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ii.

PREFACE

During a study of complexing sgents for zirconium it was found that
chloranilic acid possessed promise as a colorimebtric reagent Tor that
element, It was therefore decided tov debtermine the formulese and stability
of the zireconium chloranilate complexes as a matter of practical and
theoretical interest. A determination of the acid constants of chloraniliec
acid was required becsuse of its appreciable ionization in the soclutions
that were employed, In the course of this determination a spectrophoto-
metric method was developed which appeared to have general applicability
for dibasic acids with overlapping acid consbants. In order %o test this
method it was also used in two other similar cases.

Congsequently, the thesis is presented in two distinct parts. The
first part is devobted to the determinmtion of overlapping acld constants
and the second to the formulae and stability oconstants of the zirecomium

chloranilate complexes.
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IUTRODUCTION

The ionization eguilibria of dibasic aolds are usually discussed

in terms of thermodynamic ionization constants, Kl and Ky, in which

- st « BEA  gg Ky = fﬁ* » 8y
Bl 8HA

where ay+ is the activity of hydrogen ion and aﬁzﬁ’ a;y and a, are re=
spectively the asctivities of the undissociated, singlyedissoeiated and
doubly-dissceiated forms of the dibasie acid.* Experimentally thermo=
dynamic ionization constants are seldom determined directly due to the
effects of ionic strength, In spectrophotometric work only the concen-
trations of the forms HgA, HA and & are dbserved although the activity of
hydrozen ion is, of course, observed in terms of pil. Therefore, in disw
cussing the problem of determining overlavping lonization constants it

seens preferable to express the equilibria in terms of "acidity constants#*

in the following menner?

*In the present representation charges are not atbached to the
symbols ligh, HA and A for the sake of brevity snd in order not to excluds
from consideration the conjugate acids derived from ampholytes end dibasie
bases,

#»+The term "aeldity constant” thus defined follows the terminology used
by J.N. Brgnsted and C.V. Xing, Z. Fhysik. Chem. 130, 700 (1927).




where k; and k? ars the seidity consbants, and [ﬁzﬁj, [H&] and [A] are
the molarities of the forms Hp4, HA end &, Ouch acidity comstents should
be true comsbents provided thet the ionic strength is meinbained at & low,
fized value and the tempereture is ltept constant. The acidity constants
are, of course, related to the thermodyremic ionization constante in the

following manner:

Y, HA

H
Ky 2 oyl o Ky 8nd ky = . K
Y s A

where Hy X Y and )/ﬁ are the activity coefficients of the forms Hph,
EA and A at the particular ionic strength that is used. It is convenient
fer simplioity to vse the sywbol "a” in place of ayy for the activity of
hydrogen ion,.

In a geries of solubions of constant ionie sbrength, constant bemper-
stire end constant tobal concentration "e" of the dibasic acid and its
ions, the equations expressing the equilibria in terms of acidity constants
may be corbined to yield the following equations to express the variation

of [HZAJ s [-LA] and [A] with variation in the hydrogen ion activity:

. ]
&Y D"A] ~ 1 i @Q
1471 +.:é;§~
a 8
L
(2) [2a] = 8
ky | kg
14 L 2L2
a a
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(3) [A]: e’

14 5Ly Kk
a a2

The optical density D of such solutions after corresction for the light
absorption of buffers and other substances that may be present is as
follows:

(4) D w L[Hyale; + L[Eale, 4 L[A]eg

where L is the inside length of the absorption cell and ey, eg and 8z
are the molar extinction coefficients of HghA, HA and A, respectively.

By ecombining (1), (2), (3) and (4) one obtains the following expression:

(5) ﬁzm[el'}:eg* e 5}
14 5Ly Kk
a Py

The above equation expresses the optical density at a given wave length
as a function of hydrogen ion activity. It would seem to offer possibilities
for the determination of ki and kg provided that the acid and its ions had
measureble optical densities and ey, e, and ez could be deternined.

The spectrophotametric determination of ej, &p, ez, ky and ky of a
light=ebsorbing, dibasic acid is easily accomplished if the species IHjA,
HA and 4 can be quantitatively obtained at appropriate p}i‘s.1 Tha problen
is somewhet more difficult if the acidity constants kj and ks overlap, that
is, if the species HpA and A cannot be quantitatively transformed into A
st any pH, In such a case methods involving the potentiometric titration

of the dibasic acid mey be used, However, the determination of ki and
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k2 by potentiometric titration in aqueous solutions is difficult or
impossible for many sparingly soluble ditasiec acids, an example being
terephthalic acid,* If the dibesic soid is sapeble of being reversibly
oxidized or reduced its asidity constents can be obtained by studying its
oxidation or reduction potential as a Manetion of pH in a series of
buffered solutions. ’

8inoce neither of the shove potentiomebric methods is always applicsble,
it is of interest to inquire further into the spectrophotometric deter-

mination of kj and kp when ¥%; and ks overlap, From (2) the fraction of

the total acid thet is in the form HA is

from which the relation, a = -ikikg, san be obtained directly. The

maximm obtainable value of Eﬁgis therefore
o]

ky k1
) x| AR Eo
c - k1 ki
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HA
Table 1 conteins maximam cbtaineble values of E:;oalculated from (6)

k
and sample values of ;i'

.

Table 1

Values of Eax.ﬁ%?Calculate& fron Boustion 6

Sample values ef.gé Yax., %?ﬁ in per cent
100,000, 99 .37
10,000, 98.04
1,000. ' 94.085
300. 89,68
100. 05.33
50, 77495
25, 71443
10, 61,25
5. 52.79
2, 41.42

The spectrophiotometric deberminetion of ky and kg implicitly requires the

. . . Jeki
evaluation of eg which can only be dome by direct msasurement if Big
¢

be made close to unity at some pl, Thus the ewaluation of ey, Iy and ky

can

would appear to require the rather extensive use of successive approx-

. . , , R . . N . ky .

imations for their debtermination in cases for which Ti is of the order
K?‘

of 300 or less.
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HISTURICAL

In the pest the speotrophobomebric determinetion of overlapping
acid consbants for dibasic soids has slways involved epproximebions.
The procedure has been to study the optical density as a function of pl
at & constant total concentration of the dibasic scid ond coarztant cell
length . Une method has besn to use the method of successive approximations
to fit values of e3, kl and kz 4o the dabta at sach weve 1ength,? Another
method originally deweloped by Vles and Gexg’g’lo’il hag had & number of
recent applications in studies by various workers of ths acld constants

12 ¢ adrenaline,  of tyrosine'® and of l-dihydroxy-

of pyrocatechel,
phﬁnylalanins.ls & review article has been written by v1bs1® in which he
has appended a bibliography of earlier applications of the nethod. The
most charrcteristic feeture of the method of Vles snd Gex hns been their
use of a function ¢ - %?‘iﬁ which D' and D were two opbieal densitbies in

the system to be taken at the same pH but at twoe different wave lengths.

From (5) their ¢ function thus became

et 4 Loyt 152 or
¢ = a v TR v
o1 + X1 ey 3 ¥iKy e
& a

By taking ¢ values at different pH's in pairs they derived equations
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with which to calculate ky and k Howeover, their method required

o
successive avproximatlions for the debermimation of overlapping kl and kz
beceuse it did not orovide any means for ‘the evaluation of the extinetion
coefficients, eo and eé at the two wave lengths., As a oonsequence their

method offered 1ittle advantage over the direet application of successive
approximations. Furthermore they made a fundamental mistake in the

derivetion of their equations. In their scheme of material balance, Vles

and Cex {(Ref. 8, pe 71) wrote

ligh = HE & HAT
1 e oK (1= X )
1 i3 2
A" = g + A~2
- (e 8
o (1mesy) 1%

wheracxl and X, wWere the degress of acld ionization of EZA and Hﬁf,

respectively. They began the derivation of the equations for their method
with an Incorrect expression for pH in tewms of pkl, name ly,

r——————

pd 2 pky # log T =<

which was later changed in & note of Errata (Ref. 9, pe 171) to read

!
pH = pk; ¢ log e s

-

1
Heither of the atove exgressisn? was correct. It should have been
o< - X
1 “

oS
g

pil = vy + log 1 - .

"

The finsl eguaticns that were used (Ref. 9, pe 74-5) were consequently
incorrest, although the effect on the values of kl and ko thus obitained

was possibly not very great.
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A gimilar misteke in Vles ond Gex's treatment of ampholytes
(kef. 8, pes 21=3) has been corrected by Huches, Jellinek and Ambrose
(Refs 7, po 418-20), Afber deriving the correet expressions for the
application of Vies and Cex's method to ampholytes, Hushes and co—workers7
used the correct expressions to caleulate the dissociation constants of
nicobtinie acid. The use of successive approximetions was required. Howe
ever, the dissoclation constants sc obtained were in substentiasl agreement
with the wvalues caloulated at one wave length by another method of successe
ive approximetions.

A derivation of the correct equations for Vles end Gex's trestment
of dibesie acids hes been placed in Appendix A, A brief comparison of
values caloulated from these equations and from the equations orizinally
derived by Vles and Jex has also been included in the same place.

Schwarzenbach and Suter used spectrophotometric measurements to confirm
their potentiometrie measurements of the overlapping acid constants of
dibasic quinone-like ccmpounds.6 In the spectrophotometric part of their
work they plotted optiocal densiby versus pH. However, neither in the
paper that was publishads nor in the doctoral thesisl® from which the
paper was derived, did they pive any aecount of the method of caleulation
that was employed in interpreting the spectrophotometric data.

4 colorimetrie method has recently been developed by Sasconi for
the determination of the aciditby constant of a eolored monobasic acid for

which one or both of its forms cannot be guantitatively obtained in solution}7
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Sacconi olaims thaet the method is also applicable to colored dibasioc acids
having overlepping acidiby consbants althouzh the development of the method
and its application imply that only one step of dissociation is operative
during the detemmination of the corresponding disscelation c onsbant.
Although his method minimizes the effect of the third species in determine
ing ky or kp, an indeterminate error is nevertheless introduced into the
determination if f}, is fairly small. 4 brief résuné and discussion of

k.,
2
his method has been placed in Appendix B,
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THECRY OF THE IEBETHW
Derivation of the Hecessary Equations

In the spectrophotometric determination of overlapping ¥y and ko by
the method to be desoribed buffered solutions of the aclid are seanned at
eonsbant soncentration of the dibasic acld snd constant ionic strength,
temperature and cell length. Tho measured optical density is corrected for
absorption by the solvent and buffer and plotted egainst pH at various
wavelengths. A wavelength is selected at which the plot of cptical density
versus pi gives & declded maximum or minimum in the pH renge in which the IHA
species preéoﬁinatas.

In order to illustrate the method and assist in the derivation two
‘synthetic exarples of the types of curves sought are presented in Figures 1
and 2, These curves were caloulated from (5) using k1 = 5 x 10™% and
ko = 2 x 10"6. The velues of Loel. Loeg and Leeg that were used in each
case are indicated below the figures. The wmlues »f D so caleulated ars
listed in the third and fourth columns of Table 11 in Apvpendix A. Tn many
actual cases the curves show nmore favorable maxima or minima then are given
in these two illustrations.

For any curve of this type the pi for any point on the curve can be
exprossed as follows:

(7) pH 3 »log &, +8 and a z a, 10" 8

vhers a, 18 the hydrogen ion activity at the maximum (or minimum) of the



OPTICAL DENSITY D AT A
FIXED WAVE LENGTH

09t

021
o4 L
0.0 N 1 1 1 i 1 L i 1
| 4 3 4q 5 6 7 8 9
pH
FIG. | PLOT OF OPTICAL DENSITY VS. pH. K;=5X10°,

Kp=2X10° THE VALUES OF Lce, ,Lcep, AND
Lces  ARE 0.300, 0.800, 0.400, RESPECTIVELY,
FOR WHICH DOTTED HORIZONTAL LINES HAVE
BEEN DRAWN.

'3



at a fixed

D

Density

Optical

wavelength

i.0
0.9 |
08
0.7

0.6

0.5

{

O e e
O'O i i I 1 ! 1 1
| 2 3 4 5 6 7
pH
Fig. 2 Piot of Optical Density Vs p H.

k=5 x 10° kg2 x 10" The
values of Lce.,Lce2 and Lcas‘.5 are 0.300,

0.100 and 0.400, respertively, for which

dotted horizontal lines have been drawn
in the figure,

*eT
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curve as indicated by the vertieal line in the figures. The quantity A
is the horizontel distence from this wertical line to ths curve. The

term A has positive values to the right of the meximum and negative

curve, 1t remains to be shown what relation it hes to the other constants
of the curve,.
If the plot of optiocal density versus pH hes a maximm (or minimum)

it will ocour where _GP = 0 and 4D = 0. Using (5), namely
dlna da

k k
Lojep ¢ 5L 5 4 1k e]
[l e Py 8

D=
¥
ky kka
1¢-=4 1
*s. ==
@isasfollm:
da
4D = lo k1 ., |oq=e +klk2 (e«e}-}z}i% (eqwez )],
a7 o e | VR T s " 173
a 1{-...1*.@....}.2.. &
8 a

Hence at the meximum of the curve of D vs. pH the following equatien
holds true:

o k
61 ~ @3 + 1]:2 {og=ez) & 223 (al-es) =0 .
a

Since the hydrogen ion activity at this point is defined as & o? the latter

equation is better expressed as follows:

.k )
(8) ey - eg ;_%_._?_ (g ~ e3) ¥ 3;; (el-a:,;) =0
o

Hence (8) relates a, to the other constants of the curve, namely, the

aold constants and the extinction coefficients.
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Bxpressing the hydrogen ion activity at any point on the ocurve by

(7)y namely a = aOlO"A , equation (5) becomes

ky 1q¥0 14 *2A
{9) D:Lo[eli'—aglg 8o "'«..i.'.g.z..lﬁ as]

X "R
14 L gghh ke Hea

&Q 2
0

For very high values of the hydrogen ion activity and consequently large
negative values of A , the dibasie roid is entirely in the form HpA,
lience the left-hand 1imit Dy of the curve of D versus pH is

(10} Dy = Loey .

A gimilar condition applies for low values of (&) and the rightehand limit
of the curve ig

(11) Dy 2 Loez .

For example, in Figure 1, Dy = 0.300 and Dy = 0.400. At the maximum of
the curve, & = a, and from equation (9)

' Lo[ + 2 eg + “z'“klkz e]
61 * a., 92 3
(12) D = ° 2

e
i

Ky |k
1= L2
&g ey

where Dm represents the meximum optical density at a given wavelength. The
quantities Dy, I, and 12‘5 can usually be measured with a good degree of
8.COUrROY .

Inasmich as ep is not a directly measursble quantity it is desirable

to eliminete it from (8), (9) and (12). For this purpose the following
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torms are defineds

(13) O(l - .iil..
Substituting from (10) snd (12) inte (13) one obtains

11--—-—4%13
(15) Xy = %o g

141, 02 ko3
ag 1 a2 %
[#]

From (10), (11), (13) and (14)

| ' b X
e1 'Ff = BZE

Hence {(15) becomes

k k. k
1
. e i i)
(17} =<3 z ¢ tg + i)
¢ .

143 E}__ ey Kikp o3

e

2, €1 g% Efl

]

Rearranging (17) one obtaing
1 <y

-
-

a o
214 (1-o<1)u»-,g‘-;- ¢ (1=0G)=

@

(18)

From (16) one cbtains

(19) ®8 %5, 01,
oy Xy T

A combination of (18) and (19) sives
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Kz
(20) °3 . = .
27 14 (1 -oty) 12 b (1o )2
1/ ¥y - %%
Division of (8) by ey yields
(21) .33 - 1455 (1-23) 3 2 ’*ﬂz(ﬂ 3
2 &2 az ao es eg - «
o

The quantity e, can now be eliminated from (21) by substitution from (18)

and (20).
O<1 -1
14 (1e)22 3 (1 -ogg) 2
k1 a,
+ % -~
&2 - 1 o gq ko
) + (1= 1)1:; + (1 ~°‘5);-
)
Xy = X
} 8'0 kz
\‘)bl &0

By eliminating fractions and rearranging terms the latter equation can

be put in the form
2

k. Kk k. k 4 &
(1ecX)-L2 } (lacx, ),,..}E&_ b (< e 0 1w (1m0K,) - (1~ )2z 0.
o a. a,
Maltiplying the latter expression by ag k, and combining terms gives

3
(22) (1-0t5)(ityky)? + 8o [ (1-stgiegta (o€ y=0cg)] (ipep)mad(1m0¢)) (iyta)s 0
Bguation (22) ig a gusdratic in the quanbity (klkg) et kl also appears
in it separately. If one more relation ocan be cbteined relating ky and kg

to measured quantities, it should be possible to determine both.
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¥quation (9) can be employed for the latter purpose since D at any
point on the curve is & measurable quantity as is also Aafter a, has
been determined. However, it is again necessery to eliminete ep. For

this purpose there is defined the quantity

23 D . B, leep
(23) /6..% T =

Dividing (9) by leey zives

- 55

»

2.

a8 &o az s
E:G“;E = Ty 11 +A klkg *'2A
121072 #2129
8o a?

