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The In f ra red  Spectra  of Aromatic Compounds 

11. Evidence Concerning the  I n t e r a c t i o n  of T - E l e c t r o n s  

and --Bond O r b i t a l s  i n  C-H Out-Of-Plane Bending Vibra t ions  

R ,  D. Kross, V. A .  Fasse l ,  and M .  Margoshes 

Abstract  

I n  c e r t a i n  mono- and pa ra -d i subs t i tu ted  benzenes the  frequency 

of one of the  C-H out-of-plane bending v i b r a t i o n s  f a l l s  o u t s i d e -  

of : the c h a r a c t e r i s t i c  frequency range u s u a l l y  assigned t o  t h a t  

v ib ra t ion .  The phenomenon i s  asc r ibed  t o  bond rehybr id iza t ion  

accompanying the  out-of-plane v i b r a t i o n s ,  whereby the  C-H f f -bonds 

of the  benzene nucleus over lap  wi th  t h e T - e l e c t r o n s  of the  molecules 

and tend t o  form sp3 hybrids .  The rehybr id iza t ion  r e s u l t s  i n  

decreased eff 'eckl  ITA f n r c e  cnns t a n t s  f o r  the v i b r a t i o n s .  The 

e x t e n t  of r ehybr id iza t ion  depends on t h e  concent ra t ion  of the  

7 - e l ec t rons  around the  benzene r i n g ,  which i n  t u r n  i s  dependent on 

the  na ture  of the  s u b s t i t u e n t .  Ni t ro  and carboxyl groups dep le te  

the  r i n g  of r - e l e c t r o n i c  charge so t h a t  the  r -bonds  undergo a  

smal ler  r ehybr id iza t ion .  This l eads  t o  g r e a t e r  e f f e c t i v e  fo rce  

cons tants ,  and higher  f requencies  f o r  the  C-H out-of-plane v i b r a t i o n s  

a s  compared with compounds i n  which the  s u b s t i t u e n t  i s  r e l a t i v e l y  

i n e r t  'w i th  r e spec t  t o  the  r i n g .  Bond rehybr id iza t ion  a l s o  provides 

an explanat ion  f o r  the  smal ler  r e l a t i v e  i n t e n s i t i e s  of the  C-H 

out-of-plane bend ing .v ib ra t ions  of compounds such a s  nitrobenzene 
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a s  compared with the  v i b r a t i o n s  of compounds f a l l i n g  i n  t h e  
a/ 

normal frequency range. Other anom@lous spec t ra  a r e  adequately 
, , 

explarhed on the same b a s i s .  

Various observations1r2.3 have ind ica ted  t h a t  the  f requencies  

(1 )  M.  Margoshes and V. A .  Fasse l ,  Spectrochim. Acta, 1, 14 (1955). 

( 2 )  M. S t .  C. F l e t t ,  J, Chem. Soc.  ondo don), 962 ( 1 9 5 1 ) ~  

( 3 )  Lo J, Bellamy, The I n f r a r e d  Spectra  of Complex Molecules, 

John Wiley & Sons, Inc. ,  New York, p, 68. 

of one of the  out-of-plane C-H bending v i b r a t i o n s  i n  monosubstituted 

benzenes f a l l s  ou t s ide  of t h e  c h a r a c t e r i s t i c  frequency range f o r  

compounds such a s  benzoic ac id ,  sodium benzoate, benzoyl ch lor ide ,  

and ni t robenzene.  It has a l s o  been observed t h a t  i n  para- 

d i s u b s t i t u t e d  benzenes t h e  same s u b s t i t u e n t s  g ive  r i s e  t o  anornolous 

s h i f t s  i n  frequency. The purpose of t h i s  paper i s  t o  d i scuss  

c e r t a i n  o t h e r  observat ions on the  f requencies  of these  v i b r a t i o n s  

and ' t o  present  a s e l f - c o n s i s t e n t  explanat ion  f o r  t h i s  e f f e c t .  

