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P n OT c~alc,fi ti ·s.PE en os oOPY 

/ t he ba11io ph~~oele c t ron op ee troeoopi6 tdohnique in•oi••• 1oh1ca t1on 
o! t he sample a tom or mole cule M bJ & beui ot 11006~nU«Uf ot phoiton, ,- in ,i 1 •• • J • J.•,,, 

' , .I. l t ,i. J ~ I - I .,_, 1 -~· which prooeu, 1 the former 10110 an e to r on t , .: • .'i' SQ.,~ o/id'lci p-,r._._ -+-
M +- hv ·_, H+(E1nt) + • I. I tf,.... (() JC: . c) ,. 

r(t 18 tbe r uulUng ion _!Ol'lled i n t be etate w1 th ~~tef"~/•~•/'P 21;~,. and 
·• 1e th• prodbot phototlt C\roil , Elnt i ncludes •l~_ftr1:1ht~ N~f~••1·bhal a.nd , ' • ' "" o mune the.1: •the rf oti/ h totmed i n J.ts rotational ene~gy o! the iohe, ~i nt • 
grow,d ~tatt. rn,order tha t photoi on1zat ion mar ooour , it 1• eoee ntial 
tbat tbe photon• po11eeaou an energy highe r t han tht, towut , 1<m1 Z&~i on pot~n . ~½ I t1al r . of t he, ,am.ple atom or mole cule. It • Coll owe: tha t tb, noue ene rgy 
available a!t@r· i'oniution, hv - Ip - E\nt• must appear ae ,,, t ranala tional 
energy ot the pr oducts, i.e . , the ion and the electron, (Pig. 1. 1) . 
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t l O oee ly bound 3 i. t .'lo t <rn : .: c an thr t on td n.; ph ot on r emov o the mo& , cau ee r emova l e. " .: : .-, , , ;' t 11,• ~-.o t on fl11 ,1 r gy u, 11 .. !'rt c 1e r1 t l y high , it o&n 
:, ; ;,: •.!':- clectr,1:1 ~ ·~h 1c l1 .1r r t \ ghtJ •, l"ounrl . 'lil th ener geti c photon e thu e 
d t .'.' re :- nn~ el 1•.-: t .r 0nn a. r e re moved , or. '! a t a tim e , an d corre spondi ng pho t o
el e.:::· ' n~ •n t h P1rn :-gl en tn1 - 1p ,• :i v - r p

2 
o t c . a r e e j ec t9d. A pho t o

r l ,,: : :-~ n ;. : M t i c- e·: e rgy ana l ys ts o f s uc h a s it ua t i on y i e l de a se r ie e of 
:o r. 1~-1 t 10n r11.nr. n : . .i i' I 

1
, ; , et r. S in ce th e Jo.n..1.W1 on potential o f an - ... . .. µ µ2 - · -el e ::: orf ~ro ro a g :·, en l.t a. te is ale o a c loe e men s u r e o f the ,b...lQdi ng e nergy 

of :h e ele c t ro n ~ .'1 that state, theee two terme e om e t1mea may be u s ed Sjl1V
ny £ oue l y . I t ! a t o be mentioned here t hat the energy required t o popul a ~e 
: he ~r ound vibra t i onal etate of the molecul a r Lon la called the ad iabati c 
i on i za ::on po ten t: Al . The vertical ion i zation potentlal , wh i c h i s hig he r 
~h c1.11 : h e ad i abat i c i onitat i on potential, involve s ionization to hi gher 
vibr a t ional states o! the ion and the transition probability , r thi s 
process, li ke those in ord~nary electronic tran11itlons, 111 de.termi ned by 
:' :-a.:~clc- ,~ond on pr~ .~.:lple. 

The depth : :, which the atomi: and molecular level& can be pr obed 
-., 1:n :i":i. s :echniq-.; ~ clearly depends on the upper limit o! the photon ene rgy 
u se d . ::11. ~oday , :he most :om.lllon low energy photon sources use he l iwn , --"' i t h :ie: :- e so nan c.-. radiatio:1 (2 p__., ~ or vavelength 58 . -4 n.m ·wh 1ch has 
dJ1 e:-. -c:-g_)' o : 21 . 2. eY. 'with this :-adiation source, energy states having 
'o 1n d : ::,;; cn c rgien · .. :, :o 21, 22 ~·, can ·Je investigated, 1lee of :eeon an c~ 
:-Eio : c. ~1 0:1 ::- on: ::.:,:-? other species :eads :o some...,iiat higher e:-iergiea i :~ e l'i 

"' • 1 , !.'u t · ~ o:-ie.:-s o :· m~n1 ·. ude increase in pho : on 
'!:-.~:- .,::: ; s s ougr.: · :.en one has to re~o:-! -;,0 x-ray sources like Al Ka ( 14137 
c i J , .11.g ;:a ( 12:,.t :..'I), with energies in ke~ 'wi~h the availabil~ty o f h igh 
er.e~gy pho:on s o '.J:-:-es one can thus measure the binding energies of those 
orh i ~al electrons 'tt'hich are close to the nucieus, 1. e., the core elec tr on s. 
In gener~l, for measurement of bindif\8 energies of valence e l ec tr on s , 
ultr ,lvi o l ct rad L1:i on sources like that from HeI a.re used, and for c ore 
elec!1o ns, x-ray sources are used. Although a uniform conTention on nom en
cla: j ,es has ye\ : , emerge, analysis usir\8 low ener~v photon sources has 
been s 1~p ly called photoelectron spectroscopy or UV-PES and, w~~n · x-r ay 
sources are e■ployed, the teni £SCA, Electron Spectroscopy !or Chemi c al 
Anaj.vsis, or ~ES ia used. The basic phyaical proceaa inYol Ted in b o t h the 
(e chniq ues, ho"ever, ia the ~ ·e. The teraa ~SOS, photoelectron spectro
sc o ;:- _-t f or ::iu te r s~ells, and ?ES IS, ?hotoelectron apectroac opy to r inner 
she lls have als o : een used f:>r UV-?!S and I-PES. rupectinly, The trend , 
:: o·- P \' f' :-, i s t o U!- ·' the terms UPS and XPS respect inly fo r ultraT 1ol et and 
x- .:- G_.· _J.'io ! oe l c c t ::- ;:1 spe d r os:o p:, . '!'he raf18e8 of aome photon sourc es i n 

