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P&Lﬁﬂ Fundamenﬁﬂs O’F Ma/ecu/a:r Spoed'rascop\/
Cha{ﬁer § . |ntroduction To Molecular Structwre and Molecular §/>e¢m

381, %’l:feix;mhwe diatomic molecules and polyatomic. molecules

s soud thot "A diatomie molecule s an gfom Wirh one nucleus
oo mang !" — This s Well J"wgﬁffea’ M 'ﬂﬁ much more CD)’YLPIIZaTQﬂ/
malew(“r Spedmscop\/, Compareci to atemic S}Dedmswfy ]

== Figm 3.1, Vibmtinad ound yotatinad (evels
== - of two electomic States A and B of a
, molecule ( Schematic)
= B/ 0 The three double anws indicate
/ = eXamples O)C Hansitions in the pure
— . Jm;Z” Yotation Sfedncm , ﬁe rotation /¢ bration
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/J —— S SPedﬂun and the elechonic spectum
= ’
e of the Molecule, [ Fom hlerzberg

" Molecular S’Fedm & Moleewaxr Shuctuye "J
(A"?B: \/t‘s»'b/e/Ul/; V=, Infrered
J-=>T » Meerowave

In gefle/mﬂ, mo’&W’&Y energ\/ S‘/T?/(CWZS /)a,\/Q “H?ree deby“
different energy levels | electionic energy levels /4, B) ,
vipvatienal enevgy levels (w!, V) . and rotutional energy
levels (T, T'). 'Ti)e7/ are resulted Afom <the fhree mayor
motions  inside @ ynolecule the electron motion and the
Nuclel motons — Vibdion and votaton | These complicated motion
fesult in €hergy band and band gfedmm 070 mo/ecules/
Compared to afomic energy leve| and line spedum,

4

|




6562.8
43613
—43105
—41017
—
:I

o
E

3

+

Hs H,

Fra. 6. Emission Spectrum of the Hydrogen Atom in the Visible and Near Ultraviolet Region

[Balmer Series, after Herzberg (302)], H , gives the position of the series limit.
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Fia. 8. Band Spectrum of an Air-Filled Geissler Tube. (a) Long-wave-length part. (b) Short-wave-length part.
The latter is much more strongly exposed than the former.
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Comparison between aptom  and molecule |

_Atom Molecules

Coarse Shucture U —28eV [ —20 eV Electon motion
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. po5—{ eV Nucear Vi bmtion
Fine Structure (07 —10 eV |
( grm-arlo,‘m(’ CowP‘/%) 10"4— oobeV  Nuclear yotation
v acki
mog netic atefacion electron , nucleay
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Interactions / Motins  With a molecule . 3
() Elechon motion ( m&fﬂ/y outer™ electons) —> elecronic  Stale

AN
/"f“‘/\"i © ® @

~ <« (CO2)

(2) Mucleus yotation  —> (b"'ﬂﬁ‘maﬂ States
—rmrerr—e /é@/:\%\
| 1
| \-:—j
(4) Eledton Spin nuclear SPin —> fine and hyperfime sttt
of the electonic States

(%) Translotion  of +he entive molecle —> continuum enaﬁy




Chem(‘caj Bona/S . electostatic «}%rce. holdZy ajam%/mo(em[eg '/vgefhef /s

() Tonic Bond: electnm +ransfer fom one aton to another™
cg, gt cl > Madl (irtamlecor e

a e | mb  octimctiom
i POS\‘{’(\]Q——négo‘f‘/@ (on CO”LIO b o } = Ba/ance

nucleuns— nuclens SCoulomb  Tepulsion
election — e lechon £,

LShen Twe rfong
are apayt!

— —> v
| o
(@ Covalent Bond . alence electrons are  pwned /s/zaféo/ by both atoms
@»?'; /\/z) 02) Hz, HC/ , £
(,*nmmolecda,r «f?prte)

4 B > Y
(37 Me’f&.l((‘(‘, %ONA'- ’5?1‘66 e lectron 30!5" rn mé“/itj‘

@‘3~, Fe) /4" /\/ﬁ, Yo
) Van der Waals Bond . Hﬁz

[ntex- molecwlax bond<

(5) Hydr@ en TBond . oOne part of the bond javolves a hydvegen atom .

ntexr - moleculay 'J%rc_e




§8.a. Born — Oppenheimer Approtmation ( S@Famﬁ‘on> Z 5.

