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ABSTRACT OF M.Sc.THESIS
Submitted by Fei-Lin Kung
THE IONIZATION CONSTANTS OF SUBSTITUTED
SALICYLIC ACIDS AND THE HAMMETT RELATIONSHIP

The ionization constants of l- and S5=-gubstituted
salicylic acids were determined in aqueous solution at 2500
by an improved ultraviolet absorption spectrophotometric
method. Their pK's were plotted against the Hammett
substituents. A good correlation was obtained with the
simple Hammett equation (log K/Ko = ?K ) using &
for substituents in the S=position and c$ for substituents
in the li-position relative to the carboxyl group. The
reaction constant, f , was calculated to be ( +0.898%0.039 ).
The results indicate that electronic effects are transmitted
to the acid centre through the benzene ring and that
virtually no transmission occurs through the phenolic
hydrogen bond. At the isocelectric point l~-aminosalicylic
acid is almost entirely in the neutral form whereas

S-aminosalicylic is almost completely zwitterion.
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INTRODUCTION

Tonization constants of aromatic acids, in particular
salicylic acids, have been determined by a number of workers.
The investigations of these authors (prior to 1930) were
determined chiefly by conductimetric methods (34, 57, 13).
However, potentiometric (40) and spectrophotometric (19, 43)
methods have also been used.

Values obtained under different conditions vary
considerably, and in order to establish any correlations
for a series of compounds the same conditions must be used.
The scope of the present investigapion is to determine the
ionization constants of a family of substituted salicylie acids
by an improved spectrophotometric method (7, 8) and to
correlate the experimental data, aided by an IBM 1620
Computer, with the intention of examining the electroniec
properties of various substituents in the benzene ring.

The main advantages of spectrophotometric methods of determin-
ing acid dissociation constants are that optical measure-
ments made at very low concentrations are relatively as
accurate as those made at higher concentrations, and that
even for very small dissociation constants quite reliable
results can be obtained under favourable conditions (19).

An application of the Hammett equation (25, 29) to
the ionization constants shows a satisfactory correlation

with Hammett's sigma constents. A discussion of a two-




parameter Hammett relationship (31) is also given.




LITERATURE REVIEW

SPECTROPHOTOMETRIC DETERMINATION
“OF 1ONLZA CONS S

The spectrophotometric determination of the ioniza-
tion constants of aromatic acids is based on the fact that
different ionic species have different ultraviolet absorp-
tion spectra.

The equation of the spectrophotometric determination
of ionization constants is derived below. Beer's law (12)
of light absorption states that the amount of light absorbed is
proportional to the number of absorbing molecules through
which the light passes. The absorption of the solution,
if the absorbing substance is dissolved in a transparent medi-
um, will be proportional to its concentration. The mathema-

tical statement of Beer's law is as follows:

dP
B = = kP (1)
dn
P ap n
R— = =k dn
Po P o
P
in — = = kn




In — =Ikn
Ps
log— = k'n (2)
P
where P, : power incident on sample.
P : power leaving the sample.
n : the number of absorbing centres in a volume
of unit cross section.
Let
log — =log — =1log — = 4d (3)
P I T
where I, : the intensity of incident light.
I : the intensity of light transmitted.
d : optical density ( absorbance ) which is

actually measured with the spectrophotometer.
T ¢ transmittance.
Then the relationship between absorbance and concentration

will be given by
o
d=1log — = € QC (4)

where € : molar extinction coefficient.

Q ¢ the thickness of the cell, cm.
C : molarity of the solution, moles per liter.




Consider now the monobasic acid equilibrium with an

equilibrium constent Kg

HA H + A
a-H+ . aA" CH* * (;4_ rH.,. N I‘A_
K a = a = .
HA Cua rua

where o : activity.
r : activity coefficient.
C : concentration.

In sufficiently dilute solution,

For spectrophotometric measurements on a partly

ionized acid at a selected wavelength, Beer's law may be

applied in the following form:

dr = é.y ,Q C Y
dh. = e)\. ﬂ C w

where dP’ dx’ d,

(5)

(6)

(7)
(8)
(9)

optical densities of pure HA, pure A~

and of a mixture of HA and A-, respectively.

(1

e‘(; ’ C.Y ) el’\

molar extinction coefficients of pure

HA, pure A™* amd a mixture of HA amdA™?




respectively.

: concentration of pure HA, pure A~
and a mixture of HA, and A~,
respectively.

Q & the thickness of the cell.

When the two conjugate forms, HA and A™» coexist
in solution, the observed optical density for the solute
at any wavelength is equal to the sum of optical density
of HA and A” or equal to the sum of the products of mole

fraction and optical density of each pure form. Thus,
dn = dHA + dA-
en Q Cn = EHAQ CHA + éA'- 2 CA‘

since
Chn = G+ Ca

én,Q( Cut Ca-) = ( Eup Cua+ €a-Ca) £

Dividing both sides by 2 and rearranging

CA_ eHA - ey\_

CHA eV\. - 6Ah
or Al —  Eupa— €n

{HA1 €&, ~ €a-

Therefore,

Kg = £H+] [A-}: ):H+J éHA" €n

[HA] €, — €Ea-




Gu
¢ 2¢
= {(H*) - - (10)
ay d,-
26, 90

For a single solution of acid, measured successively
under acidiec (p), basic (¥), and intermediate (1) conditions,

the three concentrations are equal,

Therefore, Eq. 10 becomes

dua =
Kg = (H¥)—— = (11)
dy = A
d.. =
- log Kg = = log[(H*> s~ % ]
dn - d/'\_
dn o= dA—
PKg = pPH + log —
dua = dp
or
d, - dn
PKg = pH + log —— (12)
dn = 4

One method (21,2) for calculating ionization

constants from spectrophotometric data is to measure the
optical densities of the pure HA( dus ), pure A™( da-)

and a solution containing both species at an intermediate



condition (d,, ). These values are then substituted in
equation 12, together with the pH at which du was determined,
to give pKg. This method involves only three determinations
of optical densities, but two of these must be made with the
pure conjugéta forms.
Another approach (54) does not require pure conjugate
forms. Any three solutions with sufficient differences in
PH and optical density can give the ionization constant.

Equation 11 can be written as follows:

_ iH+](dHA'dn)

dn = dp~ =
Kg
and
(H*]dgy,  (H')an
dn Ll dA- = -
Finally,
| 1 dga
(Ean(—) -[m) ) = (dp=) = - ay (13)
Kq Ka
Equation 13 is a linear equation in four terms and
three unknowns (they are {Q , %;ﬂ, and dp- ), since d.

and[H*]are measurable quantities. Solution for the unknown
Kg thus can be obtained from three simultaneous equations

which may be solved with determinants, that is




Hyd; Hy 1
Hpdp Hy 1
+
Kqg = -
Hy dy 1
Hy do 1
Hy 43 1

In the present work, sixteen solutions were used
and the ionization constants were calculated from the
IBM 1620 Computer. These are discussed in the Experimental
Section.

In]tha case of determining the overlapping ioniza-
tion constants of aminosalicylic acids, the ionic equilibria
of the acids in aqueous solution is considered first. 1In
agueous solutien four species are in equilibrium with each
other and they are present in a proportion depending on the
hydronium ion concentration. The equilibria may be repre-
sented as follows, where hydronium ion is omitted from
the diagramrfor simplicity.

Species : HA = Neutral molscule.
HgAfEEDiprotic acid.
HA*= Zwitterion.

A = Anion.

(1)
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OH
YA NS
OOHy/ NF2 \KC 00~
OH ‘ OH
( FoA) (A7)
+NH3 coo~ NH2
+NH3 (HAi)

Fig. 1. Schematic Representation of Species
and Ionic Equilibria of lL-Amino and
5-Aminosalicylic Acids in Aqueous
Solution.

if 1;N~1 refers to the total concentration of
ampholyte, i.e. 3

{(HA) + (HAY = (N

Then,

{HyAy AL vy L2 a7 )



where
K
From Figure
are:

(¥ (u¥)
= __“[HQA*"] (15a)
= %ﬁﬂ (15b)

2 the ionization of individual species

K ———————ZHA] =) (16a)
= a
& (H,A*]
K = fH‘i}fHﬂ (16b)
b (Ho8% ]
Rty
¢ {HA ] (16c)
(a7 ()
Kd = -m— (164)
It follows that
K K HAF
c = b = i ]= (169)
Kg  (HA]

1l



Let C be the total concentration of acid in solution;

C = (HoA"] + (N) + {A”)

From Eq. 16,

(HA)(®Y] K {HA
c = + [HA) + —(HA] + K +]
Ka K4 (5]
Therefore
( K X
{HA]= C /{——)+ 1+—2 +—2]
Ka Kg (H+)
Similarly +
N (') K K
(B8 c/{— +1 + 29 9
Ky K, @)

Ko + Kp KoK

{HpffJ= ¢ / (1 +

(ut) (u+)*
H+ 2
{a=)= ¢ /[F ) + HfX—E- +—E~) + 1]
KaKc KC Kd

12

(161)

(17a)

(17b)

(18)

(19)

(20&)

(20Db)

(20¢)

(204)
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+
(H") K
(Nl =c /] — + 1+ 2 ] (20e)
Ky (HY)
The concentration of HA reaches a maximum when
)YHAJ >f( Ka’ Kc: de H+)
7 = = Q0 (21)
YEY] SLHY)
Thus 1
' {HA)pax. Wwhen (8)= ( KeKq )®
Similarly
i
{HAYpax. when (H*]= ( Kpkq )%
i
= (KgK¢)®
From the relationship of Eq. 1l6f,
KpK ( Ky = K K
. = d - & d (22)
Ke Ke
From Eqs. 17a and 161,
Kle
Ky = ———— (23)
Ko + Ky

and

KeKe = K Ko (2l)




1y

Therefore, {HA*] , [HA] , and [ N] have a maximum concen-

tration at
1
H = ( KlKZ )2

or

wj~

PH = 5 ( pKy + pKp ) (25)

This particular pH is called the isocelectric point.

