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ANILINIUM IONS : RELATIONS BETWEEN pK, (I* AND INTENSITY 

OF THE W TRANSITION 

Annick DARRY-HENAUT 
Laboratoire de Spectroscopie de la  RBactivitd Chimique, 
UFR de Chimie, Universit6 des Sciences e t  Techniques de 

L i l l e .  59655 - Villeneuve d'Ascq Cddex (France) 

Bernard VIDAL* 
Universit6 de La RBuinion 

BP 5, 97490 - Sainte Clot:llde, La Rl'!union (France DOM) 

Spectroscopists have of ten assumed, based only on the  

W spectrum of the  anilinium .Lon ($NH3+), t h a t  ammonium groups 

cannot b r i n g  a "mesomeric" e f f e c t  upon x sys t ems .  T h i s  

a ~ s u m p t i o n ( l - ~ )  which could be j u s t i f i e d  f o r  the a n i l i n i u m  ion 

i t s e l f ,  whose 00 band of the secondary t r ans i t i on  (towards 260 

nm) i s  very weak, has  been unduly extended t o  a l l  t he  ammonium 

groups.  A c t u a l l y ,  t h e  i n t e r a c t i o n  bt tween a x system and 

(NXaXbXc) + groups has been studied by scveral authors ( 4 - 8 ) ,  and 

w e  have shown t h a t  con t r a ry  t o  what had been assumed by 

spectroscopists,  such an interact ion induces strong e f f e c t s  on 

the W spectrum of the benzene chromophore (9-11). Using the MNDO 

and the  CNDO methods, we have studied the quantum fac to r s  which 

play a par t  i n  the long range interaction, between : an  o group 

X on t h e  one hand, N on t h e  o t h e r  hand, and then $, i n  

@NH2+CH2XI $NH+ (CH2Xa)CH2Xb ard ONH+ ( C 2 H 4 )  2 X .  
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810 DARRY-HENAUT AND VIDAL 

In this paper we present the relationship which may 

exist between the intensity of the secondary transition 
(measured at the 00 band of the progreesion B), and the pK of 

the molecule. Actually, the pK is a thermodynamic parameter 

characteristic of a great part of the behaviour of these 
acido-basic species. From a macroscopic point of view its 
significance is easier to grasp than the many paramaters to be 

taken into account when using quantum calculations(ll). We are 

going to compare such a parameter to the Taft Q* constant. - 
Not all the pK values of the aniliniums studied in that 

work were known. We have had to measure several of them, 

limiting the complexity of the experimental determination to 
provide the accuracy necessary for our work. Two methods have 

been used: an electrochemical one, and a spectrophotometric one. 

They have been described previously (12) . The spectrophotometric 
method has been used because the electrochemical one was 

unreliable when the molecules studied were not soluble enough in 

water. Actually, in order to reach concentrations high enough 

for electrochemical determinations, we h:.ve sometimes had to use 

a medium containing up to 20% methanol. ro check our results we 

have also measured the pK values already known in the literature 

for some molecules (Table I). We have also used empirical 
relationships for comparison (13-15) . 

The spectra have been recorded in HCl-HzO (pH = - 0.5). 
In such a medium all the aniliniums studied are stable, and the 

spectrum of their aniline form is not observed. 

PK AND TAET Q* CONSTANTS 
The pK values of the mines car be assessed with some 

accuracy using empirical relationships. These relation- 
ships(13-15) are based on linear combinations of the Taft a* 
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TABLE I 
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N H ~ C H ~ C H ~  

NH;CH2CH20H 

NH+CH CH=CH 2 2 2  
NH;CH~CH~CN 

NH;CH2C02CH3 

NH;CH2CH2NH$ 

NH;-N-cyclohexyl 

NH;CH2 

I 
I 

84 

88 
I 
I 
I lo5 I 
I 110 I 
I 112 I 
I 115 I 

I 230 I 
I 90 I 

I 
I 
I 
I 
I 
I 
I 

4.1, 

4.1 

2.3 

2.2 

1.9 * 
5.6 

4.1 

27,28 I 

27 I 
I 

4.06 

4.18 

29 I 
I 2.08 

1 NH+(CH~CH~OH)~ I 160 
m NH+<>CH2 t I 113 I 5.9 * I 

p NH+(CH3)CH2CH3 I 119 I I 

I 
I 
I 
I 
I q  

0 NH+<>NH+ t I 150 I 1.2 * I 

I 5.0 I 

2 

NH+ ( cH3) CH~CH=CH I 126 
I 130 1 3.1 I , n NH.,-<>O t 

I 

I 
I 
I 
I 

27 4.07 

5.2(EtOH 50%13’ 

