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Chapi@fﬂ. Raman S Fez;ﬂbScoPy

We hate Seen how it i possible 4o gain Shucheral
fnvFormaﬁ‘cm on digtomic  molecules “Fram +their Ybfaﬁ‘@ua/ and
Wﬁoﬂap” v»‘bmﬁm@ﬂ s,aem‘m,, Tn each case, energy is
exchanged befieen the EM radiation and the molecule thrugh
the inferacton befween the oscillates dipole moment™ cenef
the oscill a'ﬁﬁ electnc 'Fr‘elcl In the vadaton, These j’fedf%
aYe preXVei Via L__e_c_t’L electric dqpo/@ Hansitions .

In CaﬂSeggM@nce) there 5 o Tﬁwémerﬂ' J at [east ”l%r
diatomic molecules that the molecule Possess a permenent

electric dt‘f)ole moment | i-€.,
Tn \prmﬂﬁon 6n the Yb'laﬁb’m/ and l/f/)mﬁmﬂ [eve/c 91& a
Cannof' be 0[977177@({ [n H:E

T must be heterv huclear,

homonucleax deatemic. molecule.

‘/\)ﬁ)‘/- FOYW'J#> -Hnere IS an alleviatie Mﬂ# ‘i‘ﬂ/ﬂ’/” dloes nat
Quffr from this restricfion. Tt Is called Kaman goedmscapy.
Raman SFech?%wP\/ is not based on absorption /omizsion
PYD&SS) ['e‘) Y)D-" Yé@p tm”sfﬁbnS/ bblj' Fa'ﬂnef“ oNn /lé‘jd’
Scwtfemg effect — Virtual tansition | i.e. '[jua~plx>')’vn Process
It 1s named af‘l’ef 'ﬁ)e Indian Phx/s:‘crsf— Cc.V, Q&emd,r)/
WOho was the -ﬁrﬁ' fo observe +his phenemenen m (928
'Follmt)ir\?, i1s f/)\eoreﬁcwp Fredr‘cﬁ“vn l:\/ A. Smek&l«g.
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i1 Classical Theory of Light Scottertyy and Raman Effect

When a Pam//e/ beam of light g% through a a5 . éz/{}’u(‘a/)
0% & mngf’“renf Soltd body @ small fracken of the [ight™ s
Scatered in all diections,  The (izht beam can ﬁamjgfe be geen

Tneident Somple
> 7
Light ' ’“ﬁ'ﬁw Lisht
)); and ' =4V |
The tastc experinestal aissgenset” for Studyy fle Ronen effet

aFrom the Side (Tyndm/ effect), The infenscty of the scatlered

[ ‘\5_1,,1» s (nveﬂe% pmrwf-/z‘aw& {o ‘tl’e -Ffwr‘f;\ powex” OF -tAe e~
length . Hue lght is much more Stengly Scatered  ihan fed (Which
QXFlafns the Jact that the sky appearss blue).

I‘F the incident L$hT has @ Aiscrefe [ine Spectrum (like a /czser).
ond the Bpedmm ﬁ,@ the scattered I«‘och‘/‘ s fn\/eshgodml R —]‘%und
that™ The Sontfeved “3“' Contains 6)(61&*/3/ the Same —ﬁ%puena‘és
0s the |vsht preduceg it This saatery is called Rayle:gh
SM&WZ\T‘ Hewever, ‘\10 0 by the spect@@an of the Scatered
l.‘cyh‘l“ , the lines that aw identitald with those aF the [.5;/,1— Souyrce.
are stongly overexposed, Some weak addctional lves are found
which do net appear in the S“[oedﬂtm e{ ~the [ght Sowrce,

