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CHAPIER

ONE
INTRODUCTION

1.1 CHARACTERIZATION OF ELECTROMAGNETIC
RADIATION

Molecular spectroscopy may be defined as the study of the interaction of
electromagnetic waves and matter. Throughout this book we shall be con-
cernad with what spectroscopy can tell us of the structure of maller, so it is
essential in this first chapter to discuss briefly the nature of clectromagnetic
radiation and the sort of intcractions which may occur; we shall also con-
sider, in outline, the experimental methods of spectroscopy.

Electromagnetic radiation, of which visible light forms an obvious but
wery smali part, may be considered as o simple harmonic wave propagated
from a souree and travelling in straight lines except when refracted or
reflected. The properties which undulate —corresponding to the physical
displacemeant of a stretched string vibrating, or the alternate compressions
and rarductions of the aimosphere during the passage of 3 sound wave
are interconnected electric and magnetic fields. We shall see later that it is
these undulatory ficlds which interact with matter giving rise to a spectrm,

It is trivial to shaw that any simple harmonic wave has propertics of
the sine wave, defined by p = A sin #, which is plotted in Fig. 1.1, Here p is
the displacement with a maximum value 4, and # is an angle varying
between O and 3600% {or O and 2x rudians). The relevance of this represen-
tation to a travelling wave is bost scen by considering the left-hand side of
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Figure 1.8 The bending masion of the carbon duoaide midecule and il assogiared dipuele
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5 There is u rather special requitement for a molecular motion to be
‘Raman active’; this is that the eleetrical pelarizabiity of the molecule
must change during the metion, This will be discussed fully in Chapler 4.

1.4 REPRESENTATION OF SPECTRA

We show in Fig. 1.9 a highly schematic diagram of & spectrometar suitakde
for use in the visible and ultra-violet regions of the spectrum, A “orhite’
source is focused by lens 1 on 10 & narrow slit farranged perpendiculatly to
the plane of the paper) and s then made inta a parallel beam by lens 2.
After passing through the sample it is separated into its constituent fre-
guencies by a prism and e then focused on to a photographic plate by jens
1. the vertical image of the slit will thus appear on the plate. Rays have
been drawn to show the points at which two frequencics, ¥, and v, are

I locused.
B If the sample container is cmpty, the photogra phic plate, after develap-
o ment, should ideally show an cven blackening over the whole range of
: a frequencies covered (e, from A4 Lo B). The ideal situation is seldom realized,
’-j' a if only because the source does not usually radiate all frequencies with the
i t} same intensity, but it any Case Ihe blackening of the plate ssrves 1o indicate

the relative intensities of the [req uencies emitted by the sourcc.

th If we now imagine the sample space to be filled with a substance having
th only twi possible energy levels, E, and E,, the photographic plate, after
} be development, will show a blackening at all points except al the frequency
la, v = (B, — E\)h, sinco energy at this frequency will have been abzorbed by
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Figure 1.1 Thecurya of p = A ain i

Fig. 1.2, A point P travels with wniform angular velocity e rad ¢ ¢ jn a
circular path of radivs 4; we measure the time from the instant when P
passes (F and then, aller a time ¢ seconds, we magine £ to have described
an angle # = ent radians. Its vertival displacement is then y = A sin ¢ = A
sim e, and we can plot this displacement against time as on the right-hand
sihe of Fig, 1.2, After & time of 2rio seconds, P wil] return (o ¢, completing
a ‘cycle’. Further cycles of P wil repeat the pattern and we can describe the
displacermnent as a continuaus function of time by the graph of Fig, 1.2

In one second the pattern will repeat itself ke times, and this is
referred to as the frequency (v) of the wave. The 8T unit of frequency 1z called
the hertz (abbreviated to Hz) and has the dimensions of reciprocal seconds
(abbreviated 577 ), We may then write:

F= 5n e = A 5in Pt (1.1}

as & basic equation of wave motion.
So fur we have discussed the variation of displacement with time, but in
order to consider the natore of a travelling wave, we are more interested in
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Figure 1.2 Toe desenption of o sine cwrve in tems of the girculzr sodion of poinl P at a
umiform asguier vebocity of e tad 5.
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Figure 13 The concept of & ravelling wavs with a wavalongth .

