
wb~lilucnl con\l;mlr. 

Recent studies on the photwlcctron spectra of wbsliluled 

benzcncs have provided valuable mformaIion on Ihc 
nature of substituent cff~~s on bcnzcnc :: levels.’ ’ In 
particular, these studies have shown that lone pair orbilals 
of clccIron-donating substirucnrs hke OMc and KH: 
interact with ~hc doubly dcgenerrtc c ‘ orbital of the 
benzene ring giving rise IO b, and a: lcvcls the IatIcr being 
stabilized wiIh respect IO the former (Fig. I). Eleclron 
withdrawing groups like (‘Ohle and CK mteracl with Ihc 
c,, orbital of benzene through Ihc occupied rr orbiIals of 
the substituents. Nitro group seems IO he an exceptional 
case in that 11s vacant tr orbital interacts vvith Ihc c,, orbital 
givmg rise lo a b, level stabilired with respt IO the a, lcvcl 
(Fig. Il. In general, Ihc :: ionifalion energies (Ifi) of 
subslitutcd bcnzcnc\ corresponding IO the IWO orbital\ 
arising from the e,, orbital and IO the a!. orbital (I 1.6 eV 
PES band of benzene) increase with Ihc increasing clcc- 
Iron withdrawing power of the subctitucnrs. YCKI of the 
sIudies of Pl-3 hitherto have been confined to pura- 
disubstituted benrcnes’ and there is little informatlon on 
the cffcc~ of metu and ortho substitucnts. In this communl- 
cation. we discuss some generalirations regarding the 
cffccts of o. rn and p substitucnts on PES of benzene 
dcrivativcs through correlations of Iti’\ Bith \ubstitucnt 
constant\.’ In the ca.se of Derivatives. we have attemp- 
ted to distinguish clcctromc and stcric effects of sub 
stitucnts. We have also examined possible additivity of 
substituent cffcc~s in terms of group contribulions. A I. and 
the splitting of Ihc fir\I IWO :: lcvcls ta:!n> splitting). 11. in 
several related series of disub\titutcd bcnzcncs. Another 
aspect of interest IO us IS the efferc~ of substiruents on Ihc 
PES bands due IO lonmlion of lone pair orbitals of 
chromophonc tCO. NO,) and auxochromic tOYe. Cl) 
groups. 
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fracrlonarion and after asccr~arnmg their pun!) h) hbndard 
method\. .A scpararc [able of rhc If:‘r of all Ihe hcnunc 
dcrrvalrvc\ utcd for correk~rons rn lhrr paper ha\ nd heen given 
xtn;c Ihet mar bc found from the plutx m f-tp\ 2 J : Dal:* on 

man) of the compounds uwd In Ihc \lud) were alw avarlablc m 

rhc Iilcr;llurc.’ 
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In order IO examine substituent effects in PM of 
bcnrene derivatives, we first examined group contribu- 
tions, Al. in several series of p-disubstituted bcnzcnc\ 
with widelv varying elecIronic propcrtics of 
subsrituents iTable Il. Thus, the compounds examined 
include p-dinilrobenzene at one end and N.h’.N’.N’ - 
IeIrameIhyl - p - phenylcncdiaminc at the oIhcr. If Ihc 
group contributions were lo lx purely additive. 61 of a 
group should h constant in all the series of disubstituIcd 
benlenes. Howcvcr. this is nor Ihe case. particularly in the 
cast of clccIrondonating substitucnls like h’Me: or OMc 
where the lone pair orbitals of the subsritucnts inIeracI 
aiIh the c,, orbital of benzene IO give Ihe highest cxcupicd 
b, orbiIal. In Ihc case of the chloro group. 61 although 
small in magnitude, changes sign depending on Ihc nature 
of the other substituent. This change in sign IS clearly 
suggcstivc of the anomalous substnucnt cffcc~s of 
halogens wherein they act as clccIron-donaling groups 
when the ofhcr p-substitucnt is a withdrawing group and 
as withdrawing groups when the other substituent is ;I 

donating group. Such effects have been noriced earlier m 
Ihc clccIromc spectra of benzene dcrivativcs.‘* From 
Table I NC WC IhaI conslancy of 61. If at all, is present 
only in the case of eleclron-wtthdrauing suhstituents like 
(‘(NC. C’N and h’0,. 