Thes Phenomenan Predi‘cf’ea' —ﬁw\ -H)emj /zs\/ Smekal wao .ﬁm'—

(\} A Y AN I B “
dCSCOUBYﬁA D\/ }gaman knd S Cvi¥abpfziov> andl 'S now (;a//ed'
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the Raman effect. (See the Fswre below)
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F16. 36. Raman Spectrum of HCI [after Andrychuk (752a)].*  Above is the specttum of the Hg
arc, below the Hg spectrum scattered by HCl.gas (5:atm.). The exciting line of the Raman spectrum.
is.the an line 2536.5 A. With lower resolution and less exposure time only the Raman line at
2737 A (marked Q) corresponding to a shift. of 2886 em™! appears. The spectrogram shows in
addition Raman lines of small displacement on both sides of the exciting line (rotationsl Raman

spectrurn; see p. 88) .and, very weakly, a fine structure agcompanying the-Raman line 2737 A
(rotation-vibration band; see p. 114). :

A Comparison of the mcm Numbers @f these qdditimal lires
With these of the most infence [nes of the mecdent lisht= (or
the Ra,((]th.}ln [tnes) ghowds thal” each one of the on}rmﬂ [es
s aaompaw/‘ec{ ) n the Raman f[’eém‘m,» b}' ope pr More wWea
lines Such that” the displacements (o cm™) of the Raman [ies

'ﬁbm the Q/XC“WL:J [ines are inJefena’enf 07[’ the -,l?feguem\eg of the
lotter.  Tn other werds, 1‘)0 another  [Sht—soura With a differeat

SFedmm s used ) other Raman /rnas are ©Oblained {;r the. Same

gmﬂwa Substance . Hoa?eve)(\’ e dt‘ﬁo(zzcemen‘fi ’Gm the exa‘ﬁé
|heg are the Same. For ﬁpfﬁ[e)"enT S'CO\W% Y ubS’/zmceg/ He
displacements hove diffeent magnitudes, Thus, the Ramen
A.gFlacemew#a are  characteristic of the seatfer’ substance
undey” consSidevation )
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TABLE 12. SMALL RAMAN DISPLACEMENTS

; ror HCI
11. . SPLACEMENTS AND INFRARED FREQUENCIES OF .

Tames VARGE RAMAN DX iffoMm GASES ' {A'ter Wood and Dieke (720))
.Gas Raman Displacement Av _(cm*i) qurargd Frequency vy (cm—l) | References v ﬁ Avobs, A4y Aveate,
HC1 2886.0 2885.9 (720) j
HBr 2558 2559.3 (611) (563) 2 | 41438 3.5 145.7

: . 1 31 3i +183.3 38.9 187.4
HI 2233 2230.1 (611) (531) A 19322 . 920.0
NO 1877 1875.9 (101) ‘

CO 2145 2143.2 (68) 1 —~101:1 4.6 104.1
* T p 662 —142. ) 45.7
H, 4160.2 Homo nuelearx™ (662) 2 | -2 pp 145
Ng 2330.7 l (578) 3 187.5 41.9 187.4
0, 15547 diafomic molecnles) (g ¢ | -med |4 200
. \ 525 —271. .
o o N do not have TR 'fTAYEI‘WMS (2230; 6 | -siz9 | g0 312.3
N o ; : 7 | =353.0 : 353.9
* Refers to the transition J =0 J = 0 (se¢ page 114)..

There o {00 M fypes of Raman displacemerts — one
s the (M?e Kamaun A‘EF(acemenﬂ coﬂésrondv'y to the Vibratinel
( infroved) Mmciesaf moleculeg [ Table #) and anaﬁvz;?
phe SMmat Raman dlizplacements cmegranaug to the votaf
«Fr%umu\e& [—{%x IR ov microwahe ) @10 mOIecu(es(ub/@ 1),

Hg

®)

i
|

Fre: '37. ‘Raman Spectrum of (a) Ny and: (6) O;: Small Raman Shifts, Excited by the Hg Line
2536.5 & [after Rasetti (579)].* ‘The exciting line (longer leading line) is not so strongly over-
exposed-in:(b), since it has been almost _completely: absorbed by He vapor before falling on the plate.
The relatively strong li_ne to the right of the exciting line, which:is superimposed on a Raman line,
is thé Hg line 2534.8 A. "The dispersion of the enlarged spectrogram is about 0.37 A /mm.