Experimental 

A l l  ths  o p e c t ~ a  were yacopded under the same cvnditfons a s  
. . 

1 
were descr ibed i n  t h e  f i r s t  paper of t h i s  s e r i e s .  

. . . . . . 



Evidence I n d i c a t i n g  the  I n t e r a c t i o n  of f l - ~ l e c t r o n s  

and Aromatic C-H Bonds 

I n  paper I of t h i s  s e r i e s 1  i t  was shown t h a t  c e r t a i n  s u b s t i t u e n t  

groups caused a s h i f t  of the  out-of-plane C-H bending v i b r a t i o n s  

i n  monosubstituted benzenes a t  725-775 cm'l ou t s ide  of t h e  

frequency range genera l ly  assigned t o  t h i s  ~ i b r a t i o n .  Spectra  of 

a t y p i c a l  group.of  monosubstituted benzenes i n  which the  frequency 

f a l l s  i n  the  normal range below 775 cm-I a r e  shown i n  the  upper 

por t ion  of Figure 1, whereas the  s p e c t r a  of the  group of compounds 

i n  the  lower por t ion  of Figure 1 a l l  e x h i b i t  a s h i f t  of t h i s  

frequency above 775 cm-l. A pronounced decrease i n  i n t e n s i t y  wi th  
!, . 

t he  s h i f t  t o  h igher  frequency i s  a l s o  g e n e r a l l y  observed, a l though 
I 

a low i n t e n s i t y  may a l s o  be observed with a normal frequency, a s  i n  

e thylbenzene . 
To i l l u s t r a t e  t h e  s h i f t s  i n  frequency caused by the  same sub- 

s t i t u e n t  groups i n  para-disubs t i t u t e d  benzenes,   able I1 summarizes 

the  f requencies  of the  12 micron band i n  s e v e r a l  pa ra -d i subs t i tu ted  

benzenes and the r e l a t e d  compound, g-guinone. For t h e  s u b s t i t u t e d  

toluenes and dihalobenzenes, the  c h a r a c t e r i s t i c  absorp t ion  band 

i s  between 800 and 820 cm'l. I n  each of t h e  compounds i n  which one 

of the  s u b s t i t u e n t s  i s  a n i t r o  o r  carboxyl group t h i s  band i s  

d isp laced  t o  840-855 cm-l. I f  both  of the  s u b s t i t u e n t s  a r e  n i t r o  

o r  carboxyl groups t h e r e  i s  an a d d i t i o n a l  displacement t o  about 

880 cm-I; F i n a l l y  i n  p-quinone the  s h i f t  i s  t o  895 cm-l. 



Fig. 1 - Normal and abnormal frequency patterns in 
monosubstituted benzenes. 



It i s  we l l  known4-7 t h a t  the  i n f r a r e d  s p e c t r a  of many 

(4)  R. E. Richards and H. W .  Thompson, Proc. Royal Soc.  o on don) 

A195, 1 (1948) 

(5 )  R. E .  Richards and H. W. Thompson, J. Chem. Soc. 1947, 1248. 

(6 )  T. A.  Kle tz  and W .  C .  P r ice ,  J. Chem. Soc. 1947, 644. - 

(7) T. T. Harding and S. C .  Wallwork, Acta Cryst .  - 6, 791 (1953). 

compounds show sharp d i f f e r e n c e s  i n  frequency and i n t e n s i t y  a s  

the  compounds a r e  measured i n  s o l i d ,  l i q u i d ,  and s o l u t i o n  s t a t e s .  

