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Acid-base equilibria.
Polyprotic acids

H A’ <H A +H";n=12,3....
a.Hn-lAZ-1

a
H,A’

Ka(l—z) =d .

For polyprotic (or polybasic) acids, the ratio of the constants
of the stepwise dissociation is very important:



H,A<HA +H"; K,
HA <A +H'; K,

Are there any regularities that
describe this relationship?

Normally, K, >>K,
e, pK, <pK,

Analogously for:

HA"HA & A" and  HA* S HAY < A



But can it be that: pK_, > pK_, @ (inversion)

Inorganic acids (small molecules): electrostatic factor results in
Ky >> K,

For example, the Pauling’s rule:

H,PO,: pK_=2.15 pK,,=7.20; pK_=12.32

In general, since the molecules of inorganic acids are small, it is

reasonable to assume a significant role of the electrostatic factor.

For example, the presence of one negative charge in the single

charged anion should hinder the elimination of the next proton

with the formation of the double charged anion.



But some exceptions are also known:

H,S10,: pK,,=pK,=11.7; pK,;=pK, =12.00

Hg(H,0) * < HgOH" < Hg(OH),

pK,,=3.70+£0.07; pK_,=2.60%0.09 (ionicstrength 0.5M)



Organic acids: some unusual ratios of the dissociation
constants: Inversionor K =K_
d a

Ar—N=N"< Ar— N=NOH < Ar— N=NO"~

(diazonium cation in aqueous alkaline media)

A ) ,.{‘?_“1'“
HD—{}—NHrGP—EHrEH—EHrEH—M—!—U—GH

(p-dihydroxyglutaconeanyl)



Ph Ph

I ~ \ | > \
NH HN S N° HN
+ D

Ph{ }Ph Ph{ }Ph

Double charged cation (H,A%*) and the neutral form (H,A) of
meso-tetraphenylporphyrin.



Sources of error:

Small fraction of the intermediate HA- form

- 100%
kel (Kal)_1 a|.|+ +1+ Ka2 (aH+ )_1

Slow reactions, including intramolecular rearrangements

H,A
100 & &

2, 7-Dichlorofluorescein in
47% ethanol — 47 %

benzene — 6 % water
pPK,, =9.23+£0.08;
pK_,=8.22+0.08 o2

population ,%

50




But inversion of the pKa may be NOT an error!

O
/&§ PN |o OO0 o _COO"
| L =

< _ <
)\NH NF N/&NH SN SN=C=NH NN =N

Inversion of the dissociation constants of 2-amino-4,5-benzo-6-
0X0-1,3-0xasine

pK,, =10.61 pK_,=9.21

Hegarty A.F., Bruice T.C. Acyl Transfer Reactions from and to the Ureido
Functional Group. I. The Mechanisms of Hydrolysis of an O-Acylisourea ( 2-
Amino-4,5-benzo-6-0x0-1,3-oxazine) // J. Amer. Chem. Soc. -1970. -92, Ne 22. -P.

6561-6567.



G
| H=C=NH

(2b)
Table. pK_ Values for Compounds (1)
Compound Solwvent K, K,
£ =05 Hater 1.85 I .11 E,06 t o, O
K=10 " .77 T 0.1 5080 ¥ 0,14
X = 0 BOT Methanol 7.54 0,09 7,01 T 0,08

Clarkson R., Dowell R.1., Taylor P.J. The reversible cation-anion
Isomerisation of 2-imino-2H-pyrido [1,2-b][1, 2, 4] thia(oxa)diazole
hydrobromide // Tetrahedron Letters -1982. -23, Ne 4. —P.485-488.



“Microscopic” dissociation constants

H,A
kll/l \klz Kar =Ky + ki
KT

(HA) =—=(HA )" Koo =Ko +Ky

AW/ A,
21\ /k22 K __HA“__ 11 _ R
A% !