/\/p,)(—{— we Adescribe haw 2 6%/>/a"ﬂ Kaman eﬁécf mn c/assz‘m/ o W

theores .
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Tf pn alom or wolecule is brought into an electic freid L,
pn electic dipole moment” P ;s induced in the S)/sfem; the center of
the Posa‘h‘ue chaxge is moved a small distance in one drvecten, and that
o'F the nega‘ﬁ\/e, c%cmge& fs moved in the Dﬁwsffe divection,, The W?gmha’e
of the resultty dipole ynomenT™ TS pra/wh‘om/o to that of the {eld
e. }‘F?’: o |E| (1)

Ohere of s called the polayiza bili?y.

Except in the cose of Sphem‘mﬁ Symmedtry the magntude 4970
+the induced dipole moment dafenals oNn the orrentation o{’ the System
+0 e —Fe{d. Fm’ a a’n‘mfvm:‘c molecule, -%r examp/e, Qa DC}eu /yh;\]
Cilong the internudear akis ob V"O“S/V‘/ Mduces a dl?w’e momeyiT
912 ala‘{:(efen'l’ mggn,‘mo/’e, —ﬁbm that induced Ay Qa ﬁ@lo{ at Vght
ang[e(g to the axis. In ﬁeﬂaﬂ’j, the direction of ? does
not coincide. with the direction of E, However, for reasons of
%Ymmehy _tnese two divectins do comerde if £ hos +he direction
of one of the axes of Symmetry of the Sygten .

@Aeosﬁg these qreS a® coovdinateg AXeS  we have

Px = oxx Ex, Py=O/YVEy, ‘Pz:D/BEEz“ (2)

Where Olyy, Oyy, 02z OR the components  pf° the f)o[a,n‘zalof/f/&/ Whiehy
in e most g’enam/ﬂ cage ave all differet.  However, 7%1* a

diafomic molecule , +aky the Z-axis in the internuclear aX1s,
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fqif \ig Ql@&‘( "’t’hﬁjh O(gg«,g ’Z:Q/}’y/ SF{)C,Q T)’\ﬁ )(dfrec»ﬁ@—n /3 ,"n nNo cdeer
disTmguished  from the y divecton. In awy case, the magnitude of
"i'“; e FmpofﬁM 1o e magn;’-/uale @=P ?’ GC‘LI\VEﬂ by % C4)

I‘FO\, [l‘g}ﬁ’ with %"%Wﬂ&/ 3),’91‘(5 on an afom of molecule,
—t—l,‘@(e IS V@Yy?:j eiech”fc ‘Fl\e—'d.‘

—_—

T =L, sin2my'y (3)

Shere 1 15 the time oi [, is the qmplitude of the oseillat<
electnc $iedd, This ferd rnduces a Vavy s dipole momeit” hic),
Tn fwrn CoUseS  an emission p-P [sht of the same ﬁe;ug/uy 4.5
the incident [ighT Thus @ries the So—called Roy leyh g&f@%}/
Which 15 fég]?ansfble 7%" the /o}oenomena VF Yefraction and e
the Tyndall effect. For visible and vy medent |shT, essert
WV(/Y the clectrons move under the nfluence of the al'famm'?:j
eleeic ‘Fﬁeli and Pwdu&e —t/;e dx?@/e moment ‘Hlus enission af
the photons with the Same fiegueney a9 He rncdent LFht,
siice the mucled cannst fllew the rapd Oscillations.  goth
atoms  ond molecules (’(Cm@, n gos F/70¢$€> haVe ,Qa%//e:‘;h SCQ&T/@)’&‘

If the internucleat” distance chasges, obyiously the polenizabivy
mugt also change, cven u‘-F S’@Af%{, Faxf)\exwwré) Qam[/\& to
~the above dﬁswgsfon) -the palay fza/o,'/:?y @/epena{g on he orientaion
OF the molecule to the -ﬁe,i. Tﬁus,a a/mnge, N Pg/q,n‘m/p,‘/;‘?{/
[.e., & chmge n the ﬂmf/ffuf'ﬁ 61C the incluced 4/0790/6 mamen‘/‘)