Some of the  complex f a c t o r s  underlying these  s p e c t r a l  changes a r e  

now wel l  u n d e r ~ t o o d ~ - ~ ,  but a complete understanding i s  not ye t  

a v a i l a b l e .  I n  order  t o  i n t e r p r e t  the  change i n  frequency of t h e  

out-of-plane C-H bending v i b r a t i o n s ,  i t  i s  of primary importance t o  
I 

e s t a b l i s h  whether i n t r a -  o r  in termolecular  i n t e r a c t i o n s  a r e  

respons ib le .  Since in termolecular  f o r c e s  between s o l u t e  molecules 

a r e  destroyed i n  d i l u t e  s o l u t i o n s  of the  compounds i n  non-polar 

so lven t s ,  t h e  s p e c t r a  of d i l u t e  s o l u t i o n s  of many of the  compounds 

were s tud ied .  The' da ta  summarized i n  Table I and I1 show t h a t  

the  inc rease  i n  frequency caused by c e r t a i n  groups i s  b a s i c a l l y  

an int .ramolecular f n t e r a c t i o n .  

It i s  not  unreasonable t o  expect t h a t  t h e  /iY-electrons loca ted  

above and below an unsa tura ted  chain o r  r i n g  can e x e r t  a d i r e c t  

e f f e c t  upon the  v i b r a t i o n s  of hydrogens perpendicular  t o  t h a t  cha in  

or  r i n g .  This  inf luence  can be i n f e r r e d  from C-H bond moment 

determinat ions.  A convenient method f o r  ob ta in ing  bond moments 

i s  based on measurement of t h e  i n t e n s i t i e s  of C-H bending v i b r a t i o n s ,  

which a r e  d i r e c t l y  r e l a t e d  t o  . the d i p o l a r  na ture  of a bond. 



Table I 

Characteristic Frequencies for Various Substituent Groups 

in Monosubstituted Benzenes in Various States 

Substituent Frequency (cm-1) 
Compound Group Liquid Solid Dilute Solln. 

Toluene -CH3 728 729 

~ i i l i n e  H C ~ '  -NH~+ ' . 741. 

Benzyl Alcohol 

Et hylbenzene 

Phenylacetate -0OCR 752 

Phenol 

Sodiumbenzenesulfonate 

Aniline 

Benzenesulfonylchloride 

Aniso le 

Triphenylme thane 

i Benzonitrile 

Acetophenone 

Trans-stilbine 

Benzamide -CONH2 771 

Benzoylchloride -COC1 779 

Benzolc Anydridc -COOCO 773 

Mit~obenzene -NO2 794 790 

Benzoic Acid 

Ethyl Benzoate 

Sodium Benzoate 

All solution spectra were obtained using CS2 as solvent. 



Table I1 

Out-Of-Plane C-H Bending Frequencies f o r  Some 

Para-d isubs t i tu ted  Benzenes 

Frequencie's ( cm-l) 
Compound Liquid So l id  Di lu te  s o l u t i o n  

p-Xylene 794 793 

p-Iodotoluene 800 

p-Bromo toluene 803 800 

p-Chlorotoluene 809 804 

p-Dibromobenzene 811 809 

p-Chloroiodobenzene 811 809 

p -To lun i t r i l e  8 14 

p-Chlorobromobenzene 8 16 

p-Fluorot oluene 8 18 

p-Nf t r o a n i l f  ne 

p-Amlnobenzoic ac id  

p-Toluic ac id  

p-Chlorobenzoic ac id  

p-Bromobenzoic ac id  

p-'Nitrobenzoic ac id  

~ e r ~ e ~ h t h a l i c  ac id  

A l l  s o l u t i o n  spec t ra  were obtained us ing  CS2 a s  so lvent  except those 
marked *-in N,N-dimethylformamide **-in acetone 
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T h o r n d i k e ;  Wells, and WilsonS8 u s i n g  b o t h  t h e  i n - p l a n e  and . 

. . 

