
1376 Russian Chemical Bulletin, Vol. 45, No. 6, June, 1996 

Solvent effect on catalytic properties of the 
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Ionization of 2- and 3-nitroanilincs was studied in HCI- -DMF--1 ,1 ,2 ,2- te t rach loro-  
e thane (TCE) solutions at 25 °C. The ionization capability of the medium and basicity 
constants pK i of indicators change depending on the ratio of the components.  Tile numerical 
values of pK i are found to depend on the analytical composit ion of the D M F - - T C E  solvent. 
The solvent effect on pK i is associated with a change in tile solvation of the nonionized form 
of  the indicators. 

Key words: catalytic activity, basicity, solvation; hydrogen chloride, N,N-dimethylfor- 
mamide,  I , l ,2 ,2- te t rachloroethane,  solutions. 

P red i c t i on  o f  the  so lven t  effect  on  the  ca ta ly t i c  ac-  
t ivity o f  acids  in s o l u t i o n s  is an  i m p o r t a n t  p rac t ica l  
p r o b l e m .  For  its s o l u t i o n ,  d e p e n d e n c e s  o f  i n d i c a t o r  ra- 
t ios ( / )  o f  s tab le  o rgan i c  bases  o f  d i f fe ren t  s t r e n g t h s  wi th  
the  k n o w n  i o n i z a t i o n  m e c h a n i s m  on  the  c o m p o s i t i o n  o f  
the  a c i d - b a s e  sys tem t,2 c an  be  used ( I  = Cn/CnHA, C n 
and  CBH A are  t he  c o n c e n t r a t i o n s  o f  the  n o n i o n i z e d  and  
ion ized  fo rms ,  respec t ive ly) .  T h e  values  o f  / are d e t e r -  
m i n e d  by t he  i on i z ing  abi l i ty  o f  the  sys tem and  bas ic i ty  
o f  the  i nd i ca to r ,  w h i c h  d e p e n d  on  the  so lvent .  T h e  
ac id i ty  f u n c t i o n  mos t  o f t en  serves  as a q u a n t i t a t i v e  
m e a s u r e  o f  t he  i on i z ing  abi l i ty .  3 T h e  bas ic i ty  o f  an  
o rgan i c  c o m p o u n d  d e p e n d s  o n  the  so lva t ion .  4 

T h e  p u r p o s e  o f  th is  work  is to  s tudy  t he  effect  o f  the  
so lven t  c o m p o s i t i o n  on  the  ca ta ly t i c  p rope r t i e s  o f  the  
H C I - - D M F - - T C E  sys tem.  T h e  m e c h a n i s m  of  ion iza -  
t ion  o f  the  ind ica to r s ,  5 t he  c o m p o s i t i o n  and  s t r u c t u r e  6 
o f  the  c o m p l e x e s  o f  HCI  wi th  D M F ,  and  t h e i r  c o m p a r a -  
t ive ion iz ing  abi l i ty  7 are  k n o w n  for this  sys tem.  

Experimental 

Indicators, HCI, DMF,  TCE, and D M F  saturated with 
hydrogen chloride were purified as described previously. 5-7 
The concentrat ion of the initial solution of  HCI in DMF 
(42.745 % HCI) was determined alkalimetrically. Tile weight 
method was used for the preparation of solutions. Densities (p) 
of solutions were measured pycnometrically for the calculation 
of  concentrat ions.  3-Nitroani l ine ( I )  and 2-nitroanil ine (2) 
were used as indicators. 

The values of  / of  compounds  I and 2, were determined 
spectrophotometricaUy in the visible spectral region: 

I = (C T -- eBHA)/(r.B -- I;T) , 

where i:ll , ~:IIIIA, and E T are tile molar extinction coefficients of 
the nonionized, completely and partially ionized forms of tile 
indicator at the maximum of the absorption band of its 
nonionized form. 

The / values for the H C I - - D M F - - T C E  system at various 
concentrat ions of  HCI at 25 °C were obtained for indicator i 
at the molar ratios DMF : TCE = 2 : I and 1 : 2 (Fig. I) 
and for indicator 2 at the molar ratios HCI : D M F - I  : 1 and 
I : 0.67 (Figs. 2 and 3). 
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Fig. I. Dependences of tile values of l o g / o f  3-nitroanil ine on 
IogC°llCi ill I t C I - - D M F - - T C E  solutions with various contents  
of TCE (tool. %): 0 ( / ) ,  Ref. 5; 33.3 (2); 50 (3),Ref. 7; 66.7 
(4) at 25 *C. 
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Fig. 2. bcpcndcnce of the values of log /of  2-nitroaniline on 
the analytical concentration of HCI in DMF (/) by the 
literature data (Ref. 5), in the equimolar DMF--TCE mixture 
(2) (Ref. 7), and in the HCI - -DMF- -TCE system at 
HCI : DMF ~ I : I (3)at  25 °C. 
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Fig. 3. Depcndences of the values of log/of  2-nitroaniline on 
the total concentration of complexes of HCI with DMF (CK): 
1, C K =CK.~ + CK-3; 2, C K =- CK-~; 3, C K = CK. l + CK.2, 
CK. I = CK. 2 at 25 *C. 