Substitubing from (18) snd (20) and rearrarging, this equation yields

k e k.
#1045 1 (eoc ) 5152 L 40 Ky dga
4 S + ( g)zz.... 10 As’ub 10
D e 8s
(24) Lceg - k}_ A kykg $2A
1{-{- 1077 = 10 14(1.«1\m } (1..o<,).._.
O o 1 0

Similarly division of {12) by lce, yields

f_l.«}».lf}..;.klk? o3

P e L )

& a 2 B
Dm - & ° ao 2
)i
o

and substituticn from (18) and (2C) cives

a Kol & R o
-y VO - 2|51 12
] 0<1 *[1’1‘(1 1)m}{1 + (1 3;,&”} Y ocs
b

Leeg ¥ k..k»ub a |
13 2372 1 3(1-0¢ =2 1 (1.0C;) —2
[ — = ( ‘113{1 ( 3) =

o 8o

-
-~
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The last squabion can be simplified to zive

el
Lee, 3 + (1““_5) 8 + (1~0% )3‘2
[ ¢]

(25) D 1

The divislon of (24) by (25) rives tho quantity &+

kak I 1
=<, 4-[1~°<1£.l¢ 1w g ) 1 3} b oty 12 ., 424

=0 10
(28) B = %o 0 )
‘ k1 A Kk 20
1+,,_?£m$ ;.;%ﬁz-m"
[}

[(,8-«1)10"‘ “1 e b [(p - ocg) 104 L 1pe ]_,.ﬁgg

&
0

| (87) ¥k =

*

(1«-ﬂ

Combining (27) with (22) permits one to solve for ki and (yky) in terms
of measurable gquantitiles.

In orderto simplify (22) and {(27) for combination, it is convenient
to introduce the following terms:

(28) PR be:

(20) (1=-8)p, =z (B-00)10 "4, - 4
() Q=) Py= (B0t 4ets - g .

Division of (22) by (1=0¢g) yields the followirg equation:
Jow O -
(L’ ) + aol}rr&a (1«( 3-))](1{1?2){-& (l “1)[:&14-9. ] =0 .

Substitution of (28) inte the above equation rives

(31) t’kle-z, 4 ag[hr;a (1-8) ] (135) = & :a[z, ra]=0 .
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Substitution of (29) and (50) inte (27) yields

0

ko= (1“/9) (1-B)py =148 4 [(1-,8 Ps ~ 1 4)9] ‘%Kz]

' Il k
(32) k= a f’l-' 14 (f -1} 12 8 p - b (f? -1} JL2 Ky ~1°2
1 o{: 3 m;§- o [71 o 3 o

After substitubing (32) into (31) there results

(kx)? e, {agfl ~a  * (]934.} “ks 4 B, = aeﬁ] (k1kg)

g

3 .k
«-&0‘3‘1}0}01*&0" (fs*'l} 12'}&0] s 0
)
which simplifies to the following equation

e \
(38)  (kgkp)? # o [% . e] (ky%,) -e% st a0 .

A further simplifiying substitubion is

(38) p=z PL - (B-ox)107? 4 Xy - B
fs (B -<5)10%2 & Ky

Substi "L.utmg¢ for lg!: in {33) one ohtaiue
3

-A

ﬂ“.ii%)
= - \gr<, )10

(s5) (klkz)g + axi -9 (k) - ¢ -é‘—ai =0 .

On solving (35) for (klkz} one obtains

2 4
kykp é]" apte - ) f{aﬁ(qﬁ -9 4 o]

)
(26) klka

i

;ilg-(pi(q) s .

Substitution of (18}, (14) and (23) inbo the two expressions of (56)

gives
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(37)  Eqko =z 0l @z a® (2770 o2 (Tn = Py
172 o o ©

e 3] - L
1 °<5 Im Ja
and
(38)  kko = <a- b= al 3~ °‘1) -8, g2 (E’"Bl)lo"A
2 = o b 2T o) 0= %o (5w,

of vhich (39) must be disearded since it sives negative walues for (kyke)
whenever D lies between D3~ and DS' Bquation 37 is correct,

The substitution of
1 =X
e = )
1%2 = Zoll =Xz
from (37) into (27) gives the following for ky:

()g-«l)lo - X %[(,8-«3)10* -1 4-0<3] TZZ';')
-3

a
9) k 2
(39) Xy w7
or
(40) X = %[(1""‘3) (B =< )17 % (1~oy) (ﬁ-o(s)mm«z(l-x;i) (1~0< )
(1=B) (1=oXz)

Substitution of (13), (14) and (23) into (40) gives the following expression:

(41) ¥y = 20 [(Dm"%) (0-D)10™%% (n,=Dy) (13-3?5)104'A ~2(D_-D;) (Dmuﬂs)] .

(Dm-i;‘) (Dm..Ds)

The division of (37) by (41) gives ky, of course, since 172. kg, Ivery

s,

k 11{:') 4
!
guantity in (37) and (41) is experimentally measursble. Therefore, the

use cof these Two equations affords a means of caleulating k, and kp from
the experimental data without the use of successive approximations,

4 simplification of (37) and (41) is possible for the case in which
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Dy z Dg. For this oase 0¢) = k3 n ok ond Dy = Dg = D', Thus (37)
reduces to
(42} k}_}iz - 8

and (39) gives

]

.. 2o - -A $+0Y L 3(1a
¥y = ) (B-x)(10"7 4 10 2) - 201 06)]

(43) Xy

13

(DeD* ) (102 3102 ) = a{z:am..m)] .

%0 [(
(0=D)
Since 102 ¢ 10*A - 2 cosh (A 1n 10) = 2 cosh (2.302585 A)

(43) may alsc be put in the followins form:

(44) ¥, = 5‘::0 5 [ (D-D* )eosh(Aln 10) =~ (D ~D )] .
-

Hence, (42) and either (43) or (44) are applicable in the case in which

Dy = D,. If a wavelength exists at which Dy 2 Dg = D' the curve of D

1-73
vorsus pll should be symmetrical as can be shown by eombining (42) and

(8) to give

Iy .
a5 ) "5.”3," (Loeg) + 20" cosh (Ala 10)

k1
—= 4 2 gogh (A 1n 10)
&

Since cosh (A 1n 10) is an even function of A , the quantity D in {(45)
is also an even function of A. Thus whenever Dy z Dy the plot of optical
density versus pH is symmetricel about the reximum (or minimum) of the
surve because A is defined as being measured from this point.

The foregoing equations of this seation show that the present method
for determining k1 and kp involves a messurement of Uy in place of an

estimate of ep. However, having obtained kj and kg by this method one can
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caloulate ep, or more conveniently leceg, by means of (25)s Thus

boeg = 14 (1)) 124 (1mecy) § D, .
. (4]

Substituting (13) and {14) into the above equation zives

(46) Lesy = D + (Dy=Dy) 2.9; + (0eDg) F20,
.1 &0

Onee k, and kg have been determined, a curve of D versus pH can be
most easily caleulated using (50) the derivation of which follows.
Equation (9), the general expression for the optical density in terms of
2, end & , is

k A !
4] + ok 20
) Loey + = 10" (Leeg) ..5_2. 107" (Loes)

"

< .

k1., 48, ki | qon
1421070 $ 2210

o} 8~
o

Substituting (10), (11) and (46) into the latter expression gives the

followings:

k; %, k, A, kylip | 420
Dy ;;Dm*mm“nl"' 13(Dm~133} 1074 —== 10 Dag

, a a

(47) D = ° °

o Tk

1+ 5,40, ks aea

= 1077 4 ’;g« 1

Substituting Dy = Dy = ff_;_g_g (D, - Dg) from (57) iabn (47)
a
G

one obtalins

ky , $0, Kakp | 420
Dy &[% Dy + 2(D, 131)} 1074 =107 by

(45) P w o .
1 -
1451 10%2 4 il gi2a
8o az
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Rearraugement of (43) sives

<1 | $0 , kok 224
—= (D D 2(D -, )| 10 172 (p o
fg ( T 1) +2( i 1) 4 W;g“ {Ds El‘“‘O
D= Dy 4 - — $.Z .
14 Lllo‘m;,;i}.é.%xo‘z

8 8
° o
Substitution of (37) into the latter expressicn gives

~ 4-A
(Dn-m){gi' tz ] ¢ ”“1}( =

145 10v8 (Lm" j1) 1o¥2h
)
m &

) 10+30
5

Faotoring (49) cne obtains

(50) D= Dy 4 (DeDy) |o- Pu” , .
L&O b#] -DS J

After the determination of the finel values of ky and kp, the quantity a,
“’yyea:ra be ealaula“céé from (37) end this value of agy together with (50) can

Lo used to plot salonlatsd wvalues of D over the whele pl range. The degree
of agresment of tho ecaleulated curve with the experimsntsl points then

zpives a craphioal indieation of the conzistency of the data.
The Use o2 fompousitec Upbtical Densibies

1%t sometimes happens that no sinzle wavelength can be found at which
the plot of optical density versns pH pives a satisfactory meximum or

minimum. Suech cases are characterized by having smell values for me or
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beth of the guantities Il}m - ff?fl| axd |Dm - iilz\ at each wavelensth for

which & maximum ovr minilmum ie observed., However, if one of these guentities
is large over a porticu of these vevelengths and the other is large over a
different portion, it is advanbagecus to combine the data of these two
portions of the speatrum.

The manner in which such dats are ecombined ia teo take a linear come
bination of the ovpiieal densities ab each pll, Une thus obtains e "composite
optical density” C defined by
(51) Cw ngi ¥ ggg'l}a ¥ 55E$’ + vae
where the numbers designate the wavelengths used and the g's are constants
chosen in such a menner that the curve of ¢ versus pH has the most favorable
maximum or minimum. The "composite extinetion coefficients” T, E,, and

Es for Hoh, HA and 4, respectively, are similarly

1 2 3

(52) El ot g}_@l + ggel + 3331 + ees
, 1 3

(53) Ez 2 5499 + ggag + gseg $ 2o
3

where the supersoripts have the same significance as in (51). Conbining

(51), (52), (53) and (54) with (5) one obtains

Bk
Lo '}1 + iy ey 53]
§§

3

(55) C =

ke %
14142
& a

Tquation (55) may be treated in exactly the seme nanrer as (5) in deriving

the equations



26.

C,=C
(56) %, 3(m W.}.)a'z
c -C
m 3
and
A
ao[(cm-cs)(cucl)m"‘ + (cm-al)(cmcs)m* -z(cm-cl)(cmucs)}

‘-‘&"-f
(cm C;{%n 03)

(57) ¥y

-1

whare

>
"

pH & log 8,

activity of hydrogen ion at the maximum cr minimum of the

®
i ]

plot of C versus pH

<a
b
T

z LBy » C when only Had is present

<
<4
5

= Lelig » C when only A is present

o
i

C at the maximum or minimum of the plot of C versus pil

[
n

any point on the curve of C versus pi

The individual values chosen for gi, Bos Bys ote., can be either
positive or negative., The optimum values cbviously depend upon the shapes
of the absorption curves. Bven if the curve of optical density versus pi
possesses a sabisfactory maximm or minimum at cne or more wavelengths, one
cen usually obltein more accurete wvalues for kq and kg by using o composibe
optlcal density then one can cbtain by using only the data at one wave=-

longth.
The Possible Use of Properiies Ubher than Uptical Density

In order for a property Lo be useful in the measurement of overlapping

acldity constants for & dibaslc 2sid, the measured property X musi bear the
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following relatlon to the concentretions of the respective spocles:

(58) iz xfps) # xp[Ha) + xg[a]

whers xXj, Xos and Xg &re characteristic of the species Igd, HA and 4,
respeotively. Obviously, the measurement for each solution must be pere
formed under the same experimental conditiong, or bs corrected o the same
experimental conditions, and correctlions must be mede for any effects due
to bulfers or added salts. If the above prerequisite is nmet then the

analogue of {5) is obiained, namely,

e k.k
c{zli-ﬁ;xz %%ﬁx;g

¥y, K
1381508
a aﬁ‘

(59) % -

g
-

where o, the total econcentretion of the dibasic mold, is the some valne
for each solubtion. A Durther prerequisibe is that the plot of the
measured property X versus pH show & maximum or minimum correspounding to
the formation of the inbermediate speooies Ik, Then the equations that

regsult for klkz and kl ares

Xm - Xl 2
(GO) iilkz - (;g;:‘“"»u::\:wn as

TS n LYd
ahm-}a} (me»..s)
whereo
A z pi 4 log a,
&, = activity of hydrogen ion at the maximum or mninimum of the

plot of X versus pi
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%y =z oxq « X when only Hpd is present

oxg = X when enly A is presen

(<]
H

X at the maximum or minimum of the plot of X versus pH

ca

i

s

any point on the ocurve of X versus pi

Agueous solutions of ophieally active dibasic acids usually conform
admirebly to mathematical expressions of the type given in (52) and (59).
The general formula relating observed optical rcbationoC to tube length L,
eoncentration 4 in grams per cublc centimeber snd specific rotation [&]
may be expressed in the following manner:
(82) o< = 1d [o<]
where [o<] is understood to be for a pure substance at a given wavelength

of light and a fixed temperature, Ior solutions of consbant total molarity

¢ one has
ox] = L&[KI]
oxy = La[e<y]
CXg = Lﬁ["(:{s]

Substitution of these quantities into (59) sives

m[[«,] § Sl fg;g [ ]
a

1;&41{1!&2
a a

(63) oC =

V1és and Vellinger have used (63) with a method of successive approximations

13 19

to obtain k) and ky for d-tartarie acid, pilcearpinelg and aspartic acid,

If the plot of optieal rotation o versus pH shows a meximum or minimum
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corresponding to the intermediate speciss HA, then (60) and (61) may be

applied in the form

TR - - dm"’ 0<1 2
(64) kK, = (o(m_o( o

(65) X, :aﬂ[{“m’“s)("""‘i)l‘?"A ey Y =og) 10*° ~2 e ymq) b, -0k )1
o< =29 b)

where A z pH ¢+ log &

a, = activity of hydrogen ion at the maximum or minimum of the
plot of o versus pH

*y = 1d [041] = o< when only Hoh is present

o<g = 1d [o¢g] = o< when only A is present

Ay v o &t the maximum or minimum of the plot of c-versus pl

R
t

- any peint on the curve of o< versus pH

Examples of ¢ampounds showing a maximum or minimum corresponding to the
species EA in the plot of optical rotebion versus pH are found in the
amino ecids 1(=)~leucine and d(ﬂ-ﬂmethionine.ao It is well kmnown that

the gpecific robtation of a solution of an optically sotive substance varies
with the wavelength employed, particularly near its absorption bands.zl
Thus it may be profitable to use more than one wavelength in searching for
a satisfactory curve of optical rotation versus pli. Furthermore, if data
of optiocal robtation versus pi are obtained at two or more wavelengths, it is
possible to combine the data in & composite optical rotation which may show

a satisfactory meximum or minimum even though the data at individual wave~

lengths do not. Such composite optical rotations can be formed and used
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in a mamner exsctly analogous to that emnloved with cptical densities.
Anocther property that nipht be zwed. is the property of flucraessence.
At moderate concentrations the fluoressent subsbance may appreocishly absordb
its own fluoresgent radistion and the exelting 11{;!1*;'1"2;591&‘.22 However,
the intensity of the fluoresecent lizht can be talen to be linsarly propor-
tiooal teo the eoncentration at sulficiently low concentrations provided
thet the intenmsity of the exeiting lirht is kept constant, £t such con=
sentrations one might be able to use the intensity of fluorescence with
(60) and (61) to determine kj and ky of a dibasic acid., Examples of
pl~sensitive fluorescent substances are eosin, fluoreseein, nicotinie aeid,
vitamin € and selicylio ecid.2®
The possibility of ubilizing magnetie daba is sugsested by such work
as that of Coryell, Stitt and Pauling who have determined the acid comstant
of ferrihemoglobin by magnstic titration.?4 The relation expressed by (58)
corresponds to the Wiedemann mixture law in mgnatnchemistry.zs The
Wiedemann law eppears to hold very well unless unexpeoted chemical changes
such as assoocliation take place. The use of magnetio datas is experimentally
feagible if the dibasic acid or its ions show paremagnetisn, Insluded in
this olass are some of the simple and camplex ions of the transition
elements as well as those of the lanthanide and actinide series. The most
useful instrument for this purpose is probably the Gouy magnetic balance
(Refs 25, pe 3)s 2s the measured property one could use either the increase
in weight of the sample upon the application of a fixed walue of the magnetic

field or one could use the apparent moler susceptibility. The temperature
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should be kept consbant although the temperature coefficient of sus-
ceptibility is only of the order of 3%—5 for most paramagnetic substances
at room temperature (Ref. 25, p. 231). Ions containing iron, nickel or
a rare earth element, for example, might be investigated in this marmer.
Examples of inorganic complexes ions for which the successive acld con=-
sbants lie within e factor of 100 from each other are the diaquotetramine

cobaltie cation%

and the cis diaquodiamine platinous oation..z?

It is possible, of course, that no plot of & single type of property
versus pi can be found te give a maximum or minimm corresponding to the
intermediate species HA., In such instences the situation might be remsdied
by eombining two different types of dets such as optiscal density end
optiecal rotation, for example, to form a hybrid composite. If the hybrid
composite has the required maximum or minimum it can then be used in (56)
and (67) in the usual menner. The different types of date combined in

this manner can arbitrarily be brought 4o the same unit by choosing

appropriate units for the weighting factors used in cowbining them.
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ISOPHTHALIC ACID
Materials and Apparatus

The isophthalic aoid was originelly obtained from the (eneses
Research Corporaticn, In s commnieation from that company relating to
its purity it is stated that impurities of ortho« and tere-phthalic acids

should be present only in very smell amounts sinoce (the)
isophthalio acid is mede from mebta toluidine by Sandmeyer
reaction and oxidation of the meta toluidine scid, The only
Inown impurities are inorganic salbs that may not bethoroughly
washed out; such as, sodium sulphate,.*

The isophthalie ecid wes further purified in this laboratery by
metathesis with BaCOz which produces the soluble selt of isophthalic acid
and insoluble barium t@raphthalate¢28 7he selution of barium isophthalate
was evaporated to drynessz, extracted with cold waber and filbered. Barium
was removed from the filtrate by precipitation of BaSOy end isophthalie
aeld was pr@cipitatéd in 0.1 moler hydrochleric acid, The isophthaliec
a0id was washed with water end dried for one hour et 105° C., The dimethyl
ester preparedzgafrom the purified isophthalie acid gave a melting point
of 84=85° ¢ (uncor.).