K K
_HAI__ Ki, Ky
If K, =k, =K, =k, =k, then K, =2K
PK,, =pk —log2=pk —0.301 Kazzg

pK_, —pK_, = log4=0.602



[ Special case of aliphatic aminoacids]

Glycine: pK_ =4.3; pK_,=10.8
HOOC —CH, — NH; HA, |

2 R

“O0C-CH,-NH; HOOC-CH, —NH,

N\ K

“00C-CH, —NH,

How can we estimate the structure of the neutral form?
For H,COOC—-CH, —NH; : pK,=7.7; H,C—NH;: pK_ =10.7
10—4-8 HOOCCH,: pK, =4.76
10—10.7 leG

K =




HOOC—(CH,). ~COOH <> HOOC—(CH,),—~COO™ <> “00C—(CH,),-COO"

If N— 0.
k11:k12 :k21:k22 =k,

PK,, =pk —log2=pk —0.301
pK,, —pK,, = log4=0.602



Electric field lines

l

distance r

This negative charge hinders the
removal of the second proton

Bjerrum — Kirkwood — Westheimer:
- e’N , L1
2.302RT x 47 x8.854x107"°  &o4 T

PK,

effective relative permittivity



pK,, —PK,, = log 4+ SpK;

HOOC—(CH,),—~COOH in water, 25°C

H PKa PK PKy — pKa
0 1.271 4.266 2.995
1 2.826 5.696 2.870
2 4,207 5.635 1.428
3 4.344 5.420 1.076
4 4418 5.412 (0.994
5 4. 484 5.424 (0.940
§ 4.512 5.404 (0.892

| approach log4 =0.602

Christensen J.J., Wrathall D.P., lzatt R.M., Tolman D.O. Christensen J.J., lzatt
R.M., Hansen L.D. Thermodynamics of Proton lonization in Dilute Aqueous
Solution. VII. J. Amer. Chem. Soc. 1967. 89: 213.



HO

AN

Hence: only the tautomeric transformations can result in the
Inversion of the dissociation constants ?!

As example: fluorescein

0 OH HO
I
1COOH ’%
HO o o pKaZ o pKal — pk2,0H B pkl,COOH Iog
_ K om
cCOO \
-0 0 0
IV

coo™

[111]
[1]
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Selected pK values in water at 25 °C (from most reliable sources)

Acid

Benzoic acid
Salicylic acid, pK,;
Salicylic acid, pK,;
Acetic acad

CO:,. P'Kal

CO,. PKHE

Phenol

4-Nitrophenol

2. 4-Dimitrophenol

2.3- Dimitrophenol
2,6- Dimitrophenol
Phosphoric acid, pK
Phosphoric acid. pK,;
Phosphoric acid. pK ;
Diethylbarbituric acid
Ammonium ion
Anilininm 1on

Pyridinium ion

4.201
2996

4.756
6.352

10.329

9998
7.149
411
53.216
3.706
2.148

7.198

798
9.245
4.396

4204
298

1238

4736
6.352

10.329

9.99
7.150

4.08
3.216
3.713
2.148

71.198
12.32

8.020
9246
4.60
317




Tabauwa 10.4, Inavennn pK,, |g*y;, n pK, KHCAOT B PasNHYHMIX PAacTBOPHTENAX (WrKana Monk/1, 298 K)

2-pver

pR,
PacTeOpHTE R pK, lg ™ vi nxprsoban 2,6-lusntpo- "~ Caxmumaopas Benaoiinan
KHCNOTA drenoa KHCADTR KHCAOTA

