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CHAPTER I-
INTRODUCTION
Historical

By 1850 Arrhenius' thecry of ionic¢ dissociation had not been pro-
posed; acid strengths were.raferred to as their "avidities." In 1854
Julius Thomsen.(l) attempted to compare,avidities of acid pairs by ther-
mochemical means as the acids competed for a common base. After study-
ing hydrolysis rates of esters Ostwald (2) in 1884 attempted to put these
avidities into a somewhat more quantitative scheme by Kohlrausch's tech~
nique of conductivity. Ostwald studied hydrochloric, acetic, dichloro-
acetic, and a few other acids. Still, these avidities did not ‘seem to-
fit into any one scheme..

In 1883 Arrehenius published a paper (3) on the ionic.dissociation
of electrolytes. By 1889 Ostwald had measured more than 240 acids at
various concentraticns conductimetrically and was in a-.position to make’
a further breakthrough in explaining these avidities, In that year he
published (4) the results of his-conductivity studies and proposed that
there exists a. constant, K, such that for a particular acid K = LiC/(Ld
(LO - Lc)) where,Lc,is the conductivity at a given concentration, C, and
LO is the conductivity extrapolated to ipfinite dilution,

In the next few years many systems were studied and the technique
of conductivity refined. During this period of time the major contribu-

tion to electrolyte theory was the Debye and Huckel (5) theoretical der-



ivation of an activity coefficient expression, which explained the ex-
perimentally observed square root dependence of the logarithm.of the
activity coefficient, log (Y), upon the ilonic. strength, u.

Harned and Ehlers in 1932 (6) were able to revolutionize the exper=
imental ‘study of acid strengths. They studied the emf for a.buffered

cell of the type:

Pt/HZ/HA, ml;'MA! m, MX, m3/Ag01/Ag

where my was the molality of the weak acid (they first studied acetic

acid), m, was the molality of some alkali metal ion (generally Naf or

2

K+), and m, was the molality of some.halide (genérally Cl7). The value

3

obtained at ZSOC, 1.750 x 10_5, for the ionization constant of acetic
acid was in excellent agreement with that obtained'at>25°C'from conduc-
tivity (7), 1.752 x 10_5a - At -the saﬁe time Harned and Ehlers obtained
the thermodynamic ioniiation‘constantiat twelve other temperatures
ranging from 0°c to 60°C. From this temperature dependence of the ioni-.
zation -constant ‘they were able to calculate AHO, ASO; and ACpo of the’
ionization reaction, each as a function of temperature.

The most recent assault on the problem of ionization thermodynamics
has been made by a group at Brigham Young University (8) who perfacted a
titration calorimeter that can measure a total heat of 4 cal. to.0.1%.
They obtain AHO, ASQ, and AGQ from a single experiment at one tempera-
ture,

So long as one has a monobaSic acid, HA, straightforward extrapola-
tion of emf data to zero ionic-strengfh will yield the thermodynamic
acidity constant (9). If the acid is -dibasic, HZA,'orvpolybasic, HnA’

the ;problem is much more complex:



«v. 'overlapping of the successive ionizatien steps. When
the ratio of the thermodynamic. constants for the primary and
secondary steps, Kl/KZ’ is less than 500 to 1000, as it ’'is for
most of the common aliphatic dicarboxylic acids and many sub-
stituted benzoic acids, the ionic.and molecular .concentrations"
cannot be established with sufficient accuracy by considera-<
tion of a single equilibrium, Hence; a determination of the
constants oftén requires laborious arithmetical approximations'.
(10)

It can be-:shown that the minimum number of arithmetic operations requir~

e e . 3 .
ed to evaluate n ionization constants. is about n"(n-1)!; for n = 6 this

is 25920 and for n = 10 it becomes 362880000. These figures make it im-
possible to solvé the problem '"correctly" by hand for large n. Even for
high speed computers some probléms are encountered at n greater than 10,

Once. the n ionization constants are available at various tempera-

(o}

o o
tures, AG,, ‘AS,
i i

i
ated with solvation, AH? with bond breaking in the ‘acid molecule;.and

s AHE, and AS; can be calculated. Roughly, Asz‘is associ-

AG; with the overall acidity (11)., Often AG? is related to AHz’by

(o}

theory, as will be seen in Chapter III., Thus, AHi

e}
, and ASi are of po-
tential value to a better.understanding of icnizatien processes in.solu-—

tion.

Until this study only ome, carboxylic acid, citfic acid (12) with n-

Q

greater than 2 had been studied so 'as to 'yield ASE and'AHia

All inter-.

pretations regarding acidity were previously based upon AG If the

o
iO
above association of AS? with solvation and AH? with bond breaking is at
all correct, considerable insight into multiple ionizations should be -
obtained from AHi‘and AS? data.

When n becomes large as in the ionization of ‘a pretein or polymer
several simplifying assumptions are made (13) to treat the ionizatien

data, In such treatments a large number of the ionizing groups is treat-

ed as if the individual ionization steps had approximately the.same ther-



modynamics. Therefore, along with these simplifying assumptions, goes
any insight "into the detailed differences between the ‘individual ioniza-

tions,that%might otherwise have been obtained.
Statement of Problem

It became obvious.from.an~analysis'of~pK data that these or AGO
data.alone do not coney too much information on ignization processes.,
Other thermodynamic 'properties lend themselves to.a wider interpretation
and to this end a number of theories have been developed whigﬁ attempt:
to correlate trends in AH? and AS?. In summary the content of this
thesis describes the accumulation of thermodynamic. .data and our effort
to bring these theories to bear to interpret the data by changes at the
microscoépic level.,

It was observed that AH?‘becomes mbre‘negative upon. successive
ionization for dibasic aliphatic acids and citric acid. Since the-car--
boxyl and/or the carboxylate groups were able to rotate and poessibly
interact in nearly all of the aliphatic acids examined, it was.postulated
that the trends to a more negative AH? on higher ionizations might be re-
lated to a proximity effect‘involvingAthe carboxyl and carboxylate moie-
ties. The first cbjective was to test this hypothesis by selecting acids
in which the groups were in a locked configuration, Among the alipha-
tics, maleic and fumaric had already been characterized. In the begin-
ning 1,3-benzenedi and 1,3,5-benzenetricarboxylic acids were chosen. To
close the cycle proximity effects, if they are'real, must be examined in
the aromatic series. Consequently a number-of acids with ortho-pair
arrangements were examined, these were: 1,2,3-benzenetri, 1,2,4-benzene~

tri, 1,2,4,5-benzenetetra, 1,2,3,4,5,6-benzenehexacarboxylic acid. Citric.



acid does not fit into the general scheme of acids examined by wvirtue of.
the presence of a hydroxyl group on the 3-carbon position. It does of-
fer an opportunity, however, to investigate the effect of the OH on ioni-
zation by making compariseon with 1,2,3-propanetri-carboxylic ‘acid. This
bas been done.

The majority of -ionization studies on carboxylic acid polymers or
copolymers have been made on polymers of -aliphatic acids. To prepare
oligomers of these which have a characteristic molecular weight is dif=
ficult. Interpretatiocn of the polymer propagation process produces
oligomer fractions within Whichlthekmolecular weight and tacticity vary.
A significant question which was raised from the consideration of poly-
mertacticity was the interpretation of the difference in ionization
properties of diastereoisomerA%orms of the same acid. A method is de-
scribed which permits the composition of ‘a mixture of diastereoisomers
to be.analyzed., Stereospecific synfhesis,poées innumerable and individ-
ual problems. Rather than change the emphasis of the work, the aromatic
acid results were used to test how large 'n' would have to be before

convergence with the results for polymers was obtained.



CHAPTER II
EXPERIMENTAL
Potentiometer -

All experimental emf measurements were made on a Beckman 101900
Research pH meter with a.readability of 0.05 mV, . and & standard devia-

tion of 0.051 mV.
Electrodes

The glass electrodes were Beckman,39301 electrodes with Ag/AgCl in-
ternal elements in reference solutions of 1.0 M HCl. Eleectrodes were
stored in an 0.0500 M potassium acid phthalate 'solution at least'a‘wegk
before use and later at éll_times between titratioms,

Beckman 39071 Frit Junction Calomel Reference electrodes were test=—
ed but found to be‘unSatisfactory (i.e., nonreprcducible to within 0.3
mV:.) on going from a buffer sblution to a test scluticen and back to the
same buffer solution within a period of about an hour. The inconsistency
was attributed to the nonreproducible liquid junction across the frit.
Consequently, calomel electrodes were prepared (14) in which the liquid
junction was maintained across'an.0.1 mm. aperture.. In this way.repro-

ducibility in the liquid junction,.e_ , was achieved. To use. the elec-.

3

trode, 2-3 drops of fresh salt solution were drained from the tip and

the stopcock reclosed before the tip was put ‘into the solution (and after

removing the tip from the solutien) under study. Electrodes of this type



combined with the same glass electrode in a buffer.solution of 4,008 pH
would typically produce the same emf to within 0.2 mV. over an extended
period of normal use. The only electrical contact was made around the
closed stopcock; this reduced the change in ionic.strength of the 0.01 M
solutioﬂ under study by the saturated KCl solution of the calémel elec~
trode. Care must be taken not to allow the saturated KCl solution
(about 4,5 M at 250C) to leak into the 0.01 M acid solution because 0,01
ml. of this KCl solution would change the ionic strength of 50 ml. of -
water by 0.001 M, which is approximately 10% of the total jonie strength
of a 0.01 M solution.. This would change the logarithm of the activity
coefficient by around 5% or a.pH of 4.053 to a pH of 4,050, which cor-
responds to a decrease in the observed emf.of about 0.3 mV.