211 solutions used in determining the acidity constants of isophthalie

acid were made up in conductence water having & specifie conductunce of

#*Pastorelle, ,C., Genesee Research Corporation, 100 MeKee Roed,
Rochester 11, YJew York, {Private commnieation.) 1950,
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less than one micromho per cm.. Formic eacid-sodium formate bLuffers and
phosphate buffers were ussd. The buffer materials, the sodium chloride
used to maintain cmstant ionie strength snd the pershloric aeid used

in the most acidic solutions were of at least C.P. grade. Stock solutions
of these materials were filtered if necessary in order to remove slight
turbidities or small amounts of foreign matter.

The seanning was done on a lodel 12 Cary Recording Spectrophotometer.
Matched 50 or 20 millimeter silica ouvettes were used. Values of pH were
measured with a Beckman Model G pH meber equipped with that company's
No. 250 glass electroée and Yo, 270 calomel electrode, DBsokman buffers
of pH 4.00 and 10,00 were used in standardizing the pH meter.

Isophthelic acid at the concentrations used in this investigation
wag found to give no detecteble flucrescence in the ultravielet or wisible

region when irradiated with a powerful hydrogen lamp.
Experimental Hsthod

Except in the exploratory experiments all solutions were made up at
a constant concenbtration of isophthalie acid and a consbant ionie strength
of 0.0302. The value of the consentration of the isophthalic acid was
8.0x10'5 molar which was considered to be low enough to insure lts remmine

ing in solution at all pH's.* The total formality of formate in the

#*The solubility of isophthalic acid in water at 25° C, is 7.7x10™%
molar according to H.E, Stores and R. Fittig,29P
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solutions buffered with formic acid and sodium formate was kept at 0.030.
That was desirsble in order to limit the size of the correction that would
have to be applied for the optlesl density of the btulfer itself in the
rezion of 2500 to‘ 2450 ﬁmgatrém. Thus this correction waes never greaber
then ten per cent of the total optical density. Sodium chloride was added
to bring the ilonic strength up to 0.0302, The other buffers were practically
transparant at these wavelengths,

The pil of each scolution cen‘caiﬁing isophthalie aoid was measured.
The pH's of seanned and unseanned portions of the same solubtion were alweys
the same within 0.02 pH units and the pH of the scamned sclution was taken
as the correct walue, The salibretion of the pH mebter wes checked with
standard buffer vefore and affer the pi measurement of each sample. The
tempereture of each sample was 25 % 1° ¢, during pH measurement. The
effect of possible temperature variations on "‘e;ha piits of solutions buffered
with formic acld and sodium formate was thought to be very small since pky
for formic acid is conmstant to 0,001 unit in the range 20-30°C., %

Solutions For secamning were made up in pairs, which were identiecal
except that one contained the isophthalic acid and the other only the buflfer.
The optieal density of the ucid wes baken as the difference vetween the
optical densities of the corresvonding pair of solutions., The "’sazﬂpemtﬁre
of each solution was 25 i 1° C. during searning.

In using the Cary Spectrophobometer both of the ocuvettes were kept in
the sample chamber and the reference chamber was left empty. The cuvettes

were filled with condvctivity waber, and the instrunent was adjusted to
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read zero optical density over the speciral range under investizabion
with the sample cuvedbe in position,.

The reference cuvebbe was scanved, its tracing Leing recorded on the
scanning sheet. Thereafter the reference cuvebtbe was always seamed prior
to the measurement of each solution and, whenever necessary, the instrument
was readjusted to give the same byecing for the reference cuvebtte as was
originally recorded. Iidjusiments for drift in the "zerc point" were thus
mde in an analogous manner to thet used with the Beckman lodels D and
DU Spectrophotometers. Although drift of the lary Spectrophotometer over
a period of hours would otherwise be only of the order of 0.005 optical
density units cr less, use of the above procedure appeared to be advisable
for the most accurate work, 4ll coantrol adjustments on the Cary Speciro-
photometer such as slit control, slit sensibivity and damping control were
the seme for all measurements, The value of the band width was approxe

imetely 12 K.
Experimental lesulbs

Isophthalic 2cid solutions absorb strongly in the ultraviolet region
but not at all in the visible so that measurements were confined to the
former region, A preliminary scanning at various pH values were mode Lo
find the opbtimum wevelength region for the speoctrophotometric determination,
The absorption curves (Pigure 3) were obtained using 9.51{10’5 formal

isophthalic weld in & 20 mm. cuvette. The absorption was due principally
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%o the species HyA at pH 1492, species HA at pli 4,10, and species 4 at
pH 11.61. From these data it was decicded to use wavelengths from 2500
to 84562 for the determimption of the acidity constants.

A geries of solutions was made up with a constant isophthalic aeld
formality of 2,00107° and a eonstant ionie strencth of 0.0302. They
were scanned from 2500 to 2400»:. in & 50 millimeber silica cuvette and
two wavelengths wore selected for the caloulations, At one of these
wavelengths, 2476.03,31 appeared to equael ez, thus ellowing the use of
(42), (43) ond (44). At the other wavelength, 2460.0?&, there was dbtained
the most favorablse meximun in the plot of optical density versus pil.
Optical densities at these btwo wavelengths were obtained at the lowest
scanning speed or by "spot" readings at these two wavelengths. Remdings
chtained by these twe methods agreed with each other, thus indicating
that the pen was nobt lagging in traeing out the gbsorpbion ourve on the
lowest scaming ége@d. The optieal demsities {D) shown in Teble 2 have
been corrected for absorpbion by the buffers. The estimated experimental
error in measuring optieal densities was approximately i 0.003 optical
density units. The estimeted experimental error in measuring pf was
approxinetely $+0.01 pH units.

The plot of eptical density versus p at 2476 ,08 {(Figure 4) indicated
that |

Dn = 1.164

1

and Dl - Dg - Dt - Q.QSQ.

Henee (42) end (44) were asppliceble in the form ik = a02
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Table 2.

“r s 2
Optical Densities of 2.0X107° Formal Isophthalic ficid

in 50,00 mmne Cuvettes

pH Dat o Dat o Buffer
2476 JOA 2460.0A

1.585 »991 1.297 (ACLO, )
1.585 .988 1,302 (HCLOy)
2«49 1.007 1.318 Fhesphate
2,725 1.018 1.524 Phoesphate
3.03 1,063 1.366 Formate
3.12 1.078 1.375 Phosphate
3.175 1.081 1.333 Formate
3,37 1,109 1.408 Formate
3.87 1,108 1.412 Formate
5-56 1‘. 13‘& 104:55 Fﬁmat@
3.575 1.141 1.438 Formate
3.75 1*158 1045}. Fﬂm&te
5,96 1.180 14447 Formate
3.96 1.187 1,451 Formate
3496 1.165 1.440 Formate
4,18 1.158 1.421 Formate
4,33 1,148 1.395 Formate
4454 1,186 1.391 Formate
4,518 1.110 1.341 None
4,535 1.107 1.350 Formate
4,55 101{}4 1.346 Formate
4,718 1,078 le224 Formate
4,91 1.056 1.256 Formate
5,085 1.036 1.233 Formate
7.80 2982 1.148 Phosphats
7.88 «988 1,151 Phosphate
8,72 .982 1,148 Phosphate




OPTICAL DENSITY AT 2476.0 A

pH
FIG. 4 ISOPHTHALIC ACID AT 2476.02‘
CIRCLES: EXPERIMENTAL POINTS.
SOLID CURVES: CALCULATED AS
SHOWN LATER.

*62
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ky _ (D=0,984) cosh (A1nl0) - 0,180

Bo 1,164 - D

and

where
A= P d loga, @ pHl - Pﬁa
from (7).

Visual estimation of pi, %o 0.05 pl units would be possible in
this case tut would use only the points neay the peak., Instead, it was
decided to use as many points 28 possible since the velues obitained for
ky and k, depend markedly upon the wvalue of pH 0.7 The method wes based
on the ldea that the true velue of k; would be independent of the pii's
used in mesguring it, Irial values of pﬁo were chosen and for each the
furption }5‘;*" wes plotted against A. The slope of the best straight line
through ‘t}’;ege points was caleulated using the method of lsast squa.res.m
Representing the equation of this straight line by

ke
A ¥y = a+b
2a,

the formla for the slope b would be

b - I}. (Ayﬂ) - ZAZ}’D
2 /A - (Ta)®

in which n was the mumber of points w.med,ZAthe sum of A over all of the

points and y, was the value caleulated for _i for each point used. Values

2e,
C 0
of b caleulated at 2476,0A are shown in Table 3. All points from pH 3.03

4o 5.095 were used sxcept those zt 3.8G.



Values of b for Various Trial Values of pii; at 2476 .DK

prm— 3 o . o R M.

k
Trial Value of pi, . Talue of b in - = ¥ = adbA
Q
3,93 40,182,560
3,945 -0,017,788
3495 -0.084,285

From these the wvalue of pi, for which b equals zero was found to be 3,9435,
1

In using the pHy 2 3.9435 and A g pi=3.9435 for oaleulating —2%“
from the data at 2476 .02, some experimentsl points were not used. ;he
points at pi 2,49 and 2,725 were not used because they appeared to be in
error, The points at pi 3,98 were not used beemuse in general errors in
points very close to the maxlmum give rise Yo enormous errors in walues

1
ealeulsted for kl“' Table 4 shows the walues of 1. that were obtained and

2e
his o
the average value of giw. the following are caloulated: log e, » -3.9435,
o

8, = 113081074

]

ky ¢ 2a,(1.422 § 0,245)%

2(1.139%107%) (1,222 4 0.245)
-4

ky

1

= (3.2¢4 4 0.56)X10
(kykp) _ _ag  _ 1.130x107%

eyn———

k1 2(1.422) T 2(1.422)

4]
§

%:2:

kz = (4.004 4 0.69)x107°

*Errors given are standard deviations.



Table 4.
Values Caloulated for giw et 24?6.02 with pH_ = 3.9435
1h
pH L A B
200
3.03 1.063 -0,0135 1.4701
3.12 1.076 =0, 8235 1.5143
%.175 1.081 -0, 7685 1,.3607
3.37 1.108 =0 5785 1,2064
3,87 1,108 ~0,5736 1.2276
£.56 1.134 ~0, 3535 1..0800
3.575 1.141 ~0,3635 1.6110
3,75 1.158 ~0,1935 1.0232
4.18 1.152 $0.2365 1,1280
4,33 1.142 $0.3068 2.0379
4.34 1.136 $0.5965 1.4211
4,515 1.110 $0 5715 1.3287
4,535 1.107 10,5915 1.33085
4455 1.104 40,6065 1.2880
4.715 1,076 #0.7715 1,2287
4.91 1.05¢ $0.9665 1.4553
54095 1,056 $1.1515 1.4871
o 171 24,1786

Average "1 »  1,4223

r——

38.0
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(&}
The plot of optiecal density versus pi at 2460,0A shown in Fipure 5
gave

1.285

o
ol
o i}

1.451

1.149

(e
]

Hence ogastions 37 and 41 were applicable in the fom

2 1.451~1.2“5 2
tyky = 8o (Tlg51o1.14s) = 0-51685Ca,
and
" £ “ g - A 5 e N w * A 3
ky _ {D~3,295)107  30,516556(D=1,149)10"  «0.312
ag 1.451«D

where A = pl ¢ log a

Uging the same procedure as before, the best value for plHe wes found

I . .
%o be 3,243, Values of _1 shown in Table 5 were calouleted from the above

e
0 .
eguation at 2460.0 %g;atram with pil 0 = 54843, The standerd deviation of
k
these values of — was found te be 04194, Hence, this data gave
e
0
log 8 = =3.943, a, = 1.436X1074

1y = (1,856 % 0.204)a = (1.856 & C.194)(1,436X107%)
Ky = (2,665 & 0.272)x107%

Y

it

Ly = (5,90 4 0.417)x1075

The sxperimental results for isophthalic scild at an loric strength
of 0.0202 were therefors as follows:

k) = (8,28 % 0.56)x10"% from dava at 2476.0 A

©
k; = (2,665 # 0,28)x10"% Ppom data at 2460.0 A



A

OPTICAL DENSITY AT 2460.0

1460 |-
T - e
1. 420
1.400
1.380
1.360
1.340
1320
1.300
1.280
1.260
1.240
L220]
1.200
1.180

1160} Da= 1.149

I G P s G D R i Y S T S — — —— - — — - — — W ————— —

1.140 l | i ] ]

2 3 4 5 6
pH o
FIG. S ISOPHTHALIC ACID AT 2460.0 A
CIRCLES: EXPERIMENTAL POINTS.
SOLID GURVE. CALCULATED AS
SHOWN LATER.
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Table B,

. o
Values Caloulsted for ii et 2480,.0A

¢

with pH, = 3.843.

pH A £

=
303 1,865 «(.813 1.86854
3.12 1,376 ~(},723 1.7480
G175 1.383 40.688 1.8188
3457 1,408 (3,473 1,68006
587 1.412 -0 o473 2.087%
3.58 14435 «( 283 241008
DD 75 1.436 «(},268 1.9553
4,18 1.421 40,337 1.7088
4.33 1.395 $0.437 1.9745
4.54 1,891 +0,497 1.8525
4,818 1.341 $0.672 1.4863
4,538 1.380 $0,692 2.0797
4.55 1.348 +3,707 2.,0601
4.715 1.204 40,378 1,5648
4,81 142588 +1.087 1.8901
5,095 1,238 $1.852 2.1087
16 | 28,7027

Average X1 = 1,0564

29
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e 0
Ky = (4,004 } 0.69)x107° from data et 2476 .08
-5
i, = (8.994  0.42)x107° from data at 2460.0%
Combining the two values for kl by taling a grand mean (Ref. 30, n. 195-6),

the finel wvalue for Xk, vasz ocaleulated as Tollowss:

.24 | 2,665
13;4k1 . Qi5@5 o,igg
3
0.56= * ©,282
ky = 2,78 x 1074

The stendard devietion for the final walve of ky was

20 = 0.25 x 107
b e,
0.56% ' 0,28°

Henoe the final walue otbained for k} was (2.78 & 0.25) % 1074,
The finel valus obtained for ko was similerly found to be (4,00 4 0.36)
x 10"5, Hence the value of kl/@;? obtained for this ecid wns¥*

y (2,78 4 0,25) = 107%

o
e

“2 (2.00 $ 0.26) % 105

= 6.95 & Q.02

The s0lid curves shown in Firures 4 and § were cbtained from (50)

uging

ky = 2,78 x 107

¥y = 4,00 x 1077
and P

, 1l
& l/{:am - :D:s)klkz ' ~ v
0 \ D Tron {é’?)
(Dm -5y

*In general if there is a functiocn u such that u = f(x,v}, and x and
are the standard deviations of x end y, then the standard devistion of

th:g function u is closely approximated by
é%z 2+ ”ffi
dx Tx P ¥

ay =
u v
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o
whers Dy = DS 2 0.984 and U = 1.164 at 2476.0 4, and
Dy = 1.385, D = 14451 and Dg =z 14149 at 2450.0 g.
The faet that the points for the unbuifered sclution of pil 4.515 gave
ubatantinl sgreement with the cther poinbs and the ealoulated curves was

taken as an indication that the formic aecidew zodium formate buffer exerted

no speceific influence on the dissocistion of the isophthalic acid,
Discussion

Constant errores in ths measurement of cpbieal density should have
little or nc sffect on the welues of %1 and ky caleulated by mesns of the
equations used beomuse wnly differences in copbleal densitiss occour in these
equations. The effects of individual errcrec in the measuremcnbs are
ineluded in stendard deviatlions caleulated for the grend mean welues of I
end k,e 4t 1o cstimated that an sverage additionsl error of five per cent
might be added in order Lo toke into acccunt errors in the determination

of pH , Hencs the welues of e ain, end k}/%z ard their probrble errvors

ty z (2,78  0.58) x 10™% = (2,8 ¢ G.¢) x 1074
l, = (4,00 4 0.56) x 10™° = (4.0 % c.2) x 1078
ky/fkg = 6495 + 1,35 = 7.0 4 1.4

gt an ilonic strengih of 0.0802.
The equations relating the thermedymamic dissoelation constents, K3
and X5, to the acidity constents kj and kg, ars

K1 = (Ym/?{ Hah)ky end ¥ = Y 2/ HAYkn
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Bince for isophthaliic scid the species Ezﬁ is uncharged, its activity
coefficient is near to unity. lowever, due to the salting cut effeet it
is procbebly advisaeble to estimebe its walue from the egquation

log x}‘izﬁx = C’/’“

where ' is the "salting out consteni” and £4is the ionic s%rength.sz The
above equation is a speocial case of the Iickel equation which may be

expressed in the form

wWhere J; is the sctivity coefficient of an i~th species, 24 is its charge,
2 is the mean distance of closest approach of ions to the i=-th species, and
A and B are the constants 0,509 and 0,330 x 108 for aqueous solutiong at
28% C.. The effect of the constent C' is small at low ionic strengths
since C' is usually between 0.0 and 0.2, and the walue ol C' can be taken
to be approximately the same for each of the species IipA, HA and A,

For the ions of isophthalic acid the wmlue of g is estimated to be
5.0 x 10““8 cme by comparison with expsirimental values obtained for other
ions of similar dimensian.33 Hence for these ions abt sn ionic strength

of 0.0302
2
Tog )g.z oO.SOQsi'{O;OSOZ
1+ 1.65—f0.0302

~0.068722 $ 0,0502¢"

+ 0.0302¢t

i1

log Y3

log YiA = =0.0867 # 0.0502C"

log Y, = =0.0887x4& + 0.0302C!
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108( ¥en/ YHZA) = =0.0857

loz( XA/ Ym) = =0,0637%3 = ~0.2061
The probable error in each of log( Y}L&/ XHE a) end Log( ai/ a/i-é;&.)
mizht be taken as roughly ten per ceunt, thus giving

( XM/Y%A) = 0.8557 & 0,015

(Y 0/ Vo)

The thermodynamic disscelabion consbants for ilsophthalic acid are thus

i

0.6222 + 0.0295

caloulated to be

2y = (048537 4 0.0135)(2.78 4 0.30) x 107%

]

(2,57 + 0.54) x 107% ~ (2.4 4 0.3) x 107%

4]

1

t1

iy = (0.6222 # 0.0295)(4.00 % 0.56) x 10™°

Ty 2 (2449 3 0.37) x 1070 o (2.5 & 0.4) x 107

~
[

i

w

A_l/xz = 9,52 ¢ 1.97 9.5 + 2.0
. . . R . o
Values of the first lonization consbant of isophthalie acid at 25° C.
ot EPRTIR: L 3B gn i :

have been obtained by Salm™~ end Ostwald™, Salm obtained s value of ky =
3.2 x 10“'”" at an ionic strangth of spproximtely 2.5 x 10™4 by a color-
imetric method using an suxiliary dye indlcator., Ostwald found ky %o be
2487 x 107% ot a low icmic strength by conduectance measurements. These
velues probably would have approximeted the thermodynsmie walue Xy but for
- the fact that they ignored the second ionization of isophithalic acid.
Their walues for Iy o i were probably too hish due to Lhat fact, Chandler
used Ostwald's value for k; together with partition studies betwesn waber

. o 3 4 OF 1oy Ac 38 I s
and diethyl ether to obtain values of Iny/ka. The error in .».4:1/1:3 resulting

from Ostwald's erronecus value for k) mey have been fairly small due to e
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compensation of errors, Chandler cbiained a value of 1:1/'352 = 10.8 at an
ionic strength between 0,001 and 0.002. & further souree of srror in
his work mist heve been the effect uf the solubility of the ether in the
aqueous phase which smounted Yo 7.8 per cent by volume.

