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Eleven monosubstituted diphenylamines have been synthetized . and concentration ratio of the 
protonated and free bases has been measured in aqueous sulphuric acid in the concentration 
range 1'0. 10 - 3 to 9'0 moll - 1 . An algorithm has been suggested and used for determination 
of optimized values of pK and H" acidity function within sulphuric acid concentration range 
0·05 to 9·0 moll - I . The results have been compared with literature data and discussed in terms 
of theory of acidity functions and linear free energy relationships. 

Dissociation constants of monosubstituted diphenylamines in water have only been 
published for 4-nitro derivative 1 , 2 and the parent compound 2

-
4 so far. The papers 

gives dissociation constants of a greater series of derivatives in 20% ethanol and uses 
indicators for construction of H acidity function in sulphiric acid. Carpentier and 
Lemetais 2 dealt with the problem of incorporation of the acidityr-{unction defined 
with diphenylamines, and earlier Carpentier and Fleury6 suggested five basic types 
of acidity functions and their classification. Bunnett and Olsen 7 laid the foundations 
for a more general classification, and their ideas were developed by Marziano and co­
workers 8

-
12 (the Me function of activity coefficients) and Cox and Yates 13 (X func­

tion). These authors started from the definition of dissociation constant in general 
medium 

(1) 

On introduction of the usual symbol for the ratio CBH+ /CB = I and transformation 
into logarithmic form Eq. (1) gives definition equation of the H acidity function 
in the form 

(2) 

The mentioned authors 9 ,14 proved that the last term of Eq. (2) for a general indicator 
is proportional to the same quantity defined for a standard (even though hypothe­
tic\3) indicator. So Eq. (2) can be modified by application of, e.g., the X function 
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by Cox and Yates l3 to give 

pK -log1 = H = -logclI + - m*X, (3) 

where 

( 4) 
and 

m* = log (fn/H + /fnll +)/X , (5) 

Band B* pertaining to the general and the standard indicators, respectively. This 
approach makes it possible to determine pK from known log I and log cH ' · only, 
construction of the proper acidity function being unnecessary. 

Cox and Yates 13 also suggested a simple way of construction of acidity function 
applicable to computer treatment. 

Our aim was to measure dissociation constants of monosubstituted diphenyl­
amines in water, to construct the H" acidity function in aqueous sulphuric acid 
on the basis of these indicators and with the use of briginal algorithm, and to in­
corporate these results in theory of acidity functions and free energy relationships. 

EXPERIMENT AL 

Synthesis of the monosubstituted diphenylamines. O' J mol substituted acetanilide, 25 g bromo' 
benzene, 50 g nitrobenzene, 7 g potassium carbonate, and I g fresh cuprous iodide were mixed 
and boiled 15 h. The mixture was steam distilled to remove volatile components, and the resi­
due was dissolved in 100 ml ethanol a nd boiled with 30 ml concentrated hydrochloric acid 3 h. 
Purification methods and physical constants are given in Table I. 

Measurement of the Dissociation Constants and Construction of the H" Function 

Absorbances of the indicators were measured in aqueous sulphuric acid solutions at (25'0 ± 
± O·I)"C using a VSU-2 spectrophotometer (Zeiss, Jena) at the wavelengths given in Table I 
and at the sulphuric acid concentrations whose number is given in Table II. The log I values 
were calculated from dependences of the absorbances on sulphuric acid concentrations, the indica­
tors were ordered according to the expected basicity decrease, and the pK value was assessed 
for the most basic One. The pK difference between two adjacent indicators was calculated from 
the formula 

(6) 

where c\ + 1, c~ + I are the acid concentrations limiting the concentration range used simultane­
ously for two indicators, and the integrals were obtained by numerical integration. Then Eq. (2) 
was used for calculation of the H function at all the acid concentrations, the function was smoo­
thed, absorbances of the protonated (AnH +) and non-protonated forms (AB) were optimized 
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so that scattering of the pK values calculated from Eq. (2) was minimum and H = pH at con ­
centrations below 5.10- 3 moll- 1 H 2S04 , a nd, at last, pK of the first indicator was corrected. 
The whole procedure was repeated until the pK difference between two subsequent iterati ons 
was less than 0·001 (about20 iterations). The expe rimental data were treated according to the al go­
rithm described, with the use of o ur original program. All the calculations were carried with 
an EC 1033 computer. 