Temperature independent measurements were made on a.cell of the

type:

Cell I
Ag/AgCl, 1M HCllGlass Solution|Saturated KCl!ngClz/Hg

Under
Ag/AgCl, 1M HCl]Glass Study |Saturated KCl{ngClszg

This permitted four measurements of emf to be made at each point of
neutralization and served as an internal check on the individual elec-.
trodes: If the differences in the emf between each calomel and a single
glass electrode were greater than 0.3 mV., the measurements were dis-
carded, from further calculaticns; This was usually causeéd by:.a mismatch
of reference potential, and, if no mechanical or electrical failure was
found, the calomel electrodes were remade. Disagreement in emf's meas-
ured between two glass electrodes and one calomel was frequently found

because of differences in asymmetry potentials, e s of the glass elec-



trode, The difference, generally near 4 mV., was readily accommodated
in the calibration procedure. When tHe difference was greater than this:
and not a function of an improperly. prepared calomel electrode, the

glass electrode was normally replaced.
Calibration of Glass Electrodes:

Glass electrodes are reversible to hydrogen. ions but are not pri-
mary electrodes and must be.calibrated relative to a primary standard.
This is done by testing the linear response of the cell emf with pH,

(pH = -log aH+)0 Two buffer solutions (NBS standards) are used for this
purpose, 0.0500 M pstassium acid phthalate (pH = 4,008 at'25°C) and .
0.0100 M borax. (pH = 9.180 at 25°C). In practice the system was cali-
brated before and after the titration experiment. The linear response,
(the Nernst slope.of k) was calculated using the equations and compounds"

with the theoretical wvalues:

k = )/(9.180 - 4.008) (2.1)

(E,.008 ~ E9.180

where E and E are the observed emf's in.the indicated solu-

4.008 9.180
tions. If the calculated value of k differed from the theoretical wvalue,
0.05916 V at 25°C, by more than 0.3 mV., the cell assembly was- examined

for possible causes of failure. Using the calculated k, the pH of anm

unknown solution was calculated. from:

pH = 4,008 + (E E, )k O (2.2)

4,008 = “obs

where Eobs was the measured emf of the unknown acid solution.' This as~.

sumption of a linear emf-pH response was occasionally checked by an in-

dependent measurement on an.0.0250 M KH2P04 - 0.0250 M Na,HPO; solution



with an NBS defined pH of 6.86 at 25°C;‘the results were always within-

experimental. error.
Solution Under Study

The solution under study was always degassed te remove dissolved
carbon dioxide by bubbling dry nitrogen through.the solution for about
15 minutes. A slow bubble rate of about 20 ml./min. was maintained
during the titraticn., As a rule the titration was.completed in approxi-
mately fifteen minutes. -

The temperature was controlled to within 0.05°C with a ‘Braun Thermo-
mix II circulator-heater. The tempdrature-controlled water from a.con-
stant-temperature bath was circulated around a jacketed beaker :and

through the 1lid.
Harned Cells

The previous, glass-calomel assembly was not found to be satisfac-
torily reproducible at temperatures other than ambient. The proBlem
seemed to be located in the calomel electrode; possibly thengzCl2 in
the KCl solution was not given sufficient time to equilibrate at the
temperatures further removed from ambient. To investigate this-problem
would have meant completely redesigning the calomel;elecﬁrodes, possibly
by making them completely submersible, Rather than perfect the calomel.
electrode assembly and still have the uncertainty of a liquid junction,
a Harned cell was constructed (6):

Cell II
32(1 atm.)/Pt| Solution |AgCl/Ag/Pt

W Under Study
Hz(l:atm.)/Ptv and KC1,m AgCl/Ag/Pt
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As before, this assembly allows four independent measurements to be made
on the solution under study. Furthermore, the uncertainties of .a liquid
junction and of -a secondary standard for hydrogen ion activity.or pH are
no longer a problem.

Type III (16), electrolytic, Ag/AgCl electrodes were used. These
were found to be very sensitive to mechanical shock, to the lack of
cleanliness, to the smoothness of the Pt surface, and to oxygen in the:
electroplating and storage solutions.. For this last reason all golutions
had - to be strictly degassed by N, before use.

The'HZ/Ptvelectrodes,were made (17).on a 22 gauge platinum wire.
These were easily prepared, always reproducible, and extremely rugged.

In a typical experiment three to six of the Harned cell assemblies
weighted by sheets of lead were lowered irnte a styrofoam ice chest.,  Dry
H2 (Linde Gas Co., Union Carbide) was passed over a catalytic deoxygen-
ator (Engelhard Industries) and then through about 25 ft. of ‘% in., copper.
tubing in the styrofoam ice chest before use. It was found that the emf"
of -a 0.01 M HC1 solution changed at 'most ‘about 0.3 mV, in 8 hrs;-using

dry.H2, so the H, was often not presaturated. The baremetric pressure

2

was read from a Taylor aneroid barometer,; which was checked against a-

mercury barometer; agreement was within 1 mm. The H, was bubbled at‘a

2
raté of one to two bubbles per second which caused an oscillation of
solution of about '} cm. on the Pt black. The electrodes were equili-
brated at 25°C for 1-2 hrs. before the first emf was recorded. The tem-
perature was subsequently lowered to 0°C and held for about 3 hrs. to
reach the new equilibrium before readings were begun. Emf measuremehts

(o}

were . then taken at\SQ, 157, 250, 35° ‘and finally again at 25°. An

equilibrium time of approximately one hour was allowed at each tempera-
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ture, If the data at 259 differed by more than 0.3 mV., the data was
iexcluded from further analysis. The temperature was.held .to within
0.05°¢C by a Braun.clrculating pump and heatér, as before, which was op-
posed by ice water running through a 6 ft. copper cooling coil. The ice
water flow rate was adjusted such that the Braun was heating for only a
few seconds, every 2-3 minutes. .

The overall Harned cell was checked by using 0.01 molal HCI made
from constant boiling HCl. The reported (6) value was reproducéd to 0.1
mV, after corrections (17) for molarity to molality, for obserﬁed pres—
sure to one atmosphere, and the partial pressure of water vapor were
made, - These same corrections were made on all suBsequent measurements., :

Other more general checks will be pointed out 'in the results section.
Chemicals

2,3-butanedi, 1,2,3-propanetri, 1,2,3-benzenetri, 1,2,4-benzene-.
tfi, 1,3,5-benzenetri, 1,2,4,5-benzenetetra, and 1,2,3,4,5,6-benzene~
hexacarboxylic acids were obtained from Aldrich Chemical Co., Inc., and.
were reagent or purissima gradgo' The molecular weight of each checked
to within 0.1%Z by neutralization with KOH. Reagent grade meso-1,2,3,4-
butanetetracarboxylic acid was obtained from Petro-Tex Chemical Corpora-
tion and 1,3-benzenedicarboxylic acid from Eastman Kodak Co. The 2,3-
butanedicarboxylic acid was. obtained from Aldrich as a mixture of meso-.
dl isomers of unknown composition. About 80%Z of it was found to be the
meso form by recrystallization from concentrated HC1, Further analysis
was done by titration and will .be discussed in the section on results.

Standard 0.1 N KOH was prepared according to Vogel (18) using rea-

gent grade KOH' (Mallinckrodt). A-10,00 ml. Kimax class A automatic.buret
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equipped with an Ascarite filied drying tube to exc]LucIe"CO2 was{‘general—
ly used; it had a readability of 0.0l ml. A Teflon needle (C.R.C.,
Inc.) was attached to the end of the buret for delivery of the KOH with-
out exposing the KOH to the atmosphere., The KOH was standardized using
Baker analyzed potassium acid phthalate dissolved in degassed and de-~
ionized water,

The deionized water used in all experiments was,prepared.by~passing
distilled water through about 3 ft. of reagent grade Rexyn #300 (H-OH).
mixed bed resin (Fisher Scientific Co., Inc.). The Water;was then passed
over a 3 ft. column of activated charcoal and stored in two twelve liter.
flasks, which were vented to the atmosphere through Ascarite (8-20 mesh)
(Arthur H. Thomas Co.) to remove COZ'

The KCIl used in the Harned cells was Baker analyzed KCl with less
than 0.05% KBr as recommended by Bates (19). AgN03 was 0.10 N Fisher-
Scientific Co. certified grade. The KCN was certified ACS grade (Fisher
' Scientific Co.). The chloroplatinic acid and lead acetdte were Baker
Analyzed reagent grade.

The acid‘concentratidn was about 0.01 M in most of :the work.  The
KC1 concentration was about the same as the acid conéentfatiOn‘in all of
the temperature dependent work. Several exceptions to the 0.0l M.acid
concéntration rule were necessary: the 1,3-benzenedicarbaxylic-acid was
studied -at - about 0,0005 M due to its low solubility: ' the 1,3;5-benzene-
tricarboxylic acid .was studied at :about 0.05 M also due to its very low
solubility: the first buffer regions of 1,2,3,4,5,6—- and 1,2,4,5-ben-
zenehexa and tetracarboxylic ‘acids were studied near 0.05 M because.they-

are relatively strong acids -and this increase in concentration signifi-

cantly reduces the error in the corresponding ionization constant. . The
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base was made about 0.8 N for these first buffer regions to avoid excess
dilution. All molarities, M, were changed to molalities, m, for the

temperature dependent work,



CHAPTER III
THEORY  AND BACKGROUND
General Equation .

At a given témperature and pressure the n thermodynamic,ionization
constants, K., K,, ... K., can be calculated from the following six equa-
1> 72 n

tions (20):

1) the definition of the ionization constant is given by

K, = (a,a; )/a (3.1)
n—iA Hn—i+lA

where i = 1,2,3, ... n and’ax is the activity of X. (For simplicity the-
charges are omitted and it is assumed tHat HnA,is'a neutral molecule,.)

2) the ionization constant of water

K = aa (3.2)

3) the mass balance condition for the total acid concentration, Té,
n.
T = I (Hn-"A) (3.3)
where round brackets are ‘used to signify concentrations., -
4) the electroneutrality condition

n.
L o= T, + @) - (oB) = .z i@ _,A) (3.4)

14
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5) the definition of the ionic strength, u,

_ _ n 2 .
o= %{Tb + (H) + (OH) + 2(C1) +i§ i (Hn_iA)} \ (3.5)

1

where Tb represents the concentration of base added in the ‘titration of
H A,
n
6) the activity of X, a s is defined as the concentration of X,

(X), times the activity coefficient of X, Yx,itherefore an assumed. func—

tional form for the activity coefficient is needed.

log(Y,) = - ats? {ul"i/(1+u1”’) - 0.3u} (3.6)

with i1 as the.charge on the X ion and’Al as the standard Debye Huckel,
D-H, constant., This is the exteénded form of the D-H equation devéloped.
by C. W, Davies (21), accurate to u = 0.1 M.

Equations (3.1) through (3,6) can be combined to give

n , -1, -1 % _
L = igl (L - 1Ta) ay fi jgl Kj) (3.7)

This is an equation linear in the .products = Kj. For every n points in
the titration of HnA’ n .equations can be'solved. simultaneously for tlie

ionization constants, Kl’ KZ’ oo Kﬁ.‘
Thermodynamic Equations

; can be obtained from

£

The  thermodynamic variables AS?; AHE, and ACS
the temperature dependence of .the ionization constants using the follow-

ing four equations (22);

o o - :
AGi = RT,ln(Ki) (3.8)
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(o] A0

ASi ~(BAGi/BT)p (3.9)
o] = AnC 0

AHi, AGi’+ TAsi (3.10)
o] O

AC” ., =. (8AH, /3T 3.11)
p,i ( i/ )p ( )

The standard state is taken to be at one molal activity extrapolated .
from infinite dilution by use of Equation (3.6).