The above general expressions of equilibria have been applied
to l-methoxyanthranilic acid by Scheffler (55).

Themer and Voigt (19) first desecribed the determina-
tion of the overlapping ionization constants of dibasiec
acids by using the spectrophotometric method. This method
was modified by Kok-Peng Ang (37) and further by Dunn and
Leggate (18). The ionization of aminosalicylic acid
(omitting {H¥) ) may be expressed by

(o J— (] 2 (4]

of | M solutions
If a4, d., d; are the optical densities,.of the

pure species HpA*, N and A~ respectively, then, at
a fixed wavelength, the optical density 4 of a solution
containing a mixture of these species in a cell of one

centimetre length is given by

d=d (HaA") + ap (W) + a5 (4] (26)
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where the total concentration is assumed to be 1M, i.e.
[HZAf]+[N]+[A‘}I. From Egs. 15 and 26, the optical
density , d , of a solution of the acid may be expressed in

the form,

(B a-qa )+ (B")E (d - dp ) + KyKp(d - a3) =0

—————————————— (27)
A value of d determines two values of pH , pHy
and pHy (See Fig. 2) and hence two values, [HT] and (ut].
These may be substituted in turn into Eq. 27 and a
combination of the two resulting equations yields the
following expression :
d, + KodjA
a= —2 23 (28)
1+ KoA
where 1 1
A= +
Y E )
dy + K,4,B
and a¢= 12 (29)
1+ KB S
where
1
):H+1] +iH"'2]
The general form of Egqs. 28 and 29 is
A + BCX

1 4+ BX



*YaBuoTesrs OTQERITNE B 38 PTow 0T304dIp
® JO SUO[IUTOS Bnoenbw (pesejing) Jo sofyisuep TeoTado
eyl JO UOT4BTJIGA 6yl BupmMous p sS4 HdA Jo so07d 1eoiqevyqodiy v 2 314
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where X and Y are variables and A, B and C are constant parameters.
Ecuation 30 was solved on the IBM 1620 Computer by using

the method of Dunn and Leggate (18) and Scheffler (55) as briefly

outlined below. A plot shown in Figure 2 was constructed,

Experimental points ( d, pHy ) were used together with intervolated

values for pH, ( corresponding to d ) for the calculation of Ky, and

similarly, for the calculation of Kz

used together with the corresponding interpolated pHy's.  The best

curve through the given points was obtained from the Computer.

In each case the interpolated value of the pH appeared in the least

experimental d's and pl,'s were

significant term in Eqg. 28 or 29. The Fortran Frogram is shown in

Appendix IT.

THE HAMMETT RELATIONSHIP

The quantitative relationship between the structure of
orgenic compounds and their chemical reactivity has been of msjor
interest to physical-organic chemists. Harmett (26, 25) first

related structure to both eguilibrium
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congstants and rate constants for the reactions of meta-
and para=substituted benzene derivatives by the mid-1930's.

This relation is known as the Hammett equation.

K
108;;{— = £
or ° (31)
k
log— = f 5
ko

The first parameter,sigma (6 ), is characteristic
only of the substituent and represents the ability of the
group to attract or repel electrons by a combination of
its inductive and resonance effects. The second parameter,
rho (f), characteristic of the reaction series at hand,
is a measure of the sensitivity of this type of reaction
series to ring substitution. X and K, are the ionization
constants of the substituted and unsubstituted compound,
respectivsly ; k and k, are the rate constants for reaction of
the substituted and unsubstituted compound, respectively.
Log K/Ko is:proportional to the difference in standard
free energy between the reaction of the substituted compound
and the unsubstituted compound ; 1log k/k, is proportional
to the difference in standard free energy of activation
when the transition state theory is assumed.

Hammett chose the dissociation of substituted

benzoic acids as the standard resction for which rho was
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set arbitrarily equal to one. The sigma value for a
substituent was obtained by measuring the effect of that
~substituent on the ionization constant of benzoic acid

in water at 25°C and/defining it through the relationship,

K - CeHa CooH (32)

K ¢¢HyCooH

d = 1log

where Kg oy cood @md K pecood are the ionization constants
for the substituted and the unsubstituted benzoic acid,
respectively. A large series of reactions with various
groups on tpe benzene nucleus have been very well correlated
with equation 31 using Hammett's sigma constants.

N The direct resonance interaction between the substi-
tuent group and the reaction centre has led to the modifica-
iion of the Hammett equationvby‘using alternate sets of
§£&gﬁ constents (25). The ordinary gigma for éleqpron
wiphdrawing groups through resonance in the para position
gc.ff_ponitro, p-cyano) gauged_large deviations when\uged
in conjunction with strong electron donating groups (c.f.
-NHp, f0°) which were present at the reaction cenﬁre.

Large deviations were also found with substituents capable
of electron donating by resonance when the reaction centre
is one of strong electron withdrawal. Sigma mimus (47)

constants (21) refer to those para substituents capable of
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strong electron withdrawal through resonance and have been
used in reactions of aniline and phenol derivatives. In a

corresponding menner sigma plus (4*) constants (11) were

used for strong electron donating pars substituents in such
reactions ag aromatic nitration.
Extensions of the Hammett equation to more complicat-
ed types of compounds have been reported by Jaffe (30, 29).
The effects of several substituents in the 3, |, and 5
positions relative to the reacting side chain have been

observed to be additive, that is

K

log = ? 4 (33)

1I{Q

Fquation 33 is a good approximation to the effect of multi-
ple substituents. However, substituents which interact
strbn@y with each other must be excepted from this general-
ization.

Compounds of the type

X

have been measured on a few reaction series (23, 24, 7)
where R is a substituent in the L~ or S-position;Xis the
same throughout the series. Two situations may be possible.

The first case 1s that Y and X do not react with each other.
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The reaction constants are reported almost always equal
within experimental error when comparing several groups
X which may include X=H. The second case is that in which

Y and X will react with each other as shown below:

The reacting side chain are now attached in two places to
the ring bearing the substituent. The substituent effect
is transmitted to the reaction site by two paths, :and
separate reaction constants are required. The genersal

form of the modified Hammett equation (31) is

K
log — = d; f, + 62 fz (3)4-)
K

(¢]

This situation is encountered in the alkaline hydrolyses

Hhe aubst? tted
of ,phthalide and its derivatives.

) CQC{O Coo~
OH «+ — CR
R? 2
R 0 R OH
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This two-paremeter Hammett equation has been propos-
ed also by Jaffe (11) to be applicable to fused ring systems.
Compounds in which the reacting group is hydrogen bonded
to a vicinal substituent are classified of this type and
proposed to fit the two-parameter rather than the one-
parameter Hammett equation. Among the examples to have
been considered were the pK's of the o-(hydroxymethyl)-
benzoic acids and the catechols.

If a reaction series is considered of the type

RfEQ;Y where X'is the changing substituent, the

following equation may be expressed:

. X
log— =08+ X (35)
Ko
Where X, is the effect the substituent X in the ortho
position exerts on the reactivity of unsubstituted compound
CeHsY , i.e. X=04Kx/K. The applicability of this equation
is subject to the limitation that the substituent X does
not affect the mechanism of the reaction. Equation 35 can
be applied to nuclear chlorinations of benzyl phenyl ethers
(33) where X represents the cumulative effect of the several
substituents in the phenyl group.
When several arocmatic rings are in nonequivalent

positions relative to the reaction site, the following
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equation is proposed:

K
log — = 56+ P&yt - + (36)
Ko :
where ) §, ..- measure the susceptibility of the reaction
to the effect of substituents in rings 1, 2, --- and ¢, 8y -

refer toithe substituents in the respective rings. The
relative rates of decomposition of the potassium salts of
certain meta- and para-substituted dibenzhydroxamic acids
{(53) have been reported to fit equation 36 .

Numerous detailed reviews have been published with
regard to the applicability of Hammett's equation in its
many modifications as well as other related linear free
energy relationships (29, 30, L9, 64).