( 8 )  A ,  M. Thorndike ,  A ,  J. Wel ls ,  and E. B, Wilson,  Jr.., J. Chem. 

o u t - o f - p l a n e  C-H b e n d i n g  vibrations i n  e t h y l e n e ,  found t h a t  t h e  

bond moment v a l u e  o b t a i n e d  from t h e  950 cm-l o u t - o f - p l a n e  hode 

w a s  a l m o s t  t w i c e  t h a t  o b t a i n e d  from the1 1444 o r  995 cm-' i n - p l a n e  

bands .  The v a l u e s  c a l c u l a t e d  from t h e  l a t t e r  modes were approx imate ly  

e q u a l  t o  t h e  bond moment v a l u e  u s u a l l y  a s s o c i a t e d ' w i t h  C-H bonds,  

R e c e n t l y ,  a  t h e o r y  h a s  been proposed which can  be d i r e c t l y  

a p p l i e d  t o  t h e  anomalous bond moments i n  e t h y l e n e  a s  w e l l  a s  t o  

t h e  i n t e r p r e t a t i o n  o f  t h e  f r e q u e n c y  and i n t e n s i t y  v a r i a n c e  o f  C-H 

o u t - o f - p l a n e  bend ing  v f b r a t f o n s  i n  s u b s t i t u t e d  benzenes .  T h i s  t h e o r y  

c o n c e r n s .  t h e  v a r i a t i o n  o f  bond h y b r i d i z a t i o n  w i t h  molecu la r  deforma- 

t i o n ,  9s10911 by wh,ich t h e  bonding o r b i t a l s  o f  t h e  c e n t r a l  atom change 

( 9 )  C, A ,  Coulson, V. H e n r i  Mem. Nol . ,  ,Deaoer,  Lfege,  1948, P n  

(10)  J. Duchesne, Bull .  Acad. roy .  Belg .  38, 197 (1952) 

(11)  J, W ,  L i n n e t  and P o  J, Wheatley, Nature ,  - 161, 971 (1948) ;  

T r a n s .  Fa raday  So@. 45, 33 (1949).  

t h e i r  h y b r i d i z a t i o n  i n  such  a  manner a s  t o  f o l l o w  t h e  o u t e r  at.oms 

du r fng  t h e  v i b r a t i o n .  .'llhe g r e a t e r  t h e  change i n  h y b r i d i z a t i o n  

t h e  g r e a t e r  w i l l  b e  t h e  r e d u c t i o n  i n  e f f e c t i v e  f o r c e  c o n s t a n t  f o r  

t h e  p a r t i c u l a r  v i b r a t i o n ,  
2 

I n  e t h y l e n e ,  t h e  I n - p l a n e  bend ing  v i b r a t i o n s  o f  s p  C-H bonds 

a r e  n o t  a f f e c t e d  by t h e  T - e l e c t r o n  bond, which h a s  a  node i n  t h e  



plane of the  ethylene molecule. However, i n  v i b r a t i n g  perpendicular  

t o  the  plane, the  C-H bonds e n t e r  the  f i e l d  of the  T - b o n d  and 

through overlap tend, t o  become sp3 . ,  hybrids .  lo Since i t  i s  known 

t h a t  t h e  bond moments of sp2 and sp3 hybrids d i f f e r , 1 2  the  theory  

(12) C.  A .  Coulson, Trans. Faraday Soc., 38, 433 (1942). 
- - - 

exp la ins  the  ethylene anomoly. It should be noted t h a t  bond 

moment c a l c u l a t i o n s  from out-of-plane v i b r a t i o n s  a r e  of no r e a l  

phys ica l  s ign i f i cance ,  s ince  the  bond moments a r e  cons tan t ly  chang- 

ing  with the  degree of pene t ra t ion  i n t o  the  /jT-bond. The value 

obtained from any c a l c u l a t i o n  us ing  an out-of-plane C-H mode is,  

a t  most, a  time average. The d i f f e r e n c e  between t h i s  "bmd moment" 

and one ca lcu la ted  from an in-plane mode merely po in t s  up the  r o l e  

played by the  / jr-electrons.  