Bora 14,00 0 0,380,437 3.71 2,99 4,199
Meranoa 16,7-17.2 +1,52 3,95 FAT 7.90 9,40
JTauoa 18,9-19.5 +1,94 4,10 - 8,70 10,25
Ilponaroa-2 20,8220 - 4,02 — - 10,64;11,75
Byranoa-1 21,6 4,21; 4,35 — 9,61 1,48
2-MeTHa- 26, 8—28,5 — 3,03; 5,35 — - 13,0
oponanoa-2
MopMaMps 16,8 — =l 2 4,2 4,36 6,27
JAMCO 33.3 —3,40 0,3 —0,5 4,9 6.8 i1,1
AMDA 25,4—31.6 -2,52 1.6 3,8 8,3 12,3
ALETOHHTPII >33.3 +1.85 11.0 16,2 16,9 20,7
AleToH 32,5 +{6—T) 9.2 13.8 13,7 18,2
ITponuaengaphonar 29 +(6,5—8.8) 9.3 — 15,2 19.7
Hurpomeran >24 767, 8,02 16,0 - 19,5
Cyawnhonan - - 174 — 23,6 26,3
A-MeTHA-TIEHTaH- - 11,0 17,6 — 224

* Nsasnavenns pK, TpHBOAATCA B TOM CAYYAE, KOTAA HET AOCTATOYHEX OCHOBAHHH OTAATE NPeINOUTEHHE GAHOMY H3 HMX.
* Kypeubom HaGpaHel 3HAYEHHA, ABASDIINECA CKODES ODHEHTHDOROYHBIMH.




[ Relation between the structure and pKa ]

Effects of substitution.
Aromatic compounds: Hammett’s constants of para- and meta-
substituents

@—COOH COO™ +H*
X X

KX
log - % =pK, —pK; = pc

a

(The same — for some rate constants of hydrolysis)

O reflects the influence of the substituent

£ characterizes the reaction series



Benzoic acids, XC,H,—~COOH in water, 25 °C:
p=1l

oy =pK,' —pK;;

PK,, =pk —log 2=pk —0.30] ===

The problem of the ortho-
substituents

Electronic interaction between
the substituents

Substituent o meta o para
CH; —0.07 —0.17
C,Hs —0.07 —0.15
CH(CH,), — —0.15
CH(CH,), — —0.20
N(CHs;), — —0.83
H 0 0
OH +0.12 —0.37
OCH; +0.12 —0.27
CeHs +0.06 —0.01
COOH +0.37 +0.45
COO™ +0.10 0.0
CF; +0.43 +0.54
C=CH +0.20 +0.23
F +0.34 +0.06
Cl +0.37 +0.23
Br +0.39 +0.23
I +0.35 +0.18
CHO +0.36 +0.44
C=N +0.56 +0.66
NO, +0.71 +0.78
N(CH;);" +0.88 +0.82
S(CH;),™ +1.00 +0.90




Two effects: conjugation (“mesomeric”) and inductive effects

H X
_PK; —PKZ  Estimation of the “ro” constant in non-aqueous

yo

o solvents

Medium Benzoic acids O Phenols O
Water 1.00 2.1
Dimethyl formanude 2.35 4.5
Acetonitrile 24 4548
Dimethyl sulfoxide 2.5 4.3
Nitromethane 2.55 —
Gas phase @D Q”)

For X@>7OH In water: p=2.1



{Proton In aqueous solutions: ]

H,O" hydronium ion;

H:O,* Zundel cation [H,O...H..OH,T

H,O,* Eigen cation

Hy H,
‘‘‘‘ O O
H\O/H o L
H
: H
_ : S d \
X H HQ--H™ .O~H---©H,
H O | H . H
N ~ : \ O /
‘04 HT TH | Osy O-H----Q
oL i H H..
/
+ + .
(H;05", Hy,O5") - 2! ] iy
"EjmmMmmmmmmmm. mmmmmmwymwwcj”
H, H,

H,,O,* B BonHoM pactBope [Stoyanov et al., 2013)]



HiC

HsC

Proton in organic solutions

HC_ )
'$=0---H---0=8/
H,C
. + ;CHEI- H:]C:
§=0---H—0=S _——=

CHE H:]C

CHs

CH4

+

A &
S=0—H---0=5_

CHy

CHy






[Acidity scales in solution]

Cell without a liquid junction
Pt|H, | H",CI"|AgCI| Ag (Harned cell)
Cell with liquid junction

glasselectrode (H") [H”