<%
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's gssociated wWith both the vib@tfion aod the rotafion of the
molecwe . For the vibratien | to the wﬁ‘rs#gwd.appmmw%w )
O = Ol + Oy 30 2T307T (¢)
hete Oy is the polaxizability i The egw/fbn‘um position an
Oy iS the ampll‘—l—ude OF +the change N Polanizab:‘/t‘v"vb{ o/uﬂ%
he vibathn (o << ole). Comesprdily, for dhe rotattn,
X = Koy + Ky Sin 22Vt (5)

Where ol s an average l’)p(a,ﬂ\Za,blYl-?? anel Ky is e amp/:ﬁwle
O]C the chanqqe e Pa/a,ﬂ\zaim‘/ﬁ/y —-{;*r rotafeon gbout the rotfatior 0// |
QXS consideved , The ﬁ?;m&g Wit which the /f»/wr)‘m/)«//b‘;/
Chanqqes olu/ru’j the Yofaton (s twice +the Ya'laﬁbﬂa/ ﬁyuan aé//
since the }Do(aﬂ‘zwa//f‘g[ s the Same for DPPUS#Q directeens 5,]&
the Q,PPH:GJ -Fr‘@ld,

Subsﬁ'ﬂ"f% %& (3) od (¥ rafp (‘1)/ e obtain 'gf‘ the
induced 0}077016 moment |n the case QF Q V,‘bmﬁ}_ molecule.

D E s ot T s 2TV S Ui
Pq; = O/mf ED Sh QTYE —+ O/m; E, Sm27 Sin QT Vi /)
S{m:‘[a,rl/y Substitute EZ (2) and (5) infe (1), We obtmac for~

(ototig molecule . |
o ety (D

= T o / —=

v

FY‘OW\ W«‘gmomefﬁtaj —Brmu[ae) we obtam
— —

P = oy £ S ATY't + '2‘,‘0/:'1} E,[em AT (V'=Yun)t

— N P | . Ny
Cosa® (Y + yV«‘B;C J [8’)




y/ Az

”?159; = oy E sh a7t + ELQ/WE? [ cos &T (V- 2Vpe) T
— e AT (Y + 2 V)T ] 2
Thus we See thel™ on account 3_‘C the small pltevation E‘]Q .
olwre the Vi'braton or refation ef +the molecule , the induced
dipole moment” Qhan(cfes not” only With the ﬂeng_n%{ V' of
the incident |ighT, but™ alse with -the freguencres '3,
and V'V ,or With the -ﬁ@;uewa,‘es Ve 2V and VY 2¥pt
S0, accovdis to classical "l"}leaﬂq{) " the grech’um of the
Ceartlered lt‘gh'l? e have 1o eXFed* dis P/aceol (e on beth Sides
e>€ the unplt‘sF(aLeal [ne — in the case pf an osclla®™’ ot a
distance Myih, and in the case of a rotatey” at a distance 2 nr,
Thus, %W‘v’ﬂﬁwé‘l , even Classical considevations  Jead +o
the Raman effect — displaced ffeguencies fn the Spectrum ef the
Saatfeved l;‘gb‘l’ ‘ /’/oa)el,@)”/ gwnﬁ‘v‘aﬁ‘t/@l;[ thewe is no agrement,
EY'L/"Y"LW) theve s no Continuous Faman S/veamwu Presw?f"
'POY” diotomic. moleculeg ( c[a%t‘c_w& 7"4607 woutd  predict” continitous,
S pectnim of Kaman for o voteder) and n gemem/ @p//
~the [onge‘f W/efgﬂw éom[mnen‘[‘s (Stokes) aw —Fouwcl Lo the
lasger ci\%rhcemenfs ( Vibrediona effect) buwt~ not the cmyzs//»»ué:}
skor{’ M’eﬂﬁﬂ\ Components The }mtz‘mﬁve Agreements

can onk/ be Qchieved L\/ g_mmm —mey
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Sin2. . Quantum -’T‘heoﬂ(/ @f the fhaman Effet.

