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Therlllod vnami c ionizaLion consLanLs of 2,3-, 2,5-, 3, ,1-, and 3,5-dini LrophcnoIR in 
aqueous solution aL 25° C have beeJl deter min ed by a spec trophotometric method. The 
r e pectivc valucs fouIld, exprcssed as pK, a rc 4..959, 5.21 0, 5.4.22, and 6.692, pK has also 
been detefm ined potenLiometricall y fOf 2,3- and 3,fi-dinitrophenols; t he respective valu es 
obtained a re 4.98 and 6.66 . The experimental pIC \'alues for a ll six dinitroph enols a re 
lower than Lhe calcu lated values based on pK data for pheno l and t.h e mononi trophenols. 

Spectral absorption curves are presented for the ionized and uniol1lzed form s of t he 
four dinit rophellols. 

1. Introduction 

"ConcentraLion" iOl1ization constn,nts of the six 
dinitrophenols were determined by Holleman and 
'Wilhelmy [1],2 and tbermodynam ic ionization con­
sLa nts have sin e been deLermin ed for all but the 2,3-
and 3,5-isomers . Only the 2.4- and 2,6-isomers are 
readily obtained commercially at the present time . 
The remaining isomers 'were synthesize~ in t his 
laboratory for a study of t he com paratlVe aCldlC 
behavior of the six dinitrophenols in benzene.3 The 
same materials were used for the work reported in 
this paper ; namely, the determin ation of t hermo­
dynam ic pK values for Lhe 2,3- and 3,5-isomer R,nd 
redetermination of thermodynamic pK values for 
t he 2,5- and 3,4-isomers . 

2. Experimental Procedure 

2 .1. Materials 

S,5-Dinitrophenol was made by converting 1,3,5-
trinitrobenzene to 3,5-dinitroan isole [1 , 2] and then 
de methylating [3]. Th e produ ct was recrystallized 
from water as the dihydrate; this wa,s dehydmted 
overnight in a vacuum oven , then recrystallized from 
benzene-cvclohexane and dried at 90° for one hour 
(mp , 124.3 to 125.0° C). 

2,S- , 2,5-, and S,4-Dinitrophenols were prepared 
simul taneo usly by nitrating m-nitrophenol and then 
were separated by fmctional crystallizations [1 , 4]. 
F inally, each compound . was recrysta,llized twice 
fron1. the solvent indicated: 2,3-DiniLrop henol (from 
water) mp 146.5 to 147.0° C; 2,5-dioi trophenol 

, ° C (from 95 % ethanol), mp ]05.8 to 106.2 ; 3,4-
dinitrophenol (from benzene), mp 135.1 Lo 135 .5° C. 

PotenLiometric weigh t tiLrations for 2,3-dini tro­
phenol R,lld for 3 ,5-d initrophenol indicated a purity of 
not less than 99.8 pe rcent. 

1 Cons ltant to th e Chemistry DiviSion . Present ad dress : UniverSity of New 
Eng-land, ArmidaJe, New South 'Vales, A llstraJia. . 

2 Fi ~ures in brackets illdicate the literature references at the end of thiS paper. 
3 M . M . D avis and 1\1. P aabo, work 111 progress. 

2 .2 . Determination of pK values 

The sp ectrophotometric procedure followed in de­
Lermining the pIC valu es was devised by Robinson 
and coworkers [5] in a research program one objec­
Live of which is to Les t the applicabili ty of Hammett's 
equation [6] Lo substituLed phenols. 

The pK of tbe dinitrophenol WR,S calculated from 
lhe equation 

pK= pH- log[(D- D ,) / (D2 - D )]- 10g'YR - - LlpH. (1) 