the distance variation of the displacement. For this we need the fundamen-
tal distance -time relationship;

x=gr (1.2}

where x is the distance covered in time r at a speed ¢. Combining (1.1) and
{12} we have:
. . Amvx
Y= A yn 2nvt = 4 gin ——
v

and the wave is shown in Fig. 1.3, Besides the frequency v, we now have
atwther property by which we can characterize the wave—its wavelength 2,
which is the distance ravelled during a complete cycle. When the veloeity s
¢ metres per second and there are v oycles per second, there are evidently v
WAaves In ¢ matres, or

o= A=¢fv metres (1.3
50 we have:
. Amw
¥ =4 gin - (1.4}

It spectroscopy wavelengths are expressed in a variety of units, chasen
S0 that in any particular range (sec Fig. L4) the wavelength docs not
invoive large powers of teq, Thus, in the microwave region, A is measured
in ventimetres or millimetres, while in the infra-red it s usually given In
micrometres (umb—formerly called the micran—vhere

Laym=10"%m (1.5

in the visible and uhra-vialet region, 4 is still often expressed in Anpstrom
units (A) where 1 A = 1071 although the proper ST unit for this region
15 the nanometre:

Inm =10 *m=104 i1.6)
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Figure 1.10 Schemati: & agram of the absarption spectrum of ntomiz hydregen revonded on a
pherogriphic plare.

Lhe samplc in raising each moecule from state 1 o state 2. Further if, s 1=
almost always the case, there are many possible encrgy levels, £, Eaoooo
B Eyyon availahle ta the sample, a series of absorption lings will appear
on the photographic plate at frequencies given by v = (E; — k)i A typica
gpectrum may shen appear as in Fig. .10

At this peint it may be helpful to congider what happens to (ne eneTey
absorbed in the sort of process described above In the ulira-violet, visible,
and infra-red regions @t is an gxperimental fact thal a given sampls con-
tmues to show an absorplion spectrum for as long as we care (o irradiate
il—in other words, a linilc number of sample moleculzs appear to be cap-
ahle of abserbing an infinite amount of encrgy. Plainly the maolecules must
be able to rid themsslves of the abso thed energy.

A possible mechanism for tius is by thermal collisions. An encrgized
molecute collides with its neighbours and gradually loses its exccss eNeTEy
to them as kinetic encrgy—the sample as a whole becomes Warn.

Another mechanism is that enctgy gained from radiation is lost as
radiation once more. A molecule in the ground state absorbs encrgy at
frequency v and its encrgy is raised un amount AE = hv above the ground
state, 1 is thus m an excited, unstable condition, but by emitting radiation
of frequency v again, it can revert 1o the ground state and is able 2
reabsort from the radiation beam once more. n this case, it is often asked
how an absorption spectrum can arise at all, since the absorbed energy is
re-emitted by tae sample. The answer is simply that the radiation % 1¢-
emitted in a random directivn and the proportion of such radiation
reaching the detector is minute—in fact re-emitted radiation has as much
chance of reaching the source as the detector, The net cifect, then, is an
absorption from the directed beam and, wien re-emission ocours, a scat-
tering into the surroundings. The scailered radiation can, of course, he
coilected and ohserved as an emission speclrum which will be—with 1m
portant reservations (o be discussed in Chapter 4—the complement of the
absorption spectrum. Under the right conditions much of the radiation
emitted from a sample can be in a very coherent beam—so-called laser
radiation. We discuss this in Sec. 1.10.

Ha
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There is yet a third way in which slectromagnetic radiation can be
usefully characterized, and this is in fcrms of the wanenwmber 7. Farmally
this is defined 4y the reciprocal of the wavelength cxpressed in centimeires;

F—1/d em ! 1.7)
and hence
¥ = A sin 2n¥Fr (LB

It is more uselu] 1o think of the wavenumber, however, as the number of
compete waves or cycles contained in each centimatre length of radistion.
Since the formal definition is based on the centimetre rather than the MCLre,
the wavenumber is, of course, a non-S1 unit; it is, however, so convenien! a
unil for the discussion of infra-red spectra that—like the Angstrom—it will
be many yzars before it Talls inta disnse,

It is unforiunate that the conventional symbols of wavenumber (¥} and
frequency (v) arc similar; confosion should not arise, however, i the units of
any expression are kept in mind, since wavenumber is invariably expressied
in reciprocal centimetres (em ~') and frequency in cycles per second (s~ or
Hz) The two are, in lucl, propartional: v = o5, where the proportionality
conslant is the velocity of radiglivn expressed in centimetres pcr second
(that is, 3 = 10" em s '); the velovily in 81 units is. of course,
I 10Fms "

1.2 THE QUANTIZATION OF ENERGY

Towards the end of the last century experimental data were observed which
were quite incompatible with the previously accepted view that matter
could take up energy comtinuously. Tn 1900 Max Planck published the
revolutionary idea that the energy of an oscillator is discontinuous and that
any change in its cnergy vontemt can occur only by mcans of 5 jump
between two distingt energy states. The idea was later extended ta COveT
marny other forms of the energy of matter.

