specify simultaneously, with arbitrary
precision, both the energy and the position of a particle.”
This can be expressed quantitatively as follows;
Dp” Dg 3 %h
where;

Dp -- uncertainty in momentum
Dq -- uncertainty in position
h -- Plank’s constant (h) divided by 2p

This principle applies to many different pairs of quantities aswell, such as energy and time.

Consider a 65 kg person (not very large) running at 10 ms1 (i.e. very fast). If hig’her velocity is known
to an accuracy of 0.001 ms1 (about what can be measured on a running track), then the uncertainty in
hig/her positionis;

Dg =h/2Dp =h/2mDv = 81x 1034 m
Thisis not a significant number.

-3



Classical and Quantum Mechanics 3

If we consider a molecule of molecular weight 100 (g mol'l) travelling a the same speed, then the
uncertainty in its position is;

Dg =h/2(MWt.x103/A)Dv = 32x10" m
where Ais Avogadro’s number. Thisisasignificant number, over 100 times bigger than the molecule.

ZERO POINT ENERGY

One important implication of the Heisenberg Uncertainty Principle is the idea of zero-point energy. A
particle must always retain a small amount of energy in some form even at absolute zero (0 K), called
the zero-point energy. If a particle was completely till then both its energy (zero) and its position
would be completely known and this contradicts the Uncertainty Principle. Alternatively, if aparticle’s
energy is zero, then the uncertainty in its momentum (Dp) must be zero and thus the uncertainty in
position (Dq) is given by;

Dg:h/2Dp3h/03 ¥

Thus, the particle must exists everywhere in the Universe at once (assuming the Universe isinfinite).

—4--
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Summary so far ...

»  Classica mechanics doesn’t work. Particles can behave as waves and visa versa.

» Everything can be described as a wave or a wave packet. A wave packet has the properties of
both awave and a particle.

»  Thisdescription of an object is called its wavefunction.

» The wavelength of a“classical particle’ can be determined from its momentum using the de
Broglie relationship.

» Heisenberg's uncertainty principle and the idea of zero point energy are direct consequences
of the wave nature of matter.

BOUNDARY CONDITIONS AND THE QUANTISATION OF ENERGY

A continuous wave (going from -¥ to +¥) can have any wavelength and so can have any energy.
Similarly, a particle that is completely free can have any energy. Once a wave or particle becomes
localised to a specific region of space (i.e. boundary conditions are applied that restrict its motion) then
only certain wavelengths are allowed. Waves with other wavelengths cannot exist under these
boundary conditions. As energy depends on wavelength, only certain energies (energy levels) are
possible. Thisisthe quantisation of energy.

Application of boundary b  Quantisation of
conditions energy

A WAVE (OR PARTICLE) IN A BOX

—

t t t t
0.2 0.4 0.6 0.8 1 O reflections /\

t + + 4 reflections
0.2 0.4 0.6

__________________________________________________ 0 0.2 0.4 0.6 0.8
Distance

infinite
0.2 0.4 0.6 0.8 reflections

The alowed wavefunctions for a particle in a box must be zero at each edge of the box. Then the
reflected wave aways adds to the initial wave. Thus, the allowed wavelengths must satisfy the equation

L=%nl

—-1--
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where L isthelength of the box, and nis aninteger.

QUANTUM NUMBERS

In the case of a particle in a box, there are an infinite number of alowed wavelengths, for all the
possible values of the integer n.
nis called a quantum number.

A particlein abox is simply a one-dimensiona problem, thus we only need one quantum number to
describe the system.

A guantum number tells us something about the shape of the allowed wavefunction.
For the particle in abox, there are (n-1) nodes for any given wave. As the energy of awave depends on
its shape, quantum numbers can be used to help calculate the energy.

ENERGY LEVELS FOR A PARTICLE IN A BOX

As only certain wavelengths for the particle in a box are alowed, the particle can only have certain
specific energies. Its energy is quantised.

From the de Broglie relation;
h2
~2ml 2
For a1D box, L =%2nl , thus;
_ n?h?
8mL?

In order to move from one level (n) to a higher level (n'), the correct amount of energy (DE) must be
put in.

DE n€h®>  n’h? (n@'nz) h?
~8m? 8mL2  smL?
If the available energy does not match this criterion, then it cannot be absorbed.

Note -- the spacing of the energy levels depends on the size of the box. If L is very large, then the
energy separation is very small and visa versa. This is a general property of waves, the smaller the
region over which the boundary conditions apply, the greater the energy separation.

ENERGY LEVELSIN MOLECULES

Molecules can have many different types of energy and nearly al of them are quantised. The more
localised a wave the greater is the separation between energy levels and the smaller the mass the
greater the separation.