Qinilar to the OFDMiC Spectioscopy e molecular S}ped’fDSCo’P)/
thVolves the qmolecwlm‘ Structwre anol ma/ecu(a/f 37960!1&.0 /,v) /om,c,-/,/e '
+he methods fo Sﬁtd\/ them are Similay 1o optemic S’Dedszwpy '

i.e.
’ ¥ MNolecular Strueture —> [nergy E;‘;gnm/ue eguaﬁ‘m
[ﬂ,e’faﬂm‘ned b)' +he Tnterachions (777ne~/naﬁ%penM

ar\J moehiong 07Celec+rms e
and muclerd ) Schrgideg %me")

* Moleculr  SpecTV

Ratf(‘a:h\t’e ’/Wsﬁlb’) Pmﬁﬂbi/ﬁy — 77;me ﬂp)e,}oenden‘[“

Schrdnger  eguation
S}oedﬁf [neshape , et —~ Sthtrstial infermation

Howe\/@f' , molecularr S{)ecﬁ%&apy s much more Comp/ttaﬁ’edf then

plomic Spectioscory . For mamy (oses, it s Very et o
Qolve /) fghmw »?/;W‘ms. %/\/a%amz‘c Molecules @re even
more COW\P(\‘W than e Datomic molecules,

¥ For owr class, we only introdwe the Shuctwe gno Tadwtve
+ongition Selection yules o Aratomic molecules. The othey”
Cortents are beyond owr” Scope . Nou mey road the classiad

Moleculax Spectroscopy books | |ike  Hevebergs " Moleculay

S’Pedm e olecular Structurg " , or Jewer booKs and JeSearch

Ourticles —]Q)r New PIogresses e molecular S/)eu‘raswpy gfad)/.
TohnM. Brown's “Nolecular Spectoscopy " e the Fight—leve i

m[érence beoK -']%f owy class.




Tré
o derive molecular Shuchu@e 1S, In pn‘nc/»‘[ale} Jo Solve +he e}?eygy
erﬁeanlwe eﬁuaﬂm:

A _
Hiwy>=EI¥? (1)
-L\>z 2 A A
(Ohere N e ﬁ =
Hﬂ?zzme +% 2/‘;'1< + V(T R
e koo 2 L & (2)
B 2@:2”)@?“‘ - %ZMKV" +V Ve, Re)

( L — electtons, K — nucler™)
Bs the magneﬁc Tnteracions Withn A molecul
than The electoSlatic intevactions / we 0'7’7’ ConSider” the molecule
0¢ o collectien of charged, massive particles (electons and nuclei)
that move under~ the Fn—fz/uence of electrostatic *Bre;eg‘ The
InstanTaneous F"S‘\ﬁbﬂ o-f eqch Paﬁh‘de can be g};ec.‘{}ad by +he
Cartesian Coorcl\\nwfes) 128 '%: oYy z (ﬁre{echbn o~ Nucleus )
% Even S0, it is still very complicated . For owr purpose, Qa very
usefid approximation based on “Bom - Dppenheimex™ Sepavation i
the approach fmken in O4Y class.
¥ The Phyﬂmﬂ bosi's %r +he Born - @Fpenhe»‘mer SgFaY&m‘zm <

that the elecffons and mucler Aare Su,bj‘ecfed > Simdlar }m{?m}‘male

fﬁﬁte ( these fF:'ﬂCeS are eledmstatic. in Orgin il the interaltton is

mwhmﬁ ). Howevw‘, Since ‘the huclei are oboud Lf porders 9{3
WﬂlW more massive , *ﬁe electtons Mmove much more Yapc‘cl/g
than ~the nucler. "[iwg) e can freat the moteon of the
elections a8 rf the nuclet Were {ixed n posiions. MMemﬁca/%/
Speaktyy, this OppRXinativn s o Separte The totall e~

Luncton jnfo an electonic and a nucleax part,

" e are much Smaller
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P~ (Y\ (r ne
(thomﬂ "" elecff;?s )’)uclern ) ()

The elechonie Wﬁmcﬁ‘@ﬂ IS @ —meﬁ‘m O]L\e(ed'mm‘c roordiates
60/71 (for fived [oter nuclear Sefamﬁ‘ﬁns>'
T, the Some SF:‘ rit, the nuclear motion Can be -ﬁuﬁef’