The gu@ﬂ‘/wn theovedea prlana“hbn of the Raman effect
is as Aollows ihen the incident light guantum hV' collides
With @ molecule, t can either be Scatleved e/asﬁta//gq, 1 Which
cose ts energ\/ (&End -Hmere]%re s Menag), yemamg unaltfered
( Reyleish Seattervy ) or it can be Scatlered jye lastically
which Cose it either gives up parf of ifs energy to the swurter
sysem o fules energy o it Natwrally, the [isht guantom
Can give to o fuke flom the ngz‘zm On/y amounts 9'5 enevgy
+halT are %LWJ o the chergy d:‘ﬁ[e,rence? between the 57%27?0724?
Stateg ef +the g}/d@m Let AE = E/“E” be such an energy
plc‘—Fer‘eY!Ce.. Then

0 1f the Syslem s initally i the lower state E] it may
be brought” to the wprey” gfate E! l)}/ the gm% oL 4o

[,‘311;4' g,uammm | the energy AE beiy frken from the (ght
%lm,m’ﬂ«urr\e f’ThlAs, affer the Sm‘ﬁé)@%’ the erergy of the /isht
guartun 15 only hY=ak, e, lover flepercy ([oger woseleegh),

@) T, on the other hand, the System was inhelly in the stte
E' and is trarsfered to E by scatlerzy | the energy of!
the light 9 uantum after +he scattercy s W to hy'+aE,
I-e. "\n‘g}\ex %ﬁ”‘“‘“{ [Shor'fe{' wa,\/e'ewg%)_




T éo

’ﬂieﬁ%uenc\«% of +the Scatteved /l§h+ gww s ngﬂ 4o the
enwg,y divided l>>/ h e, the ﬁ%uena‘eg i (AE//O ansd
V' + (AE/k) appeal in the scatterd [zht™ as well as the undisplasd
freguency V' e, we have the Raman effe<T. |

Tn most cates, aE mﬂy fake a numbey of d”W values |

)-F —Fm;uencfes and enevgies are meagired in walenumber units
t io cleax that the Raman Shifte ?/Le Jr‘reaﬂg the energy
dﬁﬁ%\(ences of the Sysfem in em™,

~The Raman [ines a/l‘SF/ﬂa%’ +owaxd /ozzger/dcwe/engfés
e olled Stokes [mes, and ~those ﬂ’e‘sfﬁfﬁcec/ toward Shortey
Dotelengths are ociled ant'- Stokes [mes.

——/I'—‘—"q\/ }\ —

The Yé/aﬁbns/zv}o& 1 lisht™

b — o~ ] -

Einmil S’Cw'“le/f’:y Qre Showh in an
hv' hVI"AE ! l')))/'f'AE eneY?\/ l@\/@/ a,l‘a,gmm
J by P’ b | y The levels indicated éy broken
,__J ,\ ' \5/ [, F U {.‘nes do not COY)’ESFO»’)J, to
Sthokes, Pay!e:‘yh At Stokes 0’”7 )Doss/lp/e, erergy States
(AE = E'-g") of the Systen bu)"only 2/ve

the energy of the light~ %mwﬁm above the ritial siates.