Para- and meta-substituted salicylic acids have
been reported by Jaffe (29) not to fit equation 3l.
However, he had data for only six substituted salicylic
acids. The purpose of this investigation is to examine
the correlation of the effect of substituents on the
ionization equilibria of para- and meta-substituted

salicylic acids with the nature of the substituents.
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EXPERIMENTAL

MATERIALS

Table 1 lists the substituted salicylic acids used
in this investigation together with their source oy prepa-
ration. Most acids were recrystallized from water unless
otherwise noted. All melting points were determined by
using the conventional short Anschutz enclosed-scale
thermometers in a Hershberg melting point apparatus.
Methods for synthesis of the substituted salicylic acids
prepared in this laboratory are described below.

j-Methylsalicylic acid was prepared by treating

h-methyleanthranilic acid with nitrous acid. A solution of
7.6 gm. ( 0,05 mole ) l-methylanthranilie acid ( Aldrich
Chemical ) in 33 ml. concentrated sulfuric acid and 45 ml.
water was cooled to 0 - 5°C and stirred with a magnetic
stirrer. A solution of lj gm. sodium nitrite in 10 ml. water
was added dropwise over a period of eight to ten minutes.
After stirring the solution for another ten to fifteen
minutes, it was poured into 200 ml. of boiling water. The
solution was boiled briskly and cooled. lL-methylsaliecyliec
acid precipitated on cooling, and after two recrystalliza-
tions from water 1.1 gm. was recovered ( 14.5% of theoretical)

with melting point 177.0 - 177.89 ¢ ( 1it. 172° ¢ (63)).
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l-Methoxysalicylic acid was prepared by methylating

lh-hydroxysalicylic acid (12). A solution of 7.1 gm. (0.052
mole ) l-hydroxysslicylic scid ( Eastman Organic Chemical )
in jO0 ml. 10% sodium hydroxide solution (0.1 mole) was
brought to reflux with 9 ml. dimethylsulfate (12.1 gm., 0.1
mole). Another 4O ml. 107 sodium hydroxide solution was
added dropwise to the refluxing solution over a periocd of
four hours. Impure l-methoxysalicylic acid precipitated
from the cooled solution on acidification with hydrochlorie
acid. This acid was filtered and refluxed with 10% sodium
hydroxide solution to hydrolyse ester impurities. The acid
was recovered by acidification and after recrystallization
from water the yield was L4.0 gm. ( L6% of theoretical )
with melting point 159.0 - 160.5°C (1it. 155.9 - 156.3°C
(32), 1579C (12)).

5-Methoxysalieylic acid was prepared by the same

method used in the preparation of l-methoxysalicylic acid.
The starting material, 5-hydroxysalicylic acid, was an
Eastmen Organic Chemical. The yield was 2.1 gm. ( 24% of
theoretical ) with melting point 1h).5 - 146.0°C (iit;”
145.7 = 146.2°C (32), 143.5% (22)).

27
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h-Cyanosalicx;ic acid was prepared by diazotizing

p-aminosalicylic acid and subseguently treating the diazo-
nium solution with potassium cyanide and cuprous cyanide.

A solution of 10.0 gm. (0.065 mole) p-aminosalicylic acid

( Matheson Coleman & Bell ) in 30 ml. of concentrated
sulfuric acid and 60 ml. water was cooled to O - 59C with
stirring. A solution of 20 gm. sodium nitrite in 100 ml.
water was added slowly until the mixture gave a positive
test with potassium iodide starch test paper. The latter
was poured into another solution which contained 14.5 gm.
(0.16l mole) cuprous cyanide, 200 ml. water and as much
potassium cyanide as needed to aid dissolution. The result-
ing mixture was warmed on a water bath at 60°C with stirring
for half an hour. The solid was filtered and extracted
with ether three times (200 ml. each) from which l-cyano-
salicylic acid was recovered by evaporation of the ether.
After recrystallisation from water, the yield was 0.2 gm.

( 1.9% of theoretical) with melting point 228.0 - 229.0°¢

( 1it. 227 - 229°% (10)).

3-Methylsalicylic acid : The acid obtained from

and labelled by the Matheson Coleman & Bell as 2,l-cresotic
acid was identified as 3-methylsalicylic acid(2,3-cresdlic acid)

A number of go0lid derivatives were made from the
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acid. The p-bromophenacyl ester, the p-nitrobenzyl ester
and the dinitro derivative were prepared according to
Shriner (56B). Treatment of the acid with acetic anhydride
and a small amount of phosphoric acid secured the acetyl
derivative (1B).

Conclusive evidence was obtained by decarboxylating
the acid in quinoline assisted by the presence of copper
powder (26B). The resulting cresol was treated with bromine
(56B) to form the dibromo derivative. A mixed melting
point with the dibromo derivative of an authentic sample
of o-cresol gave no depression.

Pertinent information on the melting points of the

substances described is summarized in Table 2A.
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SPECTROPHOTOMETRIC STUDIES

The spectrophotometric method was utilized in this investi-
gation for determining overlapping ionization constants of
- and 5-aminosalicylic acids as well as the first ionization

constants of other substituted salicylic acids.

Theoretical

One method of determination of the first ionization
constants hes been to make a series of determinations of
optical densities at a particular wavelength and at various
hydronium ion concentrations. The hydronium ion concentra-
tion corresponding to the point midway between the maximum
and minimum values for the optical density is then equiva=-
lent to the ionizationi??gg Fig. 3). This method was first
suggested by Bjerrum (8) in 1915. A significant improve-
ment to the procedure is made possible by the use of an
electronic computer. Working within the Debye-Huckel
concentration range optical densities are measured at vary-
ing pH but a constant ionic strength. The experimental
points of optical density and cérresponding pH are inserted
into equation 37 which is derived as follows.

From equation 11 , the following expression can

be written:




HA

Optical Density

32

‘Fig. 3.

A hypothetical plot of optical density versus
pH showing the inflection point between the
meximum and minimum values of the optical
density to be equal to the ionization constant.
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(dy - 4, ) Ky = (B (dya - dp)
dpKg - 4,K, = [HY] d,, - (') q,
dy (K, + (D)= d)-Ky + (H [ dya

dua [HY] + a4, K,
Ko + (HY] (37)

dn::

The general form of the above equation is

AX + BC
Y= —"" (38)
C+ X

where X and Y are the variables and A, B and C are
constant parameters which can be obtained by fitting a
curve to the experimental points ( dp, [H*] ). Equation 38
was actually fitted on the computer by Dolittle's method
(14), weighting the values of d, and [H*] inversely as the
estimated experimental error (see Appendix I).

This method of calculation has the advantages over
previous methods that d4,, and ds- , as disposable parameters,
are not subject to experimental error and that the curve-
fitting procedure permits a reliable sstimation of the
standard error in Kg to be made. In Dolittle's method an
estimation of the approximate values of A, B and C is

necessary in order to compute their best values. The esti-
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mated value of A ( optical density of pure HA ) is the
optical density measured in acidic media ( pH=0 ) in which
only neutral molecules of HA can exist. The estimated value
of B is the optical density measured in alkaline media ( pH=
9 ) in which only the anion A" can exist. Figure 1 outlines
the manner in which the value C may be estimated. It is
equivalent to the pH corresponding to the inflection point
of the pH versus optical density curve. The mean optical
density at this‘péint represents a condition where the two
forms, HA and A-, are present in the solution in equal
concentrations. Since from equation 12; when HA and A~ are
present in equal concentration, d,, will be half of the sum

of d,- and duws , and therefore d, - d,.= 4. - d,, , thus
d,. -
PKy, = pH + log ——— = pH + 0 = pH
Buffer Solutions dp = dua

A series of buffer solutions of various pH values
were first prepared. Buffer solutions used to determine
first ionization constants ranged from pH= 2.0 to pH=L.0
with intervals of 0.2 pH units. Each buffer solution was
kept to a constant ionic strength of 0.01. In the case of
the aminosalicylie acids, buffers ranged from pH=1.0 to
pH=6.0 with constant ionic strength of 0.1l.




Up to pH=2.l, the buffer solutions were prepared
from hydrochloric acid and potassium chloride. An example
of making this kind of solution is shown in Appendix IV.

Monochloroacetate, formate and acetate buffers, used
for the pH values above 2.l, were made according to thé
suggestions of Bates (5). An example of the preparation of
a buffer solution of pH= 3.6 with ionic strength of 0.01 is

shown in Appendix V.

Acid Stock Solutions

Stock solutions of most of the substitubted salicylic
acids were prepared by warming a sufficient quantity of the
acid in approximately 300 ml. of distilled water for one
minute. Decarboxylation of the acid was assumed to Dbe
negligible at this temperature ( about 80°C ). The solution
was diluted to 500 ml. in order to make the concentration of
the acid about 1.0x10-3 to 3.0x10"3M and transfered to the
regervoir of a 10 ml. automatic burette. Some of the acid
;;iﬁggéns were prepared”bﬁ:diéééiiing,the acid in 0.005N

sodium hydroxide solution.

Optical Densities and pH Measurements

Measurements of optical density were made with a

Beckman Modsl DK Spectrophotometer. Matched silica cells

35
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of lcm. length were used throughout. The temperature of

the cell compartment being kept at 25:19C by balancing of

the heater adjustment and the flow of cooling water.

The change of absorbance line due to the deviation of
1°C was so small that it could be neglected.

In order to secube a suitable wavelength for study,
complete ultraviolet absorption spectra of each of the
acids were obtained at pH values approximating strongly
acidic, intermediate and strongly alkaline conditions in
the region of 200 -400 mp. The spectra of the acids that
were recorded are given in Fig. § through 21. A suitable
wavelength was chosen where the optical density differences
between the three absorption curves were the largest.

Once selected, the wavelength drum was set at the chosen
value throughout all the measurements of one particular
acid.

A series of determinations of optical densities
at this wavelength and at various hydronium ion concentrations
were made in the following manner. Five milliliter portions
of the acid stock solution were delivered into 50 ml.
volumetric flasks and diluted to the mark with the buffer
solutionslpreviously prepared. Without undue delay the
absorbance of each resulting solution was recorded and its

PH immediately measured.by using a Radiometer (pH MLC
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Kopenhagen ) equipped with a glass (0.202 B ) and a Calomel
electrode ( K100 ). The solution to be measured was contain-
ed in a U-tube suspended in a constant temperature ( 25+ 0.1°C)
water bath. NBS (National Bureau of Standards) potassium
tetroxalate buffer (pH=1.68 at 25°C) was used as & standard
for measurements below pH=2.80. For the measurements of
higher pH the meter was standardized with NBS potassium
hydrogen phthalate buffer (pH=4.01 at 25°C).
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RESULTS

The results of the determination of ionization
constants of substituted salicylic acids at 25°C are shown
in this section.