· t mol e~. ~l ar n1· tr ~R en cor~ and valence orbitals are eho'w'll 1n :- e ,e1 :: J :1 o ~ 

fig , :,y 
At ~ni s J ~ .n t it should be mentioned that two 

oc:~ ~ s: =ul:aneo~~ ly with photol on1zat 1on, wh i ch can 
;n ~~r ma ti on of : ~~ type available ~ro~ photoe l ec t ron epectroscopy. 

other procee eee may .. 
also be used to der ive 

Bo t h 
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PJIO'l'Oli:U.: C'l' fl af GPE CTJ1 0SOOPY 

1thlch nom ·1 
enc atu re 11 &re IIAde in Auser t r atuutton e, 'rhe levol .tn1t1all1 

lOnited ie wri tte n ! ir &t (A), followed by t h4 l et el t to~ wh!oh t he el ectron 

rda.xee ( 13) , and r inllll.y t he level rto• w>U o?\1 tb s Augtr tl• o~ron 1S lo et 

( 

I i r. l 

C) , Thue i n .Fig . 1 • ◄ t ho trllneit1on ehown \ • tb be ,labtlha, tL1L2 ,.
 I.a 

soli ds, elec t rons ■ay or i gi nate l n t he n le11pe .~~d ~ . T~•n u,1 V or ivv aay 

repre sent euitabl e Auget t r ane1 ti ons . Tbt iijhe,; /Jl r,11, !•1 ,J• 1triotl1 
I 

• ' 
, 

valid for is ol ate d at oms with di aorete energy l_tyela_._ .lt Jay be added 

here t hat 1 n s olids, large valence band popu la ti ona >tad to , i nt enne Auger 

electr on int ens i tie s , At low primary energiei t he probability ot the x- r a1 
• . I · ' 

f luorescence effi c iency 11 ot tbe order ot Oa05 ·and the Auger proce11 dc:111 i -

nates . Jnly at transit i on energies greatf!r than 10 lce V, rate·, ot rad i ative 

transi t i on s become comparable to Auger tranaittons. 

0 eturn1ng to photoclectron s;,e ctroscopy, le t_ us now look in t o the 

na ture of information one can obtain on tree atoms and mol ecules, i. e. 

those in the gaseous state. It is clear that since i n the gase ous s t at e 

perturbations due to neighbouring sazi:?le atoms and molecules are neg ligible, 
'1 , .. 

.-idth of the energy levels vill eolel." be · t heir nat ,Jr~l 'tliid tn de t en ined by 

the lifetime. ',(nether all the energ,·: levele will be' actually obser ved 
I 

. \' ' , ·,• ' ,. I 

through electron energy anal181s depe::da on J he line .. vi_dth ot the monochr~ 

: ' • ~•tt • ' ,j •.'•! 1 1 •~'I ' 

matte radiation and the resolution o~ the electron energy analyzer 

~mploye~ 

Experimentally, a photoelectron epecthun U ~bt~i~ed ·by raj 1ii~1 n« a 

beam or photons on the sample, and energy -J ~tfa1a;f thl ;r'je'~t 'ed -' pho:~eiee

trons. After the electron enerSY analyai·~• the ·, pho.to~i~et~o·n apec t r'JI! 

shows a nwnber of types of ·pbotoelectrona which .di!!er in kinetic energy 

.1nu dl oo in flux, In order to convert thh into bindi~ energy informa t

ion, knowledge of the initial photon_ energy 11 · nece_u&r7, . since t he ph~t o

elt=ctron energy je the :. dit!erence betweeii ;:t }je 'ihcid°'ft't~'pb:~ton1

--ene r g_v and 

the binding energy. Th~; .. v1th a given atiB't~1'J~~1~1iig ···&~ t he pho~ OD 

source employed, the numerical values. in the abscillsa ·scale or t he electr on 

intensity-electron kinetic . energy plot ■ay be different ; but they al l 

redu r. e to identical binding energy spectrum once information abou t ~he 

incide 11 t photon energy is introduced . 

Fig. 1, 5 shows the photoelectron spectrum ot Argon ~1th clearly 

resolved epin-orbit coupled ~tatea 2?312 and . 2P
1I2

• Thi-!~--~pec ~rum wae 

obtained using HeI 21.22 eV radiation. The uppe~ scal,('on the ab ac1 s sa 

re?;esents the kinetic energy ot the photoelectrons and the lover s cale 

rt'p r esenta the binding energy, obtained by aubtractin& t he photoe le ~tron ~~, 

ki~e t i c energies f rom 21.22 ev. 
~ 

. 

The basic principlu vhich apply; \ to .at~m i c ?hotoeh ctron ape "tra are 

, : • ./ ' / ' .:_• ll ,· ~ ' · • '•>' ' •,~, , , • ~ 

al so applic b • to · eotrori' 11 tc · · 1 • atr a ted 

f.·. t· . • \ ... ~M .! 
........... ,.... .. 