If the heat capacity is assumed to be independent ‘of .temperature,
it ‘can be shown (23) that the functional form of ln(Ki) vs.  temperature,

°k, is
ln(Ki) = A+ B/T + C1ln(T) (3.12)

with A, B, .and C as temperature independent constants to be obtained by
curve fitting the 1n(Ki) vs., T, OK, data. This.assumption of -a tempera-
ture independent heat capacity is valid for all but the most accurate’
work. Successive differentiation to obtain AHiiand the_ACS,i‘magnifies
the error in the originaliln(Ki) data as,cén be seen from the following

Table I (24).,

TABLE I .

ERROR PROPAGATION

T, °c, values at’ | 20, 22, 24, |0, 10, 20, | 5, 10, 15, 20, 25
which pK is mea- 26, 28, 30, |30, 40, 50, |30, 35, 40, 45, 50
sured o ‘
ApK probable error | 0,02 0.001} 0.02 0.00%r1] 0.02-  0.001
S.D. in H in cal® | 0.970 50 200 10 190 10 -
S.D. in S in‘eu | 3.3 0.16. | 0.65 0.033| 0.32-  0.016
S.D. in Cp in eu 666 33 27 - 1.3 28 1.4

*®

S D, represents the standard dev1ation
eu represents cal,/deg.-mol.
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General Extra Thermodynamic. Conditions

Before accurate temperature dependent data became available compari-
sons of relative acid strengths were made based solely upon AGO data’
(25). However, as can be seen from Equation {3,10) a constant value of .
AGi can result from a compensating change in AH® and 'AS®. This is illus- .

trated by Table II for the ienization of three methaemoglobins (26)

0@ 4 it (3.13)

which differ -in the charge distribution over the globin portion of the.

molecule,
TABLE II
IONIZATION OF METHAEMOGLOBINS
.Animal AG° kecal/mol AE® keal/mol —TAS? Kcal/mol
Shrew 11.1 10.2 0.9
Cow 11.0 1.6 94

Guinea Pig 11.0 5.8 5.2

Clearly AH® and AS® data reveal a difference that 'is .undetected if only
the free energy data is studied.

To understand which molecular parameters affect the change.in a

given. thermodynamic variable models outside the framework of -thermody-
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namics, extrathermodynamic conditions, must be used. The procedure for
using such conditions is to calculate, from a chosen model, a contribu~
tion, Xc, to .the thermodynamic 'variable X. When Xc.is added to some

ideal part, Xi X is obtained,

d’

X = X, +X_ (3.14)-

If the values of X for two compounds (or one compound at two conditions), '
Xl and XZ’ are to be compared, the~difference‘is'generally assumed to be

due to the change in ‘the Xc values, X , - Xcl' The extent to which the

c2
equality

X, -X

2 l)observéd = (&

c2 = Xcl)calcdlated (3715)

holds is a measure of the goodness of the model.

Statistical Effects

The most widely accepted extrathermodynamic condition, the statisti-
cal effect, predicts that for an n-basic carboxylic acid in the limit of
widely separated (i.e., noninteracting) carboxyl groups, the ratio‘of‘Ki_

to Kj is (27)
R;/K, = (3(amiH1))/ (1 (n-3+1) (3.16)
for a dibasic¢ acid this yields

K./K, = 4 (3.17)

Several general.deductions can be made from Equation (3.16):

1) Linit Ki/Kj = j/i for i,j << n. In partlcular:.%iglg.Kl/KzéZ.
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2) A plot of Ki/K vé., 1 1s symmetrical about the i axis at

i+l

1 = k%n where K%n/K% =.1 in the limit of large n.

n+l

These ideas can be illustrated by the following figure:

4
-n = 2
3 = 3
K,
i =5
=
1
=>
i = kn i=n

Figure 1. The Statistical Ratio of Successive Ioni-
zation Constants as n Increases

3) The difference in the free energy of the i-th ionization of ‘an

n-basi¢ acid and the j~th ionization of an m-basic -acid is

n_ . m _ - i(m-j+1) E
AGi AGj‘ . =RT ln‘(j(n—i+1)) (3.18)

and similarly for the entropy difference:. In particular, if the 4-th
ionization of a hexabasic acid is compared with the 3-rd ionization of a

pentabasic acid at 25°¢C.

6 .5 _ o 4(5-3+1), _ _
AG, - AG3 = -RT In (3p273y) = -171 cal./mel. (3,19

which ,often amounts.to 10-20% of the total difference.
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Intrinsic Ionization Constants.

Statistical arguments based upon Equation (3.16) are used extensive-
ly in polymer and protein research (28). If it is assumed tﬂat the only
reason successive lonizations in a polymer differ is a statistical effect
and that the inherent or intrinsic -strength of an ionization is repre~.
sented by Kint? then from the . same assumptions, which lead to Equation

(3.16), it can be shown that
pK, =, pH - log CI§; (3.20)

where = is the fraction of the total charge lonized at a given pH. Be-
cause the charge on the polymer increaseés and the carbexyl greups are:
not ‘far enough apart to be considered noninteracting, an electrostatié

correction, wel(d), is generally added to Equation (3.20).

PR, . = PH - log (3=9) + W (=) . (3.21)

Often wel(a) is considered to be a linear function of .«, in which case a

flot of pH - log (E;ZO vs. « is a straight line of intercept pKint'

«
pH'-"lQag I::

-

0.2 = 0.8

Figure 2. (:) Polyacrylic Acid Results (28) by
Equation (3.21).
X Hypothetical Results With Equation

(3.20) and Same pKy ¢
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Regardless of which semiempirical correction is applied to Equation
(3.18), the pKint values obtained are generally compared with the pK

values. from.monobasic acids.
Electrostatics of Ionization

Bjerrum (29) was among the first to make progress 'in correlating
ionization cdnstants and molecular structure. He .developed an electro-

static model to predict the ratio of‘Kl/K for dibasic ‘acids

2

2

4 exp (:EE—~ , (3.22)

K, /K rk'Te

1'72

where z is the net charge left by the first ionizdtion (-1 for dicar-
boxylic acids), e is the charge on the proton (4.80 x‘lO-lO esu), € is
the bulk dielectric constant of water (79 atv25°C§,, k' is the Boltzmann’
constant (1.38 x 10—l6 erg/deg.-molecule), r is the distance in em. of
the proton to be ionized from the charge already present, and 4 is the:
statistical factor for a dibasic '‘acid derived from Equation (3,16). This-
model treats the acid as a molecule without structure and without volume.
in ‘a continuous dielectric medium with € equal to that of the bulk di~
electric, In fact, many of the lines of force from ‘the carboxylate. ion
to the leaving H+ must pass through both the molecule and the solvent
adjacent to the molecule. 1In both regions the dielectric censtant must .
be less than the bulk value.

Kirkwood and Westheimer. (K-W)(30) later 'developed a model to ac-
count for this reduced dielectric constant cavity. The K-W model may.be"
looked upon, for dibasic acids, as a modification-of € in the»Bjér:um

Equation (3.20)
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2
rkT eeff

K /K

/K, = 4 exp (

(3.23)

where o 1s essentially an.adjustable parameter, This is 'an oversim-

plification, though, because the K-W theory provides an algorithm based

upon electrostatics for the calculation of €y In Table III €y is

ff° ff

the value which, together with the best 'value of r, gives.the experi-

mentally determined ratio of Kl/KZ' On the other hand, ey 1s the

value obtained by using the experimentally determined.Kl/K2 ratio and

€ as prescribed by the K-W model, The r_ values are obtained by using

eff B

the experimental Ki/K2 ratio along with e equal to the bulk dielectric

constant of water.

TABLE III

K-W THEORY DATA

\-Aci&‘ Log (Kl/4K2) rb(Ao) | T W (AO) -rB.(AQ>' ’eeff.
oxalic 2.36 3.50 3.85 130 30
Malonic 2.26 4,12 4.10 1.3 26
Succinic 0.84 4.66 5.75 3.65 63
Dimethylmalonic. 2,29 4,12 4,15 1.34 26
Diethylmalonic.' 4,48 4,12 3.75 0.69 13
As Table III :indicates, the value ofveeff is generally much less than the

bulk dielectric value.
To extend these ideas to polybasic acid ionizatioms to calculate

Ki/Kj based upon a viable electrostatic model is no more difficult mathe-
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matically, but it is more tedious, because the symmetry, charge position,

and statistical correction must all be applied simultaneously.
Models for Obtaining Thermodynamic Parameters

Temperature Dependence of Electrostatics

If the temperature dependence of the dielectric constant € can.be:

represented by (32)

~T/219°K

e(T) = 315 e (3.24)

it can be shown from the Bjerrum theory that for processes whose enthalpy

difference is electrostatic.in origin, a plot of Aszvs. AS? should be a

o AHp - AHE

straight line of slope 79 K, For succinic acid this slope. .
AS, - 4S?
' 1

is about 80°K (see Table III). If a plot of-AHz vs. AS: has -a slope, of

790K, then a plot of'AGz Vs, Asg will have a slope of - 219°K. However,

[e)

the value of the slope obtained experimentally for AH, vs.zASi is often

o M

close to the experimental temperature, T, and thus AG; changes very

He

little (see Table II); this effect is referred tofas‘"AHz —,Aszvcompen-
sation" (33). This AHE - Asg‘compensation has been qualitatively ex-

plained by the more complete K-W model (22). Yet, the K~W model often

(o}

predicts a value much too low (34) for the slope of AGi

Vs, Asz, whereas,
in these cases the Bjerrum theory is in better agreement with experiment. -
It'is~hoped that in the future the more complete K-W model will be modi-
fied to better account for the change in AGz with temperature without'

affecting its excellent prediction of the ratio of ionization constants.

at ‘a given.T.
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Gurney -Model

It is observed experimentally that when ln(Ki) is plotted against T .
the curve has a maximum, To .explain this Gurney (32) has suggested that

AGoibe_broken into two parts

o _ o o
AG = AGnon + AGEI (3.25)

where Angt should be considered to be due to internal or :quantum mechan-
ical ‘effects andfnot dependent upon T, and AGZQnshould.be’considered to
be.due to an electrostatic contriBution, which because of the wvariation
of ¢ with T, 1s T dependent. Using this model and Equation (3.24) for
e(T) Gurney was able to show that the tempefature at which a plot of

In(K) vs. T reaches a maximum, T __, is

max’
Gnon~

Tﬁax = 219 (1 + a——vé. (3.26)
el

The general results of this prediction in terms of- the significance of

A6°  vs. aG° .to the value of 'T are correct (Table IV(A) (22). -
non e max:

1

TABLE IV(A)

DATA VERIFYING GURNEY'S APPROACH

‘ i ’ ' o ' ' ' ' . -
Ionizing Ion Tmax~( K) ‘ Explanation
NH+F | | | 1520. Low AGO and largeﬁAGo
4 el non
- o
NHSCHZCO2 792 La;ge AGnOn .
NHSCHZCOZH 324 Low AGel from —NH3 assistance
CH,CO,H 296 ' Taken as normal
HOZCCH C02 | 277“ Large AGe

2 1
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Equation (3,26) fails to explain many specific examples (34). Polar
derivatives of "acetic.acid are expected to have a lower AG:i but not’
much change.in‘AGgon? because the OH bond of the-.acid is four or five
bonds away from the polar bond and therefore polar .derivatives are ex-
pected to have a~higher-Tmax‘(see~Table IV(B)). Also, it 1s difficult

1

ally Tmax for alkyl-substituted acetic acids is less:than that -for acetic

to see how-an alkyl group could affect either AG: or AGZon’ yet, gener-
acid (Table IV(B)). (See Table I of reference 33 for further examples.)
Another disappointment with the theory is that it in no way allows for

the separation of AG®. and AG° .
e non.