S c h e m e  I 

K, 
[3 + HCI ~ ~ 13.HCI 

% C~A 

The position of  the equilibrium in Scheme I and, hence, 
the values I = CI]/CI~HA are determined by the values of  
the ionizing ability of  the medium (1to) and the the rmo-  
dynamic  ionization constant Ki: 

l o g !  = H0 - pkg. (1 )  

The obtained data on the ionization of  indicator I in 
the H C I - - D M F - - T C E  systems of  various composit ions 
demonstrate the solvent effect on its base properties. For 
compound I, the equilibriuna (Scheme I) is shifted to a 
noticeable extent to the right in strongly dilute solutions 
of  HCI, for which H 0 = - - IogCac I (see Fig. I). At 
CHC I -- const,  variation in the content  of  TCE to 
66.7 tool. % rest, Its in a substantial change in log/  of  
compound I. in the H C I - - D M F - - T C E  system, the de- 
gree or  ionization of ! increases as the concentration of  
TCE increases. The concentration ionization constants for 
indicator 1 are unchanged for the range from 0 to 
66.7 tool. % TCE in the binary solvent D M F - - T C E  

pK i = - l o g / -  IogCHc ,. 

The pK i values obtained are presented in Table I. Each 
of  the K i constants is s tandardized to a infinitely dilute 
solution of  HCI in a solvent with the fixed ratio of  D M F  
to TCE. 1,1 the solutions studied, HCI is comple te ly  
bound in complexes K-3. 

According to Eq. (1), an increase in the l o g / v a l u e  
can be the result of  the change in both the propert ies of  
the medium (H0) and indicator  (Ki). However,  the 
ionizing abil i ty of  complexes  K-3 decreases in the 
H C I - - D M F - - T C E  system compared to the H C I - - D M F  
system. 7 Therefore,  the effect of  TCE on the l o g / v a l u e  
of  indicator  1 is related to the change in its basicity, it is 

R e s u l t s  a n d  D i s c u s s i o n  

Tile catalyt ic  effect of  solutions of  acids is deter-  
mined in many cases by the equil ibrium ionization of  
the reagent,  a weak organic base, that forms the reactive 
form. It can be assumed that the catalytic activities of  
acid-base systems of  various composi t ions  are equal in 
the ac id-ca ta lyzed  reaction,  if the degrees of  ionizat ion 
of the same indicator  are equal in these systems. 

In the H C I - - D M F - - T C E  system, hydrogen chloride 
is c o m p l e t e l y  b o u n d  in c o m p l e x e s  6 with D M F :  
D M F -  HCI ( K - I ) ,  D M F "  2HCI (K-2),  and 2 D M F "  HCI 
(K-3),  whose ionizing abili ty increases in the ser iesT:  

K-3, K - I ,  K-2. The  ionizat ion o f  indicators 1 and 2 
corresponds to Scheme I with the equil ibrium addit ion 
of an acid moleculeS: 

Table !. Values of pK i of 3-nitroaniline and 
the position of a maximum of the absorption 
band of its nonionized form in the visible 
spectral region in HCI - -DMF- -TCE soh,- 
tions of various compositions at 25 °C 

Solvent 
DMF--TCE 
(mol. % TCE) 

pK i ~./nm 

0 0.91 393 
33.3 1.41 390 
50.0 1,60 385 
66.7 1.90 381 

100,0 - - *  361 

* pK i was not determined due to the chemical 
instability of  3-nitroaniline. 
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established 4.8,9 for aqueous-organic solutions of  acids 
that a decrease or increase in tile log/value of  indicators 
of  tile nitroaniline series upon variation of  the solvent 
composition at  CIt A = conS{ is mainly caused by the 
change ill the activity coefficient of  the nonionized form 
of the indicator. The data ill Table I testify to the 
different solvation of  compound I in D M F - - T C E  solu- 
lions. An increase ill the concentration of  TCE is 
accompanied by the hypsochromic shift o f  the absorp- 
tion band of  the Ulfionized form of  compound !. 

Thus, all increase ill the catalytic activity of  solutions 
of  acids call be achieved by the targeted selection of  the 
composition of  the solvent of  the acid-base system 
rather than by the change in the catalyst concentration. 