The spectrophotom eLric data (see second term on 
righL side of eq (1)) were obtt1.ined at 25.0 ± 0.1 ° C 
with a Beckman Model D U quartz spectrophotom­
eter, using optica,l absorption cells 1 em in length. 
The symbol D " D 2, and D signify the spectral 
absorbanees (opLical densiLie ) of solution containing 
the same total molar concentration of dinitrophenol 
present R,S unionized molecules, p henolate ions, or 
m ixtures of the two, respectively. III measuring 
the limi ting spectral absorbances, Lhe di ni trophenol 
was dissolved in aq ueo us hydrochlori c acid of pH ",, 2 
(for D , values) or in aqueous sodium hydroxide of 
pH ",, 12 (for D2 values) . Measurements of D were 
made for at least three differently buffered solu tions 
having known pH values which were close to the 
expected pK value of the d initrophenol. The ab­
sorbances were measured at two or three wavelengths. 
Phosphate b uffer mixtures [7] were used in determin­
ing the pK of 3,5-dini trophenol, and succinate 
buffer mixtures [8] were used for the remaining 
cl initrophenols. The com positions and pH values 
of buffers used are given in tables 2 and 3. 

The following modification of Davies' equation 
[9] was used to calculate 1'1/ - , the activi ty coefficient 
of the ph enolate ion : 4 

- log I'R-=JlvI/ (I + vI)-0.2 1. (2) 
The final term in eq (1), LlpH, is a correction 

applied because the addition of the phenol to the 
bufferrnixtures causes some changes in the pH of 

• The modi fi cation con sists of substi tuLin g 0.2 ] for 0.1 I [5]. j symboli zes the 
iOll ie strength. 'I' he m lue for tbe parameter A in. the D ebye-Ti liekel.Onsager 
equation has been recomputed because a mOre accurate valne for the d ielectric 
co nsta nt of water is ava ilable. The value of A adoptccl ea rlier [10] was 0.500; 
the new vallie is 0.5115 [11]. 
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the solution, a change which becomes more importan t 
as the buffer becomes more dilute [12] . This cor­
rection can be put in the form 

LlpH ",, 0.4343[m3/ (ml + m2)] (K /K R ) 

x [(K R + h )2/ (K + h )h], (3) 

where m l and m2 are the molalities of Lh e bufl'er 
salts, m3 is that of the phenol, II, is the hydrogen iO ll 
concentration , KR is t he ionization constant of the 
acid of the buffer , ~tnd K is the ionization co nstant 
of the phenol. 

In the potentiometric determination oj pK for 
2,3- and 3,5-din itroph enols, a 100-ml portion of 
0.0l<\1 aqueous solution of each eO IllPound was 
titrated at 25° ± 1 ° C with O.l-M sodium hydroxide. 
The po tential was meas ured between glass and satu­
rated calomel electrodes [13]. 

Values of pK wer e computed from the equation 
pK= pH - Iog{ ([B - ] + [I-I+J) /([IJRj-[II+J) } 

+ { (O.5115 v 1)/(1 + 1.5v I ) }. (4) 

The pK value obtained for 2,3-dinitl'oph enol was 
4.9S± 0.005 , and the pK value ror 3,5-dinitl'oph enol 
was 6.66 ± 0.001. 

3. Results and Discussion 

':\101a1' absorption curves for Lhe dinitrophenols 
in aqueous acid ~tnc1 alkali ar E' prese nted in figm es 
1 to 3. Optical constants are sunlmarizecl in tctble 
1. 
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WAVELENGTH, m p-

FIGUlm 1. Absorption speclm of 2,3-dinitrophenol and 2,5-
dinil1'ophenol in aqlwous acid (p H "",2) and alkali (pH "'" 12) . 
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FrG URE 2. A bsol'ption spectra of 3,4-dinil1'ophenol in aqueous 
acid (p H ""'2) and alkali (p H ""'12). 
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FIG URE 3. Absorption spectra of 3,5-dinil1'ophenol in aqueous 
acid (pH "",2) and alkali (p H "", 12.) 
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T ABL1, 1. Optical constants of riinitrophenols in aq1Leo1LS acid 
and alkali 

Compo und 

2,3-Din itrophcnol ____ _ 

Absorptio n ba nds 

{ 
265 4620 
335 2700 

~ - - - - - - - - -- - -­
-- - ---- ----_.-

1' 11 = 12 

Am ax 
I1lJl 

flDil. X 

282 2930 
416 "3130 

1:-: --:-
{ 

275 9500 285 6700 
2,5-DinitrophcnoL ___________ ~~ ____ ~~~ _____ ~~~ ___ :_ ~::?_ 

