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b From a study of 26 selected monoazo 
compounds it is concluded that the 
minimum structural features necessary 
for union with magnesium and calcium 
are two hydroxyl groups, 0- and 0'-  

respectively, to the azo group, or 
alternatively, one o-hydroxyl group 
and one 0'-carboxyl group. The 
combining ratio of such compounds 
with magnesium and with calcium is 
invariably one to one in water solution. 
The formation constant for the mag- 
nesium compound is always greater 
than that for the corresponding calcium 
compound. 

HE GREAT utility of Eriochrome T Black T in the (ethylenedinitri1o)- 
tetraacetate titration of calcium plus 
magnesium leads one naturally to  
wonder just what elcments in the 
molecule are essential to  the indicator 
function. Biedermann and Schvvarzen- 
bach give no hint of this in their first 
paper (3), merely naming four dyes 
which will work by their ingenious 
scheme of employing the color change 
which accompanies the extraction of the 
metal from the slightly dissociated 
magnesiumdye compound. In  a later 
paper (18,29) they report the combining 
ratio and the formation constants 
toward magnesium and calcium of one 
of the four dyes, Eriochrome Black T. 
This is the dye which was recommended 
and which has found wide acceptance 
although it is less than satisfactory 
because of its instability in water 
solution. All four of the dyes named in 
the first paper-Eriochrome Blue Black 
B (F 239; C.I. 201), Eriochrome Blue 
Bhck R (F  240; C.I. 202), Eriochrome 
Black T (F 241; C.I. 203), and Erio- 
chrome Black A (F  242; C.I. 204)- 
are o,o'-dihydroxyazo dyes, all are 
acid-base indicators, all four bear 
sulfonic acid groups, and two have 
nitro groups. Obviously, the chromo- 
phore and a n  acid group so situated to  
produce chelation with the alkaline 
earth metal are essential, but what of the 
second hydroxyl group? What of the 
nitro and sulfonic groups, distant in the 
molecule from the azo group? We 
can draw on the related work of Drew 
and Landquist ( l l ) ,  of Haendler and 
Smith (16), of Drem- and Fairbairn 
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(IO),  and of Beech and Drew (2) on the 
manganese, iron, cobalt, nickel, copper, 
and zinc derivatives of azo mono-o- 
and di-opt- substituted azo compounds, 
but it would probably be unsafe to 
conclude that  the alkaline earths will 
behave toward these reagents in a 
fashion identical to  the transition ele- 
ments. 

I n  the present work we describe some 
30 hydroxyazo dyes, selected so as to  
throw light on the structural question, 
and their behavior toward calcium and 
magnesium. 

EXPERIMENTAL WORK 

Apparatus and Materials. The ab- 
sorption spectra of the  dyes men- 
tioned in this paper have been re- 
produced in full (13) and were obtained 
using Beckman DK2 and DU spectro- 
photometers as were those of the calcium 
and magnesium compounds. All spec- 
trophotometric data  used in obtaining 
combining ratios and formation con- 
stants were obtained using a Beckman 
D U  spectrophotometer. 

-411 p H  measurements were made with 
a Beckman Model G p H  meter with 
a Type E glass electrode. The meter 
was standardized against a n  appropriate 
National Bureau of Standards refer- 
ence buffer ( 1 ) .  

Standard calcium solutions were pre- 
pared by weight from Mallinckrodt 
analytical reagent primary standard 
calcium carbonate. Standard magne- 
sium solutions mere prepared using 

magnesium chloride hexahydrate. The 
strength of these solutions was deter- 
mined by titration with (ethylenedini- 
tri1o)tetraacetate (EDTA) previously 
standardized against Mallinckrodt ana- 
lytical reagent primary standard calcium 
carbonate. 

All inorganic chemicals used were of 
reagent grade quality. The organic 
chemicals were purified as needed by 
recrystallization or redistillation. 

All spectrophotometric data were 
obtained on buffered solutions a t  a 
constant ionic strength (p = 0.100). 
The p H  10 buffer \yas prepared by 
mixing 67.5 grams of ammonium chlo- 
ride with 570 ml. of ammonium hydrox- 
ide and diluting to  1000 ml. with dis- 
tilled water. Potassium chloride was 
used to bring all solutions to a constant 
ionic strength. 

The preparation of each of the azo 
dyes is given with each dye. The dyes 
were all carefully purified and the 
majority of them were obtained in 
crystalline form. 

Acid Dissociation Constants. The 
acid dissociation constants of the  
various dyes studied were determined 
spectrophotometrically. 

Combining Ratio and Formation 
Constants, Two methods were used 
t o  determine the combining ratio of 
the alkaline earth metals to  dye:  
the method of continuous variations 
(19, 30) and the log-ratio method (7, 8, 
IS, 18). 