The ultraviolet absorption spectra of substituted
salicylic acids in aqueous solution in various buffers are
given in Figures 5 through 21.

In Table 2 through Table 16 the pH and corresponding
absorbance of the various buffered solutions are given toge-
ther with a symbol denoting the kind of buffer used:; ClA,
F, Ac and NHB refer to chloroacetate, formate, acetate and
ammonia buffers, respectively. For aminosalicylic acids
the interpolated pH values from Figure 22 and Figure 23 are
also recorded. The pH versus absorbance of aminosalicylic
acids plots constructed from the experimental data are shown
in Figure 22 and Figure 23.

The ionization constants computed from Equation 38
by the Fortran Progrem of Appendix I are ligsted in Table 19.
A consideration of the values of pK shows that electron
withdrawing substituents aid in the ionization of the
salieylic acids. Further appraisal will be given in the
Discussion.

The overlapping ionization constants of the - and




S-aminosalicylic acids computed by the method of Dunn and
Leggate ( Appendix II ) from Equations 28 and 29 are listed
in Table 20. |

As far as the uncertainty in the computation of
ionization constants is concerned, a probable error of
¥0.01 was taken for all values of the measured absorbance
( d ) and of the measured pH. Errors in the data of absor-
bance were due to the fluctuation in the performence of the
instrument, the reading of a "noisy" line on graph paper or
the 0 - 100% adjustments. BErrors in the data of pH arose
from the calibration of the instrumsnt. The squares of the
reciprocals of these uncertainties were used as weighting
factors for d and pH in solving Equations 28,29 and 38 for

K It was observed that changing the uncertainty from

a*
+£0.005 to :0.02 for both optical density and pH produced
no significant change in the computed values of the ioniza-
tion constants. The uncertainties shown for K and pK in

Tables 19 and 20 are the standard errors in the solution of

BEquation 38, 28 or 29 as appropriate.

39
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Figures 5 through 21
Ultraviolet absorption spectra of aqueous
solutions of substituted salicylic acids
at 25°C.
(1) 1.0N HC1l (pH=0), o~ T
(2) Formate buffer (pH=3), A~

(3) Ammonia buffer (pH=9), P A,
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Tables 2 through 16

Experimental data of pH and corresponding

absorbance of the various buffered

solutions.,

A : ionie strength

¢ : concentration

t : temperature

X : wavelength

d : optical density ( absorbance, log.fg )
ClA : monochloroacetate buffer :

F : formate buffer
Ac : acetate buffer

‘ NHB : ammonia buffer
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TABLE 2
SALICYLIC ACID
u=0,0I t=25°¢,

¢=2.5xI0 ™ X =313 mp

Buffer pH d
1.0NHC1 ~Q 0.653

HC1 0.649t0.010 0.652:0,010

HC1 1.115 0.648
HC1 1.538 0.639
HC1 2.065 0.617
HC1 2.291 0.593
Hel 2.1489 0.570
Cla 2.702 0.533
Cla 2.897 0.500
ClA 3.075 0.470
cla 3.276 0.432
Cla 3.482 0.405
3.628 0.387
3.817 0.369
F 3.999 0.357
Ae 4.970 0.328
Ac 5.832 0.328
NH3 9 0.328
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TABLE 3

L4 ~-METHOXYSALICYLIC ACID
u=0.01 =250
e=1.4x10"ty A =305mp

Buffer pH

1.0NHC1 ~0

HCY 0.630:0.010

HC1 1.153

HC1 1.650

HC1 2.108

HCL 2.332

c1A 2.552

cla 2.763

ClA 2.978

C1lA 3.112

cla 3.341

F 3.56k

F 3.818

F 4. 056

Ac L.365

Ac 5.029

Ac 5.854

NH3 9

d

0.575
0.575+0.010
0.566
0.561
0.550
0.540
0.522
0.505
0.475
0.456
0.425
0.385
0.347
0.325
0.308
0,299
0.291
0.289
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TABLE U
}4~HYDROXYSALICYLIC ACID
u=0.01 =259
c=0.4x10"ly *=255mp
Buffer pH
1.0NHC1 ~0
HC1 0.636:0,010
HC1 1.143
HC1 1.62
HC1 2.068
301 2.275
HC1 2.467
Ccla 2.61l
ClA 2.855
ClA 3.000
ClA 3.145
Cla 3.4400
3.605
3.794
F 3.991
Ac h.982
Ac 6.556
NHj 9

d

0.542
0.542:0,010
0.542
0.539
0.527
0.521
0.510
0.500
0.476
0.460
o.llyl
0.411
0.388
0.371
0.355
0.330

0.329
0.328
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TABLE 5
L =ETHOXYSALICYLIC ACID
u=0.01 t=25°¢
c=1.6x10 by X =305mp
Buffer pH
1.0NHC1 ~ 0
HC1 0.659:0.010
HC1 1.148
HC1 1.566
HC1 2.085
HC1 2.303
Cla 2.511
Cla 2.725
Cla 2.882
Cla 3.098
ClA 3.308
F 3.548
F 3.752
F 3.982
Ac Lh.236
Ac L.983
Ac 5.834
NH3 9

d

0.698
0.69810.010
0.697

0.696

0.665

0.653
0.638

0.609
0.575
0.541
0.498
0.458
0.423
0.399
0.385
0.353
0.353
0.353
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‘PABLE 6
L, ~METHYLSALICYLIC ACID

u=0.01 t=25°C
¢=1.8x10bu X =308mp
Buffer pH
1.0NHC1 ~0
HC1l 0.62720.010
HCl1 1.092
HC1 1.630
HC1 2,081
HC1 2.297
HC1 2.481
cla 2.634
Cla 2.893
Cla 3.056
Cla 3.202
Cla .3.487
F 3.678
F 3.863
F 4.071
Ac 5.053
Ac 6.028
9

NH,

d

0.763
0.763:0.010
0.760
0.758
0.730
0.720
0.701
0.682
0.655
0.625
0.603
0.565
0.54k
0.52}
0.515
0.483
0.478
0.478
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TABLE 6B

5-METHYLSALICYLIC ACID

u=0.01 t=25°c
c=2.5x10"by X =325mp
Buffer pH d
1.0NHC1 ~0 0.681
HC1 0.680%0.010 0.678:0.,010
HC1 1.174 0.666
HC1 1.642 0.659
HC1 2.135 0.632
HC1 2.345 0.613
Cla 2.555 0.585
cla 2.759 0.547
ClA 2.913 0.507
Cla 3.126 0. 446l
Cla 3.337 0.h2h
F 3.578 0.388
3.774L 0.365
F .02y 0.342
Ac l.29L 0.327
Ac 4.993 0.307
Ac 5.855 0.306
NH; 9 0.306
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TABLE 7

3-METHYLSALICYLIC ACID
u=0.01 +=25°¢
c=2.hx10-uM X =318mp

Buffer pH

1.0NHC1 ~0

HC1 0.65920,010

HC1 1.148

HC1 1.568

HC1 2.076

HC1 2.300

ClA 2.500

61a 2.732

c1A 2.882

cla 3.081

Cla 3.298

Cc1a 3.495

F 3.63L

3.832

F 1,016

Ac L,.981

Ac 5.845

NH 9

d

0.720
0.71610.010
0.717
0.711
0.683
0.660
0.633
0.595
0.550
0.508
0.470
0.436
0.410
0.392
0.382
0.346
0.346
0.345

66




© ® =N oVl W o -

I S e I T
e N U Y = VER RO

TABLE 8

5-HYDROXYSALICYLIC ACID

u=0.01 t=25°C
e=2.2x10"ty A=337mp
Buffer PH
1.0NHC1 ~ 0
HC1 0.624+0.010
HC1 1.113
HC1 1.558
HC1 2.060
HC1 2.278
HC1 2.472
cla 2.680
cla 2.883
ClA 3.07h4
ClA 3.278
Cla 3.488
ClA 3.500
F 3.651
3.826
F 3.982
Ac 4.983
Ac 5.852
NH4 9

d

0.819
0.818+0.010
0.817
0.80l
0.786
0.770
0.746
0.71h
0.683
0.647
0.618
0.585
0.583
0.569
0.557
0.549
0.522
0.522
0.521
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TABLE 9

5-METHOXYSALICYLIC ACID

u=0.01 =250 ¢
c=2.0x10 * M X =31 2mp
Buffer pH a
1.0NHC1 ~0 0.598
HC1 0.616£0.010 0.598t0.010
HC1 1.130 0.596
HC1 1.621 0.582
HOL 2.073 0.560
HC1 2.302 0.532
ClA 2.513 0.504
Cla 2.7 0.465
ClA 2.926 0.426
ClA 3.110 0.388
ClA 3.335 0.362
Cla 3.553 0.327
F 3.822 0.300
. OL3 0.285
4.351 0.275
Ac 5.025 0.262
Ac 5.842 0.262
NHy 9 0.262
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TABLE 10

L =-BROMOSALICYLIC ACID

u=0.01 t=25°¢
c=2.0x10-uM A =315mp

Buffer pH

1.0NHC1 ~ 0

HC1 0.616:0.010

HC1 1.140

HC1 1.640

HC1 2,106

HC1 2.348

Cla 2.59%

Cla 2.804

Cla 3.047

Cla 3.266

ClA 3.400

F 3.998

F 4.105

Ac L.y28

Ac 5.043

Ac 5.365

Ac 5.840

NH3 9

d

0.583
0.583:0.010
0.578
0.564
0.531
0.506
0.470
0.447
0.411
0.376
0.369
0.348
0.340
0.331
0.329
0.329
0.329
0.329
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TABLE 11