3,4-D initroph enoL __ _____ __ r 315 6300 400 " 13700 
1 _______ -------- ----------------

{ 
343 2900 268 moo 

3,5-Di nit rophcnoL ___ _____ ::::::: :::::::: ___ ~?? ____ ._~~~~_ 

I sosbestic 
pOints 

26 1 4500 
285 2950 
308 1800 
366 1700 

28 6550 
330 2000 
392 1800 

264 4300 
338 5000 

262 11000 
310 1400 
364 1600 

• O. Kortli lll , Z. physik. C l1CIll. H42. 39 (1939), repor ted "al li es in good agree­
ment with these resu l ls ill the cases of 2.3-d in itrophenol (3 100) a nd 3.5-dinitro­
phenol (2450), but noL in the cases of 2.5-di n iLrophenol (4 170) or 3,4-dinitrophenol 
(5250). (ce La ble on J1. G4 of ref. ci ted.) 

D aLn fwd resul ts ro J' th e io niza ti on ('o ll sLan Ls bv 
the sp ecLrop it oto mct ric pr ocedure nr c ullllll ari zccl 
i ll tab le 2 and 3. 

TABL1, 2. I onization constant oj 3,5-dinitrophenol in water 
at 95° 

Ion ic strength Il 

A=400 111,. 

0.2-- __________ _________ _ 6.772 .L_________ ___ _________ 6.800 
.08_______ __ ____ _______ _ 6.886 
.04____ ________________ 6.959 
.02___ __ ____________ ____ 7.018 

A= 410 lUI' 

0.2 _____________________ _ 

. 1 ______ ----------------.08 ___ -- ________ _______ _ 

.04 __ _________________ _ _ 

.02 _____ . _________ __ ___ _ 

6.772 
6.860 
6.886 
6.959 
7.018 

I - log I 
'Yn-

O. lI 8 
. 103 
.097 
. 077 
.059 

D b I D- D, 1 1'i{ 1 1)]( 
log D,-D (corr.) 

0.830 
.879 
.886 
.917 
.924 

0. 191 
.260 
.27 1 
.318 
.328 

6.699 
6.703 
6.7 12 
6.718 
6.7'19 

6.693 
6.691 
6.696 
6.686 
6.687 

D, =0.017, D,= 1.298 

0. 118 
. 103 
.097 
.077 
.059 

0.793 
39 

.851 

.883 

.889 

0.187 
.252 
.271 
.32 1 
.329 

6.70·1 
6.7 11 
6.7 12 
6.716 
6.748 

6.698 
6.699 
6.696 
6.684 
6.686 

A ,.g______ _____ __________ __________________________ ____ _____ _ __ ___ 6.69, 

j(= 2.03XIO-7 

• The molar concentration of 3,5-di ni trophenol was 5.4XI0- 4 • The b urTer 
so lutions con trd ned cq uimolar "I( l.hP04 and l. az l lPOf. 

h The optical absorption cells were l CI11 in length. D, an d ])2 sym bolize, 
respectively, t he spectral absorbanee (o ptical denSity) of the unionized phenol 
and the phenol anion, and D, that of a solution containi ng a mi xture of the two. 

TABLE 3. J onization constants oj 2,3-, 2,5-, and 3,4-dinitro phenols in water at 2-5° C a 

2,3- Dinitrophenol 2,5- Dinitrophcnol 3,4-Dini trophe nol 
Du fl'e r 2.l7X 10- 4 .\l J.I 3X IO- ' 1\ [ 6.8X JO-' M 

mixtu re 
:\O.b 

I 
1 1)i{ (corr .) I pK (corl'. ) I I pK (corr.) D I /) - /J , I l)K D I D - D ' I p I( D /)-D' I p 'l( 

og D ,-D log D,-D log D2- D 

.=41 0 111~ .=430 1111' A=400 1111' 
D , =0.019, D ,=0.671 D, =0.010, J) ,=0.414 D , =0.023, D, =0.930 

L ___________ 0.513 

I 

0.496 

I 

4.965 

I 

4.962 0.270 

I 
0.260 

I 

5.201 

I 

5.200 0.495 

I 

0.035 

I 

5. 426 

I 
5. 425 

2 ____________ .524 .535 4.971 4.966 .2i6 .287 5.2 18 5.215 .519 .082 5. 424 5. 422 3 _____ _______ .534 .576 4.976 4.963 .286 .335 5.216 5.209 .548 . 138 5. 413 5.409 