25 5.98 

27 3.20 I I I I  I 

Tho values of intensity and pk 

t the symbol <> stands for: , C H 2 - C H 2 :  

* This value has been obtained from a spectrophotometric experiment. 

have been obtained in water 
,CH - C H  

2 2  
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DARRY-HENAUT AND VIDAL 
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FIGURE 1 

values of the groups linked t o  the n i t r c  gen atom : pK=f (Zpk*) , 
i n  which k s t ands  f o r  t h e  d i f f e r e n t  groups l i n k e d  t o  N, 

including Q whenever there is an aromatic mine. The r e s u l t s  of 

our c a l c u l a t i o n s  a r e  given i n  f i g u r e  1. Some molecules not 
studied here from a spectroscopic point of view, have been taken 

i n t o  account i n  order t o  increase the accuracy of t he  curves. 

These molecules are  labeled with numbers instead of letters. The 

corresponding pK values are  given i n  table 11. A l l  the a* values 

used i n  our work a r e  given i n  t a b l e  111. Figure 1 shows t h a t  

t h e r e  i s  a good c o r r e l a t i o n  between experimental d a t a  and 

empirical relationships.  The data seem t o  lead t o  two d i s t i n c t  

curves: one for  the molecules where two CH2 are  linked t o  N, and 

another for the molecules where there i s  only one CH2.  
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I I  Q-R, R :  PKa I I 
26 1 1  

TABLE I1 

g R , R :  PKa I 

813 

substi tuent I o* 

19,21 
substituent I o* l 

t see table I f o r  the meaning of <> 

The o* value concerning N-pheny Lethylenediamine ( j )  has 

been calculated from the value observed for CH2-NH3' (uI = 

0.36), using the relationship (19-20) : uI (X) = 0.450* (CH2X) . The 
value obtained is 0.80. This value leads to pK=1.8 according to 
the curves of figure 1. In N-phenylpiperazine (0) there is a 
cyclic substituent. The corresponding u* value has been 

calculated from the pK value of piperazine (pK1=9.81, 

pK2=5.55) (21) using the curve pK=f(Zkuk*) of the secondary ali- 

phatic mines. The value is u*=1.40. According to that calcula- 
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I 

tion the pK value of N-phenylpiperazine should be around 1. The 

experiment gives 1.2. - 
The molar extinction coefficient q , ~  of the 00 band of 

the secondary transition of the aniliniums $NHz+X, @NH+XaXb, is 
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ANILINIUM I O N S  815 
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FIGURE 3 

a V shaped function of pK (figure 21, w i t h  the exception only of 

a few points. When using the parameters: 

r = ~ , - 2 6 ( n - l )  and pK = pK - 0 . 2 1  (n-1) 

only one curve is  necessary t o  correlate a l l  the points ( f i g . 3 ) ;  
n is the number of CH2 (or CH3) linked t o  N.  The data concerning 

ONt(CH3)3 (d) have not been used t o  draw the curve s ince t h a t  

molecular ion i s  not involved i n  a c lass ical  acido-basic equi l i -  

brium. The parameter n t akes  i n t o  act:ount t h e  Q-R coupl ing 

between and the  N H 2 + X ,  O K  NH+XaXb group. That coupl ing 

depends on the number of substituents on N(9-11). The CH2 groups 

act  as an hyperconjugative I'bxidge" thr:ugh which a par t  of the 
o electronic  e f f e c t s  of the subst i tuents  linked t o  N is  t rans-  

mitted t o  the nO system. Every N-C bond adds 26 t o  the value of 
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816 DARRY-HENAUT AND V I D A L  

coo (when going from gNH3' ( a )  t o  gNHz'CH3 ( b ) ,  then t o  

WH+ (CH3 1 2 1 . 
Whenever the number of m e t h y l s  (or N-C bonds) increa- 

ses  n takes t h e  increase of the pK value in to  account. Actually, 

whenever t h a t  number i nc reases  t h e  II donating e f f e c t  on N 

increases too. The non bonding electrons i n  t he  mine form a r e  

l e s s  a t t r ac t ed  by the nitrogen nucleus: they become more basic, 

more able t o  be involved i n  a bond between N and a proton. 

