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Pyridine is an important solvent for acid-base titrations. but there arc few 
systematic investigations about the equilibria that play a part in neutralization 
reactions in pyridinc. It is generally accepted that ion pairs occur as intermediates in 
the dissociation of acids in solvents like pyridinel- ‘. Only overall dissociation 
constants of some acids have been measured in pyridine’e’. 

When ion-pair formation occurs these overall dissociation constants arc not 
suitable for the comparison of the acid strengths ofa compound in different solvcntsJ. 
For this comparison the so-called ionization constants arc needed. If the dissociation 
of an acid in pyridine is rcprescntcd by the following equilibria 

HX = H’X- =H++X- 

this ionization constant is defined as 

(1) 

K:” = [H ‘X -]/[HX] (2) 
The dissociation constant of the ion pair is given by 

Ky’X- = [H+]@C-]/[H+X-] 

For acids of the ammonium type the dissociation can bc reprcscnted by 

BH+==B+H+ 

Here the dissociation constant can be dcfincd as 

(3) 

(4) 

KD” l 
d = CB] [H +]/CBH ‘1 (5) 

In order to determine the ionization constant of an indicator acid, the method pro- 
posed by Kolthoff and Bruckenstcin“ can bc used. 

In this paper, besides the application of the method by Kolthoffand Bruckcn- 
stein, a method for the determination of dissociation constants of acids of the am- 
monium type from titration curves is discussed. 

EXPEKIMENTAL 

Pyridine. Pyridinc (Merck, reagent grade) was kept over an activated molecular 
sieve 3A for 48 h and was afterwards distilled over barium oxide. The pyridinc 
(b.p. 1150) was collected and stored in an automatic burette. From this burette it was 
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dispcnscd under prcssurc of carbon dioxide-free nitrogen. The water content was 
below O.OS’x, (Karl Fischer titration). 

Pcrchloric mid. This was used as its pyridinium salt, which was prepared as 
dcscribcd by Mukhcrjcc et (11.‘. 

Hydrochloric mid. Solutions of hydrochloric acid in pyridinc wcrc prepared by 
passing a stream of dry hydrogen chloride gas through pyridinc. 

Strl/onp/lrlrtrl~in.s. The su lfonph thaleins, bromophenol blue, bromocresol purple. 
bromocrcsol green and chlorophcnol red (indicator grade, Merck) were used as 
reccivcd. 

Nirrophcnols. The following samples were used : picric acid (Merck, reagent 
grade). 3-nitrophcnol (Merck, indicator grade), 2,4-dinitrophenol (Merck and dried 
in u~~w at 40”), 2.5-dinitrophcnol (Merck, indicator grade). 2,6-dinitrophcnol 
(Merck, indicator grade). All the dinitrophcnols wcrc recrystallized twice from cthcr 
and dried iu uawo at 40”. 

Btrscs. The bases used wcrc /I-butylamine, triethylaminc and morpholine, 
irll of which wcrc reagent grade (Fluka). 

All mcasurcments were carried out with 11 Zeiss spectrophotometer, type 
PMQ II, at a tcmpcraturc of 20&-2O in quartz cells with a light pilth of I cm. 

D~~~bwrtictl vccpow prcxwrc m~w.suwme~u.~ 
A Mcchrolub model 301A osmometcr was used for the diffcrcntial vapour 

prcssurc measurcmcnts at 37”. The osmomctcr was calibrated for pyridine with 
bcnzil. 

A Knick pH-mctcr, type 260, was used for the potentiomctric mcasurcmcnts. 
The glass electrode was a Radiometer G222c clcctrode. As rcfcrcncc clcctrode an 
Ag/AyCl clcctrodc filled with a saturated solution of tetramethylammonium chloride 
in pyridinc was used. When not in use the glass electrode was kept in an aqueous 
buffer pH of 7. With this set of elcctrodcs each potential mcasurcmcnt was continued 
until its change within 5 m,in bccamc less than 2 mV. This took about 30 min. The 
resulting values arc reproducible within & 2 mV. The glass clcctfodc was calibrated 
regularly in standard solutions of pcrchloric acid in pyridine. 