1

TABLE IV (B)

DATA IN -CONFLICT WITH GURNEY'S SEPARATION SCHEME

Acid T — T

max,

:Ticnzcoéﬁr—_ - | 268
MeO—CH2C02H 270
CN~CH,CO, 1 , 277
Et,-CH,CO B 228
) Bt-CH,00,H 278

Nancollas Model.

Nancollas (35) has exteénded Gurney model to AHz of reaction

AH; = AH + AH (3.27)
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where}AHo and AH®. are analogous in meaning to A¢°  and Ac° , respec- .
non e non el’

1
tively, of Equation (3.25), This treatment differs in a very important .
respect that 1s an algorithm is provided for the calculation of both

o]

AH®. and AH® _ from experimental measurements.,
el non '

0

AHel

- (T - 219°K)(Asi + R 1n. 55.5) (3.28)

where R 1n (55.5) is the cratic;cont;ibution to the entropy change, be-
cause. two particles are formed from one. in an.ionization, and the (T-219)
at 25°C is recognized as the slope. of AH? vs._ASiQ,79°K, from electro-

statics. To calculate'AHﬁon, AE°. is subtracted from the experimental

el

AHi. Again, qualitative agreement is -good.

TABLE IV(C)

DATA FOR THE SEPARATION OF THE AH]

Tonizing Species oH] N\ AHZiW; - Tﬁ%x»
N} 12.48 13.08  -0.60 1520
NH;CHZCOE 10.57 10.47 0.10 792
NH;CHZCOZH 0.94 0.97 -0.03 324
CH,,CO, K - 0.10 1.21 -1.11 296
‘ch—cnzcozg - 1.15 0.58 -1.73 277

Those species which were expected to have a 1arge;AGnon from Table IV(C)

also have a.large AHEon from Equation (3.27). Also, AHZ is seen to be:

1
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small for NHZ'just«as'AGgl was ‘argued to be small for the same ion. This
model may prove to be more informative than the Gurney model when more

generally applied. '
Structure Reactivity Relations’

In a completely different type of extrathermodynamic model ioniza-.
tion strengths can be correlated and predicted based upon some semiempir-
ical data fitting procedure. The most suctessful procedure (36,37) of
this type -is based upon the assumption of a linear additivity of free

energy: the "Hammett sigma-rho" equation

log K - log R = o0 (3.29)

where K is the ionization constant of a substituted acid,'Kb is the ioni- .
zation constant ‘of the reference. acid (for arqmaticlacids generally
benzoic acid), p is a constant Whicﬁ depénds upon. temperature, solvent,
and reaction type (p is defined as . one for ionizations in Water'at,25°),
and ¢ is a parameter which relates to a given substituent at a particu-
lar position relative to the reaction site and which is independent of
p. For example: the sigma value for a methyl group.in the 2, 3, or 4
position can be calculated from the ‘ionization constants (38) of 2, 3,
or 4 toluic,acids relative to benzoic ‘acid by use of Equation (3.27).
(See Table V,) Then the additivity of these ¢ values. (this is the same’
as the additivity of the free energy) can be used to compute the ‘ioniza-
tion constants of the di, tri, tetra, and pentamethylbenzoic acids.

When Hammett originally (39) proposed Equation (3.27), helexpliCitly
warned against.using this additivity relationship for ortho groups be~

cause of specific proximity effects such as resonance and steric effects.
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TABLE -V

HAMMETT - EQUATION DATA

Acdd pK "~ Sigma

benzoic 4,202 0.00

2=toluic 3.898 0.304

b4-toluilc. 4,367 -0.165 /
Me-substitution - X Sigma Valuesll X k gifffrznce >

Vquitions PRobs | Used PRealc . P obs‘p calc

2,3 - 3.716 5, + 0, 3,972 -0.256

2,4 4,219 o, + o, 4,063 +0.156

2,5 4,001 02 + 03 3,972 40,029

2,6 3.354 202 3.594 -0.240

3,5 4,298 203 4,346 -0.048

3,4 mmee— ‘: 04 +.cr4 4,439 e

2,4,6 3.446 202 + e 3.759 -0.313

2,3,5,6 3.416 20, + 0, 3.738 ~0.322

With this in mind, agreement with experiment would only be expected for.
the 3,5; 3,4,5; and 3,4 substituted acids of the acids in Table -V; the
calculation for the only one for which results are available, 3,5-di-.
methylbenzdic acid, is in-excellent agreement with .experiment.

Laidler (40) combined statistical thermodynamics, the temperature’
independence of AC;; and the additivity of pH® in the gas phase compared
with the.additivity of ac° in solution to partially explain, in terms
of three molecular properties the linear free energy relationships in

solution:
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1) Polar effects (induction and resonance) affect both AG® and AH®
but leave AS° unchanged. For example: For the meta and para methoxy-
benzoic acids (40) AH; = 0.06 kcal,/mol and AH; = 0.57 kcal./mol, but -
287 = As: = - 18.5 eu.

2) Steric effects (as from an.ortho group) affect AGO, AHO, and
4s° in a complicated manner, but sométimes,a partial compensation of AHQ
and 48° is observed. In ortho metho,pcybenzoictacidAHo =1-l.66 kcal, /mol-
and 28° = -24,1 eu., or a partial compensation (40).

3) Solvation effects produce a nearly complete JN: - _ASo compensa-

tion, leaving AG° virtually constant (40).

Acid AG AH AS
Phenol. 13.63 5.60. -27.0
3,5=-xylenol 13.67 7,51 =20.7

In the continuation of an intensive approach at the molecular level,
progress has been made toward calculations by quantum mechanics of energy
differences between conformations. Based upon extended Huckel calculd-
tions (41) propionic acid is expected to be most stable in a conformation
in which the B carbon (the methyl group) eclipses the carbon-gxygen -
double bond (Figure 4). However, in «-hydrexypropionic acid the OH
group on the x-carbon atom occupies this position eclipsing the carbon-.
oxygen double bond. This unexpected eclipsed, rather than staggered
conformation has been verified by microwave studies of the gas phase and .
x-ray studies of the solid phase.

Even. though quantum mechanics gives no hope of being able te calcu~

late from first principles thermodynamic. properties in solution, such
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calculations can serve to gulde experiments to the most fnteresting
systems for study. For example: based upon the previous calculations,
it would be worth while to study the dimethylsuccinic acid and the
tartaric.acid stéreoisomers,

In an attempt to add a molecular interpretation to the Hammett'
equation, Hepler (42) et al., have made progress by a dichotomized ap-
proach, similar to the electrostatic models of Gurmey and Nancollas, If-
the Hammett Equation (3.29), is writtenfas»ln(K+) = pg Where.K+ is“Ko/K
and the corresponding free energy, GAGO, obtained as '-RT1nK; then the
thermodynamic variables GASO and 6AH° can.be separated into internal and’

environmental contributions and written as.

o o o
MG = 8AG, .+ 8AG_ (3.30)
o o o
648° = 8AS] .+ 8AS] (3.31)
s0H® = SAH] _ + SAHD (3.32)
int env

When K and‘Ko refer to similar acids, GASEnt can be.taken as zero (43).

o.  _ ,
GASint = 0 (3.33)

Also, it has been shown’that'GAHZnv approximately proportional to GASva

42)

sAH° ~ g'6As® = g'sas® (3.34)
env env

where B' is a constant found to be about equal to the temperature., If
B' is taken equal to T and Equation (3.34) is treated as an equality

then
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(o) (o)
646° = SAH . (3.35)

or.GAG:nv is zero, This leads to the.prediction that p of Equation
(3.29) should be environment independent; which is falsé., This contri-

bution can be removed by modifying -Equation (3.34) to

o _ o _ . o
GAHEnv BSAS Y GAHint | (3.36)

where Y' is a parameter which depends. .upon the solvent. With this modi-
fication the proportionality between §46° and-SAHint is maintained, but

more important .p is now expected to depend upon the solvent and 1/T-

po = {C(L + Y)/2.3-RI}{—6AHznt/C}' (3.37)

where the first term is associated with the reaction condition parameter
p, and the second with the substituent parametér, o. The 1/T dependence

of p has been verified experimentally, the association Of'AHiﬁt

with o
seems reasonable; but the relationship between p, Y, and T awalts further

investigation.



CHAPTER IV
EXPERIMENTAL RESULTS
Temperature Independent Titrations.

As we discussed in Chapter II, measurements to be made at 25°¢
only were made with glass—calomel electrode assembly. When a titration.
to determine the ionization constants by this method was,performed 5-10
data points in each buffer region and around the end point were generally
taken. The first and last fourth of the first and last buffer regioms,
respectively, were not used because.in these regions the pH changes too
rapidly with the number of ml. of base added. Typically 50 sets of
randomly chosen data points were used to obtain 50 sets of ionization
constants; then the average, standard deriation, S.D., and relative S.D.-
% were calculated for each Kig

Table VI contains;a sample,sét of experimental data at 250; the
acid being used for illustratien is 1,2,3,4,5,6-benzenehexacarboxylic
acid or mellitic acid. All of the data necessary for the determination
of the 6—Ki's is contained in Table VI; About one minute was required
to obtaln each data point oriébout 1% hours for the whole titration;

the E and E agreed before and after the titration.

4,008 9.180
The results in Table VII were all obtained from the data in Table
VI. The error in Kl and K2 1s unusually large; this type of experiment:

was repeated on mellitic acid many times; each time similar results

were obtained. Finally, a reasonably rigoreus error .analysis was per-

32



33

TABLE VI

TYPICAL TITRATION DATA USING GLASS-CALOMEL-ELECTRODE
ASSEMBLY: 1,2,3,4,5,6~BENZENEHEXACRBOXYLIC ACID. .