The degree of t ransformation of an sp2 bond i n t o  an sp3 bond 

depends, of course, on the  concent ra t ion  of 'Y - e l ec t rons  above the  

atom i n  quest ion.  For benzenoid systems, the  / i r -electron d e n s i t y  

depends upon the  na ture  of the  s u b s t i t u e n t s ,  i . e . ,  whether they  

inc rease ,  decrease,  o r  have no erf 'ect  upon the  'ir - e l ec t rons  o r  

the  r i n g .  The fo rce  constant ,  and thus the  frequency, of the  out- 

of-plane C-H bending v i b r a t i o n s  of the  benzene r i n g )  t h e r e f o r e  

depends on t h e  sp3 bond tendency, and thus the  concent ra t ion  of 

" - e l ec t rons  above and below t h e  r i n g .  The smal ler  the  concentra- 

t i o n ,  t h e  higher  the  frequency, and v ice  versa ( o t h e r  f a c t o r s  being 

equa l ) .  

E l e c t r o p h i l i c  groups, such a s  n i t r o  o r  carboxyl, when coplanar  

with the  aromatic r ing ,  r e sona te  with the  r i n g  wi th  a  r e s u l t a n t  



w i  thdrawal  of v - e l e c t r o n s  t o  themselves. This lowers t h e  

concen t ra t ion  of v - e l e c t r o n s  above and below t h e  r i n g  and, i n  

accord wi th  the  above theory,  the  smal ler  change of hybr id iza t ion  

r e s u l t s  i n  h igher  C-H ouGof -plane bending v i b r a t i o n s .  
.. ." - T h e  e f f e c t  of e l e c t r o n  donat ing groups on the  C-H out-of-plane 

bending v i b r a t i o n s  can a l s o  be considered from t h e n - e l e c t r o n  

viewpoint.  ~ h u s , ' a l t h o u g h  t h e  amino group i s  g e n e r a l l y  considered 

a s  a  s t r o n g e r  donor than  t h e  methyl group, the  l a t t e r  can 

hyperconjugate wi th  t h e  r i n g  t o  g ive  a  s t r u c t u r e  i n  which t h e  

W - e l e c t r o n s  a r e  concentrated above and below t h e  f i v e  r i n g  C-H 

bonds, thus  

The frequency of to luene  i s  t h e r e f o r e  lower (728 cm-l) than 

a n i l i n e  (755 om-I). 

The d i f f e r e n c e  i n  the  C-H dut-oi'-plane bending f requencies  

of b e n z o n i t r i i e  (756 cm-l) and ni t robenzene (790 cm-l) lends 

support  t o  t h e  arguments of t h i s  paper.  Although the  n i t r i l e  and 

t h e  n i t r o  groups a r e  of approximately equal  s t r e n g t h  a s  meta- 

o r i e n t i n g  s u b s t i t u e n t s ,  t h e  two groups have d i f f e r e n t  e f f e c t s  

upon the  ' i r -e lec t ron  d i s t r i b u t i o n  of t h e  benzene r i n g .  The n i t r o  

group has mainly a  mesomeric in f luence  upon the  r i n g ,  because ft 

r e a d i l y  conjugates  with t h e  aromatic system and dep le tes  i t  of 

W - e l ec t rons .  The n i t r i l e  group, on the o the r  hand, b a s i c a l l y  

e x e r t s  an induct ive  e f f e c t  on the  benzene r i n g  by modifying the  

p o t e n t i a l  a c t i n g  on the  'TT - e l ec t rons .  l3 Consequently, t h e  V - e l ec t ron  

(13) J. N. Murrel and H. C .  Longuet-Higgins, Proc. Phys. Soc,, 



concent ra t ion  of t h e  b e n z o n i t r i l e  r i n g  i s  g r e a t e r  than the  concentra- 

t i o n  i n  nitrobenzene and s o  the  C-H out-of-plane bending v i b r a t i o n s  

0% the  l a t t e r  a r e  ,of higher  frequency. 
. .. 