Potmtiouwtric fitrtrtions 
The potentiomctric titrations were recorded automatically with a Radiometer 

titration assembly composed of pH-meter PHM 28, burette ABU 2, recorder SBRC, 
and titrntor TT Il. The elcctrodc set was the same as the one described above. 
Titration curves wcrc reproducible within &-5 mV. 

Spectropltotornctric nuwsurwwnts 
If iln ion pair occurs as an intermediate in the dissociation of an indicator 

acid. the ionization and dissociation constant of this acid can be determined spectro- 
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photometrically by means of the method developed by Kolthoff and BruckcnsteinJ. 
This method is based on the equation 

[HIn]/~~[base]-_Ki[HIJ} * =(KiKd)-’ (6) 
whcrc [HIn] is the concentration of the indicator in the acid colour. and Z [base] is 
the spectrophotomctrically determined concentration of the indicator in the basic 
colour; K, and Kd are the ionizntioil and the dissociation constants. respectively. 

In the case of the polynitrophenols and sulfonphthnlcins application of cqn. 
(6) did not result in a sin& value for Ki. Instcad. the results of the experiments, 
plotted according to cqn. (6) gave straight lines for a wide range of values for K,. The 
results did, however. follow the equation for simple dissociation : 

{Z[base])‘/[HInJ ’ = K,,, (7) 
For the dctcrmination of the dissociation constants of sulfonphthalcins. solutions of 
these compounds wcrc used in which the first step of the acid was neutralized with 
tctr;tmcthylguanidine. Molar extinction cocflicicnts wcrc dctcrmincd in solutions of 
the indicators to which an excess of tctramcthylnmmonium hydroxide hild been added. 

The dissociation constants culculatcd from cqn. (7) arc given in Table 1. 

TAISLE I 

SPIIC~HoI’IIo’roSlfi+HI~’ IxTliRSlINA rIoN 01. A-,,, (‘KOM I>II.lJTIOS SI:HIL.SS 01: lNI>ICAIOK A(‘lW? 
.--- .._.-. - ._.__ .---... --.. -. __.. - . _- _-..-_ - ..---_... - ..-_..._-- ----..----- .._.-- 

Indicuror 
. 
An,, ho‘@. 01))l) h.,., K IIX Ph’llX 

-----.--_-----.-- ___-.. --.-- _... - _.-- ------- ------_- ..-- 
Picric acid 380 I .‘)I IW 1.1. IO’” 3.0 
2.6-Dinitrophcnol 462 I .07 IrY 5.9. lo- 3 4.2 
2.5Dinitrophcnol 470 5.77. 10”” 9.8. 10-o 5.0 
Bromophcnol blue’ 607 I .l7. 102 5.6. lo-” 5.3 
Bromocrcsol gram2 633 6.59. IO’ 3.4. IO-” 5.5 
f3romocrcsol purple’ 610 1.09. IW 3.1 . lo-” 7.5 
Chlorophcnol red’ 597 8.03 IO’ 8.4. IO” ” IO.1 
- ____ ---._ -_ . . __. _ . .._ -. .-.. .__..._.._ -_ .-- _. ._.- -. _.. ..-- ._.. _ ~ 
a Activity cocfkicnts for ionic spccics wcrc c;llculatcd from - log /== 8.19 I 11’. while the activity coclkicnts 
for non-ionic spccics wcrc assumed IO bc unity. 
’ It was assumed thut the acid k non-absorbing ilt this wavclcngth. 

DiJJcmtitrl uctpow prc~.sswc~ tt~ctr.sltrernc~t~ts 
The overall dissociation constant of an acid HX can bc found by mans of 

difl’crcntial vapour pressure (DVP) mcasuremcnts with the equation’ 

K IIX = (tt~,, - ttt,)2/(2ttt, - tqJ) (8) 

*where tnd is the molarity measured by the DVP method and ttl, is the stoichiomctric 
concentration of HX. 

The same equation can bc applied in the dctcrmination of the dissociation 
constant of salts by this method (assuming that no acid-base dissociation occurs). 

The results of the DV P mcasuremcnts arc given in Table II (acids) and Table I I I 
(salts). 
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TABLE II 

IxrliHMINA’rIOH OF K,,X IIY TIII! I>IWI!RENTIAL VAI’OUH I’KISUWP ML7tlOD AT 37 
---_-----.. 