1MKCI |AgCl|Ag

Standard pH solutions for water:

pH=1.68; 4.01; 6.86; 9.18; 12.45 (25°C)



t.°C= 5 15 20 25 30 38 50
Composition, mol/kg:

0.05 KH;(C,04)2H,0 1.668 1.672 1.675 1.679 1.683 1.691 1.707
0.05 KH,CsH50- 3.840 3.802 3.788 3.776 3.766 — 3.749
C,H40,(COOK)(COOH), satur. at 25 | — — — 3.557 [3.552 |3.548 [3.549
°C

0.05 CsH4(COOK)(COOH) 3.999 3.999 4.002 4.008 4.015 4.030 4.060
0.025 KH,PO, + 0.025 Na,HPO, 6.951 6.900 6.881 6.865 6.853 6.840 6.833
0.008695 KH,PO, + 0.03043 | 7.500 7448 | 7429 | 7413 |7.400 |7.384 |7.367
Na,HPO,

0.01 Na,B,0O-10H,O 9.395 9.276 9.225 9.180 9.139 9.081 9.011
0.025 NaHCO; + 0.025 Na,CO; 10245 | 10.118 | 10.062 | 10.012 | 9.966 — 9.828
Ca(OH),, satur. at 25 °C 13.207 12.810 | 12.627 | 12.454 | 12.289 | 12.043 | 11.705




: E°-E .
In aqueous solutions: pH, = ” . (instrumental pH)

The problem of ionic strength: the pH values refer to
relatively low ionic strength. If the ionic strength of solutions x
IS much higher, a systematic error appears.

Another problem: determination of pH in organic solvents.

For water-organic solvents, a correction may be made:
pH, = pH,-A

The values of A are known. For example, in 50 mass % ethanol In
water, A =0.20.

For heavy water: pD=pH+0.40



[ Acidity function]

The Hammett acidity function.

pK . =—log( a_. [nﬂ] f:z )= —Iogaf%:B —log [I[IBBH
pK .. =H, +logQ
X X
NH, L H*1 NH3"

O,N Y O,N Y
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KHCJIOTH C BOXO#H; 0003HayeHHs cOOTBercTBYIOT Taba. 9.1 [10].



H XJIOpHas KHCJOTa—BOAA

1aoauya .1
PK°° uupukaropos THna H, B cMecix cepHas KHCJAOTa—BOAA

Houep HuaukaTop H,S0,4% HCl0 0
1 m-Hurpoannnun 2,50
2 | n-Hurpoamnmu 0,99
3 | o-Hurpoannsmu ~0,29 | —0,29
4 4- XJ10p-2-HATPOAHUJIHH —1,03 | —1,07
5 2,5-JuxJyop-4-HATPOAHH MK —1,78 | —1,79
6 2- X 10p-6-HHTpOaHUJIHH —2,43 | —2,41
7 | 2,6-JHxn0p-4-HUTPOAHH/IHH ~3,27 | —3,20
8 2,4-Juxnop-6-HATpOaHuaHH —3,27
9 2,4- 1 HEMTPOAHHIIHH —4,53 | —4,26
10 2,6-JlunurpoannmH —5,54 | —5H,25
11 4- X a10p-2,6- AUHHTPOAHH JIHH —6,14 {-—6,12
12 2-BpoM-4,6-1HHHTPOAMHIHH —6,68 | —6,69
13 3-Merun-2,4,6-TpHHHTPOAHHIHH —8,22 | —8,56
14 3-bpom-2,4,6-TpHHHTPOAHHHH —9. 46 —9.77
15 | 3-Xuaop-2,4,6-TpHHHTDOAHHIHH —9,71
16 2,4,6-T pHunTpOaHuIKH —10,10

. o

® Danmne Tammera n [lefipyna [9), nepecmoTpeunwe [laysem u Jlonrom [7], a
waKe fapsne, Hoprescoda uw Xaptepa [10].

6 Nanmwe Biitea B Vam [I11.



OYHKUHH KHCJIOTHOCTH H HEKOTOpble APYrHe XapaKTepuCTHKH
cMecel CepHOH KHCJOTH ¢ BOJOH?