Turner PI CL”” have pointed WI IhaI the separalion 
bctwccn the two highesI occupied z orbitals in p- 
disubstituled benlencs. Al : n?tIE) - a4lF.l is nearly 
equal IO Ihc sum of the separarions in Ihc corresponding 
monosubsIituIcd benzene\. An cxaminarion of the daIa 
now available on a wide variety of benrenc derivalives 
shows that addiIiviIy fails in the case of substituents 
interacting srrongly wiIh the aromatic n system. particu- 

larly those with lone pairs (‘l’ablc 2). Thus, additivity of Al 
is not seen in p-substiIuIed dimethylanilincs when Ihc 
p-substituent is SMe: or N02. Al varies considerably 
wiIh Ihc subsIiIucnts in most of the wnes of p- 
disubsututed hcnrenes as well as in monosubsIifuted 

I’hl 
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benzenes. AI becomes much smaller in magnitude in the 
presence of electron-withdrawing groups like COMe and 
NO, and t h e ~  substituents show small = , -  =, .separa- 
t ions in monosubst i tuted benzenes as well .  ~ l ,  al though 
not addi t ive,  remains fa i r ly  constant in der ivat ives 
contain ing highl} e lectron-donat ing group,, l ike NMe~ 
immater ia l  of the other p-suhst i tuent.  

The above observat ions on 81 and 31 would indicate 
that substituent effects on PES of benzene derivatives are 
not simply additive over a wide range of substituents. One 
could, in principle, employ an expression of the type 
propo~d by Heilbrormer et at." from first order 

perlurbation theory to calculate substitucnt effects or 
develop an empirical additivity rule based on 81 values of 
groups for different ~ levels. After an examination of 
various ways of rationalising PES data, we considered it 
best to employ  the substituent constants for  the purpose. 
There ~ e m e d  to be no advantage in using ,~ electron 
densi ty changes, ( q - - I ) ,  cau.~d by suhstitucnts as 
parameters;': further, ( q -  I) values are ncX available for 
many su~t i tuents .  

para-Disubstituted henzenes. The IE values of a few 
related series of p-disbustituted benzenes. R,C,H,R: 
(R: = invariant, R.. = variable), are plotted against the 
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Fig. 2. Con'elation of the first (open circles) and ~cc>nd (triangles) PES bands of related series of para-<lisu~tituted 
~nzcnes with o, constants. P|'S bands corresponding to the a~.~ orbital of benztne( 11.6 eV) are also shown (squares). 
Bands of mira. and ortho-disub.,,tituted bcnzcnes ate indicated by plu,~ signs and closed circles respectively. Straight 
lines are for the correlation of th~ data of para derivatives only. (a) substituted N,N-dimethylanflin~s; (b) substituted 
anilines; (c) substituted anisoles I, :'-n~thyl.4.nitro-N.N-dimethylaniline; 2. 2.6-dimethyl-4-nitroanilin¢; 3, 3.5- 
dimethyl-4-nitroaniline; 4.2A.dimethylaniso]e; ¢i, ..,6-dim et h ylamisole; 6, 2,6-dimethylaoilin~; 7.2,6-dichloroaniline; 8, 

".6-direct h yl- N.N-dimcthylanilirm. 

Fig I. ~hematic cncrg) lords d ~ a m s  for N.N-dimcthylaniline and nitro4~n~n¢. The orbital cncr~cs E are taken 
as negative of IE values following Koopmans' theorem. 
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Frg. 3. Conclatmn of rhc PES hands of substituted bcrvencs. IJJ whsurutcd rolucnc\; fhl whstlturcd 
chlor&nzcnes: (c) substiturcd nitrohcnxrxs (see legend of Fig. ! for other dctarls). Skugh~ lmcs are not drrwn for 
pure derivatives of (a) and rb) srnce correlations are not as g& Lines drawn rn fcl chow evidence of cross over of 
levels. I. 3,cdlimerhyl4-nitr~nr)r~~ 2. !-rrxthyl-4-nirr~N,Ndimethylanilmc; 3. !.bdrmcthyl4~rutroaniline; 

4. ?.4dimethylnreobcnz~*ne. 5. !.~dimcthylntfrobcnzenc 
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Fig. 4. Conclarion of lone pair mnization bands of suhrtiluents in IIK PES of hcnzenc dcrwali~es with suhs!itucnt 
consrants: (a) chlotogroup in subsi~u~cd chlorohcnmvcs. The second 3p IF. value5 arc shown (tnangk) where present. 
fb) mcrhoxy groups IS substituted anisoks. (c) a,(:) u,(n) PES bands of h’0, grcx~p m substituted nitro benrcnes 

(triangksjand PES band due IO n orhrtal of C=Ogroup in substituted acctophenonw fcircks). 