Acid K 11X PK,,x 

Pcrchloric acid 9.3. lo-a 3.0 

Picric acid 1.3*10-J 2.9 
2,SDinitrophcnol 2.8. lo-’ 4.6 
2.6.Dinitrophcnol 2.1. lo-’ 3.7 
2.4.Dinitrophcnol 1.0. lo-. 4.0 
--..--.---.----~.-- 

TABLE III 

SAI.‘T I~IS!!(31ATION CONSTANTS I>1:TI3lMINI!I~ IIY TIII! 1>11:I:I!HI!NTIAL VAI’OUH PHIiSSUHfS Mffl’llOI> AT 37 

Pcrctiloric acid l.S* lo-” 9.5. lo-& 6.1. IO-J 5.3.10-4 

Hydrochloric acid 1.5.10-J 6.3. lO-5 3.4.10-’ 2.8. lo- rJ 

Picric ircid 3.9. lo-. 6.7.10-J 2.0. lo-’ I .6. IO- ’ 

2.5Dinitrophcnol 2.6. IO-* 

2.6.Dinitrophcnol 4.0.10-J 
2.4.Dinitroptrcnol 5.2. lo-” 

Potcntiotncfrric twusurcmet~ts. Culihratiott of’ tlw ~jlass &ctrodc 
At 25O the c.m.f. of the cell 

glass electrode 1 solution HX 1 ref. clcctrodc 

is given by 

E (ntV) = EIcl+ ~,.,.+29.5 log ~,,~+29.5 log c,,~ (9) 

By measuring an acid with a known overall dissociation constant, one can find 
&+ E, .,.. If it is assumed that Eroc+ E ,.,. is constant, one can determine pH values of 
unknown solutions from 

PH = I&S &,r + EL,. - E) (10) 

The bchaviour of the glass electrode used can be represented by 

E (,,,,,) = 29.4 log C,,cIo.+ 155 

or, with pK,IC1O, = 3.2’ : 

E (,,,,,) = 250 i- 59 log [H +] 

This calibration with perchloric acid solutions was repeated for each set of potentio- 
metric determinations. The results of the potcntiomctric determinations, calculated 
according to the equation for simple dissociation, are given in Table IV. 
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TABLE IV 

K ,,,‘. DETERMIIWD POTENTIOMk7RICALLY 

Acid K IIX PKI~X 

Picric acid 2.8. lo- l 3.5 
2.6-Dinitrophcnol I .9. lo- ’ 4.7 
2,SDinitrophcnol 5.1. 1o-6 5.3 
3-Nitrophcnol I .4. lo- ” 12.5 
2.4-Dinitrophcnol 4.1. lo-’ 4.4 

-__-. 

Potentiornetric titrations 
The following equilibria can be assumed to play a part in the titration of an 

acid HX with a nitrogen base B: 

HX’ KI*x H’+X- 

. ..I. 
BH + +X- “& LBH’X- 

Ifthe equilibrium constants arc known, the titration curve can be calculated by gcncral 
methods of equilibrium calculationsS with the aid of a fast digital computer. On the 
other hand equilibrium constants can be calculated from expcrimcntal titration 
curves by repeatedly entering the calculation procedure with various values for the 
constant to be determined until for one value of this constant. the cxpcrimental and 
the calculation curves give the best fit. In this way, the value of Kz”* for nitrogen 
bases can be determined when they arc titrated with an acid of a known dissociation 
constant. 

With the dissociation constants of the salts measured by the DVP method, 
G” l 

values were dctcrmined for tctramethylguanidinc-H+. morpholinc-Hi’. 
triethylamine-H + and n-butylaminc-H + from the titrations of hydrochloric acid, 
perchloric acid and picric acid with the corresponding bases. The following pK 
values were used for the acids in the calculations: pK,,c, = 5.66’. pKllCIOI= 3.2’. 
PKplcrlc aclJ - -3.0. The results are summarized in Table V. 