Mexwell and Parbington deternined Ity and kg for isophthalic acid by

means of elechtrometric ti*tmtiozz.sﬁss

They obtained the following values:
K1 = 2.0 x 107 and k, = 2.0 x 075 at_u= 1075°7 ¥ = 5.5 x 107¢ ena
kg = 5.5 x 10“5 at = 0.03.9% It was diffioult for them o debermine the
ionic strength corresponding Lo each value calculated for ke, and kg because
of the ghanges in ionle strengbth during the btitration. This uncertainty
was parbicularly great for the welves at the lower ionie strength. However,
at o 0,03 the ionie strength was presumably maintained approximately
congtant by the presence of neutrel salls sithough these writers zave
little informetion on that point.

None of the above investigators gave explicit mention of the probable
errors for their values. Arbitrarily assigning the same relative errors
to their values as have been estimated for the wvalues obtained in the present
investigation, some degree of agreement is ohtained between the present
values and those of the other investigetors. Thus the walues of Salm,
Ostwald, Chandler, and Maxwell and Partington at ionie strengths of 0,002
or less agree within experimental error with the estimated values of Kl’ Ko
and K, /%, taken from the present work. The values of laxwell and Partingbon
at an lonic strength of 0,03 sive a similar degres of agrsement with the

present values of ky, k, and kl/kz at the same ionie strength.
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TEREPHTHALIC ACID
Haterials and Apparatus

The terephthallc acid was originally obtainaed from the Fastman
Fodsk Company,., It was purified by means of its inscluble barium sali
in & mamner similar to that used by Scheurer and “z;ei?ave.sg The
tevephthanlic acid was {inally precipitated with dilnte hydrochlorie acid,
thoroughly washed and dried in e 110°C oven for ome hour. AlL solubions
used in debermining the acidity constends were wmade up in econduchanae
water. Other conditlons were the seme as previously deseribed Tor isophthalic
aoids

Lxploratory measurements on the abscrpiion curves fer terephthalioc
ecid were made on the lodel 12 Cary Recording Spectrophotometer. However,
the optical density nessurenenbs from waich the aoldiby constants were
detsrmined were made on a Beclman Hodel IV Spectrophotometer,

Terephthalic acid at the coneentrations used in this investigation was
fouad to give a bare trace of fluorescenscs from 4000 to 5000 3 when irrade
iated with a »owerful hydrogen lamp. However, the apparatus used 4o deteet
this fluorescencs was at least an order of magnitude more sensitive in
detecting this effect than the spectrophotometars were. Comsequently it
was felt that no eppreciable error in the determination of the ascidity

songtents wuld come from this sourece,
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Experimental HMethod

213 solutions of terephthalic seld were made up alt the same low
2 . 4 : S -5
conoentration, approximetely 2.3 £ 10 ¥ molar, made necessary by the
exbremely slight sclubility of the acid. The solutions were buffered

&

in the seame mamner as the lsophthalic acid sclutions except that the lonie
strongtn was 0,0300. The buffer contritbuted less than one per cent to the
total optical density of the solutions which were made ond measured as
deseribed previously.

In the exploretory experiments with the Cary Becording Spectrophoto=
meter (see p. 35) the band width was approximately 151?\. Aocurate measure~
ments were made with the Becloman DU Speotrophotometer in the usval manner.
The reference cuvette was alweys filled with conductance water, The slit
width was kept at 0,100 millimeter corresponding to a band width of
approximetely 30::%}“. The tempersture of the solubion wes 25 i 10(3. during
the measurenent., A matched peir of 50 mm. siliea cuvetbes was used in all

case8 .
Bxperimental Resulbts

The speetrophotonetrio work on terephthalic neld was done in the
ultraviolet region where the acid and its ions show strong absorptiona
" . -5 .
The useful wavelenygthe were found by scaming 2.3 © 10 7 lormel terephthalic

acid sclutions at pli's of 1460, 7.97 and 4.06 on the Tary Spectrophotometer.

(Fizure 6).
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2560 2600 - 2700 2800 2900
WAVELENGTH IN ANGSTROMS

FIG.6 ABSORPTION GURVES FOR 2.3XIO-5
FORMAL TEREPHTHALIC ACID IN A
50.00mm GCUVETTE.

A:pH 1.60
BpH 7.79
C.rH 4.06
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The curve at pll 4,06 did not rise very far above the other btwo curves at
any wavelength bubt the best region anpeared to be between 2625 and 2575 2.

A series of buffered solutions of 2.3 X 1(.3”5 formal terephthalic aeid
were mede at pH inerements of ~ 0.2 pll units over the inbermsdiste range.

In order to obtaln proof that the ncid was completely in solution at all pHt's,
2 solution was made up with halfl the usual concentration of berephthalic

acid at pH 1.585. The walues of I for this solubion when multiplied by two
acid was completely in solution in the latler case,

lsasurements were mede at 2625.0, 2610,0, 2590.0, 2585.0, 2520.0 and
2575 .QZ. It gms found that the best single wavelength to use wus 2590.0.?&.
The data at all of the other wavelengths were combined inte a composite
optical density by using (51) with gy, &g, %gs eto., each egual Yo 31,

The values of D and C shown in Teble € were obtained after correction for
the optical densities of the buffers,

At the pH of 1,535 the values of D and C multiplied by two apgrsed with
these at ths nearby pl of 1.62, This agreement was taken to indicate that
2,3 X 10°5 formel terephithalic acid wes complebtely in solubion at pH 1,62
and also at hisher pH values, The reason for bslieving that such was the case
is that the scolvbility of the aeid iz least in the nost acidic selutions,

The values of the net optical density D atb 2590.02 have been plotted against
pH in Figure 7, The values of D for the other wawelengths have been plotted
against pi in Figure 8 and the values of the composite optical densify C have

been plotted against pH in Figure 9.
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Takle &,

Values of D at 2590.0% and C for Terephthalic Acid

pH Dab g ¥ Buffer

2590,04

2 x 0,818 = 2 x 1,512 &
1,585 0.624 3.024 (1C10,}
1.62 0.522 3.025 (lic10y4)
2875 04542 3,108 Phosphate
3,028 0.666 3,236 Formate
3.03 0.562 3.2125 Formete
3,11 0.675 3.271 Formate
3438 0.6515 34341 Formmte
8,58 0.701 343995 Formete
3.76 0.7105 5.4355 Forrote
3975 0.712 34453 Formate
4,18 0.709 3.428 Formate
4435 0.700 343235 Formate
4.54 D886 543235 Formate
4.73 0.672 5,858 Formate
4,92 04658 3420558 Tormate
7.92 0.637 5.084 Phosphate

7492 0.639 34097 Phosphate
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FIG.7 TEREPHTHALIC ACID AT 2590.0 &
CIRCLES: EXPERIMENTAL POINTS.
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The plot of exverimental valves shcwn in Piznre 7 Iindicated that at
0 .
2550,0A

ey
4

.‘1‘

N = 0,714
O ® . T14A

4
<
)
<
D3
St

#

and Dy = 0.638

Equations (37) and (41) tius save

2

'k, = 1,223,884 a

1z =

snd

;  (D-0,621)107% 1,223,694(D-0.632)10%°~ 0,186
e, 0.714-D

where Az pH + log ag. Using the leastesquares method as before, the hest
value Tor pl, was found Yo be 3.9026, In obtaining this velus the point at
ol 34976 was nobt used for the reason mentioned in the secbion on isophthalic

acid, Yor the same reason the points at pi valuies of 5.76 and 4.19 were not

%

k A LS
used in cbtaining the average value of _i. 7The values of —% calmilated
&¢ 2q

with pil, = 3.9026 have been placed in Teble 7,

b :
The standard deviation from the average value of L was 0,832. Hence
g

the data for terephthelic ecid at 2590,0 fngetroms gave the following results:

i

log ag = =3.9026, a, z 1.2514 & 10~%

1

Ky = (2.76840.852)a0 = (2.73540.852) (1.2514 X 107%)

(3.426 3 1.041) X 1072
o - (K1Ep) _ 1.223,684a4" _ 1.223,634a,
Tz T (2.73840.832)a, (2.730#0,032)

w
o
1]

1.223,684(1,2514 X 107%)
(2,738 $ 0.832)

}5":% -

kz = (5.593 4 1.699) X 107°
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Teble 7.

Values Calculated for-éé et 259@.02 with piy = 5.9020

nil o A I

8¢
2.675 0.842 -1.2276 243467
5.025 0688 -0.8776 3.2921
3.03 C.562 -0,8726 2.3789
3,11 0,875 -0, 7926 £.0087
5,38 0.6915 ~(1,5228 3.,04486
3458 0.701 ~0.32286 1.4484
4,56 0.700 #0.4474 3.8308
4.54 , 0.686 30,3574 2,9945
4,78 0.672 +0.8274 2.4005
4,92 0,859 $1.0174 1.8479

’ x 10 27,3501
fyerage 1 - 2,7380

o "

8.0

The plot of experimentel values of C shown in Figure 9 indicated that
the following walues should be daken:

5,016

i

51

i

G, = 34455

3.006

it

C3
The use of these velues in (66) end {57) gave the following relations:

3.455 « 3,016 2

[>]
¥alke = 8y = 1,222,841 a
12 (3.455 - 3.096) 0 : ©
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. -A D
v, (6-5.016)107" 4 1.222,841(c-5.096)10" 0= 0,87
61‘» 3.‘Aﬂﬁb Rad G

The best value for pl, was found to be 3.8038 by the use of the leaste

squares method. As before data at certain pH values were omitted. Teble 8

i

shows the values of _ so calculsted.
8
o

The resulte Tollow:

pH, = 3.9033, a, = 1.2480 X 10~%
ky = (2.76980.695)a, = (2.76940.695) (1.2480 X 107%)
%, = (3.45640.867) X 107%
G, = (akp) . 1.222,841 a® . 1.222,841 a,
ky (2.76940.695)a,  (2.769+0.695)
. .222,541 (1.2480 x 107%)
4 (2.76940.695)

. . wf

k, = (54511#1.383) X 107"

The experimental resulis Tor terephthelic acid at an ionic strength

of 00,0300 were thereflore as follows:

K1 = (5.426 4 1,041) % 10™%  from date at 2590.0 K
¥y 2 (3.456 4 0.867) % 10°%  from the use of C

-l o
%, = (5,595 # 1.699) T 10 from data at 2590.0 L
ry = (54511 ¢ 1.588) X 107 from the use of ¢

The grapd mean values are:
T

¢ # " o RO "4? ¢ s gt i
ky = (8,444 3 04663) & 207 or ky = (8.4 # 0.7) £ 10 &
1. {5 Bad 5 -5 . {e o T 1Y ¥ wi
e = (G oD ¥+ L0 P N 0 34 kg - e 'i' ...J.} X 10
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Teble 8.
Values Usloulated far-§§ using C with piy = 3.9038
= © i\ !
& 0
24675 5.108 -1,2288 - 1.9624
3,025 3.8306 -0.8788 53,6085
3.03 344125 -0.8738 2.,5176
Sell 3.271 -0, 7938 4,0855
5.38 34341 ~0.,5258 2.6081
5.58 3.5995 ~0,3238 1.9169
4435 5.584 +0.4462 543470
4454 3.3235 40,6362 5.0178
4473 34258 +0,3262 2,4659
4,92 3.2086 +l.0162 2.1248

10 [27,.6895
Average K1 = 2.7650
g

k 3. 668 %
b (8886 5 0.666) T 077 4 014 1470
Tp - (5.544 ¢ 1,072) X 107 -

These grand~mesn values for kj and kp werse used with (50) and

&0 3 Dm“'ﬁl’:)k,
(Bm - Dy 1

to caleoulate the so0lid curve of Figurs 7 using iy = 0,621, D = 0.714 and
< B 1 ? m

De = 0.638. The same values cof ki snd ko were used with the Ceanalogues
k1 L 2
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.

of these two equatisus Uo caloulate tic solid curve of Figure © using
G1 = 84018, Cm = 34455 and Uy = 3.00C.

Disouegsion

15

Due to the fact that the relative errors of kj end kp in the grand
means ave apovroximibely twlee as larges for terephthalic aeld as they are
for isophthalie acid, it seems reasonable to assume that there is involved

an average additional error of ten per cent due to uncertainties in the

- R k
posibions of the maxime of the curves. Therefors, ki, g and 1 together
= :

2
with thelir probeable errors will be Lalken as
ky = (2.44 % 1.01) X 107 or 1y = (5.4 § 1.0) % 107%
1ty = (5454 4 1.62) X 10™ or &y = (5.5 # 1.6) X 105
1y (5.24 3 2.01) ¥ 1074 Lq
v - —— = 6421 % 2.53 o o 5.2 + 2,8
"2 (5.54 ka -

1.62) x 10~°

[ 3 o

at an ionie strength of 0.0300.
Caleulating aetivity -cefficlents as was done for isophthalie aeid,

there 15 thitained

s e

J;A?A

%}l = 0.6226 % 0.0295
HA

The thermedynamic dissociation comsbtants for bterephthalic acid are therefore

Y’*A = 0.8539 4 0,01

saleoulated o be as followss
) a (0.8539 % 0.0132) (3.44 # 1.01) X 107%

K,z (294 4 0.86) X 107% or K = (2.9 4 0.9) X 107
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= (0.6226 + 0.0295) (5.5¢ # 1.62) X 1070

o

| s
o0
s

z (3.45 4 1,02) X 10°% or K, = (5.5 4 1.0) X 1075

end Ky (2.94 4 0.86) % 10%
“2 7 (5,45 4 1.02) £ 1075
or  _l.g.,543.5
Lo -

The first dissoeciation constant of tevephthalio acid has not been
previously determined in egueous solutions because of the very low solubility
of the undissociated form. By analogy with other ncids the first dissociation
constant of terephthalic ancid haz been estimetsd 4o be 1.5 I 10*4 (Ostwald,
(Ref. 35, pe 377)) and 3.1 X 1074 (ﬁegscheiaer4°), the estimated values
presumable being for low lonic strengths., Kulm and Wassermann have deterw
mined the second dissociation consbant in agueous solutions by potentiometrie
msasuramamts?l Due to errors in measuring B,MLF.'s in the dilute solutions
that were nscessary, iuhn and Vessermaun did not claim much accuracy for
their determination, They found ks to be approximately 5.5 X 16™ at an
ionic strength of 0.12 and & bemperature of 15%, They calouvlated Ky to

=5

be 1,5 ¥ 10™° at 16° C. but the expressions used for asctivity eovefficients
£

do not appear to be correcth.
&



CHLORAWILIC ACID
Hatericls and Apparatus

"Practical grade” chloranilic acid was obtained from the Bastman
Kodek Compamny and purified in the following mamer. IEight grams of the
acid were dissolwed in a liter of distilled wamter at the bolling point,
and filtered through ¢ fast filter paper on & prehested fummel leaving a
brown 8ilt which was disw_r"daﬁ. The filtrate was extracted with two 200
ml. porbions of bengene in a large separstory funnel ai 50° C. The
benzene phases, conbaining only s little chloranilic acid, were disearded.
The aqueous phase was cooled in an lce bath yielding bright red crystals
of chlorenilic aeid which were filtered and washed with three 10w-ml,
portions of wabter. The crystals were dried at 116° ¢, to expel the
water of h;rdmtinn.*a The over-all vield of chleranilic acid was approx-
imately fifty per cent,

The purity of the produet was debermined by eleobromebric titration
uging carbonate~free sodium hydroxide, sbandardized against G,¥F, Smith
potassium acid iodate.® e purities of two different preparations were
found Lo be (99.8 4 0.3} by weight.