·· 

r- ... ... ,. ... ' rw: . 

t?nergy, it 

be popui ated ;'° ·fli'e :.'p at oa·dt. _ ft • 

• ,t ,' ·. •. ) l · v, 

~ .~ .... . ~ ..._ _.. ~ ~~ . ~~~ ~ f " n.~, \:. . ~: .... ' ~ 
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1.~ ?hotoelectron spectrwn of Argon • 
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,1.· ; F· · . 1-1 • ; •. -i·· i;j. ~ 
!l o.-e ve:- depends on the photo1on11at1on croea 1tctfon1·',t o1··t n'ue state s at 

21.22 eV enera . . The tine atnacture1 o! ·dl1trlbu~i<¥1 in~·o. 'f1brational 

leYel • ot the Y&r1oua eltc tron1c 1iate1 : O~ .. t1'• ion . 0" 1~~-1,11 de pends on 

the equilibriua 1Dtt~nuclt&r d11ta.oce1 .~,._f, ___ tht. ! ~•cl~o~~.9 , .tatee and hence 

tbe· ~ s;,ecU Yt Fraiic_k•Condo11 tactor1 • . 1) . ~!11_~~' ~~~!.~.~, tr~c Fig a . 1 . 2 

and ·. ' •" ~bat HeI , ~ootOll tnerc, 11 onl,- ~~quat. _. !or 1on.+z.1ng upto a u:?e 

electrn11 ( to tbt •t~U 12i::> ; ··th~ h1g~• ~j) 1n~ ng 
1
• ~!r~ atate a g2e, . 

ly1~ ~loeer to the -core ~ will reaain waatt,cted. 
. . ' . . . . ', ... , . . ·. . . . 

, !ae :ela:1Yt _lo~it1on o! the Molecular and i onic po tential eneru 
• ~• . l J. l •. ·• ,..,._ ,_ ." t 

curve! . wa1 en. de ttra-! ne . t ne, rr.anci-~~nd &~.,J ac\ors , de, nd~ on t he nature o! 
t.he '. e ; ,. .: iroa ··orbB~l ... !:-.>~·~ wh i~h·"\ be ·•;i.1\h-~~~ fgi'~ l~~h .. ttier ·u 1• 

4 \ ... , ·. ~ 

. .. 
~ 

I 
i 

I 
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boodin, . 1Jl tibon<1 1n1 , or nonboMin, . ThU .tflot ; 11 tp•nl! 1ns 011 th• n• 1Ur• 

of t h• orbjtal i nYol ~•d, oaue•• oh&fl6tl in t he yfbra t 1on 5J t ~• qut na y of th• 

l oni o • t ate1 Ind ht bc t th• •~101n1 ot thA ~1bt Ation•l •"•ra lt~11 , . tor 

en a ple ; lou ot a bobding ehot r ott J.n 1ont1dJon rt due o th, ob&fKt chi t

rJ.'b \l t1on between the nuolU and .nence dtorueu Chi foro, oon,tan t ot t ild 

• ol ~cul e, • SiDoe ihe ~lbrati onal trequena1 and t bf t otoe oonl t &llt k ate 

rel ated b1 a ! 01-.ula ot t he t1pe )J • ( 1 / 2• ) ./'(t/µ) wher4t t,; U th~ 

reduced ••e•, the effect ot de creas i ng tbe t oroe constant i e alao to l wer 

t he entrgy 1paoing bet veen the Tibrati onal l n ·el1. The e!teot ot lou of 

a.a a.ntibondlng el ectron 1s Just t he opposi t e . Lose ot an &n t i bond!n& 

electron 1t r engt hen1 the bond, decreases the internuclear dt•t anof , inore

ases the force constant and hence inc r eases the energy spaotn, betveen t he 

l e,re l s . Hon bondi ng electron r emonl has 11 ttle e!teot on t he int ernuoleu 

distance and the for ce constant, and hence the spacing between t he Tibra

t1on&l energy leTels r emaina Wl&fteo t ed. Thie cr iter i on ot change 1n T1b

rational spacing can be appl.ied to find out whet her the molecul ar orbital 

involnd in ionization has bonding, nonbondin, or :' an t t bondi n, charaote .r-

11Uc1. For example, according to thta -.nal1ei~
1/ ._t he :2·j, a·~, orbi t al 11 near 

nonboncUng (wealcl1 bonding): becauae the Yibrat1on.:i:-:·,p~'cf1ng· _dtct ease i on 

i oniUUon troa 2345 cm- 1 .(~ibrat'tonal spacing 'Ji.'.t~~ ·-~foui1l ataie . ot '2 ) . 

to 2191 c■- 1 , the 2j>• 1e'. i~t-rongl7 bonding aa t'~f l'h·; ~b&nd ~satined to it · 

u .:\ -: .. ,., ' • .. , . ' ·- •/,;:'1"~•.:,·.'. i < ; .. 1• -1 

the· Ti bra ti onal 1pacin, decrease a . dra1 t1call1 tr01 234 5 ca . ,_ to 1850 c11 , 

and the 2, '1 orbital ii •• ~~nt1~11; ~onbo~dtng '·J:~_~ki.l 'an'ttbondl~) &I 

the vibrauo!a1 epacin& d~~ '_to .this band 1~·crea~·~T );~~ 23.i's' c■• 1 ·- tct · 2397 

-1 
. . , . ' -· . . 

ca • ' While kno"1edge of the ·nature ot· the orbital cJn be uaecf' t o pred i_ct 

shi!ts in vibrationa; frequencies in spectra, actually a more important 

application is the reverse study ot the cba.ngea _in vibrat ional energy level 

epacings to derive information 011 the nature ot tlie orbit.al in.Yolred i n 

.1 Ol1.i I& ti OJl • 

./ In a4dition to obtainins the bonding na~tre or orbi t als invol fed 1n 

,/, . . . , 

. 
ion1sat1on~\!1brat1onal . etr~cture in photoeleotron epectros~opy .1 a a valu-

able tool ill dt,t _e~1nat1on·.- ot .. :Tibrat1onal energy level e .ot t hose molecul ar 

• 
• t , ~ • •• ... _ • ._ • - ~ • 

•' ' . • \. 6'-
,,. (. . " • I ' 

ione , ! ber~· •~.'~~f P}~~A'. ~~~;~-~~1_i,1on spe.ctr~acopi~}~tt~ (~·~ .-i.,t~r~jf)~ .. ,~ _vecy 

di~t~cuu.. A.n
1
, .• ~.~-~pl~. J. ~}~•-~.- _ot the molecular::~-~n a-; · or ) O,r! •: In • any 