SeFamTe"‘ e vibattonal ond ok rvhﬁ‘o%@ Py,
%}w = () () Gl v Pt (Tt (¢)

MHM’I’W;—O @,ppm)((‘m&t‘h‘?ﬂ ) ’% ’foZ/O en@rgy Q'F—H@ mC/eLu,[e S

n Simple Sum of contyTbutrens from —these three Fypes of’ motion

E‘ta'fﬂﬂ = EQI -+ EV:‘I; + Efb‘t‘ [1;)
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358.3. Flectrie ’Drpo)e Transiton §  Versus Electric ‘quole moment:

From Rediafive Transdton theoql) We Know Whethex p transition
con occur js defermined by the matrix element of the electic
dryaale mement ( beSides the YeSonance condifion J?&)“’&)o)]

A
H;')m — Dnm=<¢nlf’¢m> :?"'O (6)
A
Wheve ppevvdor % ;__e?’ ( #)

A )
e is electon chavge , Y is the election POSTen ectol
Yelative 4+ Mucleus oY ‘the mass cexiter,
So-calle<l  peymanen® electic depde moment 1S defined ag

B> =<Ual Bl ®)

e, the mean Volie of T when the afom/molecule is in
its energy elgenstate . That is he mafrix element when Mm=1.

Dte To neertainty principle | electrons insde an atom do nol’
have preeise positions. Thus, when falby about hether an
atom or oo Molecwle has g djo)’)de moment, we ﬂ?fef to the
mean Vale of the opembr%’ wider certain Stale Conditrons,
i.e,’ Toke @\)eméie un(;@pr the conditions over C,QTW PQT'\Od“
|+ cowd be +he Femmnew‘i’ electne aéaf»ale_ momenT Jé%‘ned m %(é‘r)
oy induced electic Aipole momenwt  given by 5.0




/A
() Tn cace of an atom
A
o > __,<% "759 Y > =0 (9)
)

0
because 73 = ,e?’ andl r IS an-h‘gymmeﬁyc While all

plection prbits (i, elecon distibution of probabliy) are
QYWY)P/’WJC > *ﬁﬂe mean \/pJJ,(e tjya D S 2ero ’J%Y d}y}/
elecdon orbifs.

|=2
) =0 : 1,) 0 \ i
o S
LS Ly .
<D »=o <D>=‘—O <D>=O
”TheYéfN@, ol afomg have 2ero Percmen‘f” electric oQoPOIQ momenT,
¥ How to understand the electric coc\laole transition (E )Ofan atom ?

In Coase O-F a'f??f")&, +transition /;ap/oens hen elections have
state change, .o prbitad charge, e§. fom 8 — P

D - Go

1 the mafrix elemen® (4| | Y > F0, then the dranson
can happen . “ﬁ,e Selection vules r?%are Al = il |
Atthosgh < (1D ey =<l T h>=0, <UD IWO’#D
“This ma,\/ be understesd Qs +he nduced electric 6407902
moment . +he Yodiation 'He d (in the Cages o)C Stimu lated
emission and absorption ) causes He cevtter ef yiegatve charges
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Off the cenfer of the positive chmge; (Wc/eu@) e
le the electenic Hansifron

on electric Gbl\FG'e moment to enab
alﬁmg/) '

(Eq Huonsten D, [n the case of SFOrHaneouS emssivn |
o fochation fred Is added, the vacuum Fuctuatron freld can

SHil fnduce an electric cDL‘Fa)e moment Yesulttey in the

E, transiqons. T This is /Ol;ys/‘m/ pictuie. classicad Onented,

% QQCQ\" I\n ﬂ)e fﬁ(/ —Quan'f%m wbﬂtﬂ/Q "fmﬂgﬂ'lbﬂ ﬁ-@D[g} we

\hoduce The Vector potentinl —> guartized [ avd B fled.