Base-Vol, Aemf x.10 Base-Vol. emf x 10 Base-Vol., emf x 10

— ———————————
=0.,00 3,095 10.00 2,371 22,00 0.525
2,00 3,004 10.50 2,308 22,50 0.453
2.25 2.990 11,00 2,235 . 23,00 .0.377
2.50 2,980 11,50 - 2,161 . 23.50 .0.292
2,75 2,967 12,00 2,084 - 24,00 0.205
3.00 2,954 12.50 1,999 24,50 - 0.103
3.25 2.943 13,01 1,910 25,00 -0,002
3.50 2.929 113,50 1.816 25,10 -0,053 .
3.75 2,915 14,00 - 1.729 25,25 -0,103
4,02 - 2,900 14.50 -1.643 25,35 - -0,138
4,25 2,885 15,00 -1,558 .25,50 -0,208
4,50 2,874 15,50 1,485 25,60 -0.255
4,75 2,856 16.00 1.400 25,75 -0.359
5.00 2.840 16.50 -1.324 25,85, -0.447
5.25 2.827 17.00 - 1.247 25,95 -0.584
5.50 2,809 17.50 1,171 26,00 -0.680
6.01 2,769 18,00 .1:094 26,05 ~0.804
6.50 2,731 .18.50 .1,020 . 26,10 -0.965
7.00 - 2.689 19.00 0.949 26,15 -1,132
7.51 2,648 -19.50 - 0,879 126,20 -1.278
8.00 2.599 20,00 .0,810 26,25 -1.395
8.50 2,547 20.50 - 0.740 26,30 -1.499
9.00 - 2,493 21.00 0.667 26,35 -1.583
9.50 2.434 21.50 . 0,598 26,50 .. -1,811 ..

Ta = 0.01137 M; Base concentration = 0.06530 M; Initial volume of acid =

25.00 ml.; T = 25°C; E = 0.1822 V.3 -0.1230 V.3 pK_ =

4.008 By.180 =

14.00.
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TABLE VII:

TYPICAL DATA. .. ..

i I II IIT IV v VI

——

PKy 1.08. 2,08 3.50 5,05 6.30 7.43
2 3 4 6 7

R, 8.24%10° 8

S.D., 3.62X10°

S.DJM07% 23% 127 2.5% 1.7% 1.4% 1.47

Lty

K.
i

8,38X10 ° 3.14X10" " 8,99X10 - 5.05X10° ' 3,70X10"

2 3 4 6 7 8

1.03%X10°° 3,14X10° ¢ 8.99%10 ° 5.05%X10 ' 3.,70X10°




TABLE VIII

ERROR ANALYSIS OF THE TITRATION DATA%*

Ky Ky _ Ky _ K4 _ Ke _ K
X (x,) 2.06xt0°  6.18x3070  3.03x%07%  8.18x1070  4.81x%077  2.66x3070
a gt of 0.5% 2.998x10‘§j +8.90° -0.38 . +0.05 - - - - - -- -
5.582X1077 . -5.29 +1.92 -0.27 +0.06 - - - - - -
7.099X10-4 +1.61 -0.60 +0.89 » =0,07 +0.03 - - -
3.807%107> . -0,18 +0.07 -0.11. +0.74 -0.14 +0.02
3.372x1076 . +0.04 ~0.01. +0.02 ~0.14 +0.79 -0.13
2.480%X10-7 --— --- - - +0.06 -0.12 +0.61
T_ of 0.1% 0.05047 . -1.73 +0.08 -0.01 - - --- - - -
0.02124 . 43.02 -1.00 - +0. 14 +0.01 +0.01 ---
0.01056 . -1.73 +0,68 ~1.04 - +0.15 -0.01 - - -
0.00992 +0.33 -0.12 +0.20 - ~1:30 +0,31 -0.05
0.00973 . -0,07 +0.03 -0.05. +0.36 -1.64 +0.29 -
0.00954 +0.02 - - - - +0.01 -0.05 +0.44 -2,12
T, of 0.1% 0.02536 +0.72 -0.03 - = - -- - --- - - -
0.03321 -2.37 +0.83 ~0.12 +0.04 +0,01 - - -
0.02612 o #1.76 -0.67 +1.02 -0.09 +0.04 - -
0.03482 . -0.35 +0.13. -0.22 +1.37 -0.28 +0.04
0.04373 . +0.09 -0.03 +0.05. -0.35 +1.71 ~0,29
0.05250 -0.02 - --- -0.01 +0.13 ~0.48 +2,18
(KC1) of 0.1% 0.04654 -1.50 +0.07. - --- --- ---
0.02171 +1.17 -0.38 +0.05 +0.02 +0.01. ---
0.01292 . -0.28 +0,11 -0.17. +0.04. +0.01 - -
0.00936 40,01 ——— N -0.11. +0.04 - - -
0.00918 L= -—- S +0.04 . -0.13 +0.,02
0.00900 - - - - - - - - - +0.03 +0.01 -0.11

13



TABLE VIII (Continued)

K1 -1 K2 K3 _4 K4 _4 Ks -7 Ke -8
X (Xi) 2,24X10 6.18X10 3.03X10 4,81X10 2.66X10

** B - - - : N - - - B N - - - g =
SUM | %} = 31,28 7.23 3.50 5.23 6.31 5.94
* An example of how. to read the table: Looking at the second buffer region where T = 0.02124 m. if a

0.1% error is made in the value of T, in this buffer region, it would cause Kl to bé too ‘high by 3.02%
and K9 to be too low by 1.00%.

%% SUM |%Z| is the sum of the absolute values of the errors .for a given ionization constant. It is ex-
pected to be an upper limit to.the per cent of error in the experimentally determined ionlzatlon con-
stants as is verified by Table VIL,

NOTE: The table was constructed by increasing each of the experimental variables ag, T, Ty, and (KC1)
by the listed amount one at a time and then resolving for six K's.and comparing results. In the range
of small error (less than about 1%) the error is approximately linear for most practical purposes.

9¢



TABLE IX

HARNED CELL TITRATION DATA

102 2 2 Emf-observed .. "
TaX1O TleO (CL)X10 25° 50 S o 350

1,3-benzenedicarboxylic acid.

I 0,0532 0,0278 0.1139 0.6139 0.6212 0.6282. .
II 0.0551 0,0871 0.,0829 0.6752 0.6844 0,6923
1,;3,5-benzenetricarboxylic acid

I 0.4367 - 0.2224. 0,999 0.6324 0.6163 0.6239. 0,6323. 0,6404
II 0.3994 0.5957 1.041 0.5767 0.5661 0.5713. 0.5768. 0.5820.. .
IIT 0.4118 0,1023 1,025 0.5315 0,5245 0.5279 0.5314 0.5347
1,2,4~benzenetricarboxylic acid

I 2.001 1.007 2,143 0.4788 0.4718 0.4753 0,4787 0,4812.
II 0.980 1.364 1,015 0.5629 0.5524 0.5576 0.5627 0.5675
IIT  1.024- 2.492 0,999 0.6446 0.6287 0.6365 0.6446 0.6531
1,2,3-benzenetricarboxylic acid

I 1,081+ 0.540 1.509 0.5095  0.5006 055055 0.5095 0.5133 .
11 0.955 1.520 1.120 0.6189 0.6065 0.6125 0.6187. 0.6248.
IIT  0.942. 2.326 1.253 0.7325 0.7132 0,7226 0.7323 0.7416
1,2,3-propanetricarboxylic acid

I 0.982 0.492 1.064 0.5531 0.5442 0.5489 0.5530..0.5569.
II 0.929 1.392 1.021 0.6208. 0.6041 0.6123. 0.6207..0.6290.
IIT  0.873 2.175 0.959 0.7016 0.6777 0.6891 0,7006 0.7119
1,2,4,5—benzenetetracarbokylic acid

I 1.019 0.641 1.097 0.4836 0.4753 0.4798. 0.4834. 0.4865.
II. 0.881> 1.321 0.771 0.5336..0.5211 0.5278..0.5336..0.5385. .
IIT 1.007 2,503 0.881 0.6106 .0.5965 0,6035: 0.6105..0,6180. .
Iv 0.975 3,359 0.853 0.6806 00,6605 0.6705 0.6806 0,6910
1,2,3,4,5,6-benzenehexacarboxylic acid. | ,

I 5.047 2.536 4.654 0.3986 0.3963 0.3971 0.3986. 0.3995.
II 2.124 3,221 2,171  0.4599 0.4518 0.4560. .0.4602. 0.4636.
IIr 1.056 2,612 1.292 - 0.5255- 0.5125 0.5195. 0.5256. 0.5315.
Iv 0.992 3.482 0.936 0.6089..0.5942. 0.6016. 0.6089 0.6182.
v 0.973 4.373 0.918 0.6717 .0.6557 0.6637. 0.6717. 0.6797.
VI 0.954 5.230 0.900 0.7393 0.7192. 0.7293..0.7393:

37
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formed, and this large error in Kl and K, was related to the fact that

2
Taf(Kl or K2) which makes both ionizations behave.as if they were .
"strong' acids.

The only data from the temperature dependent calomel-glass studies -
used was for 1,2,3,4-butanetetracgrboxylic acid. This data was used .

because all of the pure .compound was consumed in the studies at 25° and

no more could be.obtained commercially.
Temperature. Dependent Titrations

Accurate temperature dependent data was finally obtained by the use
of Harned cells (Chapter II). Typical data from the use of these cells
is represented.in .Table IX . for every acid whose.thermodynamics 1is re-
ported in Table IX. 1In all cases in Table VIII the emf over a 10 degree
temperature range varies by only 4-10 mV.  If the emf on going back to
25° varied by more than 0.2 mV., that cell was not used in further cal-.
culations. The 1,3-benzene data is an exceptien, since the acid preci-
pitated on lowering the temperature.

The Ag/AgCl electrodes were made 12 at a time; aged for 2-3 days
in 0.01 M HCl; and checked against each other before.use. Any electrode..
which differed in emf from the others by more than about 0.2 mV. was
discarded, If more than 3 or 4 electrodes failed to zero, relative to.
each other, the whole set was remade. Each electrode.pair was used in
only one experiment:. The H2/Pt electrodes always checked against each
other to within 0.1 mV. When 6 cells as described by Cell II in Chapter
II were filled with 0,01006 m HCl, the emf reported by Harned was re-
produced to within 0.1 mV. with a S.D. of about 0.05 mV. This re-

producibility is considered to be fertuitous, but serves to indicate the
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care taken in the preparation of the electrodes uged in the experiments
with the Harned cells.

Results of the temperature dependent studies are summarized in.Table
X. A detailed discussion of temperature independent error will be pre-
sented in Chapter V. Based upon.the reproducibility of the emf at .25°

it is estimated that from one temperature to another a.given pK, is in.

i
error by about 0.003. According to Table I this error in pKi corresponds -
to an error of about.0.l kcal./mole in AHO, anterror.of about 0.5 eu.
inﬂAsz; and an error of about:20 eu: in AC;’ig None of the interpreta-
tions in Chapter V necessitate AH? or AS? data of any .more accuracy.than.
this.. The'ACO,i.data, although of the right order of magnitude and sign,
is not accurate enough to warrant any further detalled interpretation.
Table IX also contains AHz'data from Equation (3.27). The A, B, and C
constants.in Table IX are the leaéf squares curve fitted results from
Equation (3.12), With these numbers the pKiida;a from experiment .could

4, but this -has little

generally be reproduced with a S.D. of about 10~
meaning because the sample size, in all cases, was too small. The Tmax
data not derived from Equation (3,.12) will be discussed in Chapter V.
The AHz'data forvl,3—benzéne‘and 1,2,3,4-butane were derived by use.of
the van't Hoff equation treéting AHglas a constant and independent of-
temperature; no attempt was made to estimate the error in the pKi's as a_
function of temperature for these two acids. Figure 3 is a graphical
summary of the PKi data as a function of temperature for the acids in
Table X that were studied by the Harned cells.