5-CHLOROSALICYLIC ACID
u=0.01 t=25°¢
¢=3.0x10" " X =325mp

Buffer pPH

1.0NHC1 ~0

HC1 0.651:0.010

HC1 1.147

HC1 1.62)

HC1 2.140

HC1 2.277

HC1 2.4l6

ClA 2.702

ClA 2.892

Cla 3.033

C1lA 3.227

ClA 3.469

F 3.552

F 3.696

F 3.865

Ac 5.019

Ac 5.813

NH; 9

d

0.817
0.817:0.010
0.803
0.780
0.729
0.712
0.693
0.615
0.578
0.549
0.520
0.491
0.482
0.471
0.465
0.4h7
0.441
0.441
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TABLE 12
5-IODOSALICYLIC ACID
u=0.01 t=25°¢
c=3.0x10’“m A =325mp
Buffer pH
1.0NHC1 ~ 0
HC1 0.616:0.010
HC1 1,149
HC1 1.652
HC1 2.095
HC1 2.310
ClA 2.521
Cla 2.673
ClA 2.861
ClA 3.06l
ClA 3.273
cla 3.488
F 3.872
F ). 062
Ac 5.020
Ac 5.840
9

NH3

d

0.805
0.8041:0.010
0.797
0.782
0.745
0.721
0.689
0.660
0.630
0.604
0.585
0.567
0.545
0.540
0.520
0.517
0.517
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TABLE 13

5=-BROMOSALICYLIC ACID

u=0,01 t=25°¢

¢=3.0x10" "y A=328mp

Buffer pH d
1.0NHC1 ~0 0.670

HC1 0.645+0.010 0.6700.010

HC1 1.143 0.660
HC1 1.600 0.638
HC1 2.091 0.591
HC1 2.294 0.552
ClA 2.500 0.512
ClA 2.702 0.469
ClA 2.845 0.429
Cla 3.051 0.393
ClA 3.26l 0.372
cla 3.478 0.352
F 3.705 0.334
F 3.965 0.323
F L.213 0.319
Ac 1.986 0.308
Ac 5.840 0.308
9 0.308
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TABLE 1l
4-CYANOSALICYLIC ACID
u=0.01 t=25°¢
¢=2.0x10 "ty X=33lmp
Buffer pH
1.0NHC1 ~ 0
HC1 0.658:0.010
HC1 1.150
HC1 1.627
HC1 2.080
HC1 2.278
HC1 2.471
Cla 2. 60l
cla 2.841
Cla 3.065
ClA 3.115
ClA 3.351
F 3.566
F 3.760
F 3.946
Ac 14.930
Ac 6.080
NHB 9

d

0.645
0.64020,.010

0.632
0.607
0.561
0.540
0.520
0.501
0.483
0.46l
0.458
0.450
0.437
O.43k
0.431
0.430
0.430
0.430
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TABLE 15

S5=-NITROSALICYLIC ACID

u=0.01 t=25°
c=0.9x10-hM X=310mp
Buffer pH
1.0NHC1 ~0
HC1 0.652:0,010
HC1 1.145
HC1 1.562
HC1 2.082
HC1 2.285
HC1 2. 474
ClA 2.691
Cla 2.88l
ClA 3.060
Cla 3.276
ClA 3.497
F 3.658
3.860
F 4,130
Ac 4.995
Ac 5.815
NHq 9

d

0.946
0.938:0.010
0.933
0.924
0.902
0.890
0.880
0.869
0.858
0.85l
0.850
0.8L46
0.8L5
0.84l
0.843
0.840
0.840
0.840

L
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TABLE 16

Y-NITROSALICYLIC ACID

u=0.01 t=25°C
0=0.8x10"hy A =286mp

Buffer pH

1.0NHC1 ~ 0

HC1 o.6u110.01o

HC1 1.138

HC1 1.610

HC1 2,065

HC1 2.269

HC1 2.457

cla 2,603

cla 2.851

cia 3.033

ClA 3.150

Cla 3.400

F 3.606

F 3.798

F 1. 000

Ac 4.980

Ac 5.800

NH, 9

d

0.405
0.425+0,010
0.439
0.457
0.481
0.493
0.508
0.519
0.528
0.538
0.543
0.549
0.554
0.558
0.560
0.566
0.570
0.570
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Tables 17 and 18
Experimental and interpolated data of
PH and corresponding absorbance of
buffered solutions of aminosalicylie
acids for the calculation of the first
ionization constants (Tables 17A and
184) and for the calculation of the
second ionization constants (Table 17B

and 18B).




TABLE 17A
4=-AMINOSALICYLIC ACID
u=0.1 t=25°c
e=1.6x10 Ly X =31Lmp
Experimental Interpolated
Buffer pH3 a pH2

A 1.0NHCL  ~0 0.280
1 HC1 1.150:0.010 0.323:0.010 5.00
2 HC1 1.327 0.340 L.63
3 HC1 1.533 0.372 .31
L mel 1.736 0.4,05 Iy 08
5 HC1 1.91) 0.445 3.80
6 HC1 2.021 0.470 3.63
7 HC1 2.160 0.494 ﬁ.uu
8 HC1 2,260 0.512 3.30
9 HC1 2.358 0.51l 3.29
10 cla 2.570 0.533 3.12
11 ClA 2.47h 0.533 3.12
12 Cla 2.637 0.545
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TABLE 17B
4~AMINOSALICYLIC ACID
u=0.1 =25
¢=1.6x10 X =31hmp
Experimental Interpolated
Buffer pH2 d PH]

13 ClA 3.200:0,010 0.52510.010 2.1
1l C1A 3.445 0.491 2.1}
15 F 3.63L 0.470 2.02
16 F 3.7hh 0.453 1.95
17 F 3.840 0.437 1.88
18 F 3.934 0.425 1.82
19 F 3.966 0.)22 1.81
20 Ac ly. 265 0.379 1.58
21 Ac L4.480 0.352 1.42
22 Ac 4.690 0.336 1.28
23 Ac )y.861 0.328 1.20
B NH3 9 0.297
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TABLE 184
5-AMINOSALICYLIC ACID

u=0.1 t=25°¢
c=2.3x10 X =315mp
Experimental Interpolated
Buffer pHy d pHo

A 1.00HC1 ~O 0.580
1 HC1 1.534:0.,010 0.530:0.010 6.3l
2 HC1 1.754 o.soé 6.06
3 HC1 1.908 0.478 5.8l
L HC1 2,016 0.466 5.76
5 HC1 2,166 0.439 5.61
6 HC1 2.260 0.425 S+54
7 HC1 2.349 0.413 547
8 HC1 2.475 0.390 5.32
9 ClA 2.570 0.378 5.24
10 C1lA 2.630 0.370 5.18
11 Cla 2.858 0.348 .99
12 Cla 3.005 0.333 L4.81
13 Cla 3.189 0.322 4.63
1l Cla 3.438 0.311 4. 40
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TABLE 18B
5=-AMINOSALICYLIC ACID
u=0.1 t=25°¢
c=2.3x10'hM A =315mp
BExperimental
Buffer pH»o d
15 Ac 4.257:0.010 0.304:0.010
16 Ac L.482 0.316
17 Ac 4.686 0.323
18 Ac 4.860 0.337
19 Ac 5.080 0.360
20 Ac 5.150 0.365
21 Ac 5.233 0.377
22 Ac 5.353 0.394
23 Ac 5.547 0.42l
2l Ac 5.685 0.455
25 Ac 5.983 0.496
26 Ac 6.254 0.525
B NHj 9 0.590

Interpolated

PHy

3.63
3.31
3.17
2.95
2.71
2.66
2.57
2.45
2.25
2.05
1.77
1.57
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Figures 22 and 23

Plotted experimental data of
Tables 17 and 18 of amino-
saliceylic acids.
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Table 19

Computed first ionization constants of
substituted salicylic acids.

Salicylic acid

Substituent PK
4=CH30 3.274 + 0.015
}4-OH 3.197 * 0.006
4=CoHg0 3.168 * 0.01)
u-CHB 3.081t 0.019
S—CH3 2.999 ¥ 0.01L
3-CH3 2.986 ¢ 0.013‘

2.956 £ 0.012

5-0H 2.952t 0.010
5-CH30 2.907 ¥ 0.011

L-Br 2.701 * 0.017

5-C1 2.668 + 0.022

5-1 2.667 t 0,019

5-Br 2.582ro0.01y 0
L-CN 2.318 * 0.016

5-N0, 2.285x 0.01

L'."NOa

2.275+ 0.032
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DISCUSSION

The apparent ionization constants of substituted
salicylic acids computed from the IBM 1620 Computer were
corrected according to Kielland (35) to give thermodynamic

ionization constants.

Ay Oy- Chs fur - Ca- I ,
Ktherm. = a = (42)
: HA Cua Tha
where G : activity..
C : concentration.
f : activity coefficient.