1Uo.~.:-.t•~•~ tJie_r,:_haa _· beeA, '0A11~ .•oant e111 iii.on epiotroe_copio wort vi th the 

h~¼P,i~t .vhi~~-!~~r•~ional~~~•ra ltYel 1pacin,1 , of , ■ole oula'.z. i o,i1 can be 

ob:~~a~-~;· ,an~ _th~~-~ii•_~uoi, ol _·,abeorpUon lpectr~i ~op; alao8' doe, not 

~!~•~,;.~~~~lr~.• -~~dtul; o!.,'i•••oue ■olecular toni haye been ao· t~ obser

T~fi' ,~~~:J>U~a\~~ -~~- ~oo·: ~der rather ,1p_ec1a1 experimental oonditi-

·~ :r~ol~.J~~•cJ~o~-IJ)eot~ ecopt, be>v1Y1r. ·••U1~11n~ t h• .. •nez·o • p•c~rum 

: -. , . ■ol~~tzl~ . 1on.tc •1bra_~1onal l1Yt11 , ~d 1A · ■any 0&111 00111 U tutu a 

~~-~ powe~~ul •;ttrA&tiyt to ~~•orpUoll •p1otro1cop7 ,'· ~r , . .. ~ . -.lo~. ~-;~,!h:t HeI 

J?'·" · WB ot ffBt ii prt1tnttd In P1J. 1. 7 1thteh 1bow1 a •tbri.Uonai -,-r~re111on 

•r ' upto ' 6 
~ .... 

T • , vheretroa the YibraUonal !Nquencte• and the Yi b~ati onal 

oonetlllte ot the ion.10 atate can N •••111 dtr1Ytd . ( 
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' " , ••• J.'-• 1~~1'"'~•• •frl " :'•{J,.]~ .(~~\ •w:: .. +"'•..-.l 1! ), , •,4 r •. .-,~ 

·h. ,. ''::~'+ .• .. Pig. 1.7 ,:;- Pbot~l.!~.i~~•r»,•c,vu·•t~- ... ( 56 ) ·. ·. 
· · · -·~it ~W"':,. •.:5:t"'J~:~!;:-Af~:. l!,,' ~ · · . · -- • • •· ~ 

. 
. . ~~.:, "- ~ ..f·~Ln?''h~~:;.,.,,t·~ {~~i,f .. ; , ,1 • .. • 

. ... ~A~~ .. --~~~ ~t-application ,'ot; .ito,~~i~j,tfo~•H~i~o•copy gou ·rar be70~ _.·.th_~~-~,t-~~ ~l~a .. :-~f n4-~¥~i!iti~fflt!i~J!:lW,rt4~~•4 .9.'lt abcma • .u ~~•~- ~~~~:~"'~~~ • .-~,,~m:em:,1.ir.~s~~~;j,~--°"ttiVolP UPS, HT~ral ~~ype i ot ad41 tiioiiai~~ ,~,~,~~~li,Tj~-~ J~iai/ higher _e_ner~ photons. !be aajor . .,.41ffer.ince betw'eii: th~. UH o! lov .~trgr 
photon• ·and ·x-raya ie that the latt,r '-i, ·· able to· reach' the core •l• ct rou 
and iOAht the■~ U>n• or the .firet,; · .. p~l!ca,10~1 of XPS 11-th• deter-

! ainaUo~ ot '~Jnding energiee o! c·~rt, ~ ~l~ctro~,,-1~·, ~&ri;ou1"· at011■ • s1nc, t he 
'1 11aga1 tilde ot ,the c_~re eleotron bin~i~i -,n~r~ , 11\ ,x~•cttd . t o -.trong~ ~ 

reflect the '•attractin !orcu ot the. nu.·cleue on .the ~i r• eleciroue, tb1 ■ 
should depend on the charge o! the nucleus, . i.e., the '- atoa cboeen, and thi1 aake1 the core binding energy -~ _c~~aoterie~io ·.·propert1. ot the atoa 
con11cltN4·. It 11 becau11 ot thil-~a1011t 1t fiu,: appl1c&Uon in cheaical aaal71i11, · and out ot thi■ ~ri11.lle.t11 th• aoNAJII ISC4, ■11aU01114 . ' 
earlier., Cor• · binding energie1 ot h •l•o·trona ot · th• · aecoacl. period 
eleaente Li, , Be, B, C, 1, O and 1 · de_rlY.ed · tr011 X,S ~• -•hoYn i n fi g . 1 . 8 . 
The ordinate_ represents photoelectro~ c~unf_rat•.··~~~h· 11 eqv.iY&lellt t o 

. • • 
. • rt • I • • -~ " .'.'. • • ' \, • • -- ~... • .. 

\ 

photoelectron _'111te111i t7. Sine• ~h• ·.~t,.-act~T.• ·1~r~•·, ~~ the nucleu• on 
the 11 eleotr0Mincrea11i vith .th• a:ioata· 11ubti/ \, ·ll natual to expect 
that tht 11 ~1n41n, tDll'I)' tor ' thtlt :'at~I vtif-.·~;,bt . le~•' tor U t blu an~ the high•_•t · toG. tluo~~~-~•.- !~_f.~:~~;~,~-,~~~~~~it-~!.ff,_~ic., ".~'-~ ~1