RESULTS AND DISCUSSION 

Generally, the modification ofEq. (2) according to Marzian08 
-12 or Cox and Yates l3 

can be considered as incorporation of acidity function s into the concept of linear 
free energy relationships. If difference between log C1-I+ and log I is expressed as con­
centration equilibrium constant (pKe , see Eqs (1) and (2)), then it can be written 

pKc = pK - m*X. (7) 

The relation thus expressed represents a three-parameter equation in which pKe is 
an experimentally measurable quantity, X is a parameter describing the free enthalpy 
change LI .1.G* of standard due to a perturbance - change in composition of acid 
(base), m* represents selectivity of a particular indicator as compated with the stan­
dard in the same process (LI .1.G/.1 .1.G*), and pK means the pKc values in the absence 
of the perturbation (.1 .1.G = 0). The expression in terms of the Gibbs energies 
follows from thermodynamic definition of equilibrium constant. 

In principle, validity of Eq. (7) can be extended also to the acidity functions con­
structed in mixtures water - organic solvent. This statement is -supported, e.g., 
by close correlation between H" + log CH + (20% ethanol, sulphuric acidS) and the X 
scale (111* = 1·41 ± 0'01, 11 = 41, s = 0'079, /' = 0'9991), there are, however, not 
enough data in literature for further comparisons. In the given case the m* value 
is surprisingly high, the value expected in water being close to 1. Obviously, addition 
of organic solvent increases "sensitivity" of indicator to solvent 
composition change (a general trend in the Hammett correlations l9

). Grunwald 
and Berkowitz20 tried to describe quantitatively the solvent effect in protonizing 
media and arrived at similar conclusions. 

The treatment of experimental data with the aim of obtaining pK values was 
carried out in two ways - with application of the mentioned method by Cox and 
Yates t3 and by the procedure suggested by us. Although formulation of the generali­
zed activity function X (or Me) represents a theoretical contribution, its practical 
application is limited to higher acid concentrations only, because, for CH + approaching 
to zero, X approaches zero, too, and pKc approaches pK. Then the regression by Eq. 
(7) at low concentrations only correlates experimental error of pKe or log I mea­
surement with X, and the whole procedure becomes meaningless. A certain improve­
ment is achieved by incorporation of the term describing the dependence on the pro-
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ton concentration (see Eq. (3)), which leads to double linear regression according 
to the equation 

log] = pK + n*logcl-\ + + m*X , (8) 

and by test ing statistical significance of the individual parameters. Insignificant 
parameters are neglected, and a new simple linear regression is carried out. This 
procedure has a drawback in that often n* in Eq. (8) is 110t statistically significantly 

TABLE I 

Purification methods, physical properties, and the anal ytical wa velengths used in pK measure­
ments of monosubstituted dipheny lamines X- C6H4- NH- C6HS 

------- -- ----- - --
M_p_ (b_p., pressure), 

X Purification method °c Formu la Calcu la ted / 
M.p. (b.p., pressure), (mol.mass) /Found, % N nm 

°c, ref. 
----- -

4-CH30 crystallization, hexane 103 - 104 C 13 H I3 NO 7·03 275 
104·5- 105,lit. s (199'2) 7·17 

4-C2 H s O crystallization, hexane 68 - 71 C 14H IS NO 6·57 275 
69 - 71,lit. IS (213'3) 6'47 

4-CH3 crystalliza tion, hexane 87· 5- 88 C I3 H I3 N 7·64 280 
87·5 -88,lit. 5 (183'2) 7-48 

3-CH3 vacuum (314,99 '2 kPa) C I3 H 13 N 7-64 280 
distillation (315, 96' 5 kPa), lit . 16 (1 83'2) no 

H crystall ization , hexane 52- 53 C 12 H Il N 8·28 278 
53 , lit. 17 (169'2) 8' 31 

3-CH 30 crystallization , 69-5 - 70'0 C I3 H 13 NO 7'03 278 
heptane 68·5 - 59, lit. 5 (199'2) 6·97 

4-CI crystallization , 67' 5- 68 C12 H 1O CIN 6·88 285 
heptane 68'5 - 69 ' lit 5 (203-67) 6·78 

3-Br vacuum (318, 99-2 kPa) C 12HIOBrN 5·64 280 
distillation (248' 1) 5·68 

3-CI vacuum (330,99'2 kPa) C I2 H 1OClN 6·88 280 
distillation (335,98' 52 kPa), lit5 (203 '7) 6·76 

3-N02 crystallization, II 1- 112 C12HION202 13-08 270 
heptane- toluene 3 : 1 110-11 I, lit. s (214'2) 13·26 

4-N02 crystallization 133 - 135 C12H1ON202 13·08 400 
heptane- tol uene 1 : 2 130- 13],lit. IS (214'2) 13'30 
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equal to one even in very close correlations). It is, of course, difficult to judge to what 
extent this result is due to correctness of the used Cw scale (with incompletely disso­
ciated acid s 13). 