Since zirconium chloranilate complexes wers beinz investigated in
perchlorate solutions at an lonic strength of 2.00, the mold constanbs of
ohloranilic acid were stulied in the seme modium. For reasons related to

the zircomium study, commereial ilthium perchlorate was not accepiable,.
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Consequently it was prepared from lithium metzl and verchlorie acid.
Lithium metal obtained from thse Belmont Smelting and Refining Works was
sonyerted to the hydroxide by its reaction wibh conductance water in
platinum. The hydroxide was neutralized with ¢.F, Smith double vacuum
distilled perchloric acid., The solution was sallowed to stand over night
in the presence of & slight excess of perchloric acid and wes filtered
through e sintered glass crueible to remove silica., The filtrate was

made exactly neutral by the addition of fresh lithivm hydroxide. The
resulvant lithium perchlorate sclubion gave only a faint pink coleor with
sodivm thiocyanabs and dilube hydrochloric acid indleating that very litile

ipon was present. The streazth of the solution wes deternined by evapor-

. N £ o spa o . x
ating btwo aligquobts to dyyness, igniting them at 280 €. for 2.5 hours snd
welighing the resulting enhydrous lithium perehlorate.éé ihis solubion was

diluted to exmctly 2,002 i, & solution of 2,002 ¥ lithium hydroxide was
mede from lithium metal and conductance waber and standardired vie its
perchicrate., It was stored in & pareffin-lined bottle., & solution of
2.002 L perchloric scid was mede up in conductance water from G,F, Cmith
double vaocuum distilled perchilorie aeid of 72 per cent strengthe It was
analyzed by titration with the carbonate-free sodium hydroxide mentioned
earlier. Solutions that were 1.033 ¥ 107° 2 in chlorsnilic acid were
made up in both standard perchloric seid and the lithium perchlorate.
Prom scauning data in the ultraviolet region it was found thet in a
solution 10”% ¥ in chloramilic acid, 1072 M in chlorate and 2 i in perchlorie
acid, roughly six per cent of the chloranilic acid was oxidized in a

thirty-hour period. For this reason the perchlorste solutions were exam-
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ined to see i chlorate wes present and if chlorenilic acid was steble.
The soluﬁicﬁs wore tested for the presence of c¢hlorate by the use of
potassium iodide =nd concontrated sulfuric e0id ®® s golors of liber-
ated ilodine were faint end may have been due partly to alr oxidetion, but
by compariscn with & similarly treated standard it could be estimated
that the lithium perchlorate solution had no more than 10™° M chlorate
in it and the peroi:loric acid solution had considersbly less than that.
Searning data in the ultreviolet region indicated that over a period of
three months there was less than 0.5 per cent oxidation of chloranilie
acid in 2M perchloric acid. Similerly in a solutionlM in both
lithium perchlorate and perchloric acid there was less than one per cent
oxidation cver a period of four days., All of the chloranilic acidw«lithiunm
perchlorate solutions were vsed within four days of their preparation
and the possibllity of debterioration cannot be considersd wery sericus.
Chloranilic scid at a concentration of 10°° ¥ was found %o mive no
detectable fluoressence when irrediated with a powerful hydrogen lamp.
Since the studies with chloranilic acid never inmvolved = higher concentraw

c1 o ] . .
tion of it than 10 ~ Y, interference from this scurce was not expscbed,
Experimentel Method
The 2,002 i lithium perchlorabe and perchloric acid sclutions were

transparent in the portioms of the spscbrum that were used. Hevertheleas

perchlorate in both cuvettes. Otherwise the Cary Spectrophotometer was

used as it was for isophthalic acid, The band width wes approximstely
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10 £ and the btemperature was mainteined at 25 & 1° ¢ during seanning.
Fxperimental Hesulis

Although the ulbraviolet region wes not used in devermining the
acidity consbants of chloranilic sold, it was exenmined to demonsirate
that chloranilic acid obeved Beer's law ag shown in Figure 10, Other
studies in ths ulbraviolet ard visible regions were found Yo give no
evidence for complexing of lithium by ohlorsnilic aecid,

Solubions of 10“3 formal chlorenilic acid in two molar perchloric
acid were orange in color. Singly-ionized chloranilic acid was a dark
magente color and the doublye~ionized species was a much lighter magente
ecolor. /fbsorption curves such as those shown in Figure 11 were cbtained
in the visible reglon with the use of a 50 mm. cuvette and a chloranilie
acid formality of 1,033 X 10™%, The prineipal species of curve C was
singly=ionized chloranilic acid.

Since the study of zireconium chloranilate complexes was condueted
entirely on the basis cof concenbtrations, it was desired alsec to study

the constants of chlorenilic aeid in these terms., Hence kl and kp for

chloranilic acid were defined to be

where the brackets indieated the concentrations of the hydropen ion and
the three spocies obitained from chloraniliec ecid., The equatlons previously

develeped for the deternmination of ki and ko could be used by replaocing
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() vy [#*] ende, vy [ut]

The acid constants defined above were determined at a wavelength of
498 .0 nillimicrons vhere a satisfactory maximom was obbtaired in the nlet
of optical density wversus = log(true [HL] Yo The solutions conbained
1,033 % 107% formal ohlorenilic scid in lithim perchlorate~perchlorie
acid solubions at an ionic strength of 2.002. Control of the hydrogen
ion concentrabtlion was obisined by Ineluding the appropriate amount of
perchloric acid or lithimm hydroxide while the solutions were being made
up. The combribution of hydrogen ion from the chloraniliec acid had %o
be talten into account in crder to calenlate the true hydroren lon cone
centrations st low aclditiss. The experimentel date together with the
valuss of (true [Eﬁ']}mmre the values ghow in Table 2. UThe values of
{true [ﬁ#] ) wore caleulated with the 2id of suscessive upproximetions,
For this norpose values of k; and kg were initially caloulabed from

3

points of !

gher aeidilty snd these walues of kg and ky were used to
estimate Lhe eontribulblon of hydropen ion from chloranilic acid at each
acidity. the plet of the last two columms of Table © is shown in
Pigure 12, The calculation of the curve will be described later.

in the use of sguabions 37 and 41, the following values were used:

Dy = 0.075

D, = 0.298

0,077,

it

D3
{The welue of Dy was obtained with the aid of successive approximations

4o be desoribed later.) The resulting equations were:
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FIG. 12 OPTIGAL DENSITIES OF CHLORANILIC
AGID AT VARIOUS ACIDITIES.
CIRCLES: EXPERIMENTAL POINTS.
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Teble 9.

Optical Densitiss of 1.053510°% Formal Chloranilic hoid
in & 50.00 wm., Cuvette

added [E%]  2acea [oEY  true [EY]  <log(true [H*] ) D at 496.0m

2.002 - 2,002 ~0.3015 0.091
0.4004 - 9.4004 0.3975 0.125
0.2002 - 0.2002 046985 0.168
0.,08008 - 0.08014 1.0962 0.232
0.04004 - 0.04012 1.3968 © 9.232
0.01802 - 0.01811 1,7421 0.298
0.01001 - 0.01012  1.9944 L2080
2.002x10™3 - 2416951072 2,5637 0.164
a.004x10™% - 5.928%10™% 3.2271 04120

- 0.0200 5,05%10" 13 12,297 04077
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00398-‘0.075 .6' z 2
kyky = (| B - 1,009,050 ind
172 (00298‘0;{777)( [ ] [+] ) - e 2 ( [ ] o )

snd

ky (D=0,075)10"° } 1.009,050(3-0,077)10* 2 0,446
[H?F] - 04298 = D
0

vhere A = = log(true [H*] ) 4 log{true [EE‘I']D).

Using the meviously outlined method of lesst squares the best value for
~log(true [ﬁ*] o } was Pound to be 1.759., The points that were used

for this purpose were those shown in Table 10. In teking the aversage of

values of f..??l»— at =log [H{' ] o = 1.759, the points with D ¢ 0.282
H

]

)
and D = 0.289 were omitted because they were too close to the pesk to

k
give ascurabe values for F:%‘WWW + The resulbs according 4o this method
P23
0

wore

1 - gt ] = 1742 x 2072
W G (4.685 ¢ 0.250) , [1* ] = x 1

0

ky = 0.0816 % 0.0044

4
i, = (k3kp) .. 1.009,050 (e ],
i3 (4.68540.250)

kg = 0.00378 i 0.00020
The probable errors in the sbove values for kj and k, were probably a
little higher then indicated due to an uncerbainty in the walue of
~log [ﬁ‘ ]0. |

fpicr to the development of the sguations used sbove, the consbants
for chloranilic scid were celeulsted by & methcd of successive approx-

imations, Since the values changed very slowly this procedure was ex-
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tremely btedious involving 54 sets of sueh approximations. The method

involved the use of eguation (5) in various forms:

Table 10 .

1r
Values Calculated for [;1] with -lag(tme[ﬁ';' ] o) = La759
i

4]
~log(true [1* ) B A 3:1
d o
0.3975 0.126 -1.3615 2.2357
0.6985 0,168 -1.0605 4.8540
1.0962 0.232 ~0,6622 4,7009
1.5966 0.282 -0,3624 7.5401
1.5944 0.289 30,2354 5.1431
2.6637 0.194 $0.9047 4,9602
3.227 0.120 $1.4681 4.6654

L&} ko
1, Lo (1 1 Toes)
() De N ARG e A
E 3 %k
14 g 1%
PR P
ek
) o Lo ) _1tg M
ST 1 TG e Rl
(61) v = ky ykg

R TR T

The value of Dz wes obtained directly from the data to be 0.077. However,
IR T . Y T b 1 R "' 3
the values of ky, kg, Leeg, D; and the true | I { were caleulated by

successive approximations. For the first aporoximetion it was assumed that



by was egual to Dy end that the curve was symmetrieals. The position of
maximn cptical density was visually estimated Lo be =log [H; ] o
o 1,71 which was also Geken to be the value of =jlog kykpe The resulting
trial value of ki k, was 3.80 X 104, Taking points in pairs the quanbity
(Lcaz) was eliminated from (5'), Using kyks= 3.80 X 10™% in the latter
eguation together with poiuts on the lefbtshund side of the peuk, an average
value was calculated for kj. These values ol k3 and ik, were substituted

in the following form of (5'):

v .13& Tl )

which, using the four highest points on the curve, gave an average value

for Leeg. This in turn wes substituted in anobher fornm of (5')s

ak "
‘ 3, 8 - [

S,

1r

1

Loeyg = D
Points on the left~hand side of the peak were used in the latter squation
to caloulate & new average value for ky. This gquantity aund the average

value of Leey were egain substilubed into (5') in *the form:

[+] [Loeg -D l%ﬂ. (v - o.mv)}
ky = . %1

e

D - 0,077 }
This equation with points on the rightehend side of the peak save an
average value for kp. Multiplying this average value of kg by the average
value for ky & new value for kjkg was obiained which was used in the
next apvroximation, The above procedure was used for seversl sets of
approximitions, new values for the walues of true [H;] belng calcoulated

ocoasionally.
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in the next anproximetions the following method was found to be

more expediblious:

o
L [N
(1.) Use Losp =D+ \ 57 + pr—|0 - 0.077)with the four

highest points of the curve to cbbtain en average velus for Leeg.

(2.) Use this value of Lees in

together with polnts on the lefit~hand sides of the peak o
obtaln an average value for ki,
(3.) Use these average values of Iy and Leeg in

. oD ok
1{2 - [Xi“'] ] i/ E.L ]

D - 0.077 k1

together with points on the right-hand side of the peak to
calculate an average wvalue of k.

(4.) ultiply these two walues of kj and ky together for the value

of (klkg) o use in the nexbt approximation,

A new value for Dy was then caleulated from (5') using points from
the two most acidic solubtions and obtaining 0.0756 for the average value
of El.

In the remalning 15 approximations the following modified squations
were used:

(10) Use LGGB - U + "‘Lﬂj‘l——" (D

Sogether with the four hirhest polnts of the curve to obbain

I
- 0.075) $ Eﬁwm (9-0,077)

an averege value for Loej.



(2.) Use this value of Lees in
[‘,] (i}-o.*:)'i’o) kiky (z}...o.m*y)
Loe, =D QST” LioegwD
together with points on the leftehand side of the peak bo
cbtain an average velue for k.

(8.) Use these average values of k) and Lees in

[:4] (g%g - D __ﬁi* (z} - 0,075)

- 0. ov'?/ ley D « 0,077

1{2::

together with polints on the right-hand side of the peak
to ealoulate an average value for kp.

(4,) Maltiply these two values of k; and kp together for the
value of (kjks) to use in the next approximetion,

Tt was found necessarvy to use a2 ocaloulating machine in the above

epproximations because of the verv slow mammer in which the final values

for ky, kg, and Leey were approached. Another caleulation of Dy gave the

same value, that is, 0.075. The values of [H*] corrected for con=

tributions from the chloraniliec acid were recaloulated oceasionally until

they no longer changed appreciably.

and

The final values that were obbained were:

0,394

H

Lcez

ko

1

0.00378 4 0.00013 ~ 0.0038 $ 0.0001

These walues of ky and ky agreed within the range of thelir standard

devietions with the values ealoulated by the use of (37) and (41). The
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ebove values of Loeg, kq, kp and Dy were substituted into (5') from
whioch the curve of Figure 12 was then esloulated. This set of values
for the constants of chloranilic scid was used in the study of zirconium

chloranilate complexes.
Discussion

In view of the large ionic strength at which the acid constants of
ohloraniliec scid were determined, it did not seem possible to estimate its
thermodynamic dissociation emstants with any degree of aocufaay.

Sehwarzonbach and Suter® determined the meidity constants

K = axh .[ﬁCh“] and ¥y = agé .Dm;ﬂ

of chloranilic acid by studying the reduction potential of the acid as

a function of pH and also by spectrophotomebric messurements. The values
that they gave were

ky = 0.14 and kg = 0.00066,

They did not specify the lonie strength at which these were determined nor
did they indiocate that it was kept oonstant, They did mention, however,
thet buffer sclutions of high capacity were used. Nevertheless, the ionie
strengths of thelr solutions were probebly less than 2. This and their use
of hydrogen ion sobtivities instead of concentrations should have made
thelr values of both k31 and kp lower than those from the present investiga-

tion, However, their kj is 70% higher and their ky is about one-sixth the
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present value. It is believed that their L.MLF, measurements did not
sive very accurate values for kl and ko because they did not have many
poinks in the pl range at which the singly-ionized species was predom=
inant. They did not specify how they interpreted their spectro-

photometric data.
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ris method it is spparent that a

For high scoeurncy in applying
eurve of opticel densliy or composite copticel density versus pi should
have & meximom or minimum for whzchlu - Sﬂ an&lﬂm - Eglorlcm - ﬁll
gndlcy - O lbave large valuves. From {41) it can also be seen thak
srrors in points clese te Dy, D or D% zive rise to wery large errors
in the onloulated valie of k kyo It seems advisable Lo use points near
D, only for estimating ﬁm and pHoe Two or more polnts should be used
in determining the values of Uy, D, and DS' Buffer solutions should,
of course, be falrly trauspareat in the region of txl spectrum in which
they are to be used, In the present investigations formate buifers of
003 molar concentration had optical densities of roughly 0.1 at 2450 X
and inoreesingly higher optiocal densitles at lower wavelengths. Sager
and co=workers indicate that 0,01 unclar acetate buffers may be used

o 468
avove 2200 4 and 0,01 nmoler citrate buffers may be used above 2300 A,

A discussion of chemical groups that lead Lo ebsorption in the

visible or ultraviolet region is found in the text by Erode (Ref., 23,
Che 5). The present investigations of isophthalic end terephthnlic acids

were made possible by the strong ebsorption of the bencene nucleus in
the ulbraviolet region. There are innumerable substances which might be
investigated. Among these are triphenylmethane dyes such as orystal

violet., The wvalue of Eﬁ Tor erystal violet has been found to be &, very
kg



distinet coloy chanves belng in evidence for each step of the ﬁquilihria.év
Other exarples are found among the phthaleins, The wvalue of % for the
two colorless Torms of phenolphthalein thet precede the ecolored form has
been reported tu be 4 by Roseﬁs‘bein.% This equilibris might be ine

vestigated in the ultraviolet region. lany amino acids have overlapping

acid eonstants and also sbsorb light in the ulbraviolet or wvisible regions.

Tyresina“ end 1~dihyﬁmmrphemy1amme}'5 have been cited as examples.
If the avidic groups of a dibasic acid are eguivalent and do not

intersot by means of resonance or hydreogen bonding, the following eguation

X o
by Ejerrmn‘i’g relates L to the distence r (A) between the groups

Eg

X .0
log —% = log 4 &~§;w§ .
K

The equation is based on slecbtrostabtic effects. nowing r, an approximate
Lo Ky . . {
value Tor .= can be calelated and, conversely, lmowing .=, a valve for r
K2
mey be caloulated, For example, values caleulated for r in isophthalie

seid (I) and terephthalic neid (II)

Tﬁzﬁ ('ZOZH

. _
AW u\/c\ y

,l Q—CO H (,} @\
"N N

H (
COH
(1) (11)

o
are thus 8,1 and 9.8 A which are not far from the accepted values,
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Resonance interaction between the acidic groups in these examples do
not greatly affect the values of Kl/ﬁz.

However, Ki/ka for chloranilic acid mst be influenced by the rel-
ative resonance stabilizations of HyCh (III), HOK (IV), and Ch™% (V)8

as well as by eleotrostatic effects.
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(V)
Since Klﬁ%, the retio of the thermodynamie constants, would be larger
than k,/k, = 22.2 cbserved at the ionic strength of 2, the resonance
effect prefersentially stabilizes the intermediate species in this case.
This must be due partly to the faet that the right-hand resonance form
of (IV) effeetively reduces r and allows strong hydrogen~bonding to the

negatively charged oxygen atom.
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SUNMARY

1. The subject cf the spectrophotometric determination of overw
lapping acidity consbtants for a dibasie acid has been reviewed., Equa-
tions have been derived by means of which such determirstions can be
made without the use of successive approximations,: & hrief digoussion
has been given of the possibility of utilising cther tvpes of dats for
the same pirpose.

