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Chapter Eight: Molecular Physics

8.1 Types of bonding

8.1.1 Hydrogen bond
A hydrogen bond is the attractive interaction of a hydrogen atom wth an

electronegative atom, like nitrogen, oxygen or fluane (thus the name
"hydrogen bond", which must not be confused with (acovalent bond to
hydrogen). The hydrogen must be covalently bonded ot another
electronegative atom to create the bond. These bosiccan occur between
molecules (intermolecularly), or within different parts of a single molecule
(intramolecularly). The hydrogen bond is stronger han a van der Waals
interaction, but weaker than covalent or ionic bond. This type of bond occurs
in both inorganic molecules such as water and orgammolecules such as DNA.

Fig. 8.1 Model of hydrogen bonds between molecule$ water

Dr. Fouad Attia Majeed 79



Atomic and Molecular physics/Lecture notes presented by Dr. Fouad Attia Majeed/Third year students/College
of education (Ibn Hayyan)/Department of Physics/University of Babylon.

8.1.2 Covalent bond
A covalent bond is a form of_chemical bondinghat is characterized by

the sharing of pairs of electronsbetween_atomsand other covalent bonds. In
short, the attraction-to-repulsion stability that forms between atoms when
they share electrons is known as covalent bonding.

(H)
(HX € tH)
(H)

#Clectron from hydrogen
#Electron from carbon

Fig. 8.2: Early concepts in covalent bonding aroskom this kind of image of the molecule
of methane Covalent bonding is implied in the_Lewis structue that indicates sharing of
electrons between atoms.

8.1.3 lonic bond

An ionic bond is a type of chemical bondhat involves a_metaland a_ nonmetal

ion (or polyatomic ions such as_ammonium through electrostatic attraction.

In short, it is a bond formed by the attraction betveen two oppositely charged

ions.

The metal donates one or more_electrondorming a positively charged ion or
cation with a stable electron confiquration These electrons then enter the non

metal, causing it to form a negatively charged iomr anion which also has a
stable electron configuration. The electrostatic dtaction between the

oppositely charged ions causes them to come togatlaad form a bond.
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N

Fig. 8.3: Sodium and chlorine bonding ionically tdorm sodium chloride.

Sodium loses its outer electron to give it a noblegas electron
configuration, and this electron enters the chlorie atom exothermically.
The oppositely charged ions are then attracted toaeh other, and their

bonding releases energy. The net transfer of energyg that energy leaves
the atoms, so the reaction is able to take place.

8.2 Molecular Spectra

8.2.1 Molecular Energies

We can picture a molecule as an assembly of smallhest point masses-the
nuclei of its component atoms, linked together bylmost massless springs-the
bonding electrons (Fig 8.5). In this model, the tal energy of a molecule,
Emoecules CaQN be viewed as the sum of its electronic energ¥qgectonic, ItS

vibrational energy, E.inration @nd its rotational energy, Eotation:

Emolecule = Eelectronic + Evibrz:ltion"'Erotation

The vibrational and rotational energies are both réated to the motion of the

nuclei of the molecule's constituent atoms.

® 000000000 @

Fig. 8.5: A diatomic molecule pictured as two sphécal masses linked by a massless spring.
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Like its electronic energy, a molecule's vibrationhand rotational energies are
also quantized, i.e., they can only take certain sicrete values. Thus, every
molecule has a characteristic set of vibrational esrgy levels and rotational

energy levels. Typical values for the differencesAE,.., AE,, and AE,,,

between adjacent electronic, vibrational and rotatbnal energy levels are,

respectively:

AE,_=1-10eV
AE, =10 eV
AE,, =10 eV

8.2.2 Rotational Spectra

Fig. 8.6, shows a typical rotational absorption spdrum, that of gaseous
hydrogen chloride, HClg. The spectrum exhibits two principle characteristes:
1. It comprises many lines, all of comparable intensyt

2. The absorption lines are equally spaced along thegguency axis.

@ 60 80 100 120 140 180 180 200 220 240 260
Frequency (cra™}

Fig. 8.6 : Rotational absorption spectrum of HC|y, The horizontal frequency axis is scaled
in units of the wave number,1X, where A is the radiation’s wavelength in centimeters
(lcm' = 3.10° Hz).

Dr. Fouad Attia Majeed 82



Atomic and Molecular physics/Lecture notes presented by Dr. Fouad Attia Majeed/Third year students/College
of education (Ibn Hayyan)/Department of Physics/University of Babylon.

2
By analogy with the expressiorK =;—m, that relates an object’s kinetic energy,

K, to its linear momentum, p, and the rotational energy, E, , of a diatomic
molecule, such as that pictured schematically in i 8.7, revolving around an

axis through its centre of mass is given by:

L2
E =—
rot 2| " :(B

wherelL is the molecule’s angular momentum andi is its moment of inertia

about this axis,

Fig. 8.7: Schematic representation of a diatomic mecule such as
HCI rotating around an axis through its centre of mass.

The rotational energy eigenvalues of the molecule meerge from the

quantization of its angular momentum. The squarel’, of the magnitude of
the molecule’s angular momentum obeys the quantizain condition:

L*=JJ +1Dn’ (8.2)
where the rotational quantum number J can take the values J= 0,1,2,3, ...