~~.:. . 
e11er11 tor Li _• 55 eT, Be•: 111 ,r,;i _f.t ~~~';\t.~•,i~f :~ )9<,~T, ~ • 5'52 •'f u 4 1 ~ · 686 . , Y), , u4 1how•, ol•&rl.J, · ,~.~\'. ~~~~~~~~~~~~!I U~ cu ,._ ... , tor cbeaioal identifioauou of •~~t:• .. ~:~~.Jf.~!,~\\U~,:t!-- -~•drOll peak• 

troa Y&rioua element• aa cu be •~,,~1~~11 . .Jl,;} .8.'., "."f' 41f ftrtnt, th• Na■ on being-, that tYID at a pho~Oll IDtl'IJ ·.'-4.~_q,,,uat• _.f Of _1_o~~•! ~1on, iht ion• 1,ation cro•• · 1ectio111 are differ•n~ ff~r dit~~~~t _·•~0.1,1. In t act, !roa 
; . . ._, ~ .. . ~ L,,w· ha~ U\&41 of 

. a uowl,dgt ·~t" •uo)l expeL"i■~•-~•l :.,,,~;!_~,~,-~,J.,~~~.,•,~l.,-,,.,,!·( 4~ttl'91DI 
i ncid.tA\ photoli tl\&X -.nd euple .. 4•.~~~~r;_1._1\ ·il_,P! ~•~-~-~- o • ab101ute Yalu•• at photoio1111ai1on oro•• •~cti_ona~ .,-;.•• ,,. 



--------

~ 
i 

i 8 N 

l I l i a. 
A A 

100 200 , 300 .~ • · 400 500 ~/' I 600 :. 100 
• - ~: ~ I I BINDING ENERGY t.V 

. 11g. 1 .8 Core ( 1 a) binding' energies !'or eeconi\ 
1 

period elements • ( ' ) ( solid sample) • . . .:·1• ' • • Applications or the oha;adt erietic core ,b1nd1n~ :- ~nergie ■, h~vever , · extend ■uch further. '!ibereae the binding energy o! ~ rcertain type .of core electron 11 quite characteristic ·of' a given atom, if' .~s 1.e ta.lten ot a ■olecule in which an atom or a particular k1.nd S.s preee~t·, the co.re. : pbotoelectron peak or the atom does . not always appear at the same character11t1c · energy; there is a alight sh1.ft depending on .the molecule chosen. Thie happens, because~, al though the core el.~~tron binding ,e~~-7c 11 principally determined by the nuclear charge,· there is some eu'baicUa.ry e!tect due .to t~ valence electrons .1nnuencing 1 t •. Ji\ore pronoun.ced .the e!!ect 11 or the valence electrons, greater 1.s the expected shift in the blndil\8 energy .[·since the nHnce electron 41atr1'but.1~~-"ould ..-ary .. ,. 4epe1Lding on the nature of bonding, it ia reaaona'ble to expect th~t the core b1D41Ac energy would retlec~, through che■ical •~~rte·,. pha.ngee . in 
. .. . . , , 

, · . lo , '. I 
Talence charge di1tribution1 of . the ■olecule. Thie .1e ·obaerTed 1.n , . 

IWYL 

pra~1ce, Jin4 it 1,·~tor .. thil re~~~n ~ thti ch@mtco.1 ahUt o! core 'electron · bi.Ad.in& energ1U hblh. great,. potenti al ·,tor use &a a l)robe 1n."·,.1nnat1.1.a.Ung , , ... , : :':. th~ D&t~~~~~ ~~~~~~.riti~if ,~\~-,~ll~,:;,! ~---~~~~p~~-~~,~~i~i~•:~f;i\~\Ji\,~~\~ ·.~ .... 1A cor• )~,~ ~
1~~-~~~~~~~;,\l~i~·. ~h• ·. uaaplt ·,ot·~~~~f~f~lt~\n4 ·:J.·. · · carbon 410X14e / · ,Ox,gen;at011 _being ,aoN electronega\1,:t s\ han·"c~boll ~ •~ . ·: 

• ~ ' ~ • ·' ... ' •• \ •• ' ·• • • tt-· .... . , .,(. • ; 
• 

' 
' expect t~t the ,, carbon ·n11nc1 . tl1otro111 in ca.rbou aono~14• vUl be ' IOlle-

•.. . . . . . . .. . vb.at 1b1t\14 towa.rcle tbt · ~,iin &toa. ·s1nce th11 v1ll aluae :\bt 1utluence 
.,,. ' 

\ o! c&rbon _aucleua on tbe C 11 electron to 1ncreaee, 1t1
1

tffeot v1ll be to , Ila.kl the Ci ,11 electron 11,on 1tron&l1 bound to tht carbon 'nucleus t.nd hence 

! 
u 1Dcr1a~!~ C h cor! ~1ncl1~ ~n•~gy ■houl4 ~ault.. I~,~8e.rbon d1ox1.d•, the preatn: ~ ot tvo 011gen atoa■ ought to aupent tb11 effect, and tbi core .• bia41Jic •n~rgy ebould bt_ •••n Miher. !bi a 11 inde14 vbat ia eqer1•en\i \~ I 
ob1tntd. ~bon 11 con binding energy 1.1 found to' be 2f36 el \n o,r\)Ot\ 1ono114t ud 297 ,5 eV in carbon 41oddt aa coapared to· 288 el tor the t r ee • &tClll cue J In oxygen &to■ the effect 11 ju flt the Nnru. ha\ l.11b111 \y or 1. the cu bon ele ctron ehould decrease the oxyger. '8 binding energy ln carbon \ 

. ' . 
l 
J 

) 

,t 

_, 

\ 
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I HTRODUC1' I ON 11 

Cl 2s 

:. t:~ . .:.,.~ ~ !'· (' ·. : ' .v • .. · •.· · · ~ · W. I · !'·~ 6 , 4 2 O r _'.!!!,91 'I u 
· ·h 4<,/:i~:.~i·t . . '~ .. ,,,fi?.,J-'dl,.: .,_~H•. . . . ,· '• . . . ""r- ~ ,. Bl · · · •• rn-,-,~~ ~ ·., •tlttr •~•r w \~:~l £Mic.Al SHIFT . : . · 

· N~NG ~NERG! •~, · .- .,;; ;.. :~::~.;~f:i,Jf,S :f,t~fr~;'.,~~ ·: i 1:.,~·; , , ·. · .·· 
Pig~ 1 ~9 C 