The V shape of the curve r e su l t s  from the dependency of 

the pK values on the electron donating or withdrawing powers of 

t h e  s u b s t i t u e n t s  l i nked  t o  N. The i n t e n s i t y  of t h e  00 band 

depends on the perturbation d i s to r t ing  the  D6h symmetry of the 

chromophore - a symmetry f o r  which t h e  t r a n s i t i o n  i s  

e lec t ron ica l ly  forbidden - towards a C;, symmetry - f o r  which 

t h e  t r a n s i t i o n  i s  allowed. The i n t e n s i t y  of t h e  00 band 

increases as  the dis tors ion,  t he  perturbation, t he  e l ec t ron ic  

e f f ec t s  imposed upon the chroniophore, increase. I n  other words, 

intensi ty  can increase from what is observed i n  a f r ee  benzene 

molecule, when the substituent on 0 is electron donating as  well 

as  when it i s  electron withdrawing. The increase is  dependent on 

the absolute value of the perturbation (22, 23) . 
I n  each s e r i e s  t h e  pa ren t  compound (QNHz'CH3 and 

@NH' (CH3) 2 )  i s  the lowest point of the curve. Considering the 
chromophore reaching a s  f a r  a s  the N-H m d  N-C bonds, whenever 

the u electron donating e f f ec t s  of the substi tuents linked t o  N 

increase the pK value increases; E~ increases too s ince the  u 

donating e f f e c t s  a r e  t ransfered t o  ng (through the hyperconju- 

gative coupling of the N-H and N-C bonds) and d i s t o r t s  the D6h 

symmetry. Thus, t he  o donating subs t i t uen t s  a r e  on t h e  r i g h t  

par t  of the curve. When t h e  a electron withdrawing power of the 

subs t i t uen t s  increases,  t he  :symmetry i s  d i s t o r t e d :  i n t e n s i t y  

increases,  but the pK value decreases because the non bonding 

e l ec t rons  a r e  l e s s  f r e e  and Less bas i c .  Thus,  t h e  a n i l i n i u m s  
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ANILINIUM IONS 817 

whose N is bearing a u electron a t t r a c t i n g  subs t i t uen t  a r e  on 

the l e f t  branch of the curve. For example, on the l e f t  

branch : N-phenylpiperazine (0) , and then Q N H * + C H ~ C H Z N H ~ + ,  

d i sp l ay  the  highest  5 and t h e  lowest values of pK s ince  they 

bear strong electron withdrawing substi tuents (NH2+ and NH3+). 

Three points  a r e  outs ide the  curve. Actually,  t he  pK 

t a k e s  i n t o  account t h e  c h a r a c t e r i s t i c s  of t h e  coup le :  

aniline/anilinium: on the contrary i n  the spectroscopic s tudy  we 

use a medium where only the  acid form ( the anil inium ion) can 

e x i s t .  Furthermore, so lva t ion  can inauce,  o r  quench( lO)  , a 

distorsion of ng. or  an interaction throuyh space between substi- 
tuent  and chromophore. The incidence of these e f f e c t s  could be 

weak on pK and strong on intensi ty .  I n  other words, when consi- 

dering the  a n i l i n i u m s ,  pK and in t ens i ty  depend on some common 

fac to r s  but intensi ty  does not depend on pK. These f ac to r s  a r e  

the electronic e f f ec t s  induced by the s u b s t i t u e n t s  linked t o  N .  

Thus we could have be t t e r  correlation i f  we should use the Taft 

a* constants of the substi tuents t o  explain in t ens i t i e s .  

TAFT u* C- 

cOO is a V shaped function of x = Z k l u k ~ *  which is  t h e  

sum of the u* values of the different  substi tuents linked t o  N, 

with the  exception of @ since t h a t  group is t h e  same f o r  t h e  

whole se r i e s .  When considering the s e r i e s  I (QNH2+Y, molecules 

b,e,f ,g,h,i ,  j , r )  one can see tha t  g i s  sti l l  out of the curve as 

it was when pK was used instead of x. Thus, such a behaviour is 

not l inked t o  a c h a r a c t e r i s t i c  f e a t u r e  of pK. Among a l l  t h e  

phenomena which could be put forward t o  explain t h a t  observa- 

t ion,  one of them is a long range interact ion involving the two 
unsaturated p a r t s  ,of the molec:ule, or a n  interact ion N o=; but 

f o r  lack of data we cannot confirm such an assumption. Series I1 

is composed of molecules where two r':H2 a r e  l i n k e d  t o  t h e  

nitrogen atom (molecules c ,k , l , p  and q) . Series I11 is composed 
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818 DARRY-HENAUT AND V I D A L  

of the parent compound c and of t h e  m)lecules  w i t h  a c y c l i c  

substituent linked t o  the nitrogen atom rly two bonds (m,n,o). 