Nuclear energy levels Involve protons and Very, very large energy

neutrons in the nucleus separations
10,000,000 cm1

Electronic energy levels Involve electrons close to Very large energy separations
nuclel 10,000 Cm-l

Vibrational energy levels  Involve afew atomsin the Medium energy separations
molecule 500 cm~1

Rotationa energy levels Involves the whole Small energy separations
molecule 5cm-1

-2



Classical and Quantum Mechanics 4

Trandationa energy levels Involvesthe whole Effectively a continuum
molecule moving over (not quantised)
large distances

BOLTZMANN DISTRIBUTION

When we consider chemical systems, they are made up of a very large number of molecules. The
thermal collisions between molecules (Brownian motion) mean that energy can pass from one molecule
to another. Thus, they will not al have the same energy but there will be a random distribution over the
available energy levels, given that the total energy must be constant. The Boltzmann distribution states
that at a given temperature, T, the ratio of the number of molecules with energies E; and Ej isgiven by;

where k is the Boltzmann constant. Note: nj must always be less than nj if Ej is greater than Ej (i.e. the
lower state is always more popul ated.

An aternative way of expressing the Boltzmann distribution is as the probability, P(E;), of a molecule
having a specific energy, E;. Thisis given by,

P(E) =

where N is the total number of molecules and the summation is taken over all occupied energy levels.
Note: as before if E; gets bigger, P(E;) gets smaller.

0.4 -
P(E)
0.35 |

Area under the curves

03§ is the same

0.25

Ground 1stexcited 2nd excited E
state state state

Consider the following typical separations between energy levels relevant to three different types of
spectroscopy;

NMR DE =1.19x 102 Jmol1
Rotational DE =119 Jmol~1
Electronic DE = 119 x 103 Jmol 1
AsDEisinJ mol'l, we have to divide by Avogadro’s number (L) to give DE in J per molecule. Thus,
rllower 8LkT 17/
At room temperature, this gives theratio for Nupper to N gyyer asfollows;
NMR 0.9999952
Rotational 0.9952
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Electronic 1.86x 10721
The excited energy levels for both NMR and rotational spectroscopy are populated at room temperature
whilst very nearly all molecules are in the electronic ground state.

The sensitivity of a spectroscopic technique depends on the population difference between the ground
and excited states. If this difference is small then only a few molecules can be excited before the
system becomes saturated (the same number of molecules in both states). At room temperature, the
ratio for nypner t0 Njower are asfollows;

NMR 0.9999952
Rotational 0.9952
Electronic 1.86x 1021

For NMR only one molecule in every one hundred thousand will give a signal, whereas in electronic
spectroscopy every molecule will give a signal. Thus, electronic spectroscopy is potentially one
hundred thousand times more sensitive than NMR.

MAXWELL-BOLTZMANN DISTRIBUTION
When considering the trandational motion of molecules, the situation is slightly more complex because
molecules can move in three dimensions. However, we are usualy interested in how fast amolecule is
moving, not in which direction it is going.

Velocities in any onep Boltzmann
dimension distribution

To get the distribution of speeds, we need to consider the sum of the probabilitiesin al three directions.
This tends to emphasi se medium speeds.

Low speed Must be going slowly in al three Low probability
dimensions
Medium speed Could be; High probability

1.going sowly in two dimensions
and fast in onegoing a medium
speed in al three dimensions

High speed Must be going fast in all three Low probability
dimensions

The velocity in 1D is given by
the Boltzmann distribution

Velocity

The speed in 3D is given by
the Maxwell-Boltzmann
distribution

Speed

T1<T2
T1

This distribution changes as
the temperature changes

T2

Speed
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Summary so far ...

»  Classica mechanics doesn’t work. Particles can behave as waves and visa versa

»  Wavetheory leads directly to the Uncertainty Principle and the idea of Zero-point Energy.

» Localisation of a wave (applying boundary conditions) results in only certain wavefunctions
being allowed. These are characterised by quantum numbers. This leads to the quantisation of
energy.

*  The probability of finding a molecule in a specific energy state is given by the Boltzmann
distribution.

*  When considering trandational motion in three-dimensions rather than one, the range of
speeds is given by the Maxwell-Boltzmann distribution.

WAVE PICTURE OF AN ATOM

Electrons behave as waves and are localised around the nucleus. As they are localised waves, only
certain wavefunctions will be alowed and so their energies will be quantised. These alowed
wavefunctions are called atomic orbitals. As atoms are small and electrons have a very small mass, the
energy separation between allowed states will be large. The energy of an electron in an orbital is
determined by the electrostatic interactions with the nucleus and with other electrons.

Electrons orbit the nucleus of an atom and so can be considered as particles on the surface of a sphere.

We can treat this problem in an identical way to that of a particle in a box, but as a sphere is a bit
difficult to visualise we will start with awave on acircle.

QUANTISATION OF WAVES ON A CIRCLE

FOf awave Of arbltrary Wavel ength Superposition of 2 waves Superposition of 5 waves

As before the superposition of many
waves will lead to perfect
cancellation, unless the waves
always add. Thiswill happen if the
circumference of the circleisan
exact multiple of the wavelength.