1
1s che■ioai -~bj°ita.·i~> ;t~f:·chio~o!o~-ate and -. 

etti,l tritluoroacetate · (15.,·291)'~"i .' li ,.,.t.,~ '.!~•-<·• • - • 
. .• ' : ·-~- ', ( .. , .:,·· ~-:: ' . i;• ~ "'t• ·. ;~ •, . , 

• • : ~1 .~-4... : ,!~ ,( '.} : ,t~ .' , !'~~~-ih( ;., 'rt;• · :~ .. , ~- · , 1 

1 : 290 · . : 280 210 

0 ~4t ·1 O O ► · 0 · ~ , .... J 

energies o! carbon 1B .Pefka confJ~i ;this~ analy'llt'~-· Thia also shows how it 
, . \ ', l;_i,. · - '< , . · • , •. ,I'. , , 

may provide an en tir~_i!zfew t~cpn;1,~;,f}~:~~~-~~~~J
1
~d ill inorganic che111 a t ry 

tor determination o! charge d~itr~~ita~,.~"l,lJj•i~~: CODlti tute a uaetul 
method in . structural inveetJ.gaUon1. ,,:,.The apeotru o! ethyl trU'luoro-

. <° . I 

acdtate, taken at much higher resolution, ia aleo ahown in Pig . 1.9 in 

which the chemically shifted pealca ,aaniteat 1114cb aore clearly. The 
- :' "' ,. . 

cheJ>ical sh1!ts o! the peat, a.re :- ·,~ wi tl;l. ~•~pt~i to the C 1 e binding 

energy o! ca, carbon, which hu_· •" binding enerr;;:· Q, 291.2 eV. The 
trl!luoromethfl carbon C ta, wit_h three highly electronegat1n fluorine 

atoea, has .. ~he highest binding en,er,y. ~ .. 

'rhtj procoau of pthJl.\)lonh~~Jor1 Jnnc~i-~o.4_ tl~_rlier m,ty be~omti qu i te 

coapUcated due to various addit.ioriaJ !aotor•/ !or~ e:ruple, due to 

occurr·ence ot autoion11•Uon. l_n ~uto~~,n,i~~~;¼ ~r~·-.•• 1ho~ ichemaUcally 
. )' . ' . 



.. 

1 

l 
l 
l 

I 

f 
f 
} 
l r 
L 

f 
l' 
I~ 

r 

I I 

0.2 0 (),2 
MOSSBAUER ISOMER SHIFT 

Fig . 3 .1 1 Correlations of Mosabauer shifts with Pe 2p3; 2 and Fe 3p XPS 

Shifts , ( 1 ) [Fe I1< phen):,] [c10
4
J2, ( 2) trans-Pe( isocy ) 4c12, ('3 ) trans-

r e( i s ocy ) 4 ( SnCl:,) 2 , (4) [Fe(Snc1
3
)(tsocy)

5
][c104], and ( 5 ) Na 2Fe(C N) 5No . 

2H2 o. (phen .. 1, 10 phenanthroline, 1socy =- p-methoxy phenyl 1aocyanide ) . 

c 1:, 2 ) 

XPS-Moaabauer ahi!t correlation · o! eome . re'( II) low ~pin · co■pl.1xe■ •. 
A<r2> 18 negative !or :· the'.i Pe5~· (14.4 keY) traneiilon~1 .Th, . .'n~gative 
slope ot the line ■ in 11,. f,. 1-1 {, implies a ··~ona\lrrellf 4ec·rea■e C:t A I and ·,. 

6/Jr
2 

_vith increase ! in Moeab~ue~· shift~ ., T_h,t'a. :~o~f.;)10~~1~ ~~:·\h~~;c~ee .. ~rt ',- ~· 

tne laat row 111 . Table 3.1o ·vhere both A E and 6b.r _:_ are negatiT~_:and whi ch 
• • , _ • ' , ' ' ' I • ( ti..,_ :,, •ol', ,' . ' • 1 .~ ' • • 

indicates a gradual increaee··1n· .electron populatlon ·._:-c,n the iron atom, . 

contributed pri11aril1 by inc~eae'ed • -backbondiq:( tt~ ·t~e · ligi.nd~· •.. '?he · 
• • ' r,' I Jt -9•• ' ,. . _ . • I, ~•- , 

Moubauer isomer .ahitta are ■ore · amenable to' intetp~'itaUon ·' 1n · tel'lle ot 

ground etate ele~.t~on distribution·;_ on the baeli · ot ~\mt~h~~'linear · 6 A - fl EA 

correlation in ~ .•~~ies ot c011pounds should be .pre4ii table. !t !j reason-
.. - · il'!' " . • . 

able to expect that··n:ompari1on1 .With XPS ahi!ta would be ■ore meani ngful 

with 11ore dependablt·intormat1on: ava1lable on nuciea.r ihe factor a. 
. . · .. ·• ~ . ,: , ; ... . . . : . ': ';~~ .. ;. :' •;:' .. ' . ,-•: .. , 

. Che11ic&1 · ehitta haye:•.be•n ittecti Yel1 eaplo1,d in il~oidat1Pn o! 
. . . ' . ~ ,~. ·~ . . . ; . .;i :\l "', ,' . ,, 

Btruc~ure ot co■pl•~ coapoua,.,- and we present here. one example on 

bigll&nide H HC(•NH)JrHC(•·HH)rnt2 ··0011plexe1. There baa._ been a controTersy on /' -- .......... ~.....:,....----~--"""""~- ....,... -certain a1pect1 ot the 1tructur1 o! biguanide 0O11plexe1, the ligand f ormi ng 

two t7p11 o! coaplexta, (1) in which the uncharged ligand LH f on11 complexer 

of th~ type [M{LH)•]•+, • • 2 or 3, and (11) in which the deprotonated 

ligand L- !on,1 complexes [M(L) J. oider TilVI eptcul&tt4 the preeence or • • 

a q~.u-ttrnarr aitro1•n •~oa, but recent IMR data 1n4laatt 1t1 ab1eno1 1n 

bil ( b~pl!lidt) ,. .11,iokel iI ohl.01"1d•~ UltraTiol,, ·•b•~rptioa 1tu41~• ~upport 

!onn,lation ot the:-~oiloviq:.i tnacturea ior the n••~l '°4 ch&l'get 1p1~!11, 
' ... ' #. . ~( ' . . .. J , ., 

iaYol!~ • 1l1ctroa 4el.ocau·nt1on. · · .~ {.·1 i·', · ·; •· : ·, . 
I ' ' ' 1. t. !' 