A moiecule in space can have many sorts of en ETEY; &£, IL (dY POSSEss
rotational energy by virtue of bodily rotation about its centre of gravily; it
will have vibrational energy due to the periodic displacement of its atoms
from their equilibrium positions: it will have clectronic anergy since the
electrons associated with each atom or bond are in unceasing motion, ete
The chenust or physicist is early familiar with the electronic energy states of
an atam or molecule and aceepts the idea that an electron can exist in one
of severn] discrete encray levels; he learns to speak of the energy as being
guamtized. In much the same way the rotational, vibrational, and other
energies of a molecule are also quantized —a particular molecule can exist
in a variety of rotational, vibrational, efc., encrey levels and can muve from
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this radration 1 have f‘ruqlm:c:}' U AR unly, and the eMission spectrym

s found jx Mlainly tomplementury 1, the #bsarption FPeclrum of 1he pre- 1

VIOl Paragra ph.

The yetial merzy differenoes between the rotational, Vibratiopai, and
electronic YIEIgY levels gre Yery smail ang May be measured in jouley per
molecule {or atom). Tn thege units Planck’, Coastant hgs the Yalue:

A=663x 10 M jouies moleculy -

Ofien we yrs Interested in the toiaf SRERY involved whep 5 Erim-molecyle
of a sybstange changes jts ENETRY stato: for this we multiply by |he Avo-
Eadve number & o & U2 % |03

Huwcw.-r, the SPectroscop st edsures the varioue uhararlcrislim of the
absorhed or emitted radiag g during transijons between COETRY statas ang

they were CRETEY wnits, Ths in referring (6 4ag energy of J0 gy -t - he
MEANS "0 separyiing Between pwq ENETRY Stites such that the assacigted
radiation has 5 wavenumber valpe of I em-1r The first CADIESSION |5 50
simpie any conveniant that it jg easential 1o bevome familiar wiih Wilvenum-
ber ang Fn:*qutncg.r CHETEY wnits if one jg to understong jhe Spectroscopist’s
language, Throughayt this hock we shall use the Symbal ;1 represent
BHErEY in om 1,

It cannar pe too firmly Stressed ag ihi, Point thay the frequ::nu}' of
radiation associated with ap FRErgy change dpes hot imply thay the tran.
sition between Energy levels ocenrg A certain number of limes each second.
Thus an elecironig transition in gy B0 o1 molecyle May absorb or ami

1.3 REGIONS OF THE SPECTRUM

Figure 1.4 illustrates jn Pictotial fashion the varioys, rather arbitrary,

chapter in this book deglg cssentially wigh one of thega Processps

in innrc:mng frequency the Tegions are:

1 R_adm.l‘requcnc} Tegion: 3 i jgo3 XA Hz: 10 icm Wavelength,
Nuclecar Magnetic resonanca () apg eleciron spin TESONance (esr)
SPECtroscopy. The FOergy change involved jy that aSing from he fe=
versal of spin of 4 nucles ar electron, gnd is of the arder (-00)- 1y
foules mote {Chaper 7).
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Figuae 112 The idcalized spactiTum of & moleculs gnderaoing & gio gie Lransiiton.

Lo modeLn gpectromsiers the detector 18 rarely the simpie phutng:uphic
plate of Fig 1.9, One of the MOs sensitive and useful dovices in the visible
and vitra-violet region is the phummuhipl.icr tube. consisting of & light-
sepsitive surface which emits glectrons when ligit falls wpod it. The tin¥
electron gurrent may he amplificd qud applied to an qrprneter OT pen Te
curder. The spectromeler would then appeat somewhat a5 10 Fig. L.1L
where the sensitive glement of the phmnmulliplier s situated at the point A
of Fig, 1.9. The physical widih of the beam falling on the detector can he
lirnited by the provision of an saxit slit’ juat in front of the detecior gnirance

The frequency of the light falling on the phntumultipiir:r may be altered
aither by physically moving the latter from A lo B or, moe wsoally, by
sleady rutation of the prism, if, a5 hefore, we IMAEINS the sample Lo poiain
a substance having just two energy levels, the phnmmuhiplier output wiil,
ideally, vary with the prism atientution as n Fig. 1.12. We say that the
spectrum has been scanned patween the frequendits represented by A and B,
and such a picture is referred 1o, rather grandly, as 2 gpEcirum in the
‘frequency domain’, to indicase that it records the detcctor cutput apainst
frequensy- In Sec. 1.8 we chall discuss 1me dormain’ Spectroscony. where the
detector output is recorded as & [unction of time.