49

z° »
%8 L
g2 .. S S
Ho =) by - S Y o
S T e SN o o L L oS

5 0,111 0,01 | 0,05]—0,06 —0,28 | —0,17
10 |—0,31|—0,53 | —0,55|—0,69 | —0,29 [—0,026/ 0,03 | —0,28
15 | —0,66!—0.99 [ —0,97 |—1,28 | —0,70 0,228 —0,43
20 |—1,01|—1,47 | —1,42|—1,86 | —1,00]—0,059 0,367| —0,64
25 |--1,37|—1,96 | —1,85|—2,46 | —1,25|—0,086| 0,479 —0,89
30 |—1,72|—2,44 | —2,35]|—3,10 | —1,50|—0,124| 0,572 —1,15
35 |-—2.06|—2,93 [—2,88|—3,82 | —1,74|—0,175| 0,653 —1,41
40 |—2,41|—3,46 | —3,42|—4,55 | —2,00|—0,246| 0,726 —1,68
45 |~—-2,85|—4,01 | —4,02|—5,31 | —2,24|—0,341| 0,782 —2,07
50 |—3,38|—4.54 | —4,65|—6,15 | —2,51 |—0,454| 0,853] —2,53
55 |—3.91|—5.11 | —5.32|—7.07 | —2.77 |—0.604| 0.910| —3,00
60 |—4, 46|—5,91 | —6,06|—8,13 | —3,10|—0,793| 0,962 —3,50
65 |-—5,08|—6,73 | —6,87|—9,13 | —3,38|—1,040| 1,014} —4,07
70 | —5,80|—7.65 | —7.79|—10,16| —3,74 |—1,363 1,061} —4,74
75 | —86,56 |—8,53 —4.,15|—1,765] 1,106 —5,45
80 |—7,34i{—9,44 -—11,84| —4,62|—2,282| 1,148 —6,19
8 |—8,14 10,30 —5,02 [—2, 79 1,187 —6,95
90 |—8,92|—11,14 —13,23| —5,57|—3,51 | 1,221| —7,70
95 |—9,85|—11,89 —13,61 —4.47 | 1,249 —8,60
100 |—12,2
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July, 1932 ACIDITY FUNCTIONS OF SULFURIC AND PERCHLORIC ACIDS 2721

[CONTRIBUTION FROM THE DEPARTMENT oF CHEMISTRY, CoLuMmstaA UNIVERSITY|

A SERIES OF SIMPLE BASIC INDICATORS. I. THE ACIDITY
FUNCTIONS OF MIXTURES OF SULFURIC AND
PERCHLORIC ACIDS WITH WATER!

By Louis P. HAMMETT anNDp ALDEN J. DEYRUP?®
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YCNHNEXHW XHMHH

T. XXXV 1966 Bein, 11

YIOK 54-—145.15:541.135.2
PYHKUHSA KHCJIOTHOCTH BOJAHbBIX PACTBOPOB CHJIbHBIX

KHCJIOT

M. H. Bunuuk

OTJIABJIEHHE
1. Hlkaga KHCIOTHOCTH a7 BOJHEIX PAcTBOPOB CHJABHBIX KHCJOT ..., 1922
2. Muaukatops O78 H3MepeHHA (YHKUMH KHCJAOTHOCTH . T i
3. 3nauenus Hy 475 BOAHBIX PACTBODOB CHILHBIX KHCJAOT H nrleln,ma .. ... 1932
4. TounocTe M3Mepenuil peanuwn Hy . . e, 1942
5. (MH3HYecKHH CMBICT [OHATHA «KHCJAOTHOCTB cpfﬂbt» . oL 1943
6. CRA3bL MediIyY KHCIOTHOCTRED cpenbl i 1epuu11mm1nqecm|‘& AKTHBHOCTHIO BO.J.LE L1947