Our method is based on the known idea following, e.g., from Eq. (2) that the log 1 

difference between two indicators fu lfilling the Hammett condition of proportionality 
of activity coefficients is equal to difference between the respective pK val ues at the 
same acid concentration . For a larger number of experimental points this difference 
can be easily obtained by numerical integration of the curve log 1 us c concentrati o n 
withj n the acid concentration range common to the both indicators (from C 1 to c2 ) 

and by calculation of the difference according to Eq. (6). In contrast to other meth ods, 
this procedure does not m uch depend on number and values of the acid concentra­
tions used in the common range of acid concentrations. The subsequent construction 
of the acidity H function, its smoothing, optimization of absorbance of the limit 
forms , and repeated calculation of ~pK in several iterations improve the link between 
the individua l indicators and, hence, the calculated pK and acidity function. 

Table II gives the pK values of the indicators studied by us and determined by Eq. 
(8). Dependence of these pK values on the substituent (J con stant s2 1 gives a fa irly 

good correlat ion 

TABLE II 

pK = (0'700 ± 0'053) - (2'543 ± 0'110)(J 

n=l1 , s= 0'160 , 1' = 0·9920 . 

Dissociation constants of monosubstituted dipheny lamines in water a t 25°C 
----- - --

X pKa pKb 
spK 

b 
II

c 

4-CH3 O -0,28 1' 4)3 )' 355 0-079 24 
4-C2 H sO -0'28d 1·478 1-350 0-075 2 ) 

4-CH) - 0-14 )-208 1' )23 0-04) 24 

3-CH3 - 0-06 0'976 0-872 0-04) 24 
H 0-00 0-769 0-643 0-055 24 

3-CH30 0-10 0-3) 8 0-429 0-080 24 
4-CI 0-22 - 0-070 0-090 0-024 24 
3-Br 0-37 - 0-238 - 0-242 0-020 24 
3-CI 0-37 - 0-4 12 - 0-332 0-067 22 
3-N02 0-71 - )-276 - 1-270 0-046 15 
4-N02 1-25e - 2-237 - 2-634 0-093 16 

a From Eq _ (8); b according to the a lgorithm suggested (see Experimental); C number of the 
measurements at avirous acid concentrations; d the constant used is O'(4-CH30); e the 0' - constant. 
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A substantially better correlation with (J is exhibited by the pK values obtained from 
the proper H" function calcula ted by the described algorithm 

pK = (0'673 ± 0·017) - (2'652 ± 0'035) (J 

11 = 11 , S = 0'051, /' = 0·9992 . 

(10) 

The Eqs (9) and (10) show no statistically significant differences both in absolute 

term (F(I '18) = 0'24, F O.os (1'18) = 4'41) a nd in the value dF(l'18) = 0'89), hence 
the both calculation methods give the same results, application of the proper J-l" 
function being more accurate. A statistically significant difference is between pK 
of the parent compound in ref. l (0'775) a nd that obtained from the proper H" 
func ti on (0'643) (Table 11 , 1(23) = 2'40, 10 .05 (23) = 2'07) in contrast to the value 
found trom Eg. (7) (Table lJ, 1(23) = 0'22) presumi ng the published val ue to be 
correct. The reaction constant in Eg. (10) is significantly smaller than the same quantity 
tity for pK of substituted anilines l9 (F(l '31) = 11 ,85, F o.os(1·31) = 4· 15), which 
proves a compenastion electronic effect due to addition of another benzene ring . 
Transition from water to 20% ethanols causes a significant increase of Q value (F(I·18) 
= 177, Fo.os(l·18) = 4-41) due to lovered stabilization by solvation l 9

. 

TABLE III 

The H II acidity function constructed on the basis of monosubstituted dipheny lam ines in aql.!eous 
sulphuric acid at 25°C; c in mo l l - I 

-. -~--- -----_._ •...• __ ._----- _" •• , ·_0 ___ -- __ ·_--,-

H" H" H" HI! HI! 