.=420 111~ A=440 lUI' . = 410 111~ 
J) , =0.009, /),=0.676 D, =0.005, J) ,=0.426 D , = 0.011, D ,=0.866 

L ____ _______ 0.517 

I 
0.504 

I 

4. 957 

I 

4.954 0.2i5 

I 

0.252 

I 

5.209 

I 

5. 208 0.4 56 

I 

0.035 

I 

5.426 

I 

5.425 2 ______ ______ .527 .540 4. 966 4.961 .284 .291 5.215 5. 212 .474 .on 5. 434 fl. 432 3 ____________ .536 .5i7 4.974 4.961 .291 .326 5.225 5.218 .500 . 126 5.425 5.421 

.=430 m~ Avg ______________________________ 5.210 Avg ______________________________ 5.42, 
D , = 0.005, D,=0. 632 I(=6. 17X 1O- 0 1(=3. i8XIO-6 

L _______ ____ 0. 483 

I 

0.506 

I 

4.955 

I 

4.952 
2 ____________ . 493 .546 4.960 4.955 3 ____________ .50 1 .580 4.971 4.958 

Ayg ______________________________ 4.95, 
](=]. 10XJO-' 

• Optical absorptio n cells 1 Clll in length were used t hroughou t. D , aud J) , 
Signify, respecti vely, the spectra l absorba nce (opt.ieal density) of Lhe u nionized 
phenol and the pheno l a nion, and J) sy mbolizes the absorbance 01 a solu tion con­
taining both unionized and ionized phenol. 

b Buffer mixtures Nos. 1, 2, a nd 3 were mixtures of x-molar sodium hydrogen 
succinate> and x-mola r disod iull1 sli ccinate, where x= 0.05, 0.025, and 0.01, respec­
tively. The 1'II values 01 these bnffer mixtures were 5.343, 5.403, a nd 5.474, 
respectively. 
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In table 4, the pK values obtained in this work 
by the spectrophotometric method are compared 
with earlier experimental values. pIC values for 
2,4- and 2,6-dinitrophenols are included in table 4 . 

TABLE 4. pI( values of dinitrophenols in water at 25° C 

Dinitrophenol 

2.3- ___________ __ ___ _ 
2.4-________________ _ 
2,5-_________________ _ 
2,6-.. _______________ _ 
3,4- ________________ _ 
3,5- ________________ _ 

pK. 
calc II. 

5.51 
4.36 
5. 61 
4.42 
5.55 
6. SO 

This 
work 

*4.96 

*5.2 l 

*5.42 
*6.69 

pIC, experimental 

Earlier work b 

4. S9 d 
4.00 d 
5.15 d 
3.57 d 
5.37 d 

6.68 d 

4.09 ' *4.1 1' 
5.22' ______ _ _ 

*3.71 h,i _______ _ 
5.42 ' _______ _ 

-0.65 
-.25 
-. 40 
-. 71 
-. 13 
-. 11 

• Based on the 101l0wingpK valu es: Phenol. 9.99S; o-nitrophenol. 7.210 ; m-n itro­
phenol. 8.399; p-nilTophenol. 7.149. See R . A. Rohinson and A. I. Biggs. Trans. 
Faraday Soc. 5J, 901 (1955); A.I. Biggs, '1'rans. Faraday Soc. 52,35 (1956). 

b pIC values determined at other tcmperatw'cs are tn general harmony with 
t h e values cited in this table. For example, L . Michaelis and A. Gyemant, 
Biochem. Z. J09, 165 (1920); L . Michaelis ancl R. Krligrr, Bioehem. Z. 119, 307 
(1921) ; R Riccard i and P. Franzosin i, Boll. sci. fac. chim. incl., Bologna 15, 25 
(1957). 

C dpK=*pICexDtl.-pK cale. 
d A. F. lIoiJeman a nd G. Wilhelmy, Hec. trav. chim. 2J, 432 (1902). (R . 