Kiherm., ¢ thermodynamie ionization constant.
The value of Ciw+fywas determined from the pH of the
solution. The activity coefficient of neutral molecule, ﬁ“,

was assumed to be unity. Therefore, Equation lj2 becomes

Gy £,0 Gy
Kinerm. = o L= Kobs., o (43)
H
and Phinerm. = PRopg, = 108 fa- (L)

where Kypg: observed (apparent ) ionization constant.
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Since no data are available for the activity coeffi-
cients for each of the substituted salicylate anions, all
corrections were based on the activity coefficient of the
salicylate anion ( CgH)OHCOO™ ). For the solution ionic
strength 0.01, f,=0.929 and logf,= =0.032 ; for ionic streng-
th 0.1, 1,=0.835 and logf,= =0.080 (35). These were substi-
tuted into Equation L.

Table 21 shows the thermodynamic ionization constants
'determined in this laboratory together with those from
previous papers. The Table was arranged according to the
order of increasing acid strength.

Comparing present work with previous data, a fairly
good agreement is evident with the exception of the nitro-
salicylic acids. The stronger acidity of l-nitrosalieylic
acid compared to that of the S-nitrosalicylic acid observed
in the present work agrees with the general observation
that a nitro group at the para-position with respect to the
carboxyl in an aromatic acid enhances the strength more than
when it occupies the meta=-position.

The previous values of K's of nitrosalicylic acids
were obtained from conductivity data ( 17,15,16 ) and it is
probable that they are too large because the nitro group
increases the acidity of the phenoliec -0OH to such an extent

that it contributes significantly to the conductivity.
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The possible existence of hydrogen bonding between
the carboxyl group and ortho-hydroxy group of para- or meta-
substituted salicylic acid has led Jaffe (31) to suggest
that the effect of the l- or 5-substituent on the ionization
constant of salicylic acid may be exerted through two paths 3
one path is through to the phenolic hydrogen bond ; the
other one is centered on the carboxyl group. According to
this theory the pK's of those acids should fit the two-

parameter Hammett equation.

tog — = R4+ .4, [
Ko

where d, end ¢, refer to the substituent constants of the
substituent ( 5- and L= ) relative to the points of attach-
ments 1 and 2 of the side chain, respectively. Rho 1 (§})
and rho 2 (f}) are their respective reaction constants.

Jaffe (31) found that the data of Shorter et al.(58)
for six substituted salicylic acids fit the simple Hammett
relationship, Equation 31, better than the two-parameter
one, Equation 48. He attributed this to the fact that,
for his six acids, ¢, and éz'were linearly related with a
6orrelation coefficienéﬁ%? 0.918. He proposed that Y;,>099
is the limit of usefulness of Equation 48, i.e. if Y, >09,
Equation 48 can not be distinguished from Equation 31.
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This is because &, and 4, are linearly related when ¥, >o0.9
Hence,

8 =G 6, (50)

where (¢ is a constant. It follows that

log — = P4 + %6,
o fchs Bk
= (pc+ )6, (51)

The above equation is obviously a type of one-parameter
Hammett equation.

Sigma 1's (6s) and sigma 2's (§s)( 27 ) for the
fifteen substituted saliecylic acids of the present investi-
gation are listed in Table 22. The correlation coefficient,

Yes., betwsen 6, and ¢, was calculated according to Deming
(14).
(g'— Zv )Céz‘ 62

Y0 = 2. (49)
\/CZ 6\2')" gnz.)( z {22‘“ -612)

The data in Table 22 were substituted into Equation 49 and
the correlation coefficient Xg&was calculated to be 0.67h.
A graph of &, versus ¢, in the present study is shown in

Figure 2l.




Table 22

Substituent constants of substituted

salicylic acids used in the two-parameter
Hammett equation.

Subgtituent

Salicyliec Acid

L=Methoxy
l=Bromo
L-Ethoxy
h-Cyano
h=Nitro
L-Hydroxy
l=Me thyl
5-Methoxy
5=Chloro
£-Bromo
S=Nitro
5-Iodo
5=Methyl
S-Hydroxy

of

0
=0.268
+0.232
=-0.24
+0.66
+0.778
=0.37
-0.170
+0.115
+0.373
+0.391
+0.710
+0,.352
=0.069
+0.121

So___

0
+0.115
+0.391
+0.1
+0.56
+0.710
+0.121
=0.069
-0.268
+0,227
+0.232
+1.27
+0.276
=0.170
=0.37
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Because the Y, was calculated to be much less than
0.9 our data cen be thus used to test the relative fits of
Equation 48 and Equation 31 to the ionization constants of
substituted salicylic acids. ‘

Equation U8 was tested by rearranging it into the

form

log K - log X,
6\

= D ‘2 ) + § (52)

The general form of Equetion 52 is y=ax+b which is a
straight line. If a plot of y versus x corresponding to
each substituted salicylic acid is constructed, the slope
of the line gives {, and the distance between the origin and
the intersect of the line on the y axis gives ﬁ . The
calculated y's and x's are listed in Table 23. These values
are plotted in Figure 25.- If Bquation 52 should be appli-
cable to correlate the pK's of substituted salieylic acids,
all points in Figure 25 would be on a single straight line.
The randommess of those points disproves the usefulness of
Equation L48.

Having proved that Equation I8 does not fit the pK's

of substituted salicylic acids, a simple Hammett equation

K
log — =P6 (31)

Ko
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Table 23

Values of y and x for testing
Equation 52.

Substituted y= ﬁ‘—’ﬂ% x= jf
salicylic Acid . _“
l-Methoxy 1.187 -0.429
Lj-Bromo 1.099 1.685
Lh~Ethoxy 0.883 -0.417
}~Cyano 0.966 0.848
L-Nitro 0.875 0.913
-Hydroxy 0.651 -0.327
lj-Me thyl 0.735 0.4406
5-Methoxy 0.426 =2.330
S-Chloro 0.772 0.609
S=-Bromo 0.956 0.593
5-Nitro 0.945 1.789
5=Iodo 0.821 0.78L
5-Methyl 0.623 2.46l4

S-Hydroxy 0.050 -3,058
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was tested and the plot of Hammett sigma versus log XK shown
in Figure 26 gives a very good correlation. The correlation
coefficient between log K and 6’, XLﬂKg s, was calculated to
be 0.98l as compared to Jaffe's value of 0.978 (29) which
was €stimated by using data from the work of Shorter et al.
(58). |

The least squares method ( Appendix III ) was used to
compute the slope of the line ( { ) through the given points
end this eliminates a certain arbitrariness with which the
same line mightibe drawn visually. The rho was computed to
be +0.898 t 0.039. This agrees fairly well with Jaffe's
requirement that { for ortho-substituted benzoic acids is
equal to 1. A rvho of 1.103 was reported from the information
obtained from Shorter's six substituted salicylic acids (58)
by Jaffe (29).

Before consideration can be given to the question
why the pK's of substituted salicylic acids fit the one-
parameter Hammett equation, one should exemine the evidence
for intramolecular hydrogen bonding of salicylic acid between
the hydroxy group and the carboxylic oxygén atom (4, 39, 51).
Table 2l presents data from Reference (51). The abnormal
acid strengths of ortho-hydroxy benzoie acids can not be
predicted solely from a consideration of the electronic

effects of the substituents and steric factors; intramolecular
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Ionization constants of hydroxybenzoic
acids as compared to the parent acid (51).

Substituent 105k K/K(benzoic)
Benzoic Acid 6.27 1

o-Hydroxy 101 16.1
m-Hydroxy 8.33% 1.33
p-Hydroxy 2.95 0.47
2,6=Dihydroxy 5200 830

# Data taken from Reference

(39).
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hydrogen bonding between the hydroxy group and the carboxylic

oxygen atom was postulated to stablize the carboxylate anion

(4).

P
()

0—H

The recent evidence of intramolecular hydrogen bonding of sali-
eylic acid is due to Shigorin (24). He showed the IR spectro-
scopic characteristics of the hydrogen bond between 3200 and
3600 em~! of salicylic acid and similar compounds. This

kind of characteristic intramolecular hydrogen bonding of
salicylic acid is also shown by Korobkov (38) in organic
solvents, such as CClp, dioxane and ether.

There are at least two possible ways to explain why
the dissociation of substituted salicylic acids can be corre-
lated with Equation 31.

One way to interpret the data is to assume that no
hydrogen bond exists between the hydroxy group and the carbo-
xylie oxygen atom. The effect of the ortho-hydroxy group
on the acid strength is then considered to be througth
normal elsctronic displacement. Therefore, the following

relationship could be expressed :
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K
log — = P (4 +¢u) (53)
KO

where & is the substituent constant of para- or meta-
substituent relative to the reacting site and 6.y represents
the effect of OH group on the reacting site. 62H is a
constant because it is Sama througthout the reaction series.

Bquation 53 may be also written

log K = 6 + (§6,,+ log K, ) (5h)

Since the last term, §{4,,*+LgKo , in Equation 54 is a
constant, the whole expression belongs to the type of one-
parameter Hammett equation. However, if this interpreta-
tion is correct it is very diffieult to explain the data of
Table 24 previously referred to.

The second interpretation of our results is to
assume that the hydrogen bonding between the hydroxy group and
the carboxylic-oxygen atom is so strong that the effect of
para- or meta-substituents on the ionization equilibrium
through the path of hydrogen bond is constant. This might
be the case if the influence of the hydrogen bond on acid

strength is the result of it holding the carboxyl group in
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the plsne of the ring and thus enhancing mesomeric effects.
Then the effect of the ortho-hydroxyl group would be constant
so long as the hydrogen bond is strong enough to maintain
co=-planarity. Consequently, the pK's of substituted
salieylic acids would give a good correlation with Equation
(31).