2, The acidity constants of isophthelie acid at an icnic gtrength
of 0.0302 have been determined from spectrophotometriec studies in the
ultraviolet region. The acidity constants have been found to be ky =
(2.8 + 0.4) x 10™* and kz = (4.0 # 0.6) x 10™ from which the thermodynamic
dissociation constants have been calaulated to be ¥y = (2.4 4 0.3) x 10~4
and L, = (2.5  0.4) x 107,

3. Similarly the acidity constents for terephthelic acid at an
ionic strength of 0.0300 have been found tobe ky = (3.4 ¢ 1.0) x 10~%
and ¥k, = (5.5 % 1.6) x 10=%, From these values the thermodynamio dis-
ssciai;ion-cms%:ani:s have been calc-lated to be Ky = (2.9 % 0.9) x 1074
and Ky = (3.5 + 1.0) x 107,

4, Acid constents in terms of ooncentrations have been determined

for chloranilic acid by means of spectrophotometric studies in the visible

region at an ionic strength of 2.002. The values obtained by means of the
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equations mentioned ebove were k, z 0,0816 4 0.004% and kp = 0.00375 &
0.00020. The same experimental data were used in & much longer method
using successive approximations to give the walues of ky = 0,0839 f
040086 and ko = 0.00378 ¥ 0.00013.

5. & brief discussion has been included regarding the experimental

application of the spectrophobtometric method.
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APFENDIX A

In deriving the correct equations for the application of the method
e \ S A fx sa 2 N .
of Vies and Gex to a dibasic acld, it is convenlient to put their ﬁ

funetion

- 123
§ klkg
el * mea i 5 @3
8 a
ia the form
? 1 k [
a_e +e, + %2 a
¢ ik 1 & - 3
T el k2 )
G 1ttty %

Meking the substitutions pH g =log a, pky = «log k, and pky = =log kg,
the latter equation far»¢ becomes

Wl ' 13
ei 10P%1 Pl 4 e 4 eé 10° plz

J = 2 :
-

pley =pH pli=pks
ey10° 1 t ey + e 10

Clearing of fractions in the latier equation zives

<

Py wPk-P 4 g es 4 og 1oFtepk2

ply-pH

Y t 1 T ot
= eq 10° + ep 4 ey 10P°7PK2

Collecting like terms in the latter equation one obtalus

y; 4 ” Z“ - § ‘“
10°2(e1-4 01)107F" 4 10°P¥2(ogef 05)10°% 2 f oy - 63 .
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The latter equation is valid at any value of ¢ for which there is a
corresponding value of pH. Hence at wvalues ¢1 and ¢2 one has the followe

ing equations

1 Rl }v -yl
10°€1(e1-f; 2102077 1 4 10772 (op 05)107ML - o, - o2
1072 (e1-g, 01)107%%2 4 107PK2(e5udy 0,)10P72 ¢ gy 6, = o3

leking the substitubions x = 10771, y = 10"PK2 ang

, ! wpl ' "
o = (e1-fy ©1)10™" L &y 2 (o1-f; o;)107P2
. o2l - (ohn ~PH
Y, = (opfy €010 Y, = (o5-f; eg)10772
' 1
‘fl=¢1ﬁz"93 ‘fz:¢geg-—eg
one cbtains
x% dy Vo= ‘f'f,
3&'.0‘2 -y )’2 = ({2

- The solution of the latter pair of equations is

5 ¥
4 hte - 4ol

N[ % -
o SR

»
"
o

Y=

Ko ‘fal <1y ‘“302
5
¥o

) }Zl TS - % ®
2
Since :
I e kacd!
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the following expression is obtained for ky:

! wnii Z’E - s
_ (o1 = fre1) (e5-fpe5)207P 1 P2 = (01-g0y) (o3-pye5) 10 P telhy

ki1 =
1
(fr0-07) (e 5~F05)10P"2 « (fzopmo) (og=; 05) 10711

Since

the following expression is oblained for kg:

1

’ - A J
vy x (21-By0y) (Bpep-es)10 PHY L (ey-pgeq) (freg=eq )20"PH2

(01-Pr01) (o5=Paes)107PII3P2 L (o1uf 0. ) (ol 0, )10 Pi2 PRy

*

The above equations can be used to calculete ky and kp from any two
values of ¢ orovided that the extinction coefficients are lnown or can
be sstimated.

In Teble 11 are given optlcal deusity walues for a hypothetical
dibasic ascid at two different wave lengths. The acidity econstants are
defined as being ky » 5 x 10~ ang ko = 2 x 10", The values of D were
caleulated from (5) using the values of Leeq, Lcez and Leeg that are
ghown in the btable, fThe values of ¢ are shown in the last eolumn of the
table. The plot of ¢ versus pfi is shown in Figure 13. Since the tab=
ulated velues of P are absclutely correot by definition, one can use the
values of pi and ¢ of the tabls to Test the validity of equations for
eveluating the aocidity constants. The results of the test for kq as
eeleulated by the above equation and as oaloulated by the corresponding

squation by Vles and Gex (Ref. 8, ps 74) are shown in Teble 12,
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Tgble 11,

Caloulated Values of D end f for ky = 5 x 107 and kp = 2 x 1070

D with Leey D with Lee; ¢ = ratio of
& pH = 0.300,Loes = 0.300,Lecep third eoclumn

= 04,800 and = 0,100 and  to fourth

Leere 0,400 Loezm 0,400 ocolumn
1.0 x 1072 1.00000 «300,250 +299,900 1.001,167
1.0 x 10™2 2,00000 302,438 299,005 1,011,649
1.0 x 103 3.00000 324,067 +290,487 1,115,990
1.0 x 1074 . 4,00000 466,225 234,437 1,988,701
6.3 x 1079 4.20066 .519,560 214,115 2426 ,546
2.5 x 1075 £.50206 621,519 .178,481 3,402,270
1.7 x 1073 4.76955 651,090 170,964 3.810,574
1.1 x 1070 4.95861 669,650 .170,298 3,932,225
6.7 x 1078 5.17393 669,876 .181,223 3,596,418
4.0 x 1078 5.39794 .648,101 +205,063 3.160,497
2.5 x 1076 5 .60200 613,514 235,135 2.609,199
1,0 x 10~6 6 ,00000 531,788 «300,000 1.772,627
1.0 x 1077 7 . 00000 419,036 .385,706 1,086,413
1.0 x 10°® 8.00000 +401,990 398,507 1,008,740

1.0 x 10™9 2.00000 +400,4200 +399,850 1,000,875

SR —
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Fig.|3 Plotof ¢ vs pH

for the hypothetical acid having k=5x10 & k2=2x50_
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T&ble 12‘

Values of kq caloulated from Table 11

Values of kj caloulated Values of ky

Points used from the present equation ca}culatad from
Vies and Gex's
pH ¢ equation
4.76855 3,810,574 -5 ) -5
5.,17393 5.696,418 4.,0969 x 10 5.,3787 x 10
4'6G206 30482’2?9 4.9608 % 1 -5 5.3237 1 o
5,1739% 3,696,418 ' ® 10 x 10
4.20088 2,426,546 5.0000 x 10™F 5.3731 x 1070

5.80206 24,609,198

Hence velues of kj ealeulated from the cquation derived above agree with
the originally assumed value of exmotly § x 1070 within the limits of
error of the arithmeticsal ealoulations. The fact that the equation of
V1ds and Gex gives consistently different values for iy than 5.000 x 10~5

indiocates that their eguation is in error.
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APPERIDIX B

The equipment used in Sacconl's nethioal? oomsists essentially of
two joined wedge cells having a total light path (L) equal to thet of
& third cell as shown in Figure l4. Equael oconcentrations of the acid
vndey investirebion are plaved in each of the three cells, In the
example o be considered here the acidity in ths upper wedge cell is
made high enough to convert the dibasic acid completely into the fomm
Hada The hydrogen ion activity in the other wedge cell and in the single
oell ave adjusted to values of ay and 8o, respectively, with ap> aj.
’i‘h@\value chosen for ajy 1s such that an eppreciable color of HA is
produced in the lower wedge eell, but it is assumed that none of the
species 4 is produced. The squilibris in the lower wedge cell and the
single cell are

velfl) o off)
iy = &) [ﬁgA] N and k1 =z ag [szg . R

respectively, Oince the btotal concentration of the dibasic ecid in each
cell is a consbant ¢ and only one stop of disscoiation is assumed Lo be
operative, Ssoconi assumes that each of the parentheses in the latber pair
of equatiocns encloses only ome unknown variable. {The question of to
what degres this assumpbion is valid will be discussed presently.) A
point ¥ along the line AD is found et vhich the light transmitted through
the joined wedge cells matehes the light transwmitted through the third

gell. The ratio % is then used to caloulate kye
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Sacoconi applied the alove procedure for the determination of ky
of mononitroguinol for which he found pky = 7.64 and pky = 10,0637

Thus , E}. = 263 and there was some overlapping in this case. The value

k

chosen ?’or &3 in using the above method wes such that there was 0.6 per
gent of the species A present 1n the lower wedge cell., Using a slight
variation of this method for determining %k, of mononitroquinol the value
of ay was taken at such & value that thers was 1.8 per cent of the species
A in the lower wedge cell, Using sn analogous procedure for dehemmining
kg for mononitroquinol the least basic solubion had 1.2 per cent of the
undesired species oA preasent, In the latber cese he stated that none of
the species HoA was present and in the other two cases mentioned he ige
nered the presence of the A spscles. IHowever, the errors introduced into
the caleulnted walues of ky end ks, for mononitroquinol were probably fairly
smell in this case becauss of the weak degree of overlapping between ky
and kg

For the determination of k; and ky of a dibasio acid having, = 1 ¢ 200,
the effect of the undesired species beoomes more serious in the us§ cf
Saceoni's mothod. Thus, in the determination of k) by the method outlined
the presence of the A species has a twofold effect, Firstly, it diminishes
the concentration and intensity of color of ths ._-2:«»-}.104 combination irn the
lower wedge cell. Seoondly, it introduces a new color in the lower wedge
cell due to the A speciess The error so introduced into the measurement

must depend pertly upon the relative colors of Hpid, HA and A, In the deter-

mination of k) by the ebove method e value of aj is desired such that a
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high concentration of HA and a low concentration of A are present in the
lower wedge cell. The maximum concentration of HA would occur when

=log &y = pH, = %(pkl*pkz) but there would also be a considersble concenw
tration of & at that pH. Thus lower values of pij must be employed.
Figures 15 and 16 show the percentages of the forme A and HA in the lower
wedge cell for various values of (pHy ~ %CPK $pK ) and -Eg-. Althouzh the
wvalue of pHa must be lower than piy, the percentage of HA in the left~hand
cell must s%ill be appreciasble for an accurate measurement., Thus, for low
values of E;.l. one is probebly limited toc values of pH; indiocated in Figures
15 and 16, zl'b is seen that apprecisble concentrations of 4 must coexist
with the values of HA required in the lower wedge oell. This factor inkrow
duces an error intoc the determination of k4 if % is very small. Further-
more the method loses something in sensitivity l;ecs.use the oolor of the
species HA is not developed as much as possible, Similar considerations
apga’;y in the determination of ks using Saocconi's method. Thus, although

his method involves no approxzimetions in the caleulations, it ignores an

k
effect which may be serious if .ﬁ..?:. is small.
g :
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PART TWO

ZIRCOWIUNM CHLORANILATE COMPLEXES



100.

INTRODUCTICON

The reactions of chloranilic acid (I) with zireonium were studied
in order to extend the ¥nowledge of the ochemistry of that element and
in order to £ind vhether or not chloranilic seid eould be used as s

colorimetric reagent for zireconium.
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The experiments consisted of spectrophobtometric studies of the zirconium
chloranilate complexes, olectrical migration experiments, amlysis of a
gireonium chloranilate precipitete and the development of a spectrophoto=
metrie method for debermining zirconium.

Recent studies of the aqueous chemistry of zirconium by Connick ond

cauworkeraso’51

have indicated that in wvery dilute solutions of zireconium
in two molar perchlorate~perchloric acid sclutions the prinecipal species
is Zr+4. A%t higher concentrations of zirewmium simultaneous hydrolysis

end polymerization of zirconium were found. They found that polymerization
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bhegan at approximately 103 molar zireonium in 2 molar perchloric aeid

and at approximately 10~4

molar ziveonium in 1 molar perchlorie seid. In
order to keep the ionic strength end as a oonsequence the achbivity cow=
efficients constant they used lithium perchlorate at a molarity egual to

two minus the concentration of perchloric aecid. I% hes been foundsa

that
in hydrochloric acid-lithium chloride solutions of constant ionle strength
the activity coefficients of the hydrochloric acid remain econstant even
if the concentration of hydrochlorie acid is varied from 10°3 +o 3.

The results of the experiments of Comnick and ﬁebeEO were reported
entirely in terms of concentrations. Since the activity coefficlents
were presumably constant it weas felt that each equilibrium constent would
also be virtually coustant., It was decided to use the same ionic strength
and acide=salt pair in the present investigation of the complexing action
of chloranilic aeid on zireonium., From this it could be expested both that
the equilibrium constants in terms of eoncentrations would be consbant
and that little, if any, ziroconium would be complexed by the perchlorate
fon. Furthermore, using the data of Conniek and Roes®l it was possible
to estimate closely the frastion of uncomplexed zirconium that was in the

form of the monomer.
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MATERIALS AWD APZARATUB

The work of Cennick and RﬁcVeySQ had shown that meost inorgenic anions
eomplex zirgonium to some exbtent with chloride ion being one of the
weakest complexing anions. Consequently it was decided to prepare zire
econium perchlorate from szireonyl chloride. In this manner a trace of
ghloride ion lefb in the gireomium perchlorate would not interfere in the
ocomplexing experiments. A pure grade of zireonyl chloride oetahydrate
was kindly supplied for this purpose by Dr. K.4, Walsh.* Zirconium
hydroxide was precipitated from 100 ml. of 0,033 ¥ zireonyl chloride by
the addition of a slight excess of ammonium hydroxide. The precipitate
wes washed with distilled weber until the washes gave only a very faint
opalescence when treated with nitric acid and silver nitrate. The zir-
eonium hydroxide was dissolved in 2,003 K perchloric acid, the solutioen
was Piltered and made up to exactly 250 ml, with 2,003 i perchleric acid,
Aliguots were assayed for zireonium by precipitating the hydroxide with
ammonium hydroxide, filtering and igniting Lo the oxide at 8000 Ce This
solution was dilubed with the standard perchlorie acid to give a solution
sontaining 1.033 x 10°% molar zirconium perchlorate in 2,003 M perchloric
acid, Similar solutions of chleranilioc acid were made up in the menner

desoribed in part one of this thesis. The preparation of the two molar

#Dr, Walsh gave the following figures for the purity of this compound:

'éi/_\: 0,018, Si ~ 0.05%, Fe oy 15-20 pepems and 74 £ 20 p.p.me
r
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perehloric acid has aisc been described,

t was found thet recrystullized commercial lithium perchlorate
contained enough sulfate to complex zireonium apprecisbly. For this reason
&1l lithium perchlorate wes sither prepared from lithium metal plus weber

follewed by neutralization with perchlerie acid as deseribed previously or

44

by the method of Richards and Villard, The latbter method consisted

s

essentially of hesting C.F. Smith lithium perchlorate at 2702 80° C. in

s stream of dry air for four hours. The desired stock solution of two
melar lithium percnlorate was then mede vp directly from the arhydrous
salit, The above fuslion of lithiwm perchleorate apparently expelled sulfate
in the forrm of sulfuric acid since the use of the fused salt gave the seme

experimental results azs 4id the labvoratory prepared lithlum pershlorate.,
2 i e

Q > 5 - > - A
The Zr"E’ activity used in the electrical wigration experiments was

obbained in the form of a carrier-free, i M hydrochlepric acld solution from

the Oak Ridge Hationsl Iaboratories, The activity as received conbained

roughly five millicaries each of Zr® and the b"® daughter in 1% ml. of

solution, The ngs 8 extracted intc bensems with three equal volumes

L TS

of 0.02 ¥ thenoylirifluoroacetone (TTA) in benzene thms effecting & Sep=

95 . . v A ; :
aretion from Cb™  since the latier activity is nol extractebls in this

50 . . .,
WANNOP,. The bvengene phase wms then diluted 10-fold with benzeuns ar

P

sheicen with two 3-ml poriions of 2,.,008H perchiloric acid. The resulting

carrier-{ree Zr95

aobivity in 2,003 ¥ perchloric acid was used within a
three wesk pericd from the time of its preparation,
The liodel 12 Cary Speotrophotomeoter wes used for most of the studies

with some exceptions as noted,
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EXPERIMENTAL MBTHOD

The Cary Speotrophotometer was alweys first balenced to zerc optical
density with the solvent (i.e., HC104 4 Li(:‘log:) in position, Subseguent
optical density readings were then due to zirconium chloranilate complexes
and uhlor&nili.c ecid inssruch as zirconium perchlorste was found to be
trensparent in the speetral regions that were used. In the work on the
1:1 complex the reference cuvette was kept in the reference chamber. The
drift in the gzerc point readings never exceeded 0,01 optiecal density unite
during e series of mamrements, et corrections for drift were applied
whenever it was observed to teke plasce. The absorption curves for the
1:1 complex were such that errors due to drift were not serious, but the
work on the second complex required the best absolute accuracy cbiainable,.
Thus for the study of this complex the instrument was used in the menner
described in the work on isophthalic acid. The band width was approx-
imately 10 X and the temperature of each solution during scaming was
2541°C,

In the analytical work on an insoluble eompound that formed in con=
centrated solutions, measurements were made on a Model DU Beckman Spectro-
photometer at 5500 and 3400 1 using the tungsten lamp. The band width was
10 A ab 5500 4 and 15 % at 3400 8. The Corning No. 9863 filter was used
at the latter wavelength. The temperature of the solutions during measure=-

ment wes 30 + 3%,
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The electriocal migration experiments were performed in & cell mede
by bending a filter stick of fine porosity into & U shape with the porous
disc at the bottom of the U, The inside diameter of the glass tubing was
10 mm. and the overall width of the U {tube was 45 mm. A bright platinum
foil B8 vm,. wide wes suspended in each arm of the U tube to serve as an
electrode. Voltage was supplied by a 6~volt lead storage battery conw
necbed in series with e varisble resistor which was adjusted to give the
desired voltage across the ecell,

The memsurement of Zr%

activity vas accomplished with a mica~window
Geigerwlueller tube connected with an Instrument Development laboratories
emplifier and soaler, Dach sample to be counted was measured through s

30 mg./om.g aluminum ebsorber and a 190 mg./m.g aluminum absorber, the differ-
ence being taken as due to Zr9% activity. This method of measurement wes

showm: by absorption curves on freshly separated ngs

5

and the equilibrium
mizxture of Zr%“ Cfbg to be the most effective way of meesuring the ir
aobivity without influence from the %, This method of measuring 2’0
acbivity in the presence of %% has also been employed by Huffman and

Beaufait .53
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THE 1:1 COMPLEX

Mixtures of comparable amounts of zirconium and chloranilic acid
in 1 or 2 ¥ perchloric acid wers found Yo give a wine vieolet ecclor at

5 to 2 x 1,0-4‘ noler. At concentrations of

concentrations from 5 x 107
roughly 2 x 1074 1 5 x 10'4' molar zireonium in the presence of excess
chloranilic acid, & wine red color was obtained that did unot appear to

be the sum of the wine violet solor and the color of uncombined chlore
anilic acid, Since & second complex seemed to exist at the latter con
centrations, it was deeided to investigate the complex responsible for the
wine violet color in more dilute solutions, This will be referred to as
the first complex and the wine~red as the second in the following dise
oussion.