Hammctt u constant”.“of the varying substituent R: in 

Figs. 2 . dnd 3. Other series examined by us. but not 

included in the figures arc phenols, benzonitriles and 
acetophenones. In ah the cases. IF’s increase with the 
increasing electron-withdrawing power of R:. The plots of 
dimcthylanilines. anilines and anAles (Fig. 2) arc linear 
for the first two T IF’s (corresponding to b- and a? 
orbitals) as well as for the IE corresponding to the a:” 
orbital (I l.6eV PES band of benzene). ‘lhc plots of 
chlorobenzcnes and toluenea in Fig. 3 arc not as linear for 
the first IWO IF’s although proportionality to rr constants 
is indicated; in nitrobenzenes. the plots are again linear. It 
appears that linearity with n constants is found best when 

the clcctroruc effects of the invariant substituents RI are 

qurte large (l.c. lo, of R: is large). ‘Ihus. while the effect of 
Me or Cl on the IE’s of substituted anilines is properly 
accounted for by the linear n correlation. the effect of the 

amino group on the IE’s of chlorohenzencs or tolucncs is 
no1 as well correlated by its a constant. 

In the case of p-substituted nitrobenzenes. the plots for 
the first IWO IE’s (Fig. 3) seem to cross each other. This IS 
because, in nitrobcnrencs. p -NOG.H.RL the stability of 
the orbitals corresponding to the first two z [E’s (a: and 
b,) is reversed when Rr becomes electron-withdrawing 
(starting from nitrobenzcne. R2=H, itself). It may be 
recalled that in nitrobenzenc, unlike in anilines. anisoles 



Table I. Group conMnhm. ht. in p&ubstitukxi bcnrencs. 4 -R,C,,H,R;*’ 

‘!I, 
- 

-~ 
R; :l(c!ij)i :iI$? OC!i? Cl! 

3 
,I-r--,., “_ SB. 

, 
NO2 

!i(,K;)2 4.7 - -1.j -1.6 -‘.‘)5 -1.7 - ->.a? 

:i+ - -0.7 -3.3 -1.: -1.k -1.; -. .c -!.) 

OCri 
3 

-3.2 -:.a <.!, -3.7 -3.? - I.li -1.0 -3.x 

CR) -3.2 -3.4 -3.3 -0.3 -3.5 -.:.: -0.5 -3.i 

Cl 4. 1’: , 6.15 4.: 3.0 -0.1 -3.1 -0.: 0.j 

“CC) c.0 3.0 c.0 0.0 3.0 3.1 0.” C.0 

cxm) - Ml.2 00.:: 0o.i a.2 4.3 - 4.X 

al r0.i 4.5 r0.L 0c.L a.4 e0.L - 4.6 

IO, 4.5 .0.6 4.5 00.6 4.5 10.7 40.5 4.7 

(b) 

-_ 
R2 

:i(tiy2 tix2 OCE) - CE;l db’ Cl COCK 3 Qi NO2 

)I’(clI ) 
! 2 

1.6 - 1.7 1.6 1.55 1.6 - :::, ‘G’ 96 . 

NE!; 1.7 : . .7 1. j :.: 1.5 1.2 1.15 1.3 

rn? 1.7 1.2 1.3 3.9 0.9 1.0 C.8 c.95 ‘.O 

*?3 !.6 1.3 0.9 0.15 0.:. 0.6 0.5 o.* 0.5 
ii(b) ?.jl, 1.1 0.9 3.L. ^.C 3.L. 3.2 C.8 C.b 

Cl 1.6 1.5 1.C 5.7 C.L t.? 3.1. C.L5 o:* 

CQCE, - I.2 0.8 3.5 C.. C.k - c.7 
CX ! . :“j 1.15 3.35 c.4 3.u $A5 - 0.6s 
110.. 1.6 I.2 1.3 3.5 o.* CA c.7 c.65 0.8 

and such derivatives. the h: orbital is stabilired with 
respect IO the a) orbital.’ Thus. ~hc correlations of II’s 
with a constams show the importance of assigning PES 
bands of related series of modecules IO equivalent 
orbitals. 