However, the carboxylate snion of benzoic acid
would have more freedom than that of salieylic acid to
agssume any spatial arrangement relative to the benzens
ring. Thus in the case of benzoic acid mesomeric effects
at the carboxyl center would be expected to be less pronoun-
ced than in the case of salicylic acid which is a stablized
hydrogen bonded species. This interpretation would predict
that rho should be larger for salicylic acids than that for
benzoic acids so that the second interpretation can hardly
be correct.

No single interpretation is available at present
which can include both the previous evidence for chelation

in salieylic acids and our evidence against it.
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With regard to the l~ and 5-aminosalicylic acids,
the ionization constants of the free acids ( K, (Fig.26))
are obtained by interpolation in the Hammett plot using the
known 6L,and d} of aminosalicylic acids as shown in Figure
26. The ionization constants of the individual species,
the isoelectric points and the percentage of zwitterions
at the isoelectric points were calculated from the relation-
ships given in Equation 15 through Equation 21 and shown in
Table 25 together with standard deviations as calculated
according to Topping (62). The literature values of pK's
of aminosalicylic acids are also given in Table 25. The
ionization constants determined in the present work are
probably more reliable than previous values because the
computer enables one to take account of the unobtainable
experimental data for the overlapping portions of the first
and second ionization constants. The thermodynamic ioniza-
tion constants, K,, Kg, and K , of l-aminosalieylic acid
were calculated to be négative with errors larger than the
corresponding values. Since the ionization constant can
not be negative in reality its value must lie between zero
and the maximum value which is obtained by subtraction of
the calculated ionization constant from the positive value
of the error. These are also listed in parentheses in

Table 25.
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Table 25 reveals the interesting and previously
unknown fact that at the isoelectric point lj-aminosaliecylic
acid is almost entirely in the neutral form whereas 5-amino=-

salicylic acid is almost completely zwitterion.
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Table 25

The thermodyamic ionization constants,
the isocelectric points and the percen-
tage of zwitterions of aminosalicylie

acids.

10b%,

PKy

IOth

PK 2

10k,
10k,

104%,

104k 4

K

PHis0e.

%HA3 06,

L-NHp 5-NH2
79.5 + 1.1 57.5¢8.2
2.10t 0,01 2.2l +0.05
1.99(43) 2.74(20)
1.7 (20)
3.80 0,93 0.020Y * 0.0015
3.42 £ 0,09 5.69 * 0,03
3.92(43) 5.81.(20)
3.9 (20}
114.5  43.2 0,100t 0.027
-35.0 4.3 57.L 8.2
(0-28.3)
2.6l £ 0.2 7.31 $0.33
<8463 £ 10.05 0.020k + 0.0015
(0-1.42)
(-0.305:0.495)x10~1 »
(3.5810.31)x10

( 0 - 0.19x1074 )
2.76 3.92
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SUMMARY

1. The first ionization constants of sixteen
substituted salicylic acids have been determined in agueous
solution at 25°C using an improved ultraviolet absorption
spectrophotometric method.

2. The first and seecond ionization constants of
lj= and S5-aminosalicylic acids have also been determined by
using the method of Dunn and Leggate (18).

3. The first ionization eonstants of sixteen
substituted salieylic acids were well correlated with the
simple Hammett equation better than the two-parameter
equation.

L+ Calculations of the zwitterion concentration
of aminosalicylic acids pointed out that, whereas l-amino-
salicylic acid is almost entirely in the neutral form,
S-aminosalicylic acid is almost completely in the zwitter-

ion form.
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APPENDIX I
THE 1620 IBM FORTRAN PROGRAM FOR
SOLVING THE GENERAL EQUATION: Y=(AX+BC)/(C+X)
FOR THE FIRST IONIZATION CONSTANT OF A
SUBSTITUTED SALICYLIC ACID

DIMENSION PH(20),D(20)

READ 2,N, EDHA, EDA, EPK, JA,UPH,UD
FORMAT (I3,F6.3,F6.3,F6.3,I4,F7.3,F7.3)
IF (SENSE SWITCH 1)3,4

ACCEPT 2,N, EDHA, EDA, BPK,JA,UPH,UD
C=EXP(-2.303%EPK)

DO 5 J=1,JA

READ 6,PH(J),D(J)

FORMAT (F6.3,F6.3)

AA"“O L ]

AB=0.. .

AC=0.

A0=0.

BB=0.

BC=0.

BO=0.

CC=0 L ]

¢0=0.

00=0.

DO 8 J=1,JA

X=EXP(=2.303%PH(J))

UX=X={EXP (=2.303%(PH(J)+UPH)))
CX=C+X

FA==X%/CX

FB=-C/CX

FC=X:%( EDHA-EDA) / ( CXs:%:2)
FX=C+(EDA-EDHA) /( CX3s:¢2)

FY:]‘ ®

FO=D(J) - ( EDHA*X+ ( EDA*C) ) /CX
FL=1./( ( (FX#:2) % (UX##2) )+ ( (FYs:2) % (UD2) ) )
AA=AA+ (PAXFA®FL)

AB=AB+ ( FA®FB#FL)

AC=AC+ (FAxFC#FL)
AO=AO+ ( FA*FO*FL)
BB=BB+ ( FB#FB*FL)

BC=BC+ ( FB#*FC+FL)

BO=BO+ ( FB#F0#FL)
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11
12
13

1

APPENDIX I
(econtinued)

CC=CC+ (FC#FC#FL)

CO=CO+ ( FC#FO*FL)

00=00+ ( FO#FO0*FL)

CONTINUE

Pl==AB/AA

PZ=-AC¢AA

P3=BB+ (P1%AB)

PL=BC+( P1#AC)

P5=BO+ ( P1:A0)

P6=-Pl/P3

P7=CC+(P2#AC)+ (P6xPL)

P8=C0+P2:%A0 )+ (P6%P5)

P9=P 2+ (P1%P6)

VC=P8/P7

VB=(P5-(PL*VC))/P3

VA=(AO=-( AC*VC)=(AB*VB))/AA

A=EDHA-VA

B=EDA=VB

C=C=VC

IF (C#%2-VC##2)9,9,11

PRINT 10,N

FORMAT (12HNO SOLUTION I3)

GO TO 18

IF (SENSE SWITCH 2)12,13

ggl(VCW,g-.oooozs%(c**a))13,13,7

C21=(P1=-(P4*C31))/P3

C11=(1.-(AC%C31)~(AB*C21))/AA

c 2=P6/P7
2—(1.-(Pu”032))/P3

Cl2=-( (AB#C22)+(AC%C32))/AA

€33=1./P7

C23==(PL:C33)/P3

C13=-( (AB#C23)+(A0#C33))/AA

2;@?;((AO*AO)/AA)-((PS%PS)/PB)-((P8%P8)/P7)

EXT=3/(AJ=3.0)

SEA=SQRT( C11+#EXT)

SEB=SQRT(C22%EXT)

SEC=SQRT(C33%EXT)

PK=-L0G(C)/2.303

SEPK=PK+(LOG(C+SEC)/2.303

PRINT 14,N,JA

FORMAT (bHRUN NO I3,13H NO POINTS I3)

PRINT 15, EDHA, EDA, EPK
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APPENDIX I
(continued)

15 FORMAT (5HEDHA=F5.3,L4HEDA=FS., 3, HEPK=F5,3)
PRINT 16,4,B,PK
16 FORMAT (LHDHA=F6,l,7TH DA=F6.l,TH PK=F6.l)
PRINT 17, SEA, SEB, SEPK
17 FORMAT (AHSEDHA=F6.l,9H SEDA=F6é.l, 9H SEPK=F6.);)
18 PAUSE
GO TO 1
END
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APPENDIX II
THE 1620 IBM FORTRAN PROGRAM FOR
SOLVING THE GENERAL EQUATION: Y=(A+BCX)/(1+BX)
FOR THE OVERLAPPING IONIZATION CONSTANTS OF
AN AMINOSALICYLIC ACID

DIMENSION PH1(20),PH2(20),D(20)

1 IF (SENSE SWITCHE 1)2,4

2 READ 3,ED1,ED2,EPK1l,UPH,UD,JA,N

3 FORMAT (F7.2,F7.2,F6.2,F6.2,F5.1,13,13)
A=ED1
B=ED2
C=EXP(-2.303:#EPK1)
GO TO 5

li READ 28,ED2,ED3,EPK2,UPH,UD,JA,N

28 FORMAT (F7.2,F7.2,F6.2,F6.2,F5.1,13,13)

A=ED2

B=ED3

C=EXP(-2.303#EPK2)

AT=JA

DO 6 J=1,JA

READ 7,PH1(J),PH2(J),D(J)

FORMAT (F5.3,F5.3,F6,3)

AA=0.0

AB=0.0

AC=0.0

A0=0,.0

BB=0,.0

BC=0.0

B0=0.0

CC=0.0

C0=0.0

00=0.0

DO 12 J=1,JA

IF (SENSE SWITCH 1)9,10

9 X=1.0/(EXP(=2.303%PH1(J))+EXP(-2.303%PH2(J)))
IF (SENSE SWITCH 4)30,31

30 UX=(1.0/(EXP(=2.303%(PH1(J)+UPH) )+EXP(~-2.303:%(PH2(J)+UPH))))=X
GO TO 11

31 UX=X-1.0/(EXP(=2.303:%(PHL(J)=-UPH) )+EXP(~-2,303%(PH2(J)-UPH)))
GO TO 11

o=~
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APPENDIX II
(continued)