If homoconjugation dots occur, the following set of equilibria must be used in 
the calculations : 

TABLE V 

!‘$“- DtTLRMINIi FROM POT~ZN~~OML?TRIC TITRATIONS 

Pcrchloric acid 
Picric acid 
Hydrochloric acid 

Avcrugc 

1.7.1o-e 2.9.10-* 2.0. lo-. 4.2. IO- “’ 
6.0. lo-* 5.0.10-4 1.3.10-A I .o. lo- ‘O 
2.5.10-6 1.5.10-4 2.1’ I o- ‘O 

3.5.10-6 3.1.10-. 1.7.10-d 2.4. lo- ‘O 
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HX’ 
A’l,X H + +x _ 

HX +)(_ A’lUll 
-- HX; 

Bkl + +x- 

BH+X- 

With known values for K;U” and Kz”‘, the dissociation constant, KIlx. as well as the 
homoconjugation constant, KllXl, can bc dctcrmincd from the curves of the potcntio- 
metric titrations of 2.4-dinitrophenol. 2,5-dinitrophcnol and 2,6-dinitrophcnol with 
tctramcthylguanidinc. Hcrc, it is necessary to vary both KHX and KIIXz until the best 
fit bctwccn cxpcrimcntul and calculated titration curve occurs. The results of thcsc 
dctcrminations arc summarized in Table VI. 

The results of the spcctrophotomctric determinations of the dissociation 
constants of polynitrophcnols and sulfonphthaleins can be cxplaincd on the basis of 

TABLE VI 

6 A?JI> I(llxr I:OK I’OI.YNI’~K<~I’IIliNOI~ IX’l‘IiKhllNIII~ I;KOM I’OTl:N’~IO.SlliTIlIC~ TITKA’I ION C’UKVLS” 
-.-- -- --- 

Cfll?lplllltltl K III KIIX, 
-- -- 

2.4-Dinitrophcnol 5.10- 5 IO 
2.5-Dinitrophcnol 2.8.10-7 loo 

2.6-Dinitrophcnol I.1 * lo-’ lo- ’ 
--_ --- 
’ Calcul~llions bilSCd on conccntralions. not on xlivitics. 

TABl.1 VII 

pK VAI.UI:S IN I’YKIDlN1: 
. .._-- ____ -__-- .____ 

Cornpolotrl 

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

PK 
--------- ---- 

Spc~c~trnplrofof~~. DVP I’olcrtlior~t. Titrtrt ion 

Pick iICid 

Zb-Dinitrophcnol 
2.4-Dinitrophunol 
2.5Dinitrophcnol 
Bromopl~cnol blucz 
t~romocrcsol,pilrpl~’ 
Bronrocrcsol green’ 
Chlorophcnol red2 
3-N icrophcnol 
wButylarninc-H ’ 
Morphotinc-H l 

Trictlrylaminc-H + 
TctrilmcthyIgurlniditlc-1-i’ 

3 .o 2.9 
4.2 3.7 

4.0 
5.0 4.6 
5.3 
7.5 
5.5 

IO.1 

3.5 
4.R 4.7 
4.4 4.3 
5.3 6.5 

12.5 
S.5 
3.5 
3.8 
9.6 
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simple dissociation. This indicates that no ion pairs occur as intermediates in the 
dissociation of these compounds in pyridine, although the dielectric constant of this 
solvent is rather low. 

Homoconjugation can explain the typical form of the curves for the titrations 
of 2.4-dinitrophenol, 2.Sdinitrophcnol and 2,6-dinitrophenol with tetramethyl- 
guanidine. It also explains the discrepancies in the pK values determined from the 
titration curves on the one hand and from spcctrophotometric and potentiometric 
measurements on the other, for the latter are calculated on the basis of simple disso- 
ciation only. 

The differences found by Mukhcrjcc er crl.’ between pK values determined 
spectrophotometrically in solutions of pure 2,Sdinitrophcnol and in mixtures of 
2.5-dinitrophenol and a non-absorbing acid can bc explained in the same way. 

The pK values, dctcrmincd in dilTcrcnt ways. arc summarized in Table VII. 
A comparison of the pK values in water and in pyridinc is given in Table VIII. 

TABLE VIII 

pK. VAL.WS IN I~YHIDIIW COMPAWD WI rli pK, VAI.UI~ IN WAII:W 
--_-- _--- -------.------. .-------.---. 