The pronounc:ed i n t e n s i t y  changes 'which accompany t h e  s h i f t  i n  

frequency of the  o u t - ~ f - ~ l a n e  C-H 'bending v i b r a t i o n  can be 
. . 

d i r e c t l y  c o r r e l a t e d  with the  'degree ''of r ehybr id iza t ion  of sp2 i n t o  

sp3 hybrids.  F q r  example, s i n c e  C-H bond moments a r e  ' g r e a t e r  f o r  

sp3 bonds than f o r  sp2 bonds, the  lower degree of r e h y b r i d i z a t i o n  

i n  nitrobenzene l eads  t o  smaller  C-H bond moments than i n  phenol, 

where r ehybr id iza t ion  i s  g r e a t e r .  Because i n f r a r e d  i n t e n s i t i e s  a r e  

p ropor t iona l  t o  d ipo le  moment changes during wibrat ions,  the  v ibra-  

t i o n s  showing a . . f requency inc rease  a l s o  e x h i b i t  t h e  decrease i n  
. . 

i n t e n s i t y .  For compounds whose frequency f a l l s  i n  the  normal 

range, the  observed i n t e n s i t i e s  a r e  r e l a t i v e l y  g r e a t ,  i n d i c a t i n g  

a  high degree of r ehybr id iza t ion  i n t o  sp3 bonds. 

The withdrawal of p - e l e c t r o n s  from the  r i n g  can be d i r e c t l y  

a s soc ia ted  with the  con t r ibu t ion  of quinoid s t r u c t u r e s  t o  the  

ground s t a t e s  of t h e  molecules. Thus, a l l  t h e  monosubstituted 

benzenes having C-H.out-of-plane bending v i b r a t i o n s  g r e a t e r  than  

770 cm-l, a s  l i s t e d  i n  Table I, have ? l e c t r o n i c  s t r u c t u r e s  i n  

which a  quinoid form plays a  cons iderable  r o l e .  Sodium benzoate, 

having the  h ighes t  frequency i n  t h e  Table, undoubtedly has the  g r e a t e s t  

con t r ibu t ion  o f  * t h i s  s t r u c t u r e  due t o  the  symmetrical na ture  of 

the  r e s u l t a n t  form. Figure 2  i l l u s t r a t e s  some con t r ibu t ing  quinoid 

s t r u c t u r e s .  

The l a r g e  s h i f t s  observed f o r  the  pa ra -d i subs t i tu ted  benzenes 

a r e  a l s o  i n t e r p r e t a b l e  on t h e  b a s i s  of bond rehybr id iza t ion  and 
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. . 
quinoid resonance con t r ibu t ions .  Figure 2 inc ludes  a major resonance 

form f o r  p-dinitrobenzene, which accounts f o r  the  increased C-H 

out-of-plane bending frequency ( l i s t e d  i n  Table 11) . Carboxyl 

groups and o the r  s u b s t i t u e n t s  which can con t r ibu te  s i m i l a r  

resonance s t r u c t u r e s  a f f e c t - t h e  frequency s i m i l a r l y .  I f  t h e  para- 

d i s u b s t i t u t e d  benzene conta ins  only one s u b s t i t u e n t  which i s  

e l e c t r o p h i l i c  the  s h i f t  i s  approximately only ha l f  a s  g r e a t .  

A comparison of the  C-H out-of-plane f requencies  f o r  p-dibromobenzene 

(811 cm-l) and p-nitrobromobenzene (839 cm-l) r e v e a l s  t h a t  the  

in t roduc t ion  of one n i t r o  group causes a s h i f t  of 28 cm-l, while i n  p-  

d&nitrobenzene (874 om-') the re  i s  an a d d i t i o n a l  s h i f t  of 35 cm-I. 

The displacements t o  higher  frequency i n  these  compounds a r e  the re -  

f o r e  d i r e c t l y  r e l a t e d  t o  ;the per  cent of quinoid s t r u c t u r e  making 

up t h e  ground s t a t e s  of t h e  var ious  molecules. 

p-Quinone and p-hydroquinone provide p a r t i c u l a r l y  s t rong  

confisming da ta  f o r  the  r o l e  of t h e  IT-e lec t rons .  p-Quinone has 

almost a pure quinoid s t r u c t u r e  and shows the  h ighes t  frequency 

i n  Table 11 (895 cm-l), whereas p-hydroquinone, with a predominant 

benzenoid s t r u c t u r e ,  h a s  t h e  corresponding v i b r a t i o n  a t  827 cm-l. 
. . .  . 