Monazo Dyes Which Do Not Com- 
bine with Calcium or Magnesium. 
The following dyes, A-1 through A-17, 

Table I. Monoazo Dyes Which Do Not Combine with Calcium or Magnesium 

Absorption Molar Max. a t  Extinction Melting Point, C. 
Dye pH 10, R4p Coefficient Found Reported Reference 
A- 1 405 16,200 154.5-55 152 (82) 
A-2 450 9,200 218 216-16.5 (6) 
A-3 428 17,000 166-66.5 169-70 (81 ) 
A-4 455 16; 900 228 226 
A-5 415 a 139 14647 
A-6 445 18,600 181 180 
A-7 325 14,200 235-37 238-39 
A-8 485 15,800 133.5 133-34 
A-9 435 19,050 136 136 

(1 19P 206c A-10 348 
A-11 495 
A-12 415 12,500 253 251-52 

19,600 210 209-10 
a 18G88 194 A-13 410 

A-14 495 
14,600 194.5-95 192-93 

169-70 178-79 
A-15 475 
A-16 505 
A-17 530 22,050 227-28 229-30 

20,500 174-74.5 b 

a Compound not sufficiently pure to calculate molar extinction coefficient. 
* No melting point listed. 
c Decomposition temperature. 
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d o  not  combine with calcium nor with 
magnesium as  evidenced by  the  lack 
of a n y  change in  the absorption 
spectrum of the  dye on t h e  addition 
of calcium or magnesium salts. The  
structure and  preparation of each dye 
are given below; melting point, 
literature reference t o  preparation and 
melting point if knoivn, and absorp- 
tion d a t a  a re  given in  Table  I. 

A-1. 1-(PHydroxy-1-benzeneaz0)- 
benzene. Purchased from Eastman 
Kodak Co., recrystallized from hot 
ethyl alcohol with Korite A. 

A-2. 1-(4’-Hydroxy-l’-benzeneazo)- 
Chydroxybenzene. Prepared by the 
diazonium reaction from p-aminophenol 
and phenol; crystals from benzene. 

A-3. l-(2’,4’-Dihydroxy-l’-benzene- 
azo)benzene. Purchased from the 
Eastman Kodak Co. Crystals from 
hot ethyl alcohol with Norite A. 

OH 

A-4. 1-(2’,4’-Dihydroxy-l’-benzene- 
azo)-4-hydroxybenzene. Prepared by 
the diazonium reaction from p-amino- 
phenol and resorcinol; bright red crys- 
tals from ethyl alcohol with Sori te  A. 

/OH 
H O - ~ S = = S - ~ H  

A-5. 1-(4’-Hydroxy-l ’-benzene)-2- 
hydroxybenzene. Prepared by the di- 
azonium reaction from o-aminophenol 
and phenol. ht tempts  at recrystalliza- 
tion were unsuccessful. 

OH 
/ 

O - S = N - D - O H  

A-6. 1-(2’,4’-Dihydroxy-l’-benzene- 
azo)+t-nitrobenzene. Prepared by the 
diazonium reaction from p-nitroaniline 
and resorcinol; crystals from hot ethyl 
alcohol and Korite A,  

OH 

-1-7. l-(2’-Carbosy-l’-benzeneazo)- 
2-benzoic acid. Prepared by heating 
o-nitrobenzoic acid, water, and sodium 
hydroxide at 200’ C.; bright orange 
crystals from ethyl alcohol. 

CO,H HO,C\ 
/ 

A-8. 1-(2’-Hydroxy-l’-naphthylazo)- 
benzene. Prepared by the diazonium 
reaction from aniline and 2-naphthol: 
orange crystals from ethyl alcohol. 

Table II. Monoazo Dyes Which Combine with Calcium and Magnesium 

(Absorption maxima and molar extinction coefficients a t  pH 10) 
Absorption hIaximum, Mp Molar Extinction Coefficient 

Calcium Magnesium Calcium Magnesium 
Dye Dye compound compound Dye compound compound 
B-1 570 
B-2 480 

19,400 22,000 
a 17.000 510 510 24,300 

480 12.000 
475 475 

a 485 B-4 485 
B-5 325 326 325 
B-6 500 490 490 
B-7 560 515 510 
B-8 570 545 550 
B-9 548 523 528 

B-3 4’i5 B-3 4’iB 475 475 
B-4 485 a 485 
B-5 325 326 325 
B-6 500 490 490 
B-7 560 515 510 
B-8 570 545 550 
B-9 548 523 528 

a Does not form calcium compound. 
31; 100 

24,400 
(I 

6,600 
8,700 

16,000 
31; 100 
29,500 

30: 100 
ie ;  800 
6,600 

13,300 
19,100 
41 ; 900 
37,600 

Table 111. Monoazo Dyes Which Combine with Calcium and Magnesium 

(Combining ratios and formation constants a t  pH 10) 
Combining Ratio and Method Used Formation Constant 