1. lkaaa KHCAOTHOCTH JJas BOAHBIX PACTBOPOB CHJABLHLIX KMCAOT

I1pu sectie10BaH KHHETHKH XHMHYECKHX TIPOLECCOB B TOMOI€HHOM il
KO# tpase HeoOX0JAUMO VUHTHIBATh BJAHAHHE PACTBOPHTENSl Ha TepMOIHHAMI
yeCckHe cpoiicTBa pearupyiouux penlects. OcobedHHO CHABHO NPOABIASKOTCS.
CBCGHCTBA Cpelbl B XMMHYECKHX peaKUHsX, MPOTeKaIOUIHX B BOAHBIX PacTBO-
PaX CHABHBEIN KHCIOT W OClOBaHHH. Donbllas CkAOHHOCTE K 0OpasoBaHMIO
BOJAOPOJAHBIX CBA3ell U Ooiblide KOHLEHTPAllMM HWOHOB B TakKUX pacTBOpax
cnocobeTryioT 00pa30BaHHIO PA3JHUHBIX KOMILIEKCOB H HOHOB ¢ V4acTHeM
pearenToBs.



REVIEW/SYNTHESE

Acidity functions: an update

RobIN A, Cox AND KEITH YATES
Department of Chenistry, Universisy of Toromo, 80 S5t. George St., Toronio, Ont., Canada M35 1A

Received February 14, 1983

RoBimw A, CoxX and KETH YATES. Can. J. Chem, &1, 2225 (1983,

The subject of acidity functions is reviewed, with emphasis on modern developments. . and other scales determined
in acid media, using the Hammett cancellation assumption (2ero’th order approximation) are discussed briefly. The extension
to strongly basic systems is alse documented, Literature references to acidity function scales in agueous acid, agueous
acid forganic solvent, and agueous base media are tabulated, together with those m aqueous base/organic solvent mixtures at
both vanable and fixed base concentration, Over 400 acidity functions are referenced, including several electrochemical scales,
Various approaches to developing universal functions from the data are discussed. Proton activity scales, based on the
Yates—McClelland method of pKay- determination, and on electrochemical Hyr scales, are prominent among these.
Carpentier’s method is mentioned, and the lirst-order approximation, assumed linearity among log activity coefficient ratios,
i5 used to introduce the Bunnett—0lsen and excess acidity { X-function) methods. A brief critical discussion of which method
to use 15 provided. Future developments anticipate the second-order approximation, with a guadratic dependence of log
ionization ratios upon X-functions. The review cites 337 individual references.

Roem A. Cox et KEITH YATES. Can. 1, Chem. o1, 3223 (1983).

On étudie de nouveau les fonctions d’acidité en tenant compte des nouvelles théories. On discute brigvement des échelles
Hy et des autres échelles déterminées en milieu acide en utilisant Phypothese d annulation de Hamraett (approximation d”ordre
zérg). On a également étudié les échelles en milieu fortement basique. On a compilé les références de la littérature portant sur
les échelles de fonctions d’acidité en milieu acide, en milieu agueux/solvant organique, ot en miliew basigue agqueux ainsi que
celles portant sur les fonctions en miliew basique aqueux/mélanges de solvants organiques & des concentrations fixes et a des
concentrations variables de bases. On a dressé une liste de plus de 400 fonctions d'acidité incluant plusieurs échelles
électrochimiques. On discute des différentes approches utilisées pour développer des fonctions universelles @ partir des
données, Les échelles d activité du praton basées sur la méthode de détermination du pRuy+ de Yates MoClelland et sur les
echelles électrochimiques Her tennent la premigre place. On mentionne la méthode de Carpentier et on utilise Mapproximation
d'ordre un en supposant la linéarité du logarithme des rapports du coefficient d'activité pour introduire la méthode d’acidité
en excis de Bunnett—Olsen (fonction X'). On discute brigvement de "utilisation de telle ow telle méthode, Les développements
futurs anticipent une approximation d’ordre deux, avec une influence quadratique des fonctions X sur le logarithme des rapports
d'iomsation. La nouvelle élude comporte 337 reférences.

| Traduit par le journal



Superacidic media

i H{'
Superacid [es
HCIO, 13

C ' CF;SO:H _14.1

emistry

FSO,H 151

Second Edition FSO;H —SbFs. 1: 1 ~—23 “magic acid”
HF — SbFs, 1: 1 ~28

George AOlah GK Surya Prakash Formation of “non-classical™ cations
Arpad Molnar  Jean Sommer CH;™. CHs™". O;H'. H", etc. (Olah et al.)