10 X=EXP(2.303%PH1(J))+EXP(2.303:PH2(J))
IF §SENSE SWITCH L4)32,33
32 UX=(EXP(2.303#%(PH1(J)+UPH) )+EXP(2.303%(PH2(J)+UPH)))=-X
GO TO 11
33 UX=X-(EXP(2.303%(PH1(J)-UPH) )+EXP(2.303%(PH2(J)~-UPH)))
11 FA==1.0/(1.0+(XxC))
FB=FA#X#C ,
FC=X% (A=B):¢ (FAxx%2)
FD=1.0
FX=C#(A=BO/ (FA%#2)
FO=D(J )+ (FAst ( A+ (B#C#X)))
FL=1.0/ ( (FXst#2)%UX+ ( FD#%2)%UD)
AA=AA+ (FAXFAKFL)
=AB+ ( FA#*FB*FL)
AC=AC+ (FA%FC*FL)
AO=A0+ (FA*FO*FL)
BB=BB+ ( FB#FB*FL)
BC=BC+ ( FB#FC*FL)
BO=BO+ ( FB#*FO#FL)
CC=CC+ ( FC#FC#FL)
CO=CO0+ (FC%*FO®FL)
00=00+ ( FO%FO#*FL)
12 CONTINUE
Pl=-AB/AA
P2==AC/AA
P3=BB+(P1l%AB)
PL4=BC+(P1#AC)
P5=BO+(P1+40)
P6=-Pl/P3
P7=0C+(P2:AC)+ (P6sPL)
P8=CO+(P2%A0}+(P6*P5)
P9=P2+(P1#%P6
- VC=P8/PT7
VB=(P5=(PL*VC))/P3
Va=(A0=(AC#VC)-( AB#VB)) /AL
=A=VA
B=B-VB
C=C=VC
IF (C##2-V(C#%2)13,13,15
13 PRINT 14,N
1l FORMAT (12HNO SOLUTION I3)
GO TO 26
15 IF (SENSE SWITCH 2)16,17
16 IF (VC#t2-1.E-06%(C##2))17,17,8




17

18

20
19

2l
22

23
27

2l

25
26
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APPENDIX II
(continued)

C31=P9/P7
c21=(P1- (Pu%C3l))/
011—(1 o-<ac*c31) (AB*CZI))/AA

C%Z—(l 0-(PL%C32))/P3

Cl2=-( (AB%C22)+(AC%C32))/AA

¢33=1.0/P7

¢23==(PlLC33)/P3

013~-((AB%CZB)+(AC*CB3))/AA

S=00~( (A0#A0) /AA) - ( (PS%P5)/P3) =( (P8P8)/PT)
EXT=3/(AJ=3.0)

SEA=SQRT(C11#EXT)

SEB=SQRT( C22%EXT)

SEC=SQRT( C33+EXT)

PK=-=10G(C)/2.303

PRINT 18,N,JA

FORMAT (6HRUN NO I3,13H NO POINTS I3)

IF (SENSE SWITCH 1) 20, 23

PRINT 19,ED1,ED2,EPK1l

FORMAT (LHED1=F).0,7H ED2=F}.0,8H EPK1=Fl.2)
PRINT 21,4,B,C,PK

FORMAT (3HD1=F6.0,6H D2=F6.0,6H K1=E1O.4,7H PK1=Fb.l)
PRINT 22, SEA, SEB, SEC

FORMAT (BHSED1=Fb6.l,8H SED2=F6.l,8H SEK1=E10.l)
GO TO 26

PRINT 27,ED2,ED3,EPK2

FORMAT (uHEnz-Fu 2,7H ED3=F4.2,8H EPK2=Fl.2)
PRINT 24,4,B,C,PK

FORMAT (3HD2=Fb.l,6H D3=Fé.4,6H K2=E10.4,7H PK2=F6.l;)
PRINT 25, SEA, SEB, SEC

FORMAT (5HSED2=Fb.l,8H SED3=Fb.l,8H SEK2=E10.l)
PAUSE

GO TO 1

END




APPENDIX III
THE 1620 IBM FORTRAN PROGRAM FOR
SOLVING THE GENERAL EQUATION: Y=AX+B FOR THE
- REACTION CONSTANT,RHO,IN THE IONIZATION OF
SUBSTITUTED SALICYLIC ACIDS
DIMENSION x§u0) Y(40)

READ 2, N,
FORMAT (I3, Il)
AJ=JA

DO 3 J=1,JA

'READ L4, X(J), Y(J)

FORMAT (E11l.l,E11.l)
x1=0.

XY=0.
DO 5 J=1,JA
Xl-Xl+X(J)

- Y1=Y1+Y(J)

X2=X2+X(J )2

Y2=Y2+Y(J )2

XY=XY+X(J)*Y(J)

XM=X1/AJ

YM=Y1/AJ

XS=X2-AJ% ( XMe2)

YS=Y2=AJ% ( YMe2)

XYS=XY~AJ#XMYM

A=XYS/XS

B=YM=A%XM

SEA=SQRT( (¥S/XS=-A%%2)/(AT=2.))
SEB=SEA*SQRT(X2/AJ)

PRINT 6, N,JA

FORMAT (///8HRUN NO -13, 15H NO POINTS =I3)

PRINT 7, A,SEA

FORMAT (/ZHA—Ell u,7H SEA=E11l.l)

PRINT 8, B,SEB

FORMAT (2HB=E1l.4,7H  SEB=E1l.l)

IF (SENSE SWITCH 1)9,11

DO 12 J=1,JA

YC—A%X(J)+B

PRINT 10, X(J),¥(J),YC

FORMAT (B11. u,Ell h,Ell.h)

PAUSE

GO TO 1

END
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APPENDIX IV
PREPARATION OF HCl BUFFERS
As an example, consider that a 400 ml. solution of
pH=2.l4 with ionic strength 0.0l was required.
pH=2.l4
{ #*EL. 0x1073y
Calculating the volume (ml.) of HCl stock solution (0.1000N)
needed:
X
0.1000 —— = L4.0x10™>
400
X=16 ml.
The concentration of KCl required in order to keep ioniec
strength of the buffer solution at 0.01 was
0.01 = 0.004 = 0.006 M

Calculating the volume (ml.) of KCl stock solution (0.1000N)

needed:
Y B
0.1000 = 0,006
4,00
Y=24 ml.

Therefore, a 400 ml. buffer solution with pH=2.4 and ioniec

strength 0,01 could be made from

16 ml1. 0.1000N HCl

2l mi. 0.1000N KC1l

Diluted to 400 ml. with distilled
water.




APPENDIX V
PREPARATION OF CARBOXYLATE BUFFERS
A buffer solution of pH=3.6 with ionic strength
0,01 was prepared by mixing 100 ml. of a solution A (0.005N
HCOONa and 0.005N KCl) and the required volume of a solution
B (0.02W HCl and 0.01N KCl) which is calculated as follows:

Ka

HCOOH Bt + Hcoo™

~ {#") [ HCOO™)

K
a [ HGOOH )
+ [HCO07]
log K, = log [H') + leg— —
{HCOOH)
{HC00™)
PK, = pH - log —
& {HCOOH]
Since PEycoog = 3-75
HCO0 ™
Then lOg —_— = 306“3075 = e 0015
{HCOOH)
{HCOOH)
—— = 1l.41 (40)
{HCO0~]
Since HC1 + HCOONa —— HCOOH + NaCl
and HCOO™ + HCOOH = 5x10™H molss

HCOO™ = 5x10™4 - HCOOH (41)
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Substituting Eg. 41 into Eg. 40,

HCOOH

, — 1.41
5x1074 - ECOOH
HCOOH = 2,92x10~4
Therefore, 2.92x10~% moles HCL wes needed and the volume {ml.) of
0.02l HC1 required was
0.02
————— X = 2.92x107%
1000
X =146 ml.
A buffer solution with pH = 3.6 and jonic strength 0.0l was, therefore,
made from
0.0058 HCOUWa
Solution A ¢ 100 ml.{
00,0058 KCL
0.02N HCL
Solution B ¢ 1kh.6 ml.l
0.014 KC1
The ionic strength 0.0l of the above buffer solution with
pH= 3.6 was checked as follows:
The contribution to the ionic strength due to the ionization
of formic acid was negligible so long as less than 25 ml. of Solution B
was used per 100 ml. of Sclution A.

The ecuation for the reaction in solution was represented as

follows:
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HCl + HCOONa —— HCOOH + NaCl

The concentration of each component in that solution was
leo'h - 2.92x10"h
2.92x10"%

HCOONa

(2]

NaCl

LX)

K61  : 5x1074

KC1 : (2.92/2);;10")4
The total concentration was ll.thlOauw&aby adding up the
above four. Since the total volume of the buffer solution

was 1lll.6 ml. , the ionic strength was obtained as follows:

11.16x10" 4
11h4.6

x 1000 = 0,01

Two values of pH and their corresponding volumes
of Solution B were then calculated for the monochloroacetate,
formate and acetate buffer, respectively. These data were
plotted on a graph of pH versus volume of Solution B with
constant volume of Solution A. By connecting the two
points for each buffer, three straight lines were obtained
as shgwn in Fig. 4. These calculated values were compared
with measured values of pH. Because the values 6f the
concentration of Solutions A and B may not have been exactly
as those noted in Fig. lj, corrected lines using the measured

PH were constructed.




Fig. L. A plot from which the volume of
Solution B can be read which must be
added to a 100 ml. of Solution A to give
the desired pH.

(1) Monochloroacetate Buffer, — —————
(2) Formate Buffer, e
(3) Acetate Buffer, —— e
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