Tn the View 0'|Q Muantem -H)eorél of [,}hj’/ the Scane/wg
’PYocess ,‘nvalves -the, o}esﬁuch‘on [anm'/n‘/aﬁgn> qo a Phown

O'F energy h)),,; ‘ﬁ%m the focident beam and the creation of
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A p},o‘f@n @F energy }13)5» in the scatfeved beam. The smv/ém%
7S o two- Fho‘f@ﬂ process  as oo y)ko'fmg ove nvelved g;bm/fzwwu?/
ond we cannst dvvide the annhi(ation @“F Phofﬁn hy, from the
cveatton of photon hl4 e fwo sépavate gleps . The cnnhitation
awcl ¥ Yeation @F phobns )’Iappen at 'the Same —tme |

Thes s Ver\qf{, aprffferéﬂf ')q'om resonance fluorescence process

Rosonance ’JO [npresceice s a thg/ebpboivn process w,‘ﬁ, oD S—/—e_/;g :
the mncident light guantum is comP[eialyf absorbed and -the
g\/é’rem (an atom of & molecule) iz *iransf;wea/ 4o an excited
Slate,  After a certain Tine (effctive [fetime)  the System

Aeca(%ﬁ to one o-]z‘ Variods |owey States b)/ emitleg g photon
(Ohose ]Qrz%ueno‘»f con be the Same as the inccdent phofon

T']: the syctem Yefwns to 1= inittad g%zc/e/ oY be J!ﬁ@@nf
than the incident photon if the Syl goes 1o a A Hereit

ohife. Each slep is 4. S ’75/6 —phato process and the YeSON@NCE
J}Quorescenoe. does contan two r’Si@ff;—-- -

(3 ~--- T TR TR
|2 —
\ ! :
11> .
0>~ L
Ahbsorption Elagtic Seatters, Tnelastic Scetlensy
-~ ond {uorescence Ray leish R aman
03, 147 and 25> are Yead SIS, While 12> 15 Viduad state.
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S1.3. . Reman S’Cm‘ffe/v&fj o Selecton Rules

(1) ?o"mﬁmj Selecton yules Az Raman +Hransdipas
or a molecule f> Show & yotatienel Raman glpecﬁw ([;)/;ere
the qoatlexs<] exeites or deactveteg rotational motion) the polari-
%&b;[,‘v X ust abefena’ on (15 prieriadion. Thus, any T‘D’fa"*%
dtatomic molecule Ts Raman active because it has a a@ﬁ%@f
Polaﬂ‘zab”“*}’[— YR el and Ferpendz‘cula.r to the bond. This
is simply & resurt of its Cy/:‘na’n‘cwp S}/rnmehy,

On the othex hand , G@ny Spher:‘ca/% S')/mmeh":‘c m olecule.
Such as C/'/L/, is not Raman Gchive because 115 Pa/&ﬁ‘}“/"y’:y
s TndeFenJen‘l“ 9,0 prientation, The osa‘/[m%; e_/ech:‘c ’F‘e/a[ n
the lisht wave cannot™ couple cétﬁ’evénf/g With +he molecule ,
So only Rayleigh Scatfexvey is obseyved,

COY?S'HQY% the j%d’ that the Raman transten 7s a
o~ Pho‘h‘)n process and involves -hoe Successive electne dt'??:}e_
tramstions [ Ench of which obeys AT = 2| and panty + < -)
—for a mdecule 1R A non—apegenemfe/ closed-shell state , /)})o’/bﬂf
0[)91705:-13 the Molecde W an Mnlermediate state with T = T L] ang
opPp osife ?a’ﬂ-ﬁé{ ) znd -then P/"O'h’” 2 [chks up ﬂom there  and
tokes He molecule to the -Fmaﬂ State with JT'= T, T2
and —the Same o Pﬂé an +he prising / Sate | | |

Therefore, the overall retational selection m‘lé Jor Ramanr
Spectroscopy (in Yotahtonall consideration) s |
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Fig. 9.1. Vibration—rotation energy levels of the Ny molecule, Raman transitions, and

resulting spectrum.
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(2) V(bmﬁmi gelectton Rules for Raman Transdons .
“‘T’he 0\)6W| Seledwn yules __(;)5\{_ \/,bmﬁbﬂ,zﬂ-——ﬁofah‘omaj

AJ =0, =2

party unchanged (+ <>+ and — —-)

Howe,\}e)(\, Aﬁ:il s the €+f0ﬂges'!' ))Qnd,_