The electrostatic theory of Gurney (Chapter III) predicts that a

plot of AGz vs. Asz'will‘be a straight line of slepe'—ZlQoKa Figure 4

is a test of this hypothesis with the data from Table X: The least
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squared line through the data, not blocked out by the hashéd.marks, has
a slope of ~224°% with a correlation coefficient of 0.97. All data in
the hashed box is believed to be from the first ionization of an ortho-
palr and is discussed in Chapter V.

In an attempt to understand how accurately concentration variables
would need to be measured to produce an ionization constant of a given:
accuracy the data in Table VIII were calculated. The reported deviations
in the experimental'variables are expected to be about what were obtained
in practice. An important feature of this table is the calculated .effect
of an error in one buffer region on the neighboring Ki's. The error in
Kl and K2 is expected to be concentration dependent; this probably.
accounts for the fact that the sum of the error in Table VTII for K2 1gee
less than that reported experimentally fof‘Ké'iﬁ Table VII,

Table XI is used to . illustrate the overall quality of the experi-
mental work as well as the selfmcoﬁsistency of the data analysis. The
data in the first column are the results reported by Maxwell and Parting-
ton at a constant ionic strength of 0,03 M; the second column was pro-.
duced by putting :their data into our program and using Equation (3.6)
for the activity coefficients. The next two columns:were obtained in

this study by the Harned cell method: and the glass~calomel assemblies,

respectively. Agreement is excellent.
Mixture Analyéis

A byproduct of the glass-calomel studies was the development of a
method to analyze for the analytical concentrations of two dibasic-~
acids in solution simultaneously. «, ="-Oimethylsuccinic acid (DMSA)

was used in Table XII to illustrate this method of analysis. DMSA exists
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Figure 3. Graphical Representation of Data From Table X



TABLE X

THERMODYNAMICS OF IONIZATION OF CARBOXYLIC ACIDS AT 25°

Acid pK,  AG° p®  -as®  as®  -acp® T AH
= Kcal/mole Kcal/mole eu. (E gtf6) eu max ° B A ¢
° q.3.1 : Kcal/mole

1,2,3- 3.67 5.00 0.56 14.9 17.1 27 319 1.11 35,93 -1867.2 -13.47
propane 4.87 6.64 -1,19 26.3 26.3 49 273 0.26 65.84 -2925.6 -24.61

6.38  8.70 -1.81 35,2 33.0 52 263 0.34 67.78 -2964.5 -25.95
1,2,3,4- 3.43 4.66 0.2 15.0 17.8 - 301 0.75 -—= - -
butane 4,58 6.21 -0.3 21.9 22,7 - 295 0.80 - -— -— —

5,85 7.95 -0.5 28.4 27.6 - 291 l.11 - —_— -—

7.16 9.73 -1.2 36.7 33.9 - 258 1.07 - -— -
1,3- 3,50 4,74 0 15.9 17.3 - 298 0.58 - — -
benzene 4,50 6.10 -0.44 - 22,0 18,6 - 293 0.59 -—= - -—
1,2,3- 2,88 . 3.93 -1.06 16.7 18.9 22 249 -0,37 27.95 -1175.4 -10.87
benzene 4,75 6.49 - 0.21 21.1 21,1 65 301 1425 90.64 ~4283.4 -32.75

7.13 9.72 0,37 31.4 29.2 57 305 2,22 " 75.81 -3760.9 ~28.42
1,2,4~ 2.48 3.38 -1.24 15.5 17.7 32 258 -0.65 42,76 -1783.6 -15.87
benzene 4,04 5,51 -0.09 - 18.5 18.5 46 296 0,74 63.24 -2977.6 -23.16

5.54 7,56 -0.95 28.6 26.4 91 288 0.68 127.61 ~5749.3 -46.02
1,3,5- 3.12 4,26 0.87 11.4 13.6 53 315 1.14 74,77 -3628.9 -26.56
benzene 4,10 5,60 -0.49  20.4 20.4 49 288 0.49 66 .50 ~3051.3 -24.39

5.18 7.07 -1.17  27.7 25,5 66 280 0.39 90.75 -4052.4 -33.28

Y



TABLE X (Continued)

Acid pK, ac®  aH®  -a8®  as®  -acp® T AH B A C
= Kcal/mole Kcal/mole eu. St eu max ¢ '
_ _ * _ Kcal/mqle _
1,2,4,5- 1,70 2,31  -3.,11 18.2  21.0 -—— <200  -2.30  2.64 385.0  -2.27
benzene 3.12  4.26  -1.57 19.6 20,4 -- 277  -0.65  -33.28 1634.2 9.97
4,92  6.71  -0,79  25.2 24,4 86 289 0.64  120.9 ~5453.7  -43.45
6,23  8.49  -1.60 33,9 31.1 73 276 0.55 99.45  -4406.2  -36.73
1,2,3,4, 0.68 0,99 -7 27 23 -~ <100 -4.5  1183.3 -5134.3  -408.9
5,6- 2.21 3,01  -3.56 21.9  23.7 -——= <200 -2.43  -34.0 2071.3 10.0
benzene 3.52 4,80  -2,75 25.3  25.9 64 255  -1.38 87.87. -3557.1  -32.1
5.09° 6.94  -1,13 27.1  26.5 58 278 0.38 78.24  -3498,9  -28.9
6.32  8.62 0.05 28.7  26.9 48 299 1.69 63.36. -3110.0 - -24.0
7.49 10.34  -0.27 35.5 31.9 61 293 1,90 80.92  -3887.6  -30.5
formic#* 5,12 0. 17.2 41
acetic* 4,76  6.48. 0,10 22,1 - 37 29 1,01 S -— —
Succinic* 4 o 21 5 © 74 0 o 76 16 ° 7 18 ° l 32 326 l c 45 _— _ ————
5.64  7.69 0.04 25,7  24.3 52 296 lobb  ——me — —
maleick 1.91  2.60 0.08 8.5 9.9  -— 296 0.12 _— — —
6.33 8.64  -0.83 31,5 30,1 -- 285 1,03 — —— —_
fumaric*  3.19 4,22 0.11 13.8 15,2  -—- 299 0.57 — _— —
4,60 6,28 -0.68 23.3  21.9 -- 266 0.53 _— _— —
citrick 3.13  4.27 1.00 11.0  13.2 - 327 1,24 —— ——— —
4,76 6,49 0.58 19.8 19.8 45 310 1.51 — — —
6,40 8.73 -0.80 32.0 29.8 60 285 1,10 ——— —— _—
benzoic 4,20 5,73 0.10 18.9 37 296 0.96 -— -— ——

€Y



TABLE X (Continued)

Acid oK. AG° aE®  -as®  as® -acp® T AH
£ Kcal/mole Kcal/meole eu. st. eu max ¢
o : ' Kcal/mole
i,2- 2.95 4,02 -0.64 15.6 17.0 22 266 —0.04.
benzene* 5.41 7.38 -0.50 26.4 25.0 70 291 0,95

*This data was taken from. Refererice 44.

Y



TABLE XI

IONIZATION CONSTANTS FOR 1,2,3,4,5,6-

BENZENEHEXACARBOXYLIC ACID

45

Ref. 45 Ref. 45 Present Work Prasent Work
Q.H.-Calomel | Recalculated - Harned Cells Glass-Calomel
PRy 1.40 1031‘ 0068 'l.2i»
Pk, 2.19 2.39 2.21 2,19
PK, 3.31 3,57 3.52 3.53-
PK, 4.78 5,08 5.09 5.09
Pk 5,89 6,31 6.32 6.31
pK 6.96 7.46 7.49 7.45
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in a dl and a meso form: In Table XII, column. .l is the titratlon curve
for the pure meso form and column 2 contains the data from the titfation.
of the pure dl form. The isomer compositions indicated in.the next three.
columns were made by mixing known amounts of the pure forms. The last
columns were made by mixing known.amounts of the pure forms., The last
columﬁ contains the results from the titration of the commercially
available sample. From the data in columns 1 and 2 the.ionization con-
stants for the pure meso and dl forms were obtained. Then, based upon
these .ionization constants, 1l titration curves were calculated for a
given total acid concentration by varying the fraction of the forms by.
0.1 from one curve to another (Figure 5). For each of the 1l curves the
absolute value of the difference between the experimental and the cal-

culated emf for each data point was computed and summed.

SUM = I | emf_, - emfexpv] = zlAEi.mv,

all pts, all pts.

(4.1)

The idea being that, if the correct composition were used to obtain SUM,
that SUM would be a minimum, Figure 4 is a plot of SUM vs. mole-fraction
of meso isomer for all six columns in Table VII. For the first five
columns the calculated minimum in SUM vs. mole-fraction occurs within 1%
of the true composition. The commercially obtained mixture was, there-

fore, determined to be 787% meso and 22% dl DMSA.



TABLE XII

DATA FOR THE ANALYSIS OF A MIXTURE OF DIBASIC ACIDS (DMSA)

“Acid (M) 0.01173 0.00924 0.01023 0.01072 0.01121
Base (M) 0.1033 0.1033 0.1033 0.1033 0.1033
Temp (°C) 25.3 -25.3 25.3 25.3 25.3
Initial Vol. .
of Acid (ml.) 25.00 25,00 25.00 25.00 25.00
Emf.-4.01 0.1852 0.1852 0.1852 0.1852 0.1852
Emf ,-9,18 -0.1198 ~0.1198 ~0.1198 ~0.1198 -0,1198
meso % 100 0.00 45.8 65.5 83.6
dl % 0.00 100.00 54,2 34.5 16.3
ml. Emf. ml. Emf, ml. Enmf. ml. Enf. “ml. Enf.
0.00- 0.2533 .0.00 0.2453 0.00 0.2492 0.00 0.2506 0.00 0,2518
1.00 0,2165 1.00 0.1978 0.50 0.2264 0.50 0.2293 0.50 0.2314
1.50 0.2009 1.50 0.1766 1.00 0.2070 1.00 0.2104 1.00 0.2135
2.00 0.1860 2.00 0.1506 1.50 0.1888 1.50 0.1935 1.50 0.1973
3.50 0.1365 2.50 0.11715 2,00 0.1694 2.00 0,1757 2.00 0.1811
4,00 0.12075 3.00 0.0898 2,50 0.1470 2.50 0.1561 2.50 0.1643
4,50 0.1045 3.25 0.0783 3.00 0.1235 3.00 0.1352. 3.00 0.1448
5.60 0.0226 3.50 0.0669 3.50 0.1015 3.50 0.1155 3.50 0.1270
5.65 -0.0062 3.74 0.0548 4,00 0.1783 4,00 0.0953 4.00 0.1097
5.70 -0.1069 4,00 0.0403 4,50 0.1493 4,50 0.0716 4,50 '0,0905
5.75 -0.1506 4,25 0.0180 4,85 0.0045 5,00 - 0.0293 5.00 0.0631
4.30 0.0111 4,90 -0.0135 5.10 0.0092 5.35 0.0165
4,35 0.0018 4,95 -0.0656 5.15 -0.0127 5.40 -0.0061
4.40 -0.0120 5.00 -0.1397 5.20 -0.0818 5.45 -0.1161
4,45 -0.0422 5.05 ~0.1709 5.25 ~-0.1450
4,50 -0,1177
4,55 -0.1602

LuuvuuuupbhbWLONDNDEKREOO

3RBL88888848383%88

LYy



9.00

8.00

7.00

6.00

5.00

4,00 -

3.00 1

2.00

1.00

SUM in mV.