Again, the wleal situation of Fig, 1,12 is seldom attpined. Mot only does
the source erissivity vary with frequency, but often the sensitivity of the
phnmmultiplier is alao l'requ:ncyedep-:ndﬂm. Thus the bascline—the
'5amp1c~cmpr:r" condition—is NEVEr horizomtal, althouph matlers a0 LS
ally be arranged so that it is apprmimmelg.- lincar. Further, gince it 18
impossible Lo make either of the slhivs infinitely natrow, a rangeé of fre-
UenCies, rather than just & gingle fraguency. falls om the ph-_‘ltumu'ltiplim‘ al
any given setiing ol the prism, This results 1t 8 broadening of the absorb-
ance peak, and the final spectrurl ma¥ AppHaar rather as in Fig. 113 In this
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mstrumental “CAI0NE, iy pften botier 1o MEREUEE the relygjve inlensgitips of
dbsorbaneg icaks from the derivative cupye thao from the direct reapp,

L5 BasIC ELEMENTS OF PRACTICAL SPEI:‘TR()SCU]‘Y

Spectiometars Used i variggs regiony of (ha Specirum naturaily differ
widely fram g0 Clher jn construction, Thess diflerenees will T diseussed
I mare deraif in thy following chapters, but here ¢ Will prabably he helpful
1 indicale the hasje features which Are commnn o al) types of spectyom.
eter. We miay, for this PUrpose, consider absorption ang EMission spect royy.

L Ahsorprigg thstruments. | igure L.15{q) shows, in black diagram lorm,
the LoMmponcnts of gn absorptian spectrometer whiph might be useqd in
the tfra-red visible, and ultra-violst regions, The radiation from a white
spuree iy direcied by sume guiding devies fe.g., the lens of Fig 1.9, ar
TUTIOES) on to the sample, from which jy Passes through ap Analyser feg.
the prism of Fig. 1.9}, which selecis the frequency reaching the detector ap
dmy given time, The signal from the latter passes tg 8 recorder whicl; jx
s¥nchronized with the ABYser 50 a5 14 Produes a toace of e absarh-

the recorder can be of g t¥pe which s, i general, simpler gy, COnstrict
and more reljable i OPeration than a de g Plifier, and (&) the amplifier
can be tipned 1o select only that frequency which the modylatay impages
an the signal, thys Ignating all pthe; signals. In thjs Way stray radiation
and other EXtrancous signals yre remaved from (he Spectral trace ang 3
better, cleaner SPeCtrim rasulis,

In the microwaye and rad:'nl"requency TEIOns it fs Possible (o pop-
sIruct monochromatie sources whose emission frequency can be varied
DVET a range. In thiy “ase, as Fig. 1. 5p) shows, np analyser jz ficcessary,
the sourc: being, in g4 SIS, its own analyser, Now it is Mecessary for the
recerder to by synchironized wih the SOURGE-scanning device in arder
that a speptyq) trace be obtajned,

Emission instrimengs. The layow oW differs in that the sample, after
excitation, js jts UWO source, and i g Recessary only 1y coliect the
emjlied radiztion, analyse, and Fecord it in (ke usual way, Figure 116

|
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2 Microwave egion; 3w 10'0_3 o g2 Hel 1 oem 100 pm wavelength,
Reotational SPELITOSCopY. Separations between (e rotational Jevely of
meolzenles are af Hhe order of hundreds of joules per mole (Chapier 2}

3 Infra-red region: 3 % 10'_3 10 Heo 100 pm-t An wavelengih,
Vibrational speciroscopy. One of the most valuable SpCelroscopic re-
mons for the chemist, Scparations hetween levely are some 104 joues;
mojs (Chapter 3)

4. Visible and ultra-violel regions: 3 x 10'% 3 4 ots Hz; ! pm-10 un
wavelengih. Elegiranic Sprctroscopy. The separationg berween the cner-
gies of valenoe eiectrons are some hundreds of kilojoules per male
{Chapters 5 and 6),

3. Meray region: 3 x 107%-3 g8 Hz: 10 am-100 pm wavelength. Energy
changes invelving the inner electroms of an atom ar a molecule, whicl
nay be of erder ten thousand kilojonies (Chapter 5).

borroy reglon: 3w 10183 o jpeo Hz; 100 pm-1 pm wavelength, Energy
changes involve the rearrangement of nuclear particles, baving cnergies
of 1071047 joules per gram atom (Chapter &),