A
Then we [Se the momentm 73’ o the elections in the

HM[‘/‘fDﬂ/‘M Opefbufar/ o ‘ﬂ':e)’) utilize #}e Commutaition
oen '% o 'AP") e (nheduce ’% (nto the
wderstood as fnstantaneol <
o béﬂcefﬁa‘n—g[

yelationsh P betw)
picture . This 22 an be
pos ton vects™ of the clecton.  HoweveY, due
prineiple., The “/'\f? is not Fixed , bul c/mnﬁes all the fime,
“The mahix element < (kfl %] (&> Con be ynderstood

e e ke Phe Hime —mean of '%) in a  Swperpesiion
State of |Wi> ad [y, Sice |Upy is different fiom
|We>, he matiix element could pe non—ZzZeXe - j.e.,
(‘nduceab electric cpc\/wle memeyt- S Non-zelo. Thus, the

tiang#ien Can  happen.
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(2) Tn case of a molecule,

¥ Homonuclear d!\a‘f?MFC molecwle , 9. M., 0., Hz,

B> = <l B> =0 (10
This s beCouse the moleckle IS Symmetvy  resuts m
the overlop of the negative chayge centex” With ~the
(Peth‘Ve charge centey™, “Thus, the Permanenf electric
@b(\[pole moment s Zero for homonucleay moleciles.

Snilay o the atemic SHuateon , AS [ong as ((/n}')%[%,,yz#ﬂ/ |
the nduced electic a§¢7>ole momenT SHl| enables the homo-

Nucleay WIolecwles to have electiznic -trongfions be tueen |
CQC‘\D@W electonic stateg , but No Vibmtion and fofadten §/>edm

¥ Heteronucleay™ molecnle , eg., OH, CH, NO,

N A
<-F>E<¢m[—j)9)¢m> =#=0 (1)
So the heteronuclear” molecules have. NpnZexo Permanen‘t” electric
GQL\FoIe moment”. Thus, besideS -the elechionic Hansitron
O
Specta < Ul 5| Un>+0, bhetero nuclear molecules can

have Vi bration ond  Yotation S/PGCHZL ,

X Let us drke o 7%%@7‘ look at wh\/ homonucleay molecules
Wont hate yibation and yotaten fransions, while hetero—
nucleays molecutes will.




1
Homonucleay Nolecule .

At e%u/.‘brmm ) the cenferd @-F F@Sf‘fl\/e
and negative charges ovexrlap ith
eoch otheY™,

Electronic. Transdien e —° (1)
N vbo = (O
The yibraten and retation of homonuclear nuclet  dp pot
change positive charge cenfeY', So rt still owrlaps yith the

pegative chavge center, Thus D, =0 (12
Wheve DI is the Change 1812 of dopele moment with [nfeYnucleal”™ |
0\‘\S'TW'C@» Therea%m . homonuclear ynelecwvle has
D=D +D ¥ =0 (14
Where X =y- 13 L Te is the nternuclear distance af%za%zn‘wn,
Hetere nucleay Nolecule .
. The centers @{1 positive o neWVZ
ckmges do not— oue»r[a70 Lith each pther” |
LTS o |
Do +FO

D =De +D ¥ FO (16)

(15)

unoler Bom - @PP% ha\\mgr %Tapmxfma‘h‘ﬁﬂ )

| Yot > = | > 16> | S (17)




“’T‘fyug) FeT‘Mdnen‘f" electric &é&po)e momenT : /I3

o, L
< >= WYt | D | Yot >

A (18
= <%2’ <L%v“/ <¢e[ f}%>l%>/%>
e

Mty element

Y| T Yoo
AN
Yl <l <Yt | TS >

(Ohen e 5”{7’ Considex™ the piie \/[bra#m — Yofahien mnsfhbﬂs)
| Ye > does ot chmge) p.e. tansitions Dithin the same electionic
sfate y, o0 (YD = (e > Then the matmix clement

<W’F>Mﬁ/%/wfrﬁd>
= | <Url <UD DI o2 [ le> (59

@ I'F < Uel % /%> =0 (e}, homonucleay™ molecule Cczg‘a)/

then +he abeve matix element = O .
—Therefore, No transitens ( el Aransitens) i vibodon and
[otection gFecm are allowed A homonucear moleculeg
&
® I_F < U/e/‘jf l(fe,> +0, (e hev‘emnudewr“ molecules) )

| N 4
assme <y | B > =D + DL, X="Te o (A1)

Apde moment at
g " Change 1ate of dipole momeit
eguilrbrium posifion { Orth nfer nuclear Jistance

> fibove matrix element = < U | <Uy| Dot D1 &] b | Ui 0

then Housins aw- yybiatin ool rotatienal specta are
Aloged {3r  hatervnucenr ynolecules.