Dye Calcium Magnesium Calcium Magnesium 
B-1 1 08 
B-2 

Cont. var. 2 26 4 59 
4 85 a a 

Log-ratio 1 00 
1 00 Log-ratio 

B-3 1.06 Log-ratio 1 .03  
B-4 a 1.34 
B-5 1.19 Log-ratio 1.15 
B-6 1.13 Log-ratio 1.03 
B-7 1.39 Log-ratio 1.00 
B-8 1.01 Log-ratio 0.95 
B-9 0.96 Log-ratio 1.16 

a Does not form a calcium compound. 

Log-ratio 
Log-ratio 
Log-ratio 
Log-ratio 
Cont. var. 
Log-ratio 
Log-ratio 

1.23 
(1 

1.39 
1.68 
1.75 
2.50 
3 .08  

3.60 
2.10 
2.39 
3.68 
4 29 
3.81 
4 50 

OH a/+.- = 
A-9. 1-(4’-Hydroxy-l’-benzeneazo)- 

naphthalene. Prepared by the diazo- 
nium reaction from 1-naphthylamine and 
phenol; long red needles from methanol. 

a - N = N - e H  __ u 
A-10. 1-(4’-Hydroxy-l ’-naphthy1azo)- 

4hydroxybenzene. Prepared by  the 
diazonium reaction from p-aminophenol 
and 1-naphthol; crystals from ethyl 
alcohol with Xorite A. 

H O ~ - S = X ~ - O H  a 
A-1 1. 1-(4’-Hydroxy-l ’-naphthyl- 

azo)benzene. Prepared by the diazo- 
nium reaction from aniline and l-naph- 
thol. Attempts to  obtain a crystalline 
material were unsuccessful. 

H O a - S = X a  

CJ 
A-12. 1-(2’-Hydroxy-l ’-naphthyl- 

azo)-4-nitrobenzene. Prepared by the 
diazonium reaction from p-nitroaniline 
and 2-naphthol; bright red crystals 
from chloroform. 

OH 
/ 

/ \ - r = N - O - N 0 2  - 0 u 
A-13. 1-(2’-Hydroxy-l’-naphthyl- 

azo)-2-nitrobenzene, Prepared by the 
diazonium reaction from o-nitroaniline 
and 2-naphthol; crystals from ethyl 
alcohol with Norite A. 

OH OzX &=& 
CJ 

’4-14. 1-(2’-Hydroxy-l‘-naphthyl- 
azo)-4hydroxybenzene. Prepared by 
the diazonium reaction from p-aniino- 
phenol and 2-naphthol; crystals from 
benzene. 

OH 
/ 

a - X = - . a - O ”  - 

0 
A-1 5. 1-( 2’-Amino-1 ’-naphthylazo) - 

2-hydroxybenzene. Prepared by the 
diazonium reaction in glacial acetic 
acid from o-aminophenol and 2- 
naphthylamine; crystals from ethyl 
alcohol. 

ISH? HO 
/ \ 
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-4-16. 1-(4’-Hydroxy-l’-naphthyl- 
azo)naphthalene. Prepared by the di- 
azonium reaction from 1-naphthylamine 
and 1-naphthol. Repeated attempts at 
purification failed to yield a crystalline 
material. 

0- s=\- fly OH 

L> 0 
A-1 7 .  1-( 2’-Hydrosy-l ’-naphthyl- 

uo)naphthalene. Prepared by the 
diazonium reaction from l-naphthyl- 
amine and 2-naphthol; crystals from 
rthyl alcohol. 

OH 

J-k y--\ Y-k 
b( 6 c- 9 

Monoazo Dyes Which Combine 
with Calcium and Magnesium. The  
following dyes unite 11-ith calcium and 
with magnesium a t  p H  10 as  evidenced 
by a change in absorption spectrum on 
the addition of calcium or magnesium 
salts. The structure, preparation, and 
melting points are given immediately 
below; absorption maxima and molar 
extinction coefficients of the dyes and 
the calcium and magnesium compounds 
are given in Table 11; combining ratios 
and formation constants at pH 10 are 
given in Table 111; ionization constants 
and the various color changes are given 
in Table IV. Combining ratios for 
some of the dyes with calcium and 
magnesium at p H  values other than 10 

are given in Table V. Combining ratios 
and formation constants were deter- 
mined a t  more than one wave length for 
all compounds formed and irrespective 
of which method was used. 