FIWILEY Superbasic media

Dimethyl sulfoxide + methanol + KOH;:
potassium dimsil in dimethyl sulfoxide

Even toluene may be ionized: CsHsCH; — C¢HsCH,™



[ Acid-base equilibrium in the excited state ]

Weller cycle:
LA * 4 H

— +
EHA >A +H

E.a+ AE =AE+E, ;

Ejpn=via Ex=hv,



[ Acid-base equilibrium in the excited state ]

AG =—RT InK =2.303RT pK_;

AG = 2.303RT pK,

AG =AH —TAS =AE":

AG=AH -TAS =AE;

hiv _—v
pK:_pKa: ( - HA)
2.303RT
pK” —pK, =2.096x10° | =~
A~ ﬁ’HA

J

T=298.15K; A4 —In nanometers



[Acid—base equilibrium in the excited state]

pK. —pK, =2.096 x10* 4
ﬂ“A— ﬂ’HA

For example, If 2,_=500nm, 4, =400nm, pK; —pK,=-10.48

if 1,_=600nm, 4, =700nm, PK,—pK,=+4.99



[ Kinetics of protolytic reactions}

H*+HO —H,0; k=1.4x10"M"s™*
H*+e  >H: k=2x10°M*s™

H*+CH,COO™ —CH,COOH; k=(1.1-5.2)x10° M *s™
(estimated by 8 different methods)

Diffusion-limited reactions



[ Kinetics of protolytic reactions}

H*+RCOO™ —-RCOOH; k=(3.8+1.0)x10° M 's™
(for 11 different carboxylic acids)

For salicylic acid, the intramolecular hydrogen bond
0 decelerates the reaction

C/
@[ 0 +H' > ; k=6.4x10°M s
o—H

Slow reactions

CH,NQO, +H" -CH .NO,; k= 10°M's™:25°C
Nitroparaffins can be titrated in water by NaOH



{‘Heavy water”: Deuterium oxide ]

Property H,O DO
Molar mass 18.015 20.28
(seemng: C 0.00 3.81

t of maximal density 3.98 11.23
Pooiling- °C at p = 1 atmosphere 100.00 101.42
Density. g/em® at 25 °C 0.997047 1.10448
Viscosity. Pas. 25 °C 8.903x107 11.03x107
Wapor pressure, Pa 3166 2737
AH.., kJ'mol, 25 °C 44.04 45.46
Relative permittivity, 25 °C 78.46 77.94
pKw. 25 °C 14.00 14.7

(C. Reichardt. Solvents and Solvent Effects in Organic Chenustry).







[ Medium effects: ApKa :ng _pK;V]

HA <A +H"

. a -

dissociation constant CHYN

pK, =—log K,



ay .
KY=a" —2-: inwater

In the non-aqueous solvent

S
H
aHA

W w W S
Ka :aH+ aA a'HA

S S S w
K, a,. a,a’

a

=P X P X PiA =7, X VA X Vin

PK; —pK; =logy, . + log y, =109 y,4a

This approach is applicable to other equilibria as well.

"> hereafter: y.



[ Estimation of the . values] v _H T H

MOLECULES.

1. Solubility: Vi =— R

Main condition: the absence of crystal solvates

Another problem: too high solubility, or even unlimited solubility.



2. Partition between two phases (water/organic solvent, practically
Immiscible with water)

Two limitations:
(1) many organic solvents are unlimitedly miscible with
water,
(2) In any case, the partition constants and transfer activity
coefficients reflect the equilibrium between the two
mutually saturated solvents.