P /L
(3) Tn cose of Scattercy [A)aglpxgh and  Raman)> Vivtuad transtion
“This is a two— photen  Process.
The incident HoJrOY\ —> jnduced electiic dipole moment

no electien siate
@ . ~—F (C’\M@f—,bm’ )
Aistertion

duceol =

“The jnduced elednc a@clsaki F?dmd @Sat//afe With the incideil

Lh

electnic —P‘eld == emit 2nd Phoﬁm 4 Sm‘ffe/n%)
D Mgjorty case _ﬁ: ey OSCillate with mevdent phofon at the
same %egmq = Ruyleigh Seatler’sy  ( Csater = ).
@ | pwer prebabilitf « ibmten aind Totaton Of nuclel affect the
psaillaton of Prydued -

@ Toke Some enevgy 'me ﬁndm ad convert ‘o nucleay

\/Eb(O/T?m/ rofeetion energy —> emit |wer W% (MWLJL)
([ Stockes [rnes )

(k) Gie Some energy <o P oy Tlom muclear Vibration /Yotadion energ
—> emit higher 'FTW’W%{ [JJW = (J)) (&?rrﬁ g’+oc/<es>

SCOJT@’\ET 1S V,rh,\a(] transvteen - Ipbo'lvn process. A4 A

(Ohen (i ~de, SJ?@/Q f/)/m?‘fﬁn process
|ike abSorpfion and emissvn, has much
highex= probab:litf 1o happen — electren W, Wo
Sate chcwgé—) re. Yeal tansitien.

Then S’Caj/aﬂ//g S lecs |rkel y to happen.

Stockes  Raykih o Stockes

Kouman Rouman




ik
From last |echwe We know thet

@ ﬁ"’OmS Q/O not™ }752!/@ perma:nen‘z" @fech"}; C{t?::e{e ‘)frwmen‘f‘;
A A
because o (f || Uy = —e <l Y |¥u7 =0

@ Homonuclear— diatomic molecules de not have
Permanent” electfic dpole momewt™, because the
molecules s S)/mmeh’% o~ the F&S:'ﬁve dcarg{
centeY™ oind Y]eq%zh‘ue d/\arg«e centfey™ O\Je\da_}ag

< %I %[ %> :<¢e/0[¢e> =D

(3 Heferv nudear divtomic  molecules have hon zeyo
szanen‘r eledric dqoole mement

Le| B[ > +0

® Rﬂ;ﬂﬁl}lﬂ ond  Kaman Smﬂéﬂ#/q ae @ fwo— P/w?“or\
process Pith the incident F‘WLDV\ Caus«a induced
electe d\‘F}Df@— momenT [f}'m%t‘ electne -Ffed)
and then the [nduced 6@’01& moment D&(//Q{ZVK
(it the fncident Pko’fbn electric —F,‘ell +o
enit” he 2nd P})o‘(’on z erthey” ot the Same
«?re%uencg A0 hadent l—z[:\od’@n o at Raman Sh»‘]cf%d

%ﬁ%”‘%“‘:%f When hucleay” Vcbyaten  and Yotertfion
metionds @:{:fec,'l' “the OSullation .
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@ fven withou! Permawen“‘i’ electric 6&7?@'@ mameﬁj @:*3”’2
con f\ﬂl/e; eleetonie “’f“f\aﬂﬁe“‘h\@ns

ond all molecules y

0o When electior gtate CAM?’@&/ electiic Ob\(\[‘ao(e
moment charges, S0 the matrc element of the
electn'c cbq»[e, momenl s non Zevv

< | D> o

® Howeler without pemanent elect’e dile poment the
W{‘e rotation S"?ecﬁh [ Within 'rhe Same election state and
Ve bra;fmtﬂ/ state) and the pure V. breutien — yodation S]?éé{'/h
(within the Sare electon stare) Car el hoppen in
the homonucleax™ diadomic  molecutles TI)L{S’ /\/9_) 0, Ha
etc connot have micwownve and infrued gremmopy_'
— This is Very imporfant” to  our Farth  envoroment /

RuT 0o giated in @) N"-,Dz’ He etc can st/ fave electwnic
Aransitions, thus ) visible ot v S(;edmascopy
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