The ionization curves of  less basic catalyst 2 in 
solutions of  HCI in D M F  (curve /), 5 in the equimolar 
DM F- -TCE mixture (curve 2), 7 and in the H C I - - D M F - -  
TCE system at molar ratios DMF : HCI = 1 : 1 (curve 
3) at 25 °C are presented ill Fig. 2. As seen from Fig. 2, 
the higher the concentration of  TCE, the lower are the 
concentrations of  HCI needed to achieve equal degrees 
of  ionization of  compound 2. Equation (I)  is valid for 
any value of  log/ on curves 1--3 in Fig. 2. For each 
point, the numerical pK i values are determi,led by the 
ratio of  the concentrations of  DMF and TCE in the 
H C I - - D M F - - T C E  system, and H 0 is determined by the 
equilibrium composition of  the complexes of  HCI with 
D M F  and their ionizing ability ill the given solvent. 7 
The variation of  the ratio DMF : TCE at CH¢ I = const 
results in a simultaneous change in both pK i and H0. 
It is noteworthy that a,1 increase in CHC I in the 
HCI - - D M  F - - T C E  system is accompanied by a substan- 
tial change in the equilibrium concentrations of  DMF 
and TCE. The question arises, which composition of  the 
solvent, stoichiometric or equilibrium, does determine 
the pK i vahle of  the indicators? The ionization of  com- 
pound 1 ceases in the solutions of  HCI ill which sto- 
ichiometric and equilibrium concentrations of  D M F  
and TCE almost coincide (see Fig. I). For compound 2, 
curves / and 2 (see Fig. 2) were obtained ill solutions of 
HCI with a constant stoichiometric composition, but 
with a variable equilibrium composition o f  the solvent; 
by contrast, curve 3 was obtained with a variable sto- 
ichiometric composit ion of  the s o l v e n t  C0DMF = C'~HCI, 
HCI and D M F  are completely bot, nd ill complexes. It 
call be conchlded that the reason for the virtual con- 
stancy of  log/ of  indicator 2 at C°HCl from -2  to 
10.5 tool L -I  is a decrease ill pK i of  this base. in fact, 
the degree of  ionization of  the indicator is unchanged as 
both the concentrat ion and the ionizing ability 7 of  com- 
plexes K-I increase, which, according to Eq. (I) ,  is 
impossible at constant pK i. Therefore, the value of  pK i 
of  a weak organic base is determined by the stoichiomet- 
ric composit ion rather than by the equilibrium composi-  
tion o f  the solvent of  the acid-base system. Therefore, 
when the scale of  the ionizing ability of  the medium (of 
the H 0 type) of  solutions of  acids in binary or multicom- 
ponent solvents is nleasured by the indicator method, a 

necessary condition is the constant ratio of  analytical 
COl~centrations of  the components  of  the solvent at all 
CII ̂ . In this case, the dependence of  the value of  l o g / o f  
any indicator on CHA is caused only by the increase in 
the ionizing ability of  the medium, and pK i = const. 

The previously drawn conclusions about the com- 
parative ionizing ability of  the complexes of  HCI with 
DMF (K-I ,  K-2, and K-3) in the H C I - - D M F I T C E  
system illustrates clearly and confirms Fig. 3: 

for curve / 

C K =CK.  I + CK. 3, CK. 3 ~ 0.2 tool L - I  

CODMF = C01tCl + 0.2 tool L- I ;  

for curve 2 

CK =CK.I + CK.2 + CK.3, CK.2 = CK. 3 _< 0,05C K 

C0OMF = COHcI; 

for curve 3 

C K =CK.  I + CK.2, CK.I = CK. 2 

CODMF ---~ CK ; 

here C K is the total concentrat ion o f  the complexes of  
HCI with D M F  il l TCE. 

Dependence 2 presented ill Fig. 3 was obtained in 
the sohltions with equimolar ratios of  stoichiometric 
concentrations of  HCI and DMF. Complexes K-2 are 
formed according to Scheme 2. 

Scheme 2 

3 K - 1  - " K - 2  + K - 3  

The estimation of  CK. 2 according to Scheme 2 is 
presented in the previously published work. 6 Ill the 
solutions in which dependence I was obtained (see 
Fig. 3), the equilibrium (Scheme 2) is almost com- 
pletely shifted to the left due to some excess DMF 
compared to HCI. 

For the same CK, the change ill the log/  value of 
compound 2 (see Fig. 3) is associated only with the 
different ionizing abilities of  the complexes of  HCI, 
which increase in the following order: K-3, K-I ,  and 
K-2. In these sohltions HCI a,ad D M F  are completely 
bound in complexes. The equilibrium composition of  
the solvent is constant (100 % TCE),  and the stoichio- 
metric composition changes as C K increases. At C K = 
const it is almost the same for three curves, and the log/ 
vah,e of  indicator 2 is determined by the ratio of  the 
concentratiolls of  the complexes of  HCI with DM F with 
different ionizing abilities. 

Thus, the solvent effect on the catalytic properties of  
the H C I - - D M F - - T C E  system is caused by tile change 
in both the ionizing ability of  the medium (H0) and 
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ionization constants  (Ki) of  the indicators used. The 
uttmerical values of  K i are determined by the stoi- 
chiometr ic  compos i t ion  of  the solvent DM F- -TCE.  

This work was f inancial ly supported by tile Russian 
F o u n d a t i o n  for Basic Research  (Pro jec t  No. 
93-03-18356). 
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