Job's method of comtinuous variations was used to detemmine the
 giroonium~to=chloranilic acid rvatio of the first somplex, A series of
solutions in 2,003 ¥ perchloric acid were prepared having a chloranilie
acid concentration of 1,033 x 10"4‘(-%—) and a zireonium congentration of
1,033 = 107%(1- %) for values of x from O to 10. These solubions were
scanned in the ultraviolet region in a 9.965 mm. cuvette. The plot at
several wavelengths of (D = % Dx.—.lo) versus x geve a maximm or minimm

at x=5 as shown in Figure 17. This indicated that the szirconiumeto=

chloranilic acid ratio wes unity in this complex.
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ZIRCONIUM CHLORANILATE COMPLEX.
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4 series of solutions were scanned in order Lo dsmonstrate that
the 1311 complex obeyed Beer's law. The solutions were prepared in
2,003 ¥ perchloric aoid having a 1.033 x 10"3 molar excess of zirconium.
The excess zirconium was necessary in order to prevent the formation
of amy of the second complex which was later proved Lo have a lower
girconiumeto=chlorenilic acid ratic. The concentration of the 1:1
complex was varied from 1,033 x 107° to 1,083 x 107%, The results
obtained using a 20 mm. ouvebtbe were as shown in Figure 18, The chlore
anilic scid was more than 99 per cent in the form of the 1:1 coumplex
in this series of solutions.

In studying the rometlon cmsbant of the 1l:1 complex the formality
of the ehlorenilic acid was kept at 1,033 x 10™° while that of the zire
conium was varied from 1,033 x 10™° o 1.035 x 10~3. The total molarity
of perchloric acid and lithium perchlorate wes 2.,003. Three seriss of
experiments were psrfomed at perehlorie acid councentrations 2.003,
1,502 or 1.001 molar. &t concentrations of zireconium at which the
egquilibrium was measurable the zirconium was entirely in the form of the
monomey as could be shown from the data of Commick and Reas.sl Agsuming
the zirconlum monomer to be zr*é, the equilibrium under situdy could be

representsd in the following manner:¥

*If the formila of the monomer in these solutions should be Zr(CH)*3
or Zr(CH)22, the only effect it would have on the results of the present
investiga%ion would be to require a corresponding change in the formmulae
of the complexes. Present evidence indiembtes that under these conditions
the monomer is at least mostlg zr*4,50  The effest of its possibly being
a mizture of Zr+é4 and Zr(QH)* is treated in the discussion at the end of
this section.
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(66) 2r*t # Hyon =2 (2r H,__ on)?*™ 4 omt
where the charge on the complex of course despends upon the value of n.
Representing 1,025 x 10™° by the symbol (¢) and assuming o(C to be
- the concentration of the 1l:l complex, the formelity of uncombined chlore
anilic acid is c¢(lwo<), This quanbtity in combination with (1) zives the
following expression for the concentration of undissooiated chloraniliec

aeid
1

-1 i klkg

Bl PP
where ki and kg are the acld constants for chlorenilic acid. The values
that will be used are: k; = 0.0839 and kjky = 3.17 x 1074, In lor 2 M
perchloric acid the tem ‘{11{2 is negligible and will be neglected. Ex~
pressing the total foma?%‘f;};] if the zirconium as cy, that of uncomplexed

zireonium is e{y=o¢). The formation eonstant in terms of concentrations

is then

(68) Xy = o 1T (“ [ ) & (1*’63“"”) =

02 (y=o¢) (1= " (yesc) (1mox)

The following gquantity (f) is experimentally determined at each valus of

the hydrogen lon ecncentration
f (y=o<) (1=o<)

Combining (69) and (68), the formebtion constent is expressible as follows:

(10) %=1 (3. + écl p—z*}nf,

where f is & constent for any onse value of the hydrogen ion concentration.
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Representing the concentration of the 1l:l complex by o3y and its
molar extinction coefficient by €17 the opbical densities of the solutions
under study ocan be expressed as
(71) D = Lojyeqy + L [Hyth] ey #+ L (0] ey + L [01] e
where L is the length of the cuvette and e3, ey and ez are the molar
extinction coefficients of HyCh, HCH and CH respectively. By means of
relations (2), (3) and (67), the sum of the last three terms on %the right
of (71) can be represented as

(72) L [Hyon] ey + L [HCH] eg 4 L [on] og

~0<
: i : 1‘% .;,) kykp ‘ (al ¢ 3 2t klka" 63)
E;"T W {. ] [H«l]g

The optical density D, with no zirconium present (i.e., ¥ = o) is from (5)

k kqk
Leoley $ —k e ¢ <152 o
(73) Dy = { @ ° @z 3}
k kqk
1+ & ¢ 172
(] 1%

and D, is a constant for a given hydrogen ion concentration., Combining
(72) end (73) there is obtained

L [Hyon] e3 + L [HCH] e, 4 L [0 e5 = (1) D

which when substituted into (71) zives

D g Leypeyy + (1=X) D,

Since ¢33 has previously been defined as o ¢ the latber equation becomes
(74) D = (Lo e11)k 4 (1=-X) Dy

Yhen the chloranilic acid has been completely combined with the zireonium

the optical densiby is D =z Leej) which will be represented as Dyj.
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Hence (74) is
(75) D = (D11 4 (1=X) D,

which can be rearrenged to give

(76) Dll = D= (1“‘)() DO
[ &
and
(77) o z 2P0
Dyy = Do

The absorpbtion curves shown In Figure 19 are representative of the
date that were cbiained, The 1:1 complex (ygzs) showed an sbsorption
mexirum at 5280 A and uncombined chloranilic scid (y=0) showed & pesk near
3020 &, Both wavelengths were used in the calculations. Values of Dy
were cbtained from (76) using sclutions having $9 per ocent or more of the
chloranilic seid in the form of the 1:l complex, In these solubions the
values of o< could be estimated with sufficient acouracy with the aid of the
rest of the data tc allow the cvaluation of Di1 to within 0.5%. A% values
of D near Dy, (ie.s at larse values of y) the amount of uncomplexed
gireonium in the form of the monomer as sstimated from the data of Connlek
and Reas®l wms used in rlees of ¥y to caloulete the value of o,

The data obtained at hydrogen ion concentrations of 2.003, 1.502 and
1,001 have been summarized in Tables 13, 14 and 15. The average values
of thus obitalned were: |

Pz 1410 £ 0,025 at [*] = 2.003
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Teble 13.

The 1:1 Zirconium Chloranilate Complex in 2,003 U icid

0 0
At 3280 A At 3020 A
Dy; = 0.947 Dy = 0.050 Dy = 0.406 D,= 1.043
A D o 1<% D o< 2]
7 7
1.00 0.448 0.444 1.437 0,762 0.441 1.411
1.10 0.472 0,470 1.408 0.743 0.471 1.416
1.20 0,499 0.500 1.429 0.730 0.492 1,369
1.25 0.505 0.507 1,384 0.715 0.515 1.445
1.50 0.560 0.568 1.411 0.685 0.562 1,369
2.00 0.638 0.656 1,420 0.825 0.658 1.420
9900 00939 - bl 00411 had -
Table 14,
The 1:1 Zirconium Chleranilate Complex in 1.502 ¥ feid
it 3280 £ A 3020 4
Dyy = 0,938 D, = 0,050 Djy = 0.396 D, = 1,016
ha D X £ D =< £
7 7
1.00 | 0,528 0.538 2.52 04696 0.518 2.20
1,10 | 0.552 0.565 2443 0,669 0.560 2.36
1.25 | 0.600 0.619 2.58 0.647 0.595 2.24
2,00 | 0,717 0,751 242 0.552 0.748 2437
74.0 0.830 - - 0.402 - -
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Table 15,

The 1:1 Zirconium Chloranilate Complex in 1.001 ¥ Aeid

1

it 3280 A At 3020 £
Dyy = 0.936 Do = 0,051 || Dy = 0.594 Do 2 1.010
N D oK jg D ok jo
1.00 04620 04643 5.04 0.6086 0.656 5454
1.10 04651 0,678 5.00 “ 0.583 0.693 BB
1420 0.682 0.714 5el4 0.564 0e725 5458
1.30 | 0.710 0,745 5.27 || 0.546 0.753 | 5.58
25.0 0,927 - - 0.400 - -
P=2.59 4002 s 7] = 1.502
= 5.54 § 0.24 at [*] = 1.001
Taking the above/O'values in pairs and solving for n in (70), the three
values obtained were n = 1,87, 1,875 and 2,08, the average value for n

veing l.87. This was so close ton = 2 that n was assumed to be exactly

2.00. ’

(78)

The three average values oalculated for Kj were then

T = (5.71 % 0.09) x 10*° ( f*] = 2.003)
T, = (5452 # 0.28) x 109 ( [*] = 1.502)
Ty = (5.52 #0.25) x 10% ([ = 1.001)

e

From these three values the grand mean valualﬁz wes found to be

(79)

T = (5.69 $ 0,08) x 10%5
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The effeot of the second complex upon the determinetion of the
stability constant of the 1l:1 complex was minimized in the foregoing
measurements by having the zirconium in exeess. From later messurements
it could be calculated that the ccncentration of the seeccnd complex in
these solutions wes alweys less than 1.4 per cent, ibs maximm value being

ETL RS

in the 1 XN HC10, solution for which y = 1, The effect in 1 ¥ HC104 dew
ereased in going fromy = 1 to y = 1.30. 4 comparison of these P values
st the two wavelengths shows that the walues remain eonstant at 3020 .g,
but that they increase at 3280 g in going from vy = 1 to y = 1l.3. lence
the effect of the second complsx mmy have been to give slizhtly low values
for the average f at 1 M IiClOQ: and for the values calculated for n. The
effect on the average value of n would not be more than four per cent, so
thet the mssumption thet n = 2 still appears Lo be justified. The effect
on %;. would be nil because values of “153'_' ab [H"']g 1,502 2nd 1,001 have
only 10=15% weight in determining Kj.

Since the value of n in (66) wes found tc be 2, the value of ﬁ in
(7¢) presumably refers to the reaction

(80) zr*t i ® cn=rzron*® 4 ot

and
]2 [zron*?]
" [zr*4] [p0m]

However, it is possible that under these conditions the zirconium monomer

(81) ¥

and the 11l complex undergoe partial hydrolysis in the following manner:



, | URIT S [+ ] [zr(0m)*3)
7t 3 HoO = Zr(CH) $ H hy = z o 4’]

and

i+ | |zronopt
zeen®? 4 B0 2 zron(am)* 4 B ny 3[4.[31:'(2}1:2] :

where h, and hl are the resweoctive hydrolysis oconstants, If this were
the oase then the messured values ﬁ; of (78) would be related to the true

coustant Ky of {81) in the following manner:

The faoct thatiﬁz'was consbant within experimentel errcor over the
range of hydrogen ion concenbration from 2 to 1 molar appears to indicabe
one of three things: first, that hy and hl are both large with respeet to
23 second, that they are of the order of 1 or 2 and have roughly the
same valuey or third, that they are both much smaller than 1. The data
of Comnick end Reas indicate that h  is less than one and probably less
than ore-half, If their data are accepted then the present date indicate
that the prineipal l:l zireonium chloranilste species is ZrCh*z. The
sbtructure of this species is probadbly best represented ag 2 resonance

hybrid of the following type



i —_ ¥ [ g2 ¥ i e ¥
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neglecting possible coordinate bonding between the zirsonium atom and
weater molecules., Although the zireonium atom may not necessarily be
equidistant from the nearby oxygen atoms it 1s wery likely close enough %o
each o allow an appreciable contribution from each of the above resonance
forms, The simlilarity bebween the colors of the 1l:1 complex snd singly
jonized chloranilic acid also suggests the ebove structure. The bonds
from the zirconium in the central structure are probebly enguler ds bonds
or linear sp bonds.?% It seems unlikely that the above zren*? oonplex and
the zr*4 specles should have similer degrees of hydrolysis, the resson
being the difference in net charge on the zirconium abtom in these two
species. It therefore seems reasonable to assume that both hy and hy

are considerably less then 1 and that the cbserved equilibrium is almost

entirely as shown in (80).
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THE SECOND CCMPLEX

The complex responsible for the wine red color was too unstable
with respect to the 1l:1 complex to be identified by Vosburgh and
Cooper's modification®® of Job's methed. Instead it was necessary to
see how well trial values for Zri:Ch of the second complex fitted the
experimental deta.

For the latter nurpose a series of solutions was prepared having
a botal zirconiuvm formality o of 1,033 x 10™% or 2,066 x 107% and a total
chloranilio acid fomality of re where r was varied between 1 and 10,
lerger concentrations could not be employed beczuse of the appearsnce of
a precipitate under those conditions. The spectrophotometric measure-
ments were made in the visible using a pair of 50 mm. cuveties,

At each acidity it was found that the data could best be interpreted
in terms of a second complex having a zireoniumwbow-chloranilic acid ratio
of 122+ The formation of the second complex waes assumed to be as followss
(s2)  zron*” 4 HyCh ¥=irfl, _ Chy 4 i

and

(83) Ky = [H*]m _{exong] or %2 2 ° [Z"Chfﬂ
[zren] [Hacn] [E*]™  [eron] [Hgon]

where [ZrChé] represents the ccncentration of the second complex no matter
what the value of m. From the work on the 1:1 complex, (80) and (81)

were assumed to hold with Xy » 5.69 x 10*5.
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The general expression for the optical density was

(84) D = L [ZrChy] ey # L [Zrchleqy + L [Hyon] ey

+ LlHm] e, + L [n] e,
where e, Was the molar extinction coefficlent for the second complex.
A% each aoidity one solubtion was made up with no zirconium but with the

chloranilic acid formality equal to ¢. From (5) this solution gave the

relation
Lo(eg 4.2 e+ klka og) = 2o (14 5lalgky )
24 4] 2 s B TeT?

The last three terms of (84) were
L [ipon] ey ¢ LJHCh] ep 4 L [Cn] eg

= L[Hycn] (o7 # KL ey + Ki¥p oy)
B @

Combining the latter two expressions with (84) geve

(85) D=L [2rchy] ejp + L [ZrCh] eq; +
j

Lig0r] (14-—= % “1%2 ) D,

it =} R

The equations of material balsnce were
(86) o= [ze**] 3 [zron] 4 [Zromg]

and

ro z 2[2rchz] 4 [zrcn] 4 [iycn] 4 [Hon) + [on]

The latter equation simplified to
1

(87)  ro = 2[zrcngl4 [zron] 4 [Eaon] (1 4 T s Bl
Ey B
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Corbination of (87) with (85) zave

D=L [2rohy] eqp # L [Zron] eq; + %0 (ro = 2 [zr0ng) =[zron] )
&

vhich upon combining terms gave

(88) D wmr Dy + i (Loeqq = 2D,) [Zrihg] # (Loey; = D) [Zz‘Ch]

The wavelength choseny 33847 A, wes one where lLeoeyj = Dy, which gave the
ion from (88)

(D=1rD) e

omsosimm e

Pollowing relat

(89) [2rcny) =

Loe1z - 2D,

Combining (81) and (86) gave

o w[mChg]

(90) [ron] = oK

bt

Dropping ;f%lf% in (87) zave the following expression

for [H,Cn]

(91) [ipon]e 222 EEZrCth; [ern]

14
cka

Equations (89), (80) and (91) were used to obtain values f’or[ i w
H

of (83)., Unfortunately the second complex was too unstable to allow

ok
the direct measurement of Leejz. The value Offﬂg—ﬁ should be a constant

at each hydrogen ion concentration. Therefors the experimental values of

03‘2 were plotted versus r for several trial values of leoejp and the

]
fslope of the best straight line through these wvalues was calculated by

the method of least squares for each trisl value of loeys. Representing

the equation of the streight line by

cka =y =8 % br
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the correct value of Leeys was talen as the one for which b = ¢ snd the
correct value for,ﬁffgu wes teker as (a) at thet point, The equations

m
i
used in calculating () and (v) at each value of Loeys were:31

a:g&o‘ Z‘EYO
n M2 - (Xr)?

n Zé_yo" Z;'Z.VO
n M2 - ()2

The data at U¥] = 2.002 M and ¢ = 2(1.033 x 10™%) are show: in Teble 16

1]

together with the results of the caleculations at one trial value of Loejyp.
The values of {(a) and (b) salculated from thess data are shown in Table 17,
The date and results are similarly summarized in Tables 18 and 19 at [ﬁ*}
= 1.401 =nd in Tebles 20 end 21 at [HY] = 1.001.