In general. rhc slope of the E-o plot for the first n IE 
is significantly higher Ihan for the second x IE or for that 
corresponding IO the a:. orbital. Apparently. the firs1 IE is 
most sensitive to substitulion. ‘Ihesc slopes show why ..U 
in p-disubsritutcd bcnzcnes decreases with increase in 
electron-withdrawing power of the p-substituent.‘” It is 
noteworthy that A1 decreases In Ihc dIrecIion of 
increasing electron-withdrawing power of the substirucnr 
in monosubstituted bcnzcnes as well (see Table 2). ‘Ihe 
slope of rhc plot of Il.6eV band seems IO be leas1 
sensitive IO substitution. 

The slopes of the IL-o ~101s of the first rr IE’s of 
several series of p-disubstiIuIcd bcnrcncs arc listed In 
Table 3. We see that the slope increases markedly with 
increase in ekclron-withdrawmg power of lhc invarlanl 

‘I’ahk 3. Slope\ of fir51 IF.0 plots of p-disubsrirurcd bcnlcncs. 
J.R,C*H.R: 

aI slop, 07 

!i(CE)), 0.7 

!x2 1.0 

oQl3 
1.2 

Cli 
3 

1. i5 

H 1.3 

C? !.6 
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1.7 
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substituent. Thus, the slope is highest for nitrobcnzenes 
(K, = NO:) and least for dimcthylanilines CR, = NMc:). II 
is indeed interesting that sensitivity of IE’s IO suhstilulion 
is derermined by the extent IO which the aromatic 
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x-sysrcm is depleted of eleclron density. This may bc 
because the first IF. of benxnc derivatives with lone-pair 
subsrituems arises from the b, orbital with considcrahle 
lone pair ChXhX. Similar variation of slopes had been 
noted earlier in the correlation of I-Z* transitions of 
p -disubstituted benzcncs with substitucnl constants.* ” 
The slope of the second IE of p-disubstitutcd benrencs 
remains csscnrially indcpxdent of H, and is generally 

0.6:0.1. 
We have also examined correlaIions of IF’s with 

Brown’s (7’ constants” IO see if these consmnts were in 
any way sup&x IO the Hammert (7 constants. We saw no 

dcfinirivc advantage in using (7’ constants in most of the 
series; slighrly improved linear plots wcrc found only in 
the correlation of the first IF’s of p-substituted Iducncs 
and chlorobcnzcnes. 

mela-DisuhsIi1uIucl hen.zene.s. In Ihcse derivaIivcs. the 

Al values arc gcncrally smaller than m the corresponding 
paru derivaIivcs. The abscncc of resonance inIcrdc1ion of 
suhsIiIuen1s in the mefu derivatives is probably responsi- 
ble for this behaviour. WC have plotred the IF’s of mefa 
derivatives also againsI (7 (mefo) constants in Figs. 2 and 

3 (see data points designarcd by the plus symbol). While a 

fair proportion of Ihc data could be fitred with the 
c7-correlaIion of p-derivatives. there is also considcrahle 
scatter in some of the plots. Thus, uhlle the effccr of 
w -.Me on IE’s of anilincs is fairI> well accoumcd for by iIs 

(7 consIam, Ihc effect of m-NH: on IF’s of toluenc dms 
noI fit in with the a correlation of p subslituted Iolucncs. 