' . .. t 
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N 
H ._._t ..-:" ., :'--r _ NH 2~' -ii' ., ... _ .... 2 

I. : I 
,. 

~, NH 
M1{ 

"· 

,. 

Sollle o! t he M 1 a _binding energ1e ■ o! ■etal biguanid1e ·· are ahcr.m in 'fable 
,. 11 •. 1'he rupec~~f ~ l1_ne ,.vidth1 (F~) ~ • .~l•o_'.~ahovn ,,· which happen t o ~ 
considerably larger. _than N 1 e widths tound. in .compoun4a containi ng a 11 1ngl • 

. ,. , . . . •· ' ' ( ► 

type ot nitrogen ato~•• -these width• being about 1.9 eV~ The rather large 
li n e widths in the c'~plexes 111ay be .. taken '. to indicate -a ;· composite spect ral 

, I • ~:i . : ' •,' I ' • l. .1 •~ I , ' • _- 1" • • 

8 true ture, d UI · .to .. obe■icau, ehitted peak~{ ot,.'ditt~rent type 8 ' of nitr ogen. 
• ' ·•• .,,, .. ,~·•:r';,1."I. •• , • • ' ,; • 1 \ ,, •,:. , :-;J \' ,}~.: •. ·''.'-· 'I • • . • ' • 

atoms. · ! ~r. c¥_~..;,~_~ _;- tri~ebiguanid.:e, ·.,a : ~-~~_(iJ~l ~hr! u~~<t Oau■1ian model i a 
obtained t_t tw~ ~-•i _;;! _V __ peake are -~•~,~-' f,!!~~~,,~.--~r~.-1.~5_, eV with_ ~elaUTe 
1ntens1t1~• ot~2~3r £~Table _3.11 also shows,·: that th_, ;; lf.i: .1ebindln« ·ene r gy in 
a.mine a, . ni tri:l!• ·:~ ';"pyridine 1a 'in :th1,,:,,9,~,39,.5 .,~>~~~e ·an~·- ;• con■1der
r1tly leaa. :~~- ~~R,t~~ ~~-•Plf uaoni_!-U'::!~}t, i.~~!f~i~~f,#~~--·;,:·.ar• ·_a~"!~-;: _ . ~ . ,. 
4 01 eV. · . Actu~l,: ~.:;:~,;.~~-•ig~t .:·oalo~ai;;~~-,,,., •• lctt~r,~~~ing~:'; '" 
that a quar~•r~ ~tom ie present. · U~~ng :;\ · .~C?n,~~,tir, . low n.lue ot 1.~ 
eV for t~e ohemicai{a~~tt betwe_en. :..mt,t ~~:-~~2_, .f ., ~JM.ation ot 1.5 •Y aa 

observed_. ~n -:~~-!, .. •~~~.?.-~~~ _ o~ c_hroai,WI.. t~~,~;1~f~JA~ {1., '1';;~,~ct~4 ~lat iTt 
iaten•~ ,.t,~~ ~~t~~.!f!<.~-!pe~_ .. ot nj. trog~~ :~~~; \ ~f :,,f~J~ ~f~t•r aiaulaUon 
predic~~-i~>! .,?.~~ ~}. ,~~~-~~~~~- o! .~.e 1,, ~:4pN.!l~~ij.~ '. -~-~-~oe•n atca 1• 
preHnt·.y:.,~, ~,f~:.~~j :hi.~h•~: ~bu ~ ---~f~~9.f{~,\~,t:~1,,~l.~~••~•cl in 
experimental " •P•~tt • ~'~nd .th1·e · result ■ay b~ ·· uaed to· rule-.· out the preeence 
ot any quarterAUT AJ.t.rocen atoa. Further, .lt , -. 4,1~a11aat1on doe, not 

f • ' 1 I-~ ,., • • ~~• • . . • • ~ .. , ;: -.~-!<('~:· • , • • 

extend to_ ~·--~ -~~-~M p ut_eide the che.l~t!-. ~~,~-,r~:~-.~~riw.~~~~ in H / ' . . 
bindin& energy ■a.1'. :.~-~ f xp•c~ed tor : the · .. ~'!o ;!~-~,"~~~\5,~t&-ff•n ·at•••· ... 
That delooali1at1on actually extend• t~ all J h! i;~i ir.oe,~~,•• ·11 1nd1oated 
by H 1a binding ene.rg1e1 ot biguanld lne 1ulP;hate : and 'gu~nid1n1ua: chl oride , 

and salts ot biguanide complexes are tbu1 quite well repre1ented by the . . 
atructure II. 