A l,2,3—zropahetri‘ : o Hb
B 1,2,3,4~butanetetra D3 » e
C 1,3-benzenedi B4
D 1,2,3-benzenetri M3 -
E 1,2,4~benzenetri v .
|F l:3:5—ben2enetri H5K2 Gl A3
G 1,2,4,5~-benzenetetra - .. B3 '
H 1,2,3,4,5,6-benzenehexa’ © J20 097 B3
I acitie ' ' 8
J succinic M2 D2 I1 'ﬂE
K maleic e e GY A2
L fumaric N1 , "L2
M citric Jlo o c2
N benzoic ‘ 'F2
0 1,2-benzenedi 3, H3
M1 wfl d ?1 .
ol b1
£l 02
Kl :
Gl

H

0 5 10 15 20 25 30 35 40
Figure 4. Test of Electrostatic Model

0.12 1
0.10 4
0.08 -
0.06{ °
0.04 - \\
0.00 | f..'“""

0O 10 20 30 40 50 60 70 80 90 100
% meso isomer

Figure 5. Plot of SUM (Eq. 4.1) Vs. Mole % of
: Meso Isomer

48



CHAPTER V
DISCUSSION
Evaluation of the Calculation Procedure

A program was written (see Appendix for a summary of program) to
solvé for the n ionization .constants in Equation (3.7) by the use of n
data points measured as a function. of degree of neutralization (46).

The data points were chosen from the approximate n buffer regions, which
corresponded with the n ionization steps, by a random number generator
subroutine. Usging these n _data points the coefficients of an n'by ntl
matrix were calculated and the n ionization comstants obtained by elimw
ination and'back4substitUtion. The caléulation required reitération
around the matrix coefficients using as a criterion for convergence the

. To initiate

variation in Yi'in successive cycles, 'dif = lYi;dd.— Yi,x
the calculation the first.coefficients were calculdted using estimated
Yi values. Termination occurred when dif < 0,0001. Convergence was
generally accomplished within three or four cycles.

Besides the random error mentioned in the results; the uncertdinty
of the true furctional form for the activity coefficient as a function
o¥ concentration for multiply charged ions is a -source of systemmatic
error, Citric acid (12) is the only polybasic organic acid with n > 2
for which thermodynamic ‘ionization constants have been cadlculated, and
this was done by extrapolation to infinite dilution (this procedure

makes a knowledge. of the true activity coefficient functional form much

49
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less critical), In our laboratory citric acid was,titrqted-at"Té = 0,01
M and its ionization constants obtained by using Equation (3.6) for the

activity coefficients.

Ky Ky PKy
Extrapolated to T = O M 3.13 4,76 6.40
This work Equation 3.6 3.13 4,78 6.43

Agreement 1s within experimental error in all‘pKi's. Even if Equation-
(3.5) does produce a systemmatic error in pKi as ‘1 increases; the rela-
tive error in adjacent ionization constants is expected to be small and-
of about 'the same size énd sign for similarly charged analogous acids,
This source of error will be even less important when pKi at -one T.is
compared with the same pKi at other T's; which is pertinent to the cal-

culation of the entropy and the enthalpy change.

Interpretation of the Thermodynamics

of Polybasic Acids

Before proceeding it shqﬁld be noted that in all cases the-Angdata”
is the most accurate. This follows from the fact that what is actually
calculated from experimental data.is the ionization constant or -pK at a-
given temperature. This data is then curve fitted by Equation (3.12)
and differentiated to obtain AHz. Therefore, to the extent that an
error is temperature independent, this error will be eliminated. For.
example: 1if .due to an incorrect activity coefficient equation, the pK
data at every temperature is 0.3 in pK too large (which corresponds to

. cal./mo n the resultant AH ata wi not be affected,
0.4 kecal./mol in AG°) th 1 °d 111 be affected



31

rather, the error will occur in the calculated TAS® term.

This elimination of temperature-independent systematic ertor in AHC
is extremely fortunate, because -AH® 1s used extensively to understand
trends in the data. To a large extent thevdichotomizédAapprbﬁbh.of-
Gurney will be used. Often, the data is not accurate enough to produce
reliable Tmax_data‘needed in Equation (3.26). Harned and Embree (47)
showed that all of the available pK data, at that time, could be fitted

to a two parameter equation

pK = meax + P(T - Tmax) (5.1)

where P was a constant (5 x 10_5) and meax:was the value of the ioniza-
tion constant at the temperature of maximum ionizatiom, Tmax' It follows
that for a number of acids Tmax»varies linearly with AHO, at a given T,
From»these arguments Equation (3.26), which states‘that~Tmax.m AGgon/_

o ,
AGel, can be written -as

A o« ac®  /aG°

[ . (5.2)
25oC non el

All of the AHO trends in the multiple ionizations,of the individual acids
studied appear to be consistent with Equation (5.2), although anomalies
will be seen .to exist if detailed comparisons.are made between the IN:n
data of one acid with the AH® datd of another.acid,
By examining the aliphatic.dicarboxylic acids it is observed that
o o

2 is less endothermic than AHl,

must be greater than AG It is noted that'this»Ath

in nearly all cases AH This is surpris-

[o )8 0
2 1

' . o . )
dependence. is consistent with a constant AGnon and an.increasing AGel

ing because AG

due to the already present charge. The same behavior was observed for
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the. only. tribasic acid, citric acid..

Most of the aliphatic acids studied had the COOH groups close to-
gether and freée to rotate and possibly even for the CO0~ and . thé COOH
to interact. To understand the importance of this proximity effect .two
acids with distant carboxyl groups were studied, 1,3-benzenedi and
1,3,5-benzenetricarboxylic acid. Two points in the comparison of citric
and trimesic.acid aré worthy of comment: The first is that Asz is near-.
ly the same in both cases.and the second is:that, although there are
significant ‘differences in AHO, AHz_in both cases becomes'more exothermic
with ionization. The overall decrease in AHz is consistent with an ever

1

difference in the AHz_values together with constant AS

increasing AGZ in Equation (5.2) with AGzon constant, The 1.1 kecal,

o}

ivvalues would

indicate an inductive effect (Laidler's arguments) possibly due to the
presence of the OH group in citric acid. But there is no clear cut'
difference.in the trends that could be identified with a ﬁroximity ef-
fect in the aliphatic di-or tri-carboxylic acids.

To better understand the importance of the OH group in citric ;cid
1,2,3-propanetricarboxylic acid, tricarbollylic¢ acid, was studied,

Again, a monotonic decrease in AHz was observed (Table IX). ' In each

o}

i
ing partial compensation in AGi and nearly complete compensation in AG;

ionization both AH, and AS? are more negative than in citric.acid yield-
and AGg, relative to citric acid. Then, based upon Laidler's agruments.
on compensation, it appears that the OH group basically changes the sol-
vation in citric relative to tricarbollylic,  No attempt will be made in
general to further rationalize such subtle differences in individual
thermodynamic values.

On the other hand, the data for O-phthalic acid (Table IX) is anoma-



53

lous relative to the "normal" dibasic aliphatic ‘acids., This s rather
surprising because both 1,3 and 1,3,5 benzene acids were found to be
"normal" when compared to the aliphatic-acids.

o) o ) o

! Nel 0
Acid AGl AG2 | AHl AH2 ASl AS2

O-Phthalic 4.02 7:38 -0,64 -0.50 16 26

o
2

Yet, AS

The most striking feature of the data is that AH, is more endothermic

o o o)
than AHl. 1 and AS2 are com-

parable to those for dibasic acids. In an attempt to see.if this was a

This means that Tmax,l < Tmai,Z'
general result for ortho-ionization pairs, most of the polybasic ‘benzene
acids were studied. Indeed, it was found that for every ortho pair .
there was.one reversal in the AHzidata relative to the alaphatic case
(see Table IX).

Of the numerous ways that this ortho effect could be' accounted for
by use of Equation (5.2) it is believed to be due to an unusually small
AGgon.' This is consistent with and supported by the following arguments: -

1) The entropies, which are associated with the electrostriction
about a charge and related to-AGZl, are similar to those observed for
aliphatic dicarboxylic acids in which proximity effects have been shown'
to be unimportant.

2) By Laidler's arguments based upon statistical mechanics, if
Asz is unchanged and’AHz changes significantly, the observed differencé,
is quantum mechanical in origin, e.g,, induction or resonance, This is.
just what is -observed.

3) As argued in Chapter III, if electrostatics is the origim of

the difference in the ionizations, a plot of AG° Vs, AS*o should be a
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o
i

plotted only the first ilonization of each ortho pailr is off the line,

straight line of slope,-219°K. When the"AGg - AS, data from Table IX is.
and in every case below the line drawn through the remaining data (Figure-
4). Consequently, the second ionization of each ortho pair can be con-
sidered to be electrostatic in origin.

4) If the AHzon values (Equation (3.27)) are considered for every
ortho ionization pair, only the first'AHgon of -each pair 1s negative.
For all other-aliphatic and . aromatic acids studied AHZon,is,pOSitive.