Substituting the allowed values oL? in equation (8.1) gives for the rotational

energy eigenvalues (the rotational energy levels):

Dr. Fouad Attia Majeed 83



Atomic and Molecular physics/Lecture notes presented by Dr. Fouad Attia Majeed/Third year students/College
of education (Ibn Hayyan)/Department of Physics/University of Babylon.

J(J +Dn?
E . =—=J(J+1)Bh
rot 2| ( ) (8.3)
where the constanB is defined by
h
B=—7(
d (8.4)

The difference,AE,, between two adjacent rotational energy levels, &1 level
and theJ+ 1 level, is:

AE,, =[(J +1)(I +2)-J@ +1)|Bh

= 2Bh(J +1) (8.5)
It follows, that the difference, AE,, increases by an amount Bh with each
unit increase in the quantum numberJ, i.e., the differences between adjacent
rotational energy levels increase linearly with thequantum number J.

The selection rule for radiative rotational transitions is AJ=t1 . Hence, the
frequenciesy of the photons associated with such transitions Wbe:

v=é%m=2mJ+n (8.6)

and the difference, Av, between the frequencies of successive spectraiels a
constant:
Ay =2B (8.7)

Example 8.1: The Interatomic Distance in the HCI Molecule
The spacing, A(/4), between the lines in the rotational spectrum of Bl is

20cni*.Calculate the distance between the nuclei (the Igth of the bond) in the

HCI molecule.
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Calculation: The moment of inertia, I, relative to its centre of mass, of a
diatomic molecule can be calculated (i) from its r@tional absorption

spectrum and (ii) from mechanics.

The interatomic distance can be computed by equatin the mathematical
expressions for the two methods.

(i) Combining equations (8.4) and (8.7) gives the follng expression for the
molecule's moment of inertia, relative to its centre of mass:

_h
'= ArPAV (8.8)
In terms of the frequency, the spacingAv, between the spectral lines is
Av=A12)E
=20x10° Bx10°
=6x10"Hz

Substituting this value in equation (8.8) gives:

| - 662x10°

= I 10t 28x10* kg.m?

(i) The moment of inertia, I, relative to its centre of mass, of a dumbbell,
comprising two massesm, and m,, at a distancer from one another is:
| =m'r? (8.9)

wherem', the molecule's reduced mass, is given by

m' = m,m,
m, +m,

In the case of the HCI molecule:

m, =m,, = 166x107'kg
m, =my, = 3500166x10'kg

Hence,
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m' = L":”5E1166><10'27kg
1+35

= 161x107* kg

Substituting the value of the reduced mass, m', anthat of the moment of
inertia, |, obtained from the rotational spectrum in equation (4.31) gives for
the bond length, r,

—47
= 1/# = % =13x10°m =1.3A°

8.2.3 Vibrational Spectra

The diatomic molecules can vibrate in just one mag to and fro along
the axis joining their atomic centers, polyatomic rlecules comprising (n)
atoms have (3n - 6) vibrational modes. If the molete is also linear it has one

more mode, i.e., (3n - 5) modes altogether (Fig 8.

o B

ﬁﬁ*—ﬁ = w

|‘E:15$'
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o0

Fig. 8.8: The vibrational modes of adiatomic and triatomic molecule.

At low energies, the vibrations of a diatomic molade can be described in
terms of a harmonic oscillator. According to Plancks quantum hypothesis, the

energy, E, of a harmonic oscillator of natural freqiency v,can only take the

values E =nhv, wheren =0, 1, 2, 3. .. This implies that in its groundtate,
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n = 0, the energy of the oscillator should equal m@ and that the oscillator
should be completely at rest. However, this wouldontravene the Heisenberg
Uncertainty Principle; complete rest implies no unertainty whatsoever as to

the system’s position and linear momentum.

The correct expression for the energyE,;, , of the oscillator is obtained from
guantum mechanics. The potential energylJ, of a simple harmonic oscillator
is given by:

X2

U=k—
5 (8.10)
where k is the oscillator (spring) constant. Substitutinghis expression for the
potential energy in the one-dimensional time indepwlent Schrodinger
equation gives:

dw 8m°m’ kx?
dxl/zl + 7 [Ewb -7}// =0 (8.11)

The energy eigenvalues given by the solution to thequation are
_ 1
Ej=| N+ B hv, (8.12)

where the oscillator’s natural frequency,v,, is given by

1 |k
I/O: I
2r\m

(8.13)

The integer n is called the vibrational quantum number and can #&ke the

valuesn =0, 1, 2, 3 ... Thus, in its ground state = 0O, the oscillator has a ‘zero-
point’ energy of hv,/2 and so is never completely at rest.