A eomevhat di!terent aapect ot ~or~ ..• ,l,ctroll._ apec,Jf~ baa to do w1 t h 
Jccw-rence ot ••t•llite line• vhiob a.rt ob1•n~blt ln blih reaolut i on 
around the ■&.ill core electron line, •• ahown . Jn.111~~- ,.12·.- . ·A tew h1gb . ·~ .,. - _ , .;. l .., , , . , t • 

t11ergy line1 ~•t appea.r' · in tbe neoa -1"ci~•;an -.d,ai h .~f_~,o•ra lnboaoge-
. ' . . ' ' ' . 

nei t1 ot th•. inc idea t •- r•r• h&YlDC coaron•11~• · •t _1,1,ts,t ·!~•rs:, photon• • 
Soae ot the lover tD81'11 liAtelli\e Uae, ~-~i,re,~,;~c1.,.n~tnt. TbeH 

·'· . . • • :J ,· r- . ) , 
ari ae due to co111,1oa• betweea •J•cted phot~~1•~~'-°'-' .-~~I neutral a t o• • · 
and con1equ1·at exo1 taUon1 o! ch•· latter -,1 ~ -~•CllliY&l•".'f -~~•rs:, 101 1 ot the 

p.botoeleciro111. Th• 1111•1 wtlicb ue P~',~ rf 1~•_r!!~~'1f/~"1. t~ir 
origi n i n the ioe1aaUOD' proc••• 1i1e1t•--·~ ~!'·-: .. tt111~t _.~1~•• &N due t o 

T&l ence el1atro11 ezci , a ti 011, c~CIU'!~~' .: :f ,~;.)l~·:l~;J~~\~t~,t pb~~~~l.• o.~r ~ • 
1 

- • ~ • ~ • J ; ... • • .J ' • ~ 
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Ne 1s 
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9 

310 ~20 .. 330 ~: 340 350 · 360 370. -: ~.~0 .. ;,~90 ;,.400 ; 4tp 420 430 

i < KINETIC ENERGY .,v : · ~r'.~ ) ~i-.;~· .: · , . ~ t .. • - . 

j , • ~,: ~· -: '~J \~:!t-' ·; ; ... . -~ ....... ' ! , i'::,..' J : •• • , ... .__ , 

:'i5. 3.-12··•.•isa_tel~f~t;:J.~~es ~n He ls h~,, !.:f.Mf~+~.\i~~~~iw~i,~-:~ro1f .. 1pect~-

(4, 19,2Q)t :;: ·•r , · ·-~)~l!J~il;',_:·. - . : ' . , ·,\'f,(~ ). \:.t·:",~?i.i~i'.i~~t;.~: ~:c'C,", ;;-'hi° \ 

. _ . --~~.:,t ~e _ N_e,: ,,.;~ ~gh resolution ~P~~\W;~f•~~,~t;,~··;.f1~~-~~- ~ 1.2, tr.e li n• ;} _ 

i s tile ma_i _~ p~ot_Or-;l!_l}~.syo~ . line, 1, 5, _ .b.~~i\;~\el VJ.t:i~!~ ... -~u.e ~p ,,ther_,~· ,.· : 

x-r:ay _lfoe,.s ,,besf_d•,:._1 j_i'~/IJ. l~~~t--~.~ ) t~_,,1;l %J~P.fl:f4~~u~~lt,~\}f_n~a _and I , 

ar1se due;,.JO coll_i~F~, 'i ~~-i~h; ~~-~~~~~ •. ,~miw~~?~¼ifi.~~'1!:~.\•.J~~;\_t• 0~ :"' 

the line ·2, and the lines 5, 6,are aatctHl i's ·to the: line ·1 and t he ' lines '... ' •'. :.. 

U t 9. ·The lines 7, e, 9, · 10, 11, C1J1d 12 are due to the shake- up proces e 

with transitions shown in Table }.12 and also schematically in Fig. ,.1,. 
•\.. ., '.,, l 

. ,, 

:./; ® -~., .. 
·1•~.r¥':Z.l 
' .. .. .,,. 

SP===:: 
_ _ _ ..., )' '-l~ 'i-;i,'f_,, ___ _ 
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Im .1,., L(lw l(i net I.C,l t,11ti 11/tf iHIJf of Ht I - {' ) 

---- --- ---------. el..,t!ve ~ll t)rgy ( e V) 
" ' 1 t n ~ e II Pe c t to th o 
~.ci .1. n Peak 

P t'OO Ol! l'I !nt -, r prua t1on 

' 0 SJ ngle ho1e i ohha tion lfe l e(Mg K« f 2 ) 

-7 .e ' Kn 31 4 ea te l11 te t o '1 
2 - 16,8 1: Energy los e 2p ,. 
l' 

- 20 , 0 ,& , ◄ 8 ~ Energy l oss 2p 
4 -2 2 .o 

I 

Energy lou ; 2p ns , nd 

5 .. 2a . o Ka, , ◄ satelli te to 7 
6 .. 33 ,0 Ka 3,4 sa tel lite t o 9 + 9 
., I 3p2s .. 37 . 3 Shake .. up • " 2p 

9 -40 , 7 Shake .. up 2p 31/ s 
Q - 42,3 Shake .. up 2p 4p2S 

10 -44. 2 Shake-up · 2p 5p 2S 
2 

, 1 -46,4 Shake-up :? p ~ p s 
2 

12 -60 . 0 Shake-up 2B 3s S 

shake-of! spectra can lead to detailed information about relaxat i on 

phenomena in atoms and molecules, Many elaborate analysis of shake .. up 

states of atoms have been made, For molecules also, similar studies have 

been undertaken: Fig, ,.14 shows· the shake-up lines associated with N 1a 

and o 1s in the photoelec~ron spectra ot N20. : 

NNO 01• NNO N 1s 

Ok SHAKE lJ> 10" 

J 

'' " L 
• 50 .JJJ -30 -20 -IO 0 -'° -30 -20 -10 0 

RElA TIVE KlHETJC ENERGY .tY RELATIVE KINETIC ENERGY oY 

71g. 3. f4 If h and O 11 ahalce-up Unea i n the core electron 1pec t r a ot 
nitr ous oxidt. ( 19 ,20} 

. , 
The widths o! core electron spectral 11nea proTide add f t1onal 

1n! o~at 1on on proceuea. takin« place durin, photoionhation. •The Ute t1■e 

o! u:ctied states a.re dot1rained b1 probabiUUt1 ot HYtral · type, 01' 
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