ortho-Di.suh.srirured he7t:enes. ‘The 11 values in onho 
derivarivcs are considerably smaller than in the corrcs- 
ponding puru derivatives and often, than in the ntem 
derivatives as well. Such small .!J values have been 

employed IO cxaminc stcric cffcc~s of ortho substitucnls 
in dimcthylaniline and other derivatives.” We have 
atrempred IO distmguish electronic and steric effcc~s of 
onho subsIi1uenIs making use of (hc conelatlons of lb’s 
wirh (I cons1anIs. In Figs. 2 and 3. we have plotted the 
data on Ihe 07rlto dcrivarives (designated 0) to compare 
(hem wi1h 1hosic of Ihc paru derivatives. WC see that (7 

correlations (of Ihc p -derivarivcs) righrly predicr the IF’s 
of o&m derivaIive\ where there IS no sIcric effect. Thus, 

in nitrobenrrnes (K. - SO:). 1hc correlations arc good 
when cr(or~ho) constants” arc employed for o-F or NO:. 
Simrlarly, in aniline and anisole o-Me and NO: groups 
stem IO exert IiIIlc or no stcric effec1 as also the o-Me . 
OMc and Cl groups in the ca.sc of roluenc. 

When s1cric cffcc~s due IO substi1ucnrs are operative. 

we see that IF’s of Ihe ortho der1vaIives deviaIe 
significantly from the (7 corrcla1ions (of Ihc p -dcriva(ivesl 
when tr(orrho ) consIanIs arc employed. This is obviously 

because. the ~7(071hoj constan1s only accoum for the 
electronic effrc~r of the ortho substituents which are no1 
very differen from 1hosc of the corresponding paro 
suhs11IucnIs. From Figs. 2 and 3.1hc firs1 two IF’s of ortho 
derivarivcs where skric effcc~s are operative can bc 
readily ldcntified as will bc detailed later: Ihc IE 
corresponding IO the a:, orbilal IS no1 sensitive IO s~cnc 
cffcc1s. In many of the systems with stcric etfcu-IS, 1hc firs1 
IF is higher than Ihat predicted by Ihe (7 correlation while 
1hc second IE is often lower than 1hc predicted value. 
Such deviations from the (I canclarions associated with 
mall 151 values could be taken as evidence for steric 

effects. That 1he Al value is a measure of stcric effect or 
Iwisling of (hc S-bond (C-N or C-0) in dimethylanilines 
and anisolc\ can be underslood from the following 
argumenls.” 

The resonance interaction between the lone pair orbital 

of dimcthylamino or mcthoxy group and the benzene n 

system is given by, 

E = F,(n,, zJ - [(A;, - A,)’ + 4B.‘]’ 

whcrc p refers IO the highest occupied bi orbital of the 
substituted benzene with considerable lone pair character. 
q refers IO the corresponding n orbital of much higher 
energy and A is the diagonal matrix element given by 

The term R dcpcnds on rhc angle, 0. bcIwccn Ihe plant 
conraining(heC-N (or C-Olbondand theafoldaxisof 1hc 
bcnzcnc rmg. B is given by. 

H - (&,lH’Q,) 

when fl = @ and A, = LL cos 8. In dimethylanilincs, Maicr 

and Tumerb have taken Al, (Ip = lone pair) as the negative 
of the IF of .MerN and A., as the second a IF. (a:) of 
toluene. They have Ihen taken the splitting AF as the 
difference in 1hc first and third IF values. This seems 

reasonable since the second IE arises from the a: orbital 
(which is nearly the basis orbital) and both the 1hird and 
firs1 IE arise from b, orbitals. This canno1. however. be 

done in anisoles where one observes only IWO PES bands 
due 10 n orbitals followed by a band essentially due IO the 
lone pair. We, 1hcrcfore. feel thaw the difference in the firs1 

IWO If-I’s Al, of dimethylanilines as well as anisoles may be 

taken as a qualitative mcasurc of the magnimdc of twis1 of 
the S bond. Accordingly, JI varies in Ihc same dirccrion 
as the difference in the firsI and third IE’s in di- 

mcthylamilcs. We can also see from the (7 correlations in 

Figs. 2 and 3,thaI in systems where such Iwis1ing of the S 
bond is present, .!J IS anomalous in addition IO the firs1 IF 
being higher. We shall now examine a few specific 

systems where stcric effect is operative in the IighI of the 

n correlations. 
In Fig. 2(a) WC see thaI N.NJimcthyl o-Ioludinc and 

?,bdimeIhyl-N,NdimeIhylaniline (point 8) clearly show 

higher firs1 IF’s than predicted by the o-correlarion as 
well as small Al values. There is indeed considerable 

spectroscopic and structural evidence for 1he twisting 
about the C-N bond in (his these 1wo derivatives.“- _ 
Figure 2(a) also shows that steric e&c1 is still 

considerable in !-methyMnitro-NJ-dimethylanilinc 
(point I) despire the presence of a paw-NO: group. 
TwisIing abour rhc C-O bond in 2.~dimcthylamsolc 