The theor-y of o r b i t a l  r ehybr id iza t ion  provides a cons i s t en t  

explanat ion  of anomolous frequency s h i f t s  i n  C-H out-of-plane 

bending v i b r a t i o n s  which have come t o  the  a u t h o r s t  a t t e n t i o n .  

Take, f o r  example, t h e  isomeric  compounds 2,4- and 2,5-dimethylbenzofc 

a c i d .  Even thou* bothare 1 ,2 ,4 - t r i subs t i tu ted ,  t h e  2,4-dimethyl- 

benzoic ac id  has i t s  c h a r a c t e r i s t i c .  band a t  841 cm-I w h i l e ' t h e  

2,5-acid has i t s  band a t  822 cm-l. ~ i g u r e  3 shows t h a t  t h e  2,4- 

isomer can con t r ibu te  a quinoid resonance s t r u c t u r e  t o  t h e  g r u u r ~ d  

s t a t e  of t h e  molecule through a hyperconjugation of the  methyl 
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group i n  the  4 - p o s ~ t i o n  with the  benzene r i n g  and the  paEi earboxyl 

group. The 2,5-isomer cannot assume t h i s  extended form of 

conjugation, so  t h a t  the  /ir ==electron s t r u c t u r e  of t h a t  molecule 

i s  l e s s  a f f e c t e d .  

An a d d i t i o n a l  case which i s  e a s i l y  explained i s  found i n  the  

spec t ra  of phenylacet ic  acid,  d iphenylace t ic  ac id ,  and t r ipheny l -  

a c e t i c  ac id ,  shown i n  the  13-14 micron reg ion  i n  Figure 4. It i s  
. . . - .  , . s t . .  . . .  . .  . 

seen t h a t  pheny1acet . i~  ac id  has a  s i n g l e  absorpt ion  band a t  13.27 

microns (754 cm-I), d iphenylace t ic  ac id  has two absorp t ion  bands 

a t  13.32 and 13.63 microns (750 and 734 cm-l) of about equal  i n t e n s i t y  

( n o t i c e  tha t :  t h e '  lower frequency band i s  - s l i g h t l y  l e a s  i n t e n s e ) ,  and 

t r i p h e n y l a c e t l c  a c i d *  has two absorpt ion  bands a t  13.13 and 13.60 . . 

microns (761 and 735: cm-,'), w i t h  t h e  l a t t e r  about twice a s ;  , ' , 

s t rong  a s  the  former. Fisher-Taylor-Hirschfelder models o f  these  
. > 

compounds i n d i c a t e  t h a t  s t e r i c  e a c t o r s  do not permit more than one 

phenyl r i n g  t o  be coplanar  with ; t h e  carbonyl group, The . . coplanar 
, . .  

phenyl group can form a c ~ n j u g a t e d ' s ~ s t e m  with the  c a r b o i y l  group 

by assuming a  quinoid s t r u c t u r e ,  which g ives  r i s e  t o  t h e  higher  
. . .  . .  

frequency band a t  755 cm-l. . ~ d d i t i o n a l  phenyl groups t h a t  a r e  
. .. . i 

Introduced onto the  methyl baeboti hannot i n t e r a c t  wi th  t h e  

.conjugated . system, . and . . thus remain a s  benzenoid conf igura t ions .  The 
. . . .  

l a t t e r  give sise t o  the  band a t  ca.  734 cm'l,.whose i n t e n s i t y  
. . .  . . ,  . . . . . .  . 

depends on the  number o f  benzenoid groups' p resen t ,  
. . 