Bader, Z. p hysik. ohem. 6, 289 (1890), determin ed ioni zat ion constants for a ll of 
t he dinitrophenols except 3.5-d ini trophenol, but only very approximatcly .) 

• H . von Halbatl and G. Kortum, Z. physik. o hem. ADO, 351 (1934); see also 
"V. D . Balcalld O. B. :Monk, 'l'rans. Faraday Soc. 53,450 (1957) . 

r R . G. Bates atld G. Schwarzenbach, JIelv. chim. acta 37, 1069 (19M) . 
• o. M. Judson and M. Kilpatrick, J. Am . Ohern. Soc. 71, 3110 (1949). 
h G. KortUm and II . Wilski. Z. physik. Ohern. 2, 256 (1954); cUI'lier unpublished 

work of M. Kortum-Seiler yielding th e same result by a difl'erent m ethod is 
cited. 

i J. F . J . Dippy, S. R. O. Hu ghes, a nd J . W. Laxton , J . Ohern. Soc. ( London ) 
1956, 2995. 

It is eviden t that the thermodynamic ionization 
constants, expressed in pIC units, agree well in general 
magnitude with the corresponding "concentration" 
ionization constants [1], but the thermodynamic 
values are from 0.01 to 0.14 pIC unit higher. Our pIC 
values for the 2,5- and 3,4-isomers are in excellent 
agreement with the results of Judson and Kilpatrick 
(table 4, footnote g) . 

Values of pK for all six dinitl'ophenols can be calcu­
lated from pIC data for phenol itself and for the mono­
substituted nitrophenols , using the assumption of ad­
ditivity (see table 4). Tho experimental pK values 
are all lower than the calculated values, in agreement 
with an analogous conclus ion of Holleman and Wil­
helmy [1]. The disagreement is particularly marked 
in the case of dinitl'opheno]s substituted in the 2-
position. 

4. References 

[IJ A. F . Holleman and G. V;'Tithelmy, Rec. tray. ch im. 21, 
432 (1902). 

[2] C. A. Lobry de Bruyn, Rec. tray. chim . 9, 208 (1890). 
[3] A. Hantzsch, Bel'. deut. chern. Ges. 40, 330 (1907). 
[4] N. V. Sidgwick and W. M. Aldous, J . Cbem . Soc. 

(London) 119, 1001 (1921). 
[5] (a) R. A. Robinson and A. 1. Biggs, Trans. Faraday 

Soc. 51, 901 (1955). 
(b) R. A. Robinson, Ionization constants of weak ac id s 

from spectrophotometric measurements, ch . 16 in The 
structure of e lectrolytic solu tions, V{. J . Hamer, ed. 
(John ViTiley & Sons, Inc., New York, N.Y., 1959) . 

[6] (a) L . P . Hammett , J. Am. Chern. Soc. 59, 96 (1937). 
(b) L. P. Hammett, Physical o rgan ic chemistry, ch. VII 

(McGraw-Hill Book Co., Inc., New York, N.Y., 
1940) . 

[7] R. G. Bates and S. F . Acree, J . Research NBS 3i, 373 
(1945) RP1648. 

[8] R. G. Bates, G. D. Pinching, and E. R. Smith, J. 
Research NBS 45, 418 (1950) RP2153. 

[9] C. W. Davies, J . Chem . Soc. (London) 1938, 2093. 
[10] G. G. Mallov, R. G. Bates, W. J . Hamer, and S. F . 

Acree, J. Am. Chern. Soc . 65, 1765 (1943). 
[11] R . A. Robinso n and R. H. Stokes, Electrolyte solutions, 

app. 7.1, p . 468 (Academic Press, Inc., New York, 
N. Y ., 2d ed., 1959). 

[12] R. A. Robinson and A. K . Kiang, Trans. Faraday Soc. 
51, 1398 (1955) . 

[13] M . M. Davis and H. B. H etze l', J . Ph ys. Chern. 61, 123 
(1957) . 

'WASHINGTON, D.C. (Paper 64A4- 57) 

350 


	jresv64An4p_347
	jresv64An4p_348
	jresv64An4p_349
	jresv64An4p_350