5) From molécular models it is observed that the two COOH groups:
of O-phthalic acid are sterically crowded. This steric crowding cdn be
relieved if one of the COOH groups rotates out of the plane-of the ben-
zene ring. This rotation, though, destroys.the resonance stabilization
of the acid thus making it a strénger acid. 'Since only one ‘COOH group
need be rotated; the other member of the pair can behave "normally", as
is observed., This allows one to better understand -the fact that 1,2,3-
benzenetricarboxylic acid appears to have only one ortho-type lonization:
if .the middle COOH group rotétes~out of the plane of the ring, then the.
two remaining COOH groups can be accommodated in the plane of the 'ring
and therefore resonancé stabilized as the 1,3; 1,3,5; or the second

ionization of O-phthalic acid. -
Hammett Linear Free Energy Relatiomship for. Tribasic, Acids

The Hammett Equation (3.29) gives excellent results for polysubsti-
tuted benzoic acids (see Table V). A problem arises in.the application
of Equation (3.29), or its equivalent free energy. form to:tribasic acids
like 1,2,4-benzenetricarboxylic acid (48). The first ionization may

occur via proton release from position 1, 2, or 4: Release from each-
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position has a characteristic free energy AG% determined by the ¢ con~
stants for the remaining 2 groups. In reality all three positions ion-.
ize to some extent and the observed free energy, <G§>’ is a Boltzmann
weighted average of the three. Defining Q as

-AGi/RT -AGi/RT -AGi/RT‘
Q = e + e + e (5.3)

the average free energy, <Gi>, becomes.

. 1 -AG%/RTs ) -AGi/RT 4 —AGi/RT
<G> = 1/Q {AG1 e + AG] e ~ + 4G e } (5.4)
i1
i=a11;sites P1 AGl (5.5)

where Piirepresents the probability of the first ionization being from

]

position 1, and Pi; PI have similar meanings. It should be noted that
o

the sum of Pi ® is one, .

The second ionization constant can occur in six different ways with
i's
six different microscopic free energies, G2 .

second ionization must be multiplied by the probability of the corre-

The probability of each

sponding first ionizatien.

<AG%> = 1 pid (13

2 i=all’sites j=alllsites T1 T2 @ (5.6)
j#i
i i _ .
rzel Pl = 1 (5.7)

For each second ionization, there is only one way for the third
ijk

proton to ionize (i.e.; each'P3

is - one). For the sakevof.generality

o
<G3> can be written as
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1
i g B11 ady dg B
k#1

14 i1k i1k
p,” P37 G (5.8)

To evaluate Equations (5.4-8) for the overall calculated free
energy the first and second ionizationg of 1,2; 1,3; 1l,4~benzenedicar=~.
boxylic acids (49) were used to obtain. the variation in the free energy
relative to benzoic acid, induced b; substituting a COOH or a COO group

in .the o, m, or p position.,

TABLE XIII(A)

SIGMA_ PARAMETERS FOR BENZENEDIGARBOXYLIC ACIDS
 (4Gy = 5.73 keal.)

o ' ‘ m P
(A6, - 4G))* 1.28 0.26 0.47
(AGS - AG;)* -1.29 -0.17 0.02

%
These Ac® values ‘are statistically corrected relative to
monpobasic ‘acid by Equation (3.18).

TABLE XIII(B)

IONIZATION DATA FOR 1,2,4-BENZENETRICARBOXYLIC -ACID

Ionization AGFI) (i) Ionization G(iJ) (iJ) Ionization AG(ijk) P(_1Jk)

Sequence - i Pl Sequence 2 P2 Sequence "3 3
(1) (i) | (13k)
1 3.98 0.48 12 6.65 0.048 124 5.88 0,104
14 5.34 0.432
2 4.08 0.41 24 5.43 0.355 241 7.02 0.400
21 6.55 0.056 '
4 4.89 0.11 41 4.43 0,062 412 7.19 0.494

42 4.62 0,045
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TABLE XIII(C)

TABULATED DATA

| AGi (ﬁq."5.4)‘ AGg (Eq. 5.6) Acg (Eq. 5.8)
Caleulated 4.12 5.42 6.97

Experimental 4.04 5.51 6.90

If the symmetrical 1,3,5-benzenetricarboxylic acid is examined, only.
one ionization sequence is possible. . The calculated and the observed

free energy data are:

Ionization AG® Sigma Values AG°
cal obs .
1 4.97 20200H‘ 4,92
2 5.52 coon + 9Co0™ 5.60 .

3 6.40 205 00" 6.02

The third ionization is thé only one outside of the expected experimental
error; no explanation is offered for the difference because the data is
very difficult to obtain and the error is mot certain,

If the o constants.of Table XIII(A) are used for~l,2,3*5en,'agreew
ment with experiment is poor. This is explained by the fact that none’
of the dibasic acids have a .group on both sides of the ionizing COOH
group; similar results are observed for 2,6—dimethylb¢nzoic acid in.
Table V.,

Although the dibasic acid AHz‘and.Asg are not-available, it .is -sug-

gested that the additivity of these variables be weighted in a manner



consigtent with that done for the AG) data.

Analysis of a Mixture of Acids

If Equations (3.1) through (3.6) are modified to simultaneously re-
fer to a solution with more. than one polybasic acid (50), an equation.
can be derived which reduces to Equation (3.7) in the limit of only one

acid in.solution

L = pgl «p Tap (5.9)

with

N N N N
I da ) v %k /3 ay v oo k| (5.10)
i=o "y i j=o p,j i=o g© 1 j=o p,j

<p

and where Na is the number of acids in solution of concentratien Tap and.

Np is the number of ionization constants of the p-th acid, K 3 refers
3

to the j-th ionization of the p-th acid, and L = (H) + (Tb) - (oH),.
Equation (5.9) was used to analyze a mixture of the dl and meso
isomers of DMSA. Only a mixture of the isomers, of unknown composition,
could be purchased commercially. The mixture was separated by recrystal-
ization from concentrated HCl. The ionization constants of the separated

isomers were determined by use of Equation (3.7).

This Work Ref. (51) Ref. (52)
meso pKl 3,726 £ 0.005 3.77 3.77
pK2 5.370 = 0,001 5.28 5.92
dl pKl 3.867 £ 0,005 3.92 3.95
pK 5.947 = 0.005 5,96 6.19
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Based -upon these lonization constants and a titration of the mixture.
from Aldrich the composition of the commercially avallable- sample was.
determined to be 78 * 1% meso acid. This contradicts some reports on
the isomer ratio (53), which is related to stability, but knowledge.of
the synthesis mechanism was not available, therefore, no definitive con-
clusion could be made..

The theoretical limit of the accuracy of this method is determined
by the maximum ratio of the isomers' corresponding ionization constants,

For DMSA K /

1,meso = 1,64 and K. /

K
1,d1 2,meso KZ,dl,
of the second buffer region the calculated Iemf - emf |’is 30 mV,;
meso dl ’

= 3,84, At the midpoint

with an emf readability of 0,1 mV. the limit of this analysis is 1 part
in 300. In practice this accuracy was never achieved because the ioni-
zation constants themselves were in error by *1Z.

In principle it should be poésible to determine?both all ioenization
constants, Ki, , and all analytical acid concentrations, Tap, from a
single titration of the mixture. This problem was not persued experi-
mentally of theoretically.

The major advantage of this method of analysis is that it can .easily
and accurately be done in situ. This avoids the problems in separating
the isomers analytically by recrystallizktion, etc: Also, because the:

analysis is done in situ, there is less chance. for the acid to rearrange

upon separation and analysis.

The Value of n at Which the Monomers

Approach the Polymer.Properties

As to the final question of when the thermodynamic data for mono-

meric polybasic acids and polymeric acids converge, this situation does
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not appear to have been reached through 1,2,3,4~butanetetracarboxylic-
acid. Values of AH® and AS° for polymeric acids are (54) typically -0.2
kecal,/mole and -21 calr/moleloK, respectively. It should be emphasized
that these values are weighted :averages; and presumably for the first
few ionizations, the AHz and ASZ values are distinctly different by.

analogy with the monomeric acids. Convergence may have been reached as

o
5

o}

6

early as six carboxylic groups; however, if one compares AH. and AH, for

the totally substituted benzene acid.
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APPENDIX

**“ﬁﬁﬁq$ﬁ¥;ﬂ - OUTLINE-OF. PROGRAM TO- CALCULATE Ki

‘The objéct of the program is to solve n equations like (3.7) for n
K, 's,
1 1 i

K - (3.7)

n . -1
-L = iél (L—1Ta) aH+ Yir { 5

From each data point, k, an equation like (3.7) can be written

n
where B, = %K and ‘a = (L, - iT ) a'l Y—l or for n data péints:
i 177 k,i k ‘a;k’ gt o k,i
Ll = al,lBl + al’sz +riit al’an
. . (3.7b)
= + a it
Ln an,an an,2B2 + + an,an

This system of n equations and n . unknowns.can be solved in many ways; no
attempt was made to fiﬁd and use the '"best" method of solution; rather,
a "convenient" method was used. Once the‘overall‘plan of solution ‘is
clear, the details of the programming follow immediately from the most..
basic Fortran and experimental data. Therefore, only an outline and ex-
planation of the steps will be presented herein:

1. To calculate the a coefficients in. Equation (3.7b) the fol-.

k,i

lowing must be available for each of the n data points: Ta’ Tb’ Yi? aH+,

(HT), and (OH,). To start the calculation a reasonable set of n Y, 's
i i * i

64
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must be guessed; v, = 0.9 is a reasonable guess. All quantities which-

i
are dependent upon the T only are least squares curve fitted to a poly-
nomial in T and calculated from the single parametér, T,

2., Once the coefficients are calculated, the system of n equations
and n unknowns is solved for the Bi's. The method used in this study to
solve the.n equations was the elementary and systemmatic elimination and
substitution procedure found in most texts on numerical analysis (55).
Crammer's rule, used by Maxwell and Partington (45), found in most basicg
algebra texts, would also have worked well. Both of thé above methods, -
and others as well, are available continuously in core on most computérsj
and can be usediby simply sending the coefficients to the program in
core; the resulting solutions, Bi's, are returned automatically.

3. From the.n Bi's the concentration of each ionic.species for each

data point can be calculated:

Hy_ A = (HNA)Bi\a; v

and put into Equatipn (3.5) for the ionic strength, which is used in
Equation (3.6) to calculate the activity coefficients, for -each point.
4, These new Yis calculated in step 3 are compared with those used’
: ; B ¢ - ] EEVAR |
in step. 1, Yi If any difference, [Yi Yi,old1 > 0.0001, the new'Y s

,old". i

are used in step 1 and a . new set of a calcylated, etc. This repiti-

k,i
tion of .steps 1, 2, and 3 until convergence is obtained for all of the
Yi's is called the .Gauss-Seidel itterative method of ‘solving equations;
generally convergence for these equations is obtained in 3-4 cycles.

5. Then the Ki's are calculated, a new set of 'data ‘points.chosen,

and steps 2, 3, and 4 repeated. For a titration as in Table VI, general-
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ly, abeut 50 sets of iénization censtants aré calculated:  the 50 sets
of n data points are chosen by a random number generator, the i-th data
point being chosen from the i-th buffer region; the first half of the
first and the last half of the last buffer regions are neglected because
the pH changes too rapidly with base volume in these regions.

6. Varilous statistical tests were then performed on4the;Ki's.

Basically the mean, median, and standard deviation were used.
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