------- _._- - .------ ---------- ---------- - -- .----

0·05 ] ,15 0·80 - 0,16 ] ,55 -0'65 2'30 - ]'06 3'40 -1'58 
0·10 0·88 0·85 - 0,20 1·60 - 0'68 2'35 - 1'08 3· 80 -1,77 

0' ]5 0·70 0·90 - 0,23 ] '65 - 0·71 2-40 - ]·11 4·20 - ],95 

0·20 0·56 0·95 - 0,27 1·70 -0,74 2·45 - ]·13 4'60 - 2,13 
0·25 0·45 ],00 - 0'30 1'75 -0,77 2'50 - ]']6 5·00 -2'3 1 
0'30 0'36 1·05 - 0'34 ] '80 -0,79 2·55 - ]· 18 5'40 - 2,50 

0'35 0·29 1·10 -0'37 ],85 - 0,82 2'60 - 1,21 5·80 -2,69 

0·40 0·22 1·15 -0,40 1·90 - 0,85 2'65 - ]·23 6·20 - 2,88 

0' 45 0, ] 6 ) ,20 - 0,44 ),95 -0,88 2·70 -]'26 6-1:0 -3,08 

0'50 0·1] ),25 - 0,47 2·00 -0,90 2·75 -1,28 7·00 -3'28 
0·55 0'06 )'30 - 0,50 2·05 - 0,93 2·80 - 1'30 NO -3-49 

0'60 0·01 )'35 -0,53 2'10 - 0,96 2·85 -1'33 7·80 -3,7] 

0'65 - 0'03 1·40 - 0,56 2·15 - 0,98 2·90 -)'35 8·20 -3'93 
0·70 - 0,08 1·45 - 0,59 2·20 - )'01 2·95 -1-38 8·60 -4'16 
0·75 - 0' 12 1·50 - 0,62 2·25 - )'03 3·00 -1,40 9·00 -4'39 
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The H" acidity function constructed with eleven monosubstituted diphenylamines 
in aqueous sulphuric acid (total 242 measurements) using the method described 
in Experimental is given in Table lIT; Table IV gives coefficients of the polynomial 
expansion . Application of factor analysis to the Ho functions inaqueous sulphuric 
acid published in refs4

,22 - 24 and to the H" function constructed by us incorporates 

unambiguously the H" function among other acidity Ho functions (common localiza-

TABLE IV 

Coefficients of polynomial expansion of dependence of the H" functio n on the acid concentration 
in moll - 1 and in % w/ w (in the form H" = ao + alz + a2z2 + . __ , z = In c) 
-----_.+-

Coefficient ao al a2 
-----.---~------------... -.----.--

c, moll-I - 0-30354549 -0'69531452 - 0-19670660 
c, % w/ w 0-86046779 - 0-45675910 . 101 0-16048056 _ 102 

Coefficient a3 a4 as 

c, moll - I - 0-68318722 . 10 - 1 0-40445513 , 10 - 2 0' 15370582 _ 10- 2 

C. % w/ w - 0-24525789 _ 102 0-19286865 _ 102 - 0-95369542 _ 101 

-- -------- _. 

Coefficient a6 a7 a8 

c, moll - I -0-46262870 _ 10- 2 -0,17826194 _ 10- 2 -0'18025155 _ 10- 3 

c, % w/w 0·21444936 _ 10 1 -0-285006790 0-15526616.10- 1 

TABLE V 

Comparison of H" (Table IV) with published Ho functions in aqueous sulphuric acid at 25°C 
according to the equation H" = a + b Ho 

Ref. sa tea = 0) sb r(b = 1) to.os 

-0-06 0-01 5'03 0'98 0-01 3-89 2'23 0-9999 
22 -0,01 0·01 0·74 0'98 0·01 2·57 2-03 0'9998 
23 0'09 0-02 5·28 I·OJ 0·01 1'30 2-06 0·9993 
24 -0'04 0 '02 1-82 1·02 0'01 1·99 2-16 0-9994 
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tion in the factor space). A close correlation is a lso found between the H I' function 
constructed by us (as H " + log CH +) and the X quant ity by Cox and Yyates 13 

H" + log clP = -(0'007 ± 0'010) + (1'037 ± 0'006) X 

11 = 60, s = 0'048 , r = 0·9989 . 

(11) 

The H " function shows no statistically significant shift as compared with the X scale 

(the absolute term is equal to zero , 1(58) = 0,64, 10 .05(58) = 2'00), the slope m* 
in Eq. (11) corresponds to the same quantity of primary am ines (1'02, refY). Com­
parison with several Ho functio ns for aqueou s sulphuric acid 4

.
22 

- 24 is given in Tab­

ble V. The H" function shows a stati st ically significant shift when compared with the 

Ho by Paul and Long4 (downwards) and with that by Rjabova and coworkers23 

( upwards), the steepness is significantly smaIIer when compared with that of Ho 
by Paul and Long4 a nd by Bascomb and Be1l 22

. The correlations are very close in all 
the cases. 
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