ColIrp”“lIcl PK ICI’I PK ,*a,.,, APK 

Picric acid 3.0 0.4 2.6 
2.6-Dinitrophcnol 3.7 3.0 0.7 
2.4-Dinitrophcnol 4.2 3.5 0.7 

25Dinitrophcnol 5.0 4.7 0.3 
Bromophcnol blue’ 5.3 4.0 1.3 
Uromocrcsol green’ 5.5 4.7 0.6 
Bromocrcsol purple’ 7.5 6.1 I .4 
Chlorophcnol red’ IO.1 6.1 4.0 
3-Nitrophcnol 12.5 7.2 5.3 
rt-Butylnminc-H l 5.5 10.6 - 5.1 
Morpholinc-H l 3.5 9.6 -6.1 
Triclhylominc-H + 3.8 10.8 - 7.0 
Tctramcthylguanidinc-H l 9.6 12.3 - 2.7 
__- ~~~~-~~-_~_.----.----__ 

It is interesting to note that the pK values for the protonated nitrogen bases are much 
lower in pyridine than in water. Undoubtedly, this is due to the greater basicity of 
pyridine compared with water. With uncharged or ncgativcly charged acids the 
dielectric constant of the solvent has great influence on the dissociation. This could 
explain why for these acids pKtprriJinc, is greater than pKtwolcr,. 

The authors wish to thank Mr. H. HOT who carried out most of the potcntio- 
metric determinations and Miss A. L. Dekkers who prepared the manuscript. 

SUMMARY 

Although pyridinc is :I solvent with a low diclcctric constant. spcctrophoto- 
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metric determinations show simple dissociation without ion pairs as intermediates 
for some sulfonphthalcins and polynitrophenols in pyridinc. 

The salts of a number of amincs and hydrochloric acid, perchloric acid and 
picric acid arc not completely dissociated in pyridine. Dissociation constants of these 
salts were determined from differential vapour pressure measurements. For the 
titrations in pyridine of an acid with an amine, calculations were based on the 
following reactions: HXeH++X-; B+H+=BH+; BH++X-LBH+X-. With 
this reaction schcmc it was possible to determine pK, values for protonated amines 
in pyridine from the curves of titrations carried out with a calibrated glass electrode. 
Evidence for the occurrence ofhomoconjugation ofsomc polynitrophenols in pyridine 
was found in the titration of thcsc compounds with tctramethylguanidine. Homo- 
conjugation constants were estimated from the titration curves. 

Bien que la pyridinc soit un solvant a faible constantc diclcctrique, des dosages 
spectrophotometriques montrcnt une dissociation simple pour quelques sulfophta- 
leines ct polynitrophenols dam la pyridine. Les sels d’un certain nombrc d’amines ct 
acides chlorhydrique, perchloriquc et picriquc nc sont pas completement dissocies 
dans la pyridine. Les constantcs de dissociation de ces sels sont determintes par des 
mesures de pression de vapeur differentiellc. Pour les titrages d’un acide par unc amine, 
dans la pyridine, des r&actions sont donntes, permcttcnt de determiner Ies valeurs 
de pK,. 

ZUSAMMENFASSUNG 

Obwohl Pyridin ein Liisungsmittel mit ciner nicdrigen Dielcktrizitatskonstante 
ist, weiscn spektrophotometrischc Untersuchungen einiger Sulfonphthaleine und 
Polynitrophenolc in Pyridin aufeinfache Dissoziation ohne Ionenpaarc als Zwischen- 
stufen hin. Die Salze von einer Anzahl Amine und Salzsfure, Perchlorslure und 
Pikrinscure sind in Pyridin nicht vollstindig dissoziiert. Dissoziationskonstanten 
dieser Salze wurden aus Differcntialdampfdruckmessungcn bestimmt. Berechnungen 
fur die Titrationen eincr Stiure mit einem Amin in Pyridin griindeten sich auf folgende 
Reaktionen : HXLH+ +X- ; B+ H+‘-BH+ ; BH+ +X-‘-BH+X-. Mit diesem 
Reaktionsschema konnten die pK,-Werte fur protonierte Amine in Pyridin aus den 
Titrationskurven bestimmt werden, die mit einer geeichten Olaselektrode erhalten 
wurden. Fiir einige Polynitrophenole in Pyridin wurden bei der Titration dieser 
Verbindungen Beweise fur das Auftreten von Homokonjugation gefunden. Aus den 
Titrationskurven wurdcn Homokonjugationskonstanten ermittelt. 
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