The values obbtained from the last six tables mentioned were
(92)

Kp = 1332 (2,002)" and Leejs = 0.804

1
[
]
-3
ot
(=31

=z 4150 (1.401)"  and Lee,,

of¥

= 4980 (1.001)" and Leejy = 0.769

o3
¥

where these values for Loeys are given for ¢ = 1,033 x 1074, Interpre=
tation of relations (92) on the basis of possible hydrolysis or basie
icnization of the ZrHy_ Chy complex did not improve the agreement emong
these expressions for Ko. it was therefore assumed that ZrﬁzdmCha wWe.s
a single species and that the correct value of Leeyg was the averaga>of

the walues in (92), namely 0.763. Using this value and recaloulating



Optieal Density Leta for the Second Complex

([5*] = 2.002 ¥, ¢ = 2,066 x 10~%)

. % .
T D Values of S°2 with Loeyo = 1.600
4] o
4]

0l00 0.129 -

1.00 0,171 0,278
1,50 0.532 0.279
2.00 0.500 C.280
2450 0.682 34888
3.00 0.724 0,270
34,20 0.862 0.284
3.50 0.930 0.272
5.70 0,985 0.276
4.00 14058 0375

Table 17.
Values of a and b for Trial Values of LG@EZ

([*]

2 0002 —i\v’z}

3]

Lselz a b

1‘700 ()0257 "0.0‘0322
1.607 {interpolated) 0.275 0.0000
1.800 0.277 $0.00020
1.500 0.308 40,00324

1.4C0 0.325 40.01359
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Table 13.

Optical Deunsity Date for the “econd Complex

([*] = 20201, o = 1,035 x 10~4)
r D Values cf.3§§ with Leejp » 0,700
=
0.00 0.065 -
2,00 0.270 0.460
3.00 0.421 04437
4,00 0.550 0.443
5.00 0.665 0.461
8.00 0.765 0.470
Teble 13,
Values of a and b for Trial Values of leeys
([H*J = 1,401)
Leeyg a | b
0,700 0.4366 40,0044
0.716 (interpolated) 0.426 0.0000
04750 0.4028 ~(340063

0.769 0.3886 -0.,0085
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Table 20.

Optical Density Date “or the Second Complex

(%] = 1.001 i, o = 1.083 x 10™%)

r D Yalues of iﬁgﬁ with Leejs = 04770
ad k2
0.00 C.068 -
2.00 04308 0.558
2.40 0.378 0.511
3,00 0.470 0.508
3.40 0.528 0508
4.00 0.608 0.508
6.00 0.822 0.486
9.00 1.098 0,527
Table 21.

([8+] = 1.001 1)

Values of a and b for Trial Values of Lcelg

Leeis a, b

0.750 0.5189 +0.0086
0.7688 (interpolated) 0.514 0.0000
0.770 045136 -040004
0.780 0.5073 ~(0.0088
0.803 0.4885 ~0.0083
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the expresslons for Ky there were cbiained

Ko = 1472 (2,002)"
Kp = 3500 (1.401)"
Ky = 5100 (1.001)®

Plotting these values of K, against the hydrogen ion concentration at
which they were obtained, the value of m for which Ky was most constant
was found to be 1.84 % 0.5, Since this was 2 within experimental error,
the true value of m was taken to be exactly 2 and the resulting values
for K, were thus
Ky = 1472 (2.002)2

T2

K, = 5100 (1,001)% 2 51104

5800.

“
: ]

3500 (1.401)° = 6870,

1
i

The final value for K, was taken as the average of the latter three
 velues, namely 5960 & 720 ~ 6000 % 700.
Thus the above caleulations indicated the equilibrium inwlﬁng the
sgeand complex was as follows:
(93) Zran*? 4 H,on == zren, 4 2t
(s4) ¥p = ] [z = 6000 + 700
[zron?2] | mpcn] -

Curves caloulated using (93), (94) and Leejs = 0.763 {for ¢ = 1,033 x 10

4
have besn placed in Figures 20, 21 and 22 along with the experimental
points. Although the agreement with the data is not wery good, it is
better than can be obtained by assuming the second complex to have a

gireconiumeto=chloranilic acid ratio of 1313, 2:3 or 3:4. Analogous cal=-
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culations assuming & 113 or a 3:4 complex geve such varying values for

F{thmd m that these possibilities could easily be discarded.

lations on the basis

m to be 3, X = (2,27

The caleou=

of a 2:3 complex gave m = 2.71 & 1,37 and, assuming

$ 0.66) x 10%7,

The relative standard deviations

of these wvalues were roughly twioce those caloulated for the 1:2 complex.

The 2:3 complex was therefore considered to be less 11 kely than the 1:2

complex but it coculd not be discarded as a possibility.

If the 213 come

plex were correct the equilibrium would be as follows:

(95) 22rcn*? & HaCh 4 Hp0 == zrp(CGH)Cng* 4 sut

(s6) ty

[ory (cton, ][] @

[Zrcﬁﬂ]?

T
e

[Hz Ch]

= (2.3 4 0.6) x 10%7

the equilibrium represented by (53) and (94) are correct, the

structure of the second complex is probably

Ci

|
e

LCI

éF\C// o / \ /l\

Ci

|

VA%

¢’
l

]

N\
No

C ——

-
£l

1

-

o0

and its resonance struchbures, if the effect of solvation can be neglected.

In the above siructure the zirconium stom might use its low lying d and s

orbitals toc give tetrahedral ads boads, coplenar dspz

bonds, or d%ap bonds

direoted oubwerd toward the corners of an irregular tetr&hedeﬁf’ Since



a coordination number of six is common for zirconium, the following
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hydrated form might be equally probable for Zrlhy.

B

If the equilibris represented by ($5) snd (96) were correct, the

0//(‘3\

Cl

C
HO\C// \ /0\\

C

l

c1

Vil

H

0

)
H

o

gbruoture of the ng(Gﬁ)Ch3+~typa complex might be either of the following:

e
2 \\\\n4%9g\\0//+\\0//
&
A

i1

or a hydrated form of the above structure such as structure b shown on

the following vage.

Styucture B would probably be preferred over structure

A becsuse it would not involve a coordinsation number of five for zirsconium.
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It is possible that the second complex is a mixbture of ZrChy= end
ZrQChs-type species, If this is true it would be difficult tc caloulate
both Ky for (94) and ¥, for (96) from the present data becmuse of the
fact that either or both of the coumplexes appear te be fairly weak at
these concentrations, IHowever, the present date vprobably indicate that
the second complex is principally ZrChy.

Some elsotrical mizration experiments wers verformed for the purpose
of determining the charge on the seccnd complex, They were run in the

~ absence of lithium perchlerete in order to minimize the specific ocon=
ductance of the solution, but one molar perchloric scid had to be used
to prevent hydrolysis and polymerization of uncomplexed zirsonimm. The
liguid levels in the twc amms of the electrical migration cell were made
up to the same height with sclutions cof ths same chemical composition, bub

only one solution had the added Zp0

aotivity. The elsotrodes were
located 2.0 om. apart. A potential of two volts was applied to the cell

“for a period of %ten hours during which the current remained approximately



153,

constent at one millismpere. At the end of this time sliguot portions
from each arm of the cell were pipebtted inte watech glasses, nitriec

acid was added to destroy organic matter, and the aliquotes were evaporated
to dryness under an infrared lamp. Counbing measurements indicated the
percentage of the total Zr% ectivity that had been transfeprred through
the porous dise, In the experiments with excess chloranilic acid present
approximately ten milligrams of solid chloranilic acid was slso added to
each compartment in order to compensate for oxidation and reduction of
this substance. Tith excess chloranilic acld present rcughly 1.5 per

95

cent of the Zr”" ectivity was transferred no matber what the polariby of

the electrodes, Without ehloranilic sclid, less than one per cent of the
70 ectivity wes obzeryved to migrate from the anode compariment to the
sathode compartment. These results indicated that the migration velocity
of any ziroomium species would be too small to vield reliable data in
view of the diffusion effects that were chearved. larger ocurrents wers

not emploved because cf excessive chenges irn aelidity and deterioration

of the ohlorenilic acid thet would heve resulbed.



i34,

HE ZIRCOWIUI CHLORANILATE PRECIPITATE

" . e - 4 ;
Solubions having greabter than 5§ x 10 ~ formel zirconium snd chlore

anilic seid were found to give a gelatinous, blue-grey precipitate in
2 MEC104. In preparing the precipitate in order te study its composition
solid Zr«)ﬂlz-&zﬁﬁ end chloranilic acid were dissolved in 200 ml., of 2 ¥
HC104 in such retios that the formality of ohloranilic acid above that
required to form the 1:1 complex wms never large sncush tc exoceed the
solubility of the acid itself. The sclutions were shaken {rom ons to
five days in 500 ml. glass-stoppered volumebric flasks and were filtered
on & sintered glass filter cerucible,

The precipitete was nct weshed in any meuner in order to aveid alberw
ing the composition of the precipitate, It was partially dried by oconw

inuing Fhe sueblon from the waber sspirebor i‘or cne hour after the

s
ol

soluticn bad been filtered. The precipitate was still moist bub, after
mixing, representative sanmples could be chtained by taking all aliquot
portions over & periocd of five or ben minutes. The amctunt of chlorenilate

o x

per milligrem of precipitate was ohtained by converting the aliguob
portion 4o the 1:1 eomplex in the presence of 107 8 formal girecomium and
comparison of its optical density with that of a similar standard scolubion
that was 1400 = 10°% formal in ohloranilic acid. In %his method 5.00 ml.

of 0,221 ¥ MalH was added ¢ the aliguob of the nreecivitabe in & 100 ml.
e AL

volumetric Dlask snd the sclublion was diluted tc appronimabely 50 ml. with
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2.00 M HC10, efter the metathesis to Zr(CH), and chloranilate, After
the zirconium hydroxide hed dissolved, 32.2 ung. of ZrOClg'Sﬁaﬁ was added
and the solution wms dilubted to the mark with 2.00 M HC104. The optical
dengity of the solution was measured at 5500 E in a 50 mm. cuvette,

The measured solutions were 3 x 1070 o 6 x 10™° formel in chlorvanilie
ccid.

In determining ‘the amount of zirconium per milligren of precipitate,
+the sample could be dipested with Hﬁ@a and ignited to the oxide., However,
50 mz. of the preeipitate was reguired to give approximately 4 mg. of
Zr0,, & fact that would have required fairly large smounts of materials
in preparing the precipitate. It was more convenient to determine the
zirconivm speotrophotometrically in the presence of a fixed formality of
ohloranilic seid, For this purpose the sample was metathesized to Zr(Oﬂ)é
in & 100 ml. volumetric flask es previously desoribed and brought into
golution by the addition of 2.00 ¥ HC10,. A yolume of 1.033 x 1073 u
chloranilic acid in 2,00 M HC10, was added to make the total formality of
ohloranilic acid 1.033 x 1072 upon dilution to the mark. Ths volume of
chloranilic acid that was required depended upon the previocusly found
chleoranilic scid conbent of the same precipitate and the size of the
sanple, The amount of added chlorenilic ecid was usually sbout the same
as the amount thet was already present In *the sample. The semple wes
£inally diluted to the merk with 2,00 M HC104 and measured at 3400 E
in a 1 om. abgorption cell, The standardization curve shown in Figure 23

was obtained at the same final acidity and the same chloranilic aclid fore
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relity of 14032 x 1074, Tne acidity was 1489 molar.

Table 22 shows the results of the analyses of the precipitate which
hes besn designated as ZrCh,. The second colwm indicates the sumber of
days the preperation was shaken before filtration. Columns three and
four represent tho initiel concentrations of the constituents., The last
¢olumn gives the wlues found for n, the average of vhich was 1.24. This
value does not correspond to formules such as ZrChg, Z.ra(C&E)g(}h:S or
Zr(0)gCh, but night easily indicate that the precipitate was Lrg(OH),Chy,
Zr (OH)4Chg, Zrg{M)glhg or Zrg(Ui)yaChy, the structural formlee of
which cculd be represented by

1 e[ o1 H| c1
[ 0 | 0
(¥

l
0\\0/*\/0\ | ,'0\\_/\\/0\ ,/C§ /C\G/aﬁi

C 7 ¥ 3 C
l {lf\ /z \ é /f\ .7 “8 \ (L é‘
ag’ Ny, Ny~ N1 S AN
i \? /N \C 0 0 \ c/ 0
c1 EQ%: (‘31 g c1

where 2 = x + .,‘.?f.._ and x = 2, 3, 4 or 5., It therefore appsars that the

z ¥ 1
second complgx, ZrChp and/or Zrz(Oﬁ)Ch?f s 18y be the precursor of the

insoluble compound just indioated.
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CHLORANILIC ACID AS & COLORIMETRIC REAGENT ©MOR ZIRCONIUM

Relative to the use of the standardization ourve of Fizure 23 for
the detemmination of small quantities of gireonium, it may be stated
that the indiecated values of optical density are reached within fifteen
minutes from the time of mixing sand that the solutions are true solubions
end steble indefinitely. Two of the most ocurrently used colorimetrie
reagents for zirconium are slizarin and its sulphonated derivative.5” Both
of these reagents give lake suspensions vhich settle oubt upon standing.
Upon redispersing the alizarin lake by shaking, its transmission curve
ig elaimed to be very nearly the same,57 but the use of chloranilic acid
would invelve no such diffieculty whatever. Furthermore, the use of
alizarin requires a careful ad’usiment of the acldity and the use of
alochol, neither of which would be reguired with chloranilic acid. The
use of p-dimethylaminoazobenzenearsonic acid for the colorimetric detere
mination of zireonium is timeeconsuming in that its precipitate with
zireonium requires rcughly thirty minutes Tor quantitative precipitation
and it must be metathesized in order to liberate the reagent for color-
imetric neasurement (Ref. 57, p. 62).

Chlorenilioc acid in 2 ¥ ﬁClO& zives roughly the same wine violet
golor with tetrapositive zirconium, hafnium, uranium, thoriuvm and stennie
tin but only & weak pink color with tebravalent titaniuvm. Apparently
chloranilie seid shows a certain specificity for tebtrapositive mebtal ions,

However, ferric lon gives & violetwblaock color and saturated borie acid
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Table 23.

Fhodizonic Aecid

Reagent and its eolor
in solution

Observed reaction
with Zireonium

Remarks

Tetrahydroxyquinone (THQ)
(faint yellow)

Rhodizonic acid
{1icht tan)

Nitrenilie acid
(yellow color)

2,5-Dihydroxy~1,4=
Benzoquinone (DHQ)
{yellow color)

Bright yellow
solution

Bright yellow
solution

Yellow precipitate

Rust red precip-
itate

Ziroonium formality was
5x103, Complex was
steble sbove pil 12 for
more than 30 mimites.
Thorium gave only a
very light tan color.

An*equal formplity of
Th™™ gave & very light
pink color.

Thorium gave a slight
eplor chenge but no pre-
oipitate., S5nCl,, T1080,
and Cu 50, give no
visible reasction.

Thorium gave a magenta
precipiteate.
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SULLIARY

1. Spectrophotometric measurements in 1=2 i perchlorie aeid
solutions of ionic strength 2 have shown the presence of the following
equilibrium

zr¥® 4 mpon = zron*? 4 2wt
o :&I‘Ch‘{_‘ [ﬂ*] 2

2l

where[zrkq represents the comcentration of the ziroemium monomer.

- (5.69 $ 0.08) x 10%°

2. Similar studiss in Yhe presence of excess chloranilic acid
indicated a second complex of the type ZrChg or ng(m)c}xg‘}, or possibly
a mixture of the two. The best agreement with the data was obiained
with the following equations:

Zren*2 & HapCh = irChy ¢ 28%

2
Ky = [rong] [54) = 6000 $ 700
[zren*?] [,0n] -

8. A precipitate thet formed in these sclutions with coneentrations

of the reactsnts of roughly 5 x 10"% molar was shown to have & zirconiume

4. 4 spectrophotometric nethod was developed for determining zire

conium at formalities of roughly 5 x 108 to 5 x 1070

uging ehloranilie
[#]

acid and measurement at 3400 A, Chlorenilic acid is briefly compared

with other colorimetric reagen®ts for sireconium and other compounds that

possess interest are mentioned,
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gives a light pink color. S8tannous, ferrous, aluminum, cupric, chromie,
cohalitic, menganous, barium and potasgivm ione give no color reaction
at this acidity. In the use of alizarin for determining zireonium pos-
itive errors are caused by chromic, ferric and especially vitanyl ions.
Thorium gives rise to & positive error which can be reduced by raising
the acidity. Thus chloranilic acid as compared with alizarin as a ree
agent for zirconium is subjeot to less interference from titanium end
chromiume. The use of alizarinsulfonic acid in a high concentration of
hydrochloric acid apparently eliminates interference from titanivm,
thordium snd ursnium in determining zirconium, but still has the disade
vantage of giving e lake rather than a stably colored solution.58
Although chloranilio acid does not have all of the specificity that
might be desired in a reagent for zirconium, it does diseriminete againsi
titanium to a fair extent. In Table 23 are listed cther hydroxy dew
rivatives of p=-benzoguinone and rhodizonic acid. The first three compounds
give markedly different reactions with zirconium as compared with thorium.
Unless otherwise specified the observed reactions were obieined with 0,001

formal zirconium snd excess resgent in 3 ¥ Hﬁls%.
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