As regards the species w i t h  a r:yclic subst i tuent ,  t he  

curve i s  f l a t t e r  t h a n  t h e  corresponding one (11) with two 

d i s t i n c t  subst i tuents .  Actually, the e l ec t ron ic  e f f e c t s  of t he  

donating or a t t r a c t i n g  group i n  posi t ion 4 i n  the  heterocycle 

a r e  l e s s  e f f i c i e n t  i n  increasing i n t e n s i t y ,  than two groups 

whose e l e c t r o n i c  e f f e c t s  a r e  induced through two chains.  The 

higher i n  absolute value the two slopes of a V shaped curve, the 

higher the increase of intensity for  a given variation of x .  The 

same can be said a l s o  concerning t h e  e f f i c i e n c y  of t h e  

subs t i t uen t s  on the a n i l i n e  nitrogen. For the same reason as 

above, the curve I fo r  the species with m e  C H 2  on N i s  f l a t t e r  

than the curve I1 corresponding t o  species w i t h  two C H 2  on N .  

I f  curves I and I11 were t ranslated t h a t  would roughly 

superimpose them. The s i m i l a r i t y  of t h e  c y c l i c  s u b s t i t u e n t  

-NH+ ( C H 2 C H 2 )  2 X  e l e c t r o n i c  e f f e c t s  on cp with the  - N H 2 +  ( C H 2 )  2 X  

ones is  only f o r t u i t o u s .  J u s t  as is f o r t u i t o u s  the  f a c t  t h a t  

when drawing e=f (m) ,  a l l  the points of s e r i e s  I and se r i e s  111 

seem t o  belong t o  the  same curve since the  pK values depend on 

the  (I* values. When using x instead of pK the molecules w i t h  a 

cycl ic  substi tuent const i tute  a d i s t i n c t  s e r i e s ,  and so do the 

molecules k,p,c,q,l also.  Thus, i f  the molecules q and 1 are  not 

correlated w i t h  the  others  i n  f i gu re  2 and 3 when considering 

the curve I = f(gK), we must  assume that  they const i tute  w i t h  p 
and k a d i s t i n c t  s e r i e s .  Such a serie:; should appear as a V 

shaped.curve. The angle between the two Sranches should be more 

accute than t h e  angle observed i n  t he  main curve, mirroring 

what occurs i n  figure 4 .  Two fac t s  prevent t o  observe tha t  curve 

as a d i s t i n c t  curve i n  f igure 2 a n d  3 .  F i r s t  of a l l ,  p and k 

seem t o  be co r re l a t ed  t o  the  r i g h t  branch of the main curve: 

they do not appear as deservir-g a specif ic  treatment with q and 

1. Secondly the ser ies  k,p,q,l seems t o  have no parent molecule: 
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A N I L I N I U M  IONS 819 

d 
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0 0  0 5  10 15 I 

t he  curve of t h e  s e r i e s  i s  s h i f t e d  away from c, which should 

have been t h e  lowest po in t  of t h e  curve.  The pK values  of 

k,p,q,l  a r e  shif ted from t h e i r  theoret ical  values when conside- 

r ing &*, since the correlation of E- w i t h  x = &* i s  good when 

the a* are only taken in to  account ( f igure 4). Thus, these four  

species  seem t o  display a s p e c i f i c  behaviour a s  f a r  as t h e i r  

acido-basic p rope r t i e s  and/or t h e i r  solvat ion p r o p e r t i e s  a r e  

concerned. Their pK values a r e  increased compared t o  what i s  

observed fo r  the other aniliniums. I n  otner wordsf the intensi-  

t i e s  of 1 and q i n  f igures  2 and 3 a r e  not anomalous, b u t  t he  

whole se r i e s  is specif ic  regarding the pK. This is  supported by  
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820 DARRY-HENAUT AND VIDAL 

the curves in figure 1 : the two points, k and p, are poorly 
correlated to the lower curve. In fact, it is easy to see that 
they do constitute a series with q and 1 (the doted curve) , and 
the curve of that series is far from c, their parent molecule. 

CONCLUSION 
The above results show that using the pK of the 

anilinium ions to correlate the intensities of their secondary 
transitions, can be misleading. Actually, the pK depends on the 
electronic effects of the groups linked to the nitrogen atom; 
these effects play a part in the value of intensity. But it 
depends also on several other factors which are not involved in 
intensity. The parameter x, based on the b* of the groups 
linked to N, constitutes a firmer basis to explain the 
spectroscopic properties of the aniliniums. Paralleling what 
occurs for the toluene derivatives it shows that their intensity 
is a V shaped function of the electronic effects. 
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