E l e c t r o p h f l i c  groups must be coplanar wi th  the  aromatic r i n g  

f o r  the  f u l l  e f f e c t  of resonance t o  take p lace .  This  i s  wel l  

P l l u s t r a t e d  f o r  the  case of a  few or tho-d i subs t i tu ted  benzenes. 

I n  o-nftrophenol and o -n f t roan i l ine ,  where in t ramolecular  hydrogen 



Fig .  4  - s p e c t r a  from 13- 1 4 .  .of (from l e f t  t o  P 
acid ,  dipkienylacetic ac id ,  and t r i p h e n y l a c e t i c  ac id  a s  

mineral  o i l  s l u r r i e s .  



bonding between the  n i t r o  group and the  OH o r  NH2 grqup s t a b i l i z e s  . .  . . .  . . . 

t he  n i t r o  group i n  t h e  plane of t h e  r i n g ,  t h e  C-H bending 

f requencies  a r e  748 and 747 om-', r e s p e c t i v e l y .  I n  o-chlorobenzene 

and o-bromobenzene, where the  s t e r i c  inf luence  of the  l a r g e  

halogen s u b s t i t u e n t s  causes r o t a t i o n  of t h e  n i t r o  groups out of t.he 
\ 

plane of the  r ing ,  t h e  C-H bending f requencies  a r e  732 and 731 

cm-l, i n d i c a t i n g  decreased withdrawal of 'TI' - e l ec t rons  from the  

r i n g .  S imi la r ly ,  i n  the corresponding carboxyl ic  a c i d s  t h e  

carboxyl group i s  i n  the  plane of t h e  r i n g  i n  s a l i c y l i c  a c i d  14 

(14) W. Cochran, ~ c t a  Cryst.,  5, 260 (1953,). 

: ! 
8 L (762 cm-l) and may be assumed t o  be i n  the  plane of the  r i n g  i n  . . .  . ,  . . .., 

I . I, . - , . .  . .  
' , a n t h r a n i l i c  ac id  (755 cm-l) and r o t a t e d  o u t  of the  plane of the  . ,. .' .. . .:, 

r i n g  i n  o-chloro and o-bromobenzoic ac id  (744 cm-l f o r  b o t h ) .  

I n  a  r ecen t  i n f r a r e d  s tudy of p i c r i c  ac.id molecular complexes 
. , 
: 3,. 

by two of t h e  authors,15 i t  was shorn t h a t  t h e  C-H out-of-plane 

(15) Re D. Kross and V. A .  Fasse l ,  Submitted t o  t h i s  Journal f o r  

pub l i ca t ion ,  
-- - - -  - - 

bending v i b r a t i o n s  of p i c p i c  ac id  molecules involved i n  T -w 
complexes were of lower frequency than the  same v i b r a t i o n  i n  pure 

p i c r i c  ac id .  Since p i c r i c  a c i d  i n  the  T - w  complexes a c t s  a s  

t h e  acceptor  molecule, f o e . ,  a  T - e l e c t r o n  i s  t r a n s f e r r e d  t o  one 

of . i t s  vacant molecular ' o r b i t a l s ,  t he  f - e l ec t ron  d e n s i t y  around 

t h a t  molecule i s  thereby increased .  Accordingly, t h e  C-H bonds 

v i b r a t i n g  perpendicular  t o  the  plane of the  complexed p i c r i c  ac id  



molecules undergo g r e a t e r  changes i n  hybr id iza t ion  than the  equi- 

va len t  C-H bonds i n  pure p i c s f c  ac id ,  r e s u l t i n g  i n  lower frequencies ,  

of t h e  out-of-plane bending v i b r a t i o n s .  On the  o the r  hand the  

C-H out-of-plane bending v i b r a t i o n s  i n  the  e l e c t s o n  donor molecules 

involved i n  the  fl-/ir complexes with p i c r i c  ac id  a r e  observed 

a t  a h igher  .frequency than  i n  the  pure molecule,  