One other type of spectroseopy, thal discoverad by Raman and bearing
his name, is discussed in Chapter 4. This, it will he seen, yields informaljon
similar to that obiained in the microwave and infra-red reglons, although
the experimental method i such that obzervalions are made in the visihie

In order that there shall be some mechanism for imteraction between
the incident radiation and the nuclear, molecular, or electronic changes
depicted in Fig, 1.4, there muyst be some electric or magnetic elfect produced
by the change whizh tan be influenced by the electric or magnetic fiekds
associated with the radiation, There are several possibilities: ,

1. The radiofreq uency region. We may consider the nucleus and alactron 10
be tiny charped particles, and it follows that theiy Spin is assoviated with
4 tiny magnetic dipole. The reversal of this dipale conseéquent upon tha
spin reversal can interact with the magnetic field of electromagnetic
rediation ai the appropriate frequency. Consequently all such Spin re-
versals produce an absorption or emission specirum,

- The visible and ulira-vielet region. The excitation of 4 valence electron
nvolves 1he moving of electronic charges in the moleculz, The conse-
quent change in the electric dipole gives rise 10 4 apectrum by {18 interac-
tion with the un dulatory eleciric field of radiation,

3. The microwave region. A moleoyie such as hydrogen chloride, HCl, in
which one atom {ihe hydrogen) carrigs g PeTmAnent net positive chargs
amd the other a net negative charge, is said to have 4 permanent electrig
dipale muoment, By or Cl,, on the other hand, in which there is no sucl
charge sepuration, have a zero dipole. If we comsider the rotalior of HCY

b
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Figure 1.5 The sotation of a diziomic mwolecuie, HCL, showing the fusuation in ke dipele
- nivareml messured ina paricular direction.

(Fig. 1.5, where we notice that if only a pure rotation takes place. the
cenbre of gravity of the molecule must not move), we ses thal the plus
and minus charges change places periodically, and the component dipole
moment in a given dirsction {(say upwards in the planc of the paper)
Aucruates regularly. This fluctuation is plotted in the lower half of Fig
1.5, and it is seen to be exaetly simlar in farm to the fluctuating electrie
field of radiation {cf. Fig, 1.2). Thus intcraction can DCCUL, energy can be
ansorbed or emitted, and (he rotation gives rise to a spectrum. All mol-
ecules having a permanent moment are said to be ‘microwave active. Ii
there is no dipole, as in Hy or Cl;, no interaction can take place and the
molecule is ‘microwave inactive’. This imposes a limitation on the appli-
) cability of microwave spectrascopy.

4. The infra-red region. Hete it is a vibration, rather than a rotation, which
must zive risc to a dipole change. Consider the carbon dioxide molecule
as un example, in which the thres atoms are arranged linsatrly with a
small met positive charge on the carhon and small negative charges on
the oxygens:

A= I+ &—

Od—C —O

During the mode of vibration known as the ‘symmerric stretch’, the
molecule is alternately stretched and compressed, both C—C bonds
changing simullaneously, as in Fig. L6, Plaioly the dipole moment re-
mains zera throughout the whole of this motion, and this particular
vibration s thus ‘infra-red inactive’.



10 FUNLAMENTALS oF MIBLL

Clar PO TIMOSON Py

15+

o —

B
—_— i 0 stretched
[ 2i+ LB
O—— —c—— normal
b iy 4
O-—C——g compressed

Figure 1,6 The SYIRme L strehching vikyagion of ihe carbon dinxide molecule

However, there s adather stretching vibragjnn called the anpii-
itretch, depicted in Fig. 1.7. Here one bond stretches while
- u4nd vice versa, As (he figure shows, there js 5
Periodic alteration in the dipole moment, and he vibration is thus ‘{nfry.
red yctive’. One further vibration i allowed (o this molecule tsee {Tha pler
3 tor a more detajjed diseussion), known as the bendi ng maode. This, ay
shown in Fig. 18, 15 alzo infra-red agtive, |n both these maolions the
=entre of gravity does not Move,
Although dipole change requirements do impose some limitation pn
the application of infra-red spectroscapy, the HPfarance or nop-
itn vibratioy frequencies can give valuable infor.

maiion about the structure of g particular molecule (see Chapter 3),

.
r 0
4] o (1 r 0 tI'J
Asmmeiric ! r .[ l CI' .
stiglching  pag U I C { )
nbration [ ' T ] ’ I l'r_
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Figare 1.7 The AS¥Iimetr Areteiung vibration of the carbon dioxide malecule ehowing 1the
Auciaation in the dipole noment,
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