(poin1 S) is known IO be quite large “7 and rhc (7 
correlation in Fig. 2(c) clearly shows evidence for the 

presence of large steric effect in this compound compared 
IO 2-mcthylanisolc. Figure 2(b) indicates IhaI there may bc 

soiomc s~cric effect in 2,6dimcIhylanilinc (poin1 6) as well. 
From Fig. 3(c) we see cvidcncc for sreric cffcc~s in 
o nitrotolucnc and 2.b and 2.4.dimcthgl nitrobcnzencs. II 
is known Ihal o-Me groups cause a twisting of 1hc h’0, 

group from the plane of Ihc ring.” ” II is interesting (ha1 
the n-plots of mtrobcnzcnes also indicate Ihc presence of 
stcric effect in 2 - methyl - 4 - nitro - N,N - dimethylaniline 
(point 2) just as the u - plots of dimcthylanilines in Fig. 

!(a) did for Ihis compound. Prescncc of s1eric cffcc~ in 3.5 
dimethyl - 4 - nitrmnih (point I) with Iwo Me groups 
ortho IO the NO: group is also clearly indicarcd in Fig. 3(c) 
(also see Fig. 2(b)). Presence of steric cffccr in 2.6 
dimcthyl 4 - nirroaniline IS similarly indicated m both 
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Figs. 3(c) and 2(b). From u correlations, we also find that 
in 2-methyl and 2.6dimethylacetophcnones there is likely 
IO he twisting of the C-C bond as suspected carlier.‘Other 

compounds which show similar cffccts are dt-orfho- 
substituted alkyl phenols. 

Lone poir PES bonds of substiruenrs. PES of organic 
molecules show characteristic. and often sharp. bands due 

to ionization of lone pair orbitals of hctero atoms.‘-” The 
sharp PES bands due IO ionization of halogen atom lone 
pairs in organic molecules is well documented.‘-” PES 
bands due IO lone pair orbitals of the C=O group in 

aliphatic ketones;” NO: group in nitroalkanes,“ and NO 

group in nilrosoalkanes~ have been corrcla~d with Taft’s 

a* constanls.p of alkyl substituents. We have now 

examined substitucnt cffcc~s on the PES bands due IO the 

lone pair orbitals of various groups in benzene dcriva- 

lives. 
In Fig. 4. WC have plotted the lone pair IE’s of chloro 

and mcthoxy groups in p-substituted chlorobcnrtnes and 
anisoles respectively against the Hammctt v constants of 

the p-substituent. The plots arc indeed linear with the IE 
increasing, as expected, with the increasing clcctron- 
withdrawing ability of the substitucnt. In Fig. 
2(a) we saw that in dimcthylanilines, ~hc first IF. 

varied linearly with v constants; the first IE arises from 
the b, level which has considerable lone pair character. 

In Fig. 4. we have also plotted the IE of the R orbital of 

the C-* group in p-substituted acctophcnones against u 
constants which again shows linearity and the expected 

trend. A similar bchaviour is also exhibited by p- 

substituted bcnzaldehydcs. The IF’s corresponding to the 
adn) and a,(n) orbitals of the nitro group’-‘- in 
p-substituted nitrobcnzcncs also vary in proportion IO the 

a constants of the p-substitucnts. A similar trend has 
been noticed with n IE’s of the NO group in nitrosoben- 
zenesX 

WC seem IO find some evidence for stcric effects of 
ortho-substitucnts on the lone pair IFI’s of substitucnts. 
Thus, Z,&dimethylanisole (IO eV) and Z&dimcthyl- 

nitrobenzcne (I0.Y cV) exhibit lower IE’s due to n 
orbital ionization that predicted by rhc u correlations in 
Fig. 4. Ikcreasc in the interaction between the lone-pair 
orbltal and the aromatic n system due IO twisting of 

bonds would be expected lo lower the IE of the lone pair 
orbital. 
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