[ Estimation of the 14 vaIuesJ

ELECTROLYTES. IONS.

1. Solubility. Ct*+An <CtAn{; K  (solubility product)
Ke
Ks,

This approach works for limitedly soluble salts.

ViV =



2. Electrochemical cells.

Pt|H, | H*,CI~|AgCI| Ag

1 _

> H,+AgCIU0 Ag+H" +CI;
RT

E=E°—In(a_.a_ ) EOv _EOs
H™ CI
F logy,,. +logy . =
s 59.16

Solvent E°.mV log - +log Yer
Water +222.4 0
Methanol -10.4 3.04
Ethanol —74.0 5.01

DMSO +40.8 3.07




3. Tetraphenylborate hypothesis.

The main problem is as follows:
The transfer activity coefficients of single ions from one
solvent to another cannot be determined by

thermodynamic methods.

Contrary to the y;values of neutral molecules, only the »_»_ product
may be obtained experimentally.

Therefore, the dividing of the corresponding products can be
made using some extrathermodynamic assumptions.



Presently, the most accepted assumption is the so-called

The assumption consists in equating 7ge .y, 10 Yagcgmy); OF 7o,

The 10ns can be considered as “pseudo-spherical”

tetraphenylborate hypothesis.
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L s w
If Iog Q/AS(C6H5)Z :IOg 7/B(C6H5)4_1 ZE(pKSp _pKSp)1

where K, is the solubility product of As(C,H;),B(CH.).

then the values for other ions may be calculated:

Yo using the solubility products of As(C.H.),Cl,
In water and in a corresponding
solvent;

7, Using the solubility products of K™B(CsH;),,
In water and In a corresponding
solvent;

7/H+ EOW_EOS

as = —logy .
5016 0/c




Some examples from a much larger body of data:

Solvent logy,. logy_-
Water 0 0
Methanol +1.82 +2.31
Ethanol +1.94 +3.54
Dimethylsulfoxide —3.40 +7.06
Dimethylformamide —3.15 +8.46
Acetonitrile +8.13 +7.38

log . <0: profitable transfer

log 7, >0: unprofitable transfer



[Attempts to estimate the transfer activity coefficients theoretically]

gas phase

/
(%) ey ()

water solvent S

Born’s equation for a charged sphere:

AG, (1) e’z’N, y 1 1
2.303RT 4.60RTr, x4rxeg, | &, €

r,sS r,w

|Og wyis _




pK; —pK; =logy, . + log y, —l0g 7.

- 2.2
IOg WyiS: AGtr(l) _ c Zi NA X 1

2.303RT 4.60 RTr x4zxe, |

e’N,

pKS _pKW — x 1 + (ZHA _1)2 . ZliA
) " 460RT x4rzxeg,

(the so-called Bronsted equation)




pK; —pK}'

Comparison with
the experiment

— e2NA

460 RT x47zx &

Poor agreement!

Solvent (&_) Ap Kad Experimental values of
pK; —pK for benzoic
acid

Methanol (32.6) 1.03 5.20

Ethanol (24.4) 1.63 6.05

1-Butanol (17.5) 2.57 7.28

tert-Butanol (12.5) 3.90 10.8 ?

Dimethylsulfoxide (46.5) 0.51 6.9 -

Dimethylformamide (36.7) 0.84 8.1

Acetomitrile (36.0) 0.87 16.5

Propylenecarbonate (65.0) 0.15 15.5




However, for the picric acid in acetone (pKa = 9.2) and
methylisobutylketone (pKa = 11.0) the experimental and

calculated differences coincide: = 1.8.

These two solvents are of the same chemical nature, but

with different relative permittivity, 20.56 and 13.92 at 25 °C,

respectively.

Therefore, more adequate 1s the so-called Bronsted—Izmailov
equation:

2N, 1, (z=)° 2| |1 1 +AG;TV+AG;°'V—AG;°ELV
460 RT x4rxeg,

K> —pKY = X
Pl 7P {rw 2.30RT