ALLOWED WAVESON A CIRCLE

These are based on the alowed wavefunctions of a particle on a sphere (the three dimensional
equivalent of a particle on a circle). The angular quantum number for a particle on a circle is |, which
gives the number of angular nodes.
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1=0
@ ‘ s-orbital

I=1
@ O ‘ p-orbital
1=2
@ % d-orbital

ORBITAL QUANTUM NUMBERS

Quantum number Vaue Description
n 0,12, ... radial Distance from the nucleus
I 0,1,...,(n-1) angular Number of angular nodes
m 0,+1,.... 4l angular Angular direction

These three are exactly analogous to simple polar co-ordinates (r.f,y ). However, they do not give the
exact gpatial co-ordinates of the electron (as polar co-ordinates do in classical mechanics) but instead
give the probability that an electron will be found at that point in space.

ORBITAL SHAPES

O

1s
n=11=0 m=0
2s 2p, 2p, 2p,
n=2 1=0 m=0 n=2 =1 m=-1 n=2 =1 m=+1 n=2 =1 m=0

3s 3p, 3d,, 3d,,,,
n=3 I=0 m=0 n=3 |=1 m=-1 n=3 =2 m=+2 n=3 =2 m=-2
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ORBITAL ENERGIES

The energy of agiven orbital depends on the electrostatic interactions that occur between;

1. Theélectron and the nucleus (attraction)

2. Theelectron and other electrons (repulsion)
in the atom. These electrostatic interactions depend on the distances between the electrons and nucleus
and thus on the shapes and sizes of the orbitals.

For the orbitals within a specific atom;

»  Thecloser the electron isto the nucleus (smaller value of n) the lower the energy.

» Themore diffuse the orbital (smaller value of I) the less electron-electron repulsion thereis.
Thisleads to the genera order;

1s<25<2p<3s<3p<3d
for any atom with more than one electron.
Examples —
The 2s orbital in H is at the same energy as the 2p orbital because there is only one electron and so
electron-electron repulsion is not relevant and energies are only determined by distance from the
nucleus.
The 2sorbital in Li isat alower energy than the 2p orbital because there is now more than one electron
and there is greater electron-electron repulsion for an electron in a 2p orbital (I=1) than in a 2s orbital
(1=0)
RELATIVE ORBITAL ENERGIES IN DIFFERENT ATOMS

For a given atomic orbital (n, I, m), the only difference between atoms is the nuclear charge and the
number of electrons. The increased attraction from the larger nuclear charge aways outweighs the
increased repulsion from more eectrons.

Examples —

The 1s orbital in Li islower in energy than the 1s orbital in H because the atomic charge of the former
is greater (3 compared to 1).

The 2s orbital in Li is at about the same energy as the 3s orbital in Na because the increase in distance
for the latter (n=3 for Na compared to n=2 for Li) and increase in electron-electron repulsion (there are
10 other electrons present in Na compared to 2 in Li) is counterbalanced by an increase in nuclear
charge (11 for Na compared to 3 for Li).

ELECTRON SPIN

Electrons have an extra property i.e. they have a magnetic moment. This arises from the internal
motion of the electron (not the motion around the nucleus), called the electron spin.

Quantum number Value Description

S + 1% Direction of the internal motion of the electron

PAULI EXCLUSION PRINCIPLE

“No two electrons can have the same set of quantum numbers’
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i.e. no two electrons can continuously occupy the same space. If they do occupy the same space (n, |
and m the same), then their time evolution (s) must be different. This means that only two electrons can
occupy any one orbital. Another implication of the Pauli Exclusion Principle is that electrons in the
same shell (n, 1) with the same spin will repel each other less than those with opposite spins, i.e. two
electrons in the same shell with the same spin are more stable than with opposite spins

AUFBAU (BUILDING UP) PRINCIPLE

The electron configuration can be determined by aways putting the next electron into the lowest
energy orbital available. Thiswill give the ground state (lowest energy state) for the atom.

Given the large energy separation between orbital energy levels, only the ground state will be
populated at hormal temperatures.

e.g.
H 1 électron 15t
He 2 electrons 12
Li 3 electrons 152 21
F 9 electrons 152 252 2p5

S 14 dectrons 152 252 2pB 352 3p?

For part filled orbitals, the electrons will prefer to be unpaired.

VALENCE ELECTRONS AND CHEMISTRY

Valence electrons are the electrons that can be involved in bonding. These are the highest energy
electrons, i.e. the electrons in the highest energy atomic orbitals.

The chemical properties of an element are determined by the:
* number of valence electrons,
» energies of the valence electrons;
» size and shape of the atomic orbitals containing the valence electrons.

The energies of the valence electrons:

» decrease rapidly across the periodic table;
* increase slowly down the periodic table.
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