At low energies, where the diatomic molecule can begarded as a harmonic

oscillator, the vibrational energy levels are equdy spaced. However, at higher
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energies, i.e., higher vibrational quantum numbersthe oscillator becomes
anharmonic as is shown in Fig. 8.9 and the energgvels close up. As the
energy increases, so does the amplitude of the vdiions. At the energy
corresponding to the quantum numbern. , the bond linking the atoms breaks.
In practice, the vibrational spectra of diatomic mdecules are very simple,
usually comprising just a single strong line calledhe fundamental line. There
are two reasons for this:
1. The selection rule for radiative vibrational transitions is An=%1. It

follows, from equation (8.12) that only photons ofrequency v, will be

absorbed or emitted in transitions between low engyy vibrational states.

2. A typical value for the difference between two adjeent vibrational

energy levels i&\E;, = 0.5eV.

U"

e

Fig. 8.9: The potential energyl, of a diatomic molecule as a function of
the interatomic distancer. The horizontal line represents the vibrational
energy levelsE., of the molecule. At low energies the curve is pabolic,
consistent with the harmonic oscillator.

At low resolution, the fundamental line appears asa broad band. This is
because the transitions between the vibrational stas are accompanied by
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transitions between rotational states (Fig 8.10).nl these transitions, photons
with energies in the range E .., =AE,, + AE,,where AE is the energy
involved in these rotational transitions, are absdsed or emitted by the

molecule. This range of photon energies shows up asbroadening of the

fundamental line.

AJ = -1 AJ = +1
—— N ——m ‘

E =1 3 _
N — $ n=1
—% 0

4

3 _
2 n=0
1

o}

Fig. 8.10: Vibrational-rotational radiative transitions in a diatomic
molecule. The transitions obey the selection rule@n = tlandAJ = £1.

Example 8.2: Vibrational Spectrum of CO

An intense line of wave number 2144cthappears in the infra-red spectrum of
carbon monoxide gas, C(, Calculate:

a) the period of the molecule's vibrations,
b) the force constant of the molecule's bond;
c) the zero-point energy per mole of carbon monoxide.

Calculation:

a) The period, T, of the molecule's vibrations is inversely propoibnal to the
frequency, v,, of its vibrations, i.e.,
1 1

Vv 2144x102 (Bx10°

= 155x10™"s

o]
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b) From equation (8.13), the force constank, of the bond in a diatomic
molecule is given by:

k =4mrm'v?
,_mCCm, 1216

o m= = x 166x107%" = 114x10 *kg
m,+m, 12+16
2
O k=47 OL14x107% ;14 =1862N.m™
155x%10
: : : hv
c) In its ground state,n = 0, an oscillator has a zero-point energy ok, = 2"

The zero-point energy of a mole of carbon monade molecules is therefore

10"

155

663x10°* I:E ]
E,= [602x10% = 128x10" J/mol

° 2

8.2.4 Electronic Spectra

Transitions between molecular electronic levels AE,, =1-10eV) are
usually accompanied by transitions between the matale’s vibrational and
rotational levels. Accordingly, the frequencies ofthe photons emitted and
absorbed in such transitions are given by:

V= AEelec + AEvib + AErot
h

These frequencies are in the visible and the nearltta-violet. Transitions

between electronic states appear as a spectral bandt higher resolutions
these bands are seen to comprise closely packedebncorresponding to the
various upper and lower vibrational and rotational levels.

8.2.5 Raman Spectra

In 1928, Raman discovered that the light scattered by moleculesoatains

frequencies other than those of the incident radian; the phenomenon is
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called Raman scattering. The source of the additional frequencies is in th
internal structure of the scattering particles. Molkecules both vibrate and
rotate, and these motions can add to the vibrationgnduced by the electric
field in the incident radiation. The phenomenon idest understood in terms of

photons.
e M o o ol Bl < bl oo B ol
h(v +v,
hy hy hv ( b)
hv h(v =v,)
. S
3 . J
Rayleigh Scattering Raman Scattering

Fig. 8.11: Raman and Rayleigh scattering interpreted in terms of the
absorption and emission of photons. In Rayleigh scattering the photon emitted
isidentical to that absorbed. In Raman scattering the emitted photon can have
adlightly higher or lower energy than that of the incident photon.

As a first possibility, a photon of energyhv striking a molecule will be
scattered without any change in its energy (frequesy). The molecule rises to a
higher energy state from which it returns at once @ its ground state by

emitting an identical photon.

This is the mechanism of the normaRayleigh scattering. A second possibility is
that the excited molecule emits a photon of lowemergy (frequency) than that
which struck it, using the surplus to enhance therergy of its vibrations and

rotations. In this case, the energy of the emitteghoton is h(v -v,,,)and the

increase in the molecule's vibrational and/or rotabnal energy is hv,,

(see Fig. 8.11).
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In rare instances, the incident photon will strikea molecule whose vibrational

and/or rotational energy has already been enhanceth this case, the molecule

can emit a photon of energyh(v +v,;) . Thus, the scattered radiation can
contain frequencies that are both slightly highery +v,;,, and slightly lower,
V=V, , than that of the incident radiation.

Raman scattering is employed in the elucidation ofmolecular structures.
For example, the molecule BD has two possible configurations: NON and
NNO. The first configuration is symmetrical; the seconds asymmetrical. This
difference in their structures expresses itself as difference in their vibrational
modes. The Raman scattering of PO corresponds to vibrations of the

asymmetrical configuration and thus the molecule'structure was determined.
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