B-1. 1-(2’-Hydroxy-l‘-benzeneazo)- 
2-hydroxynaphthalene. Prepared by 
the diazonium reaction from o-amino- 
phenol and 2-naphthol; crystals from 
ethyl alcohol with Norite A;  melting 
point 192-3’ C., reported 192’ C. (11).  

OH 
/ 

B-2. 1-(2’-Hydrosy-l’-benzeneazo)- 
2-hydrosybenzene. Prepared by fusing 
o-nitrophenol with sodium hydroxide 
and water a t  180” C.; crystals from 
ethyl alcohol with Norite A;  melting 
point, 171.5’ C., reported 172” C. (SI). 

OH HO 
/ 

U-3.  1-(2’-Hydroxy-l‘-benzeneazo)- 
2,Cdihydroxybenzene. Prepared by the 
diazonium reaction from o-aminophenol 
and resorcinol; bright yellow crystals 
from ethyl alcohol and Norite A ;  
decomposition a t  183-4’ C., reported 
184’ C. (9). 

OH HO 

Table IV. Monoazo Dyes Which Combine with Calcium and Magnesium 

(Ionization constants and color change a t  pH 10 on union with calcium or magnesium) 
Color Changes 

Calcium or 
Ionization Constants Wave magnesium 

Dye PK1 PK2 p I 6  Length, MP Dye compound 
E1 7 . 7  12.4 560 

12.0 350-48 
11.4 370-41 
8.1 1 1 . 4  500 

B-7 8 .0  11.8 
B-8 8 . 4  11.9 
B-9 7 . 4  11 .6  

600 
575 
500 

Dyes suitable as indicator for calcium and magnesium. 
Color change difficult to detect by eye. 

Purple 

Ret  

Red 
Purple 
Blue 
Purple 

b 

b 

Orange 

Yellow 

Yellow 
Orange 
Red 
Red-orange 

b 

b 
b 

Table V. Monoazo Dyes Which Combine with Calcium and Magnesium 

(Combining ratios a t  pH values other than 10) 

Combining 
Ratio Metal 

Dye Metal to Dye PH Method 
1 9 5  Continuous variations 
1 11.2 Continuous variations 

B1 hfg 
1.04 11.4 Log-ratio 

El Rfg 
El Ca 
B-2 Mg 0.98 9 . 0  Log-ratio 
EL3 m 1.04 9 . 1  Log-ratio 

Log-ratio B-3 Ca 0 97 11 4 

B-4. 1 - (2’-Carboxy- 1 ‘-benzeneazo) -2- 
hydroxynaphthalene. Prepared by the 
diazonium reaction from anthranilic 
acid and 2-naphthol; bright red needles 
from butyl alcohol; melting point 
273.5-74.5’ C., reported 268’ C. (11 ) .  
Only one ionization constant could be 
determined. The first ionization prob- 
ably occurs a t  a very low pH, neutraliza- 
tion did not produce a color change, and 
potentiometric titration failed owing 
to the extreme insolubility of the dye. 

/OH HozC 

(,> - / \ - y - S L r - \ j  

/ \  

B-5. 1 - (2’-Carboxy- 1 ’-benzeneazo)-2- 
hydroxy-5-methylbenzene. Prepared by 
the diazonium reaction from anthranilic 
acid and p-cresol; bright red crystals 
from ethyl alcohol; melting point 
193’ C., reported 186’ C. (11).  The 
absorption maxima for both the 
calcium and the magnesium derivative 
are a t  longer wave lengths than that  of 
the dye, contrary to all of the other 
dyes investigated. The color changes 
on forming the calcium and magnesium 
derivatives are almost imperceptible 
visually and the dye would not be 
satisfactory as an indicator. 

COZH HO 

CH, 

B-6. 1-(2’,4’-Dihydroxy-l’-benzene- 
azo)-2-hydroxy-5-phenylbenzene. Pre- 
pared by the diazonium reaction from 
2-amino-4-phenylphenol and resorcinol; 
orange-red crystals from benzene; melt- 
ing point 123.5’ C. 

O H  HO 

I3-7. 1 -( 2’-Hydroxy-1 ’-napht hylazo) - 
2-hydroxy-5-phenylbenzene. Prepared 
by the diazonium reaction from 2-amino- 
4-phenylphenol and 2-naphthol; red 
crystals from benzene; decomposition 
about 155’ C., melted a t  191-3’ C. 
The combining ratio of this dye with 
magnesium in water is 1 to  1, but is 2 
dye to  1 magnesium in 20% acetone 
and 80% water. The dye functions 
well as an indicator in water-awtone 
niiutures. 

OH HO 

B-8. 2-(2’-Hydroxy-l’-benzeneazo)- 
8-amino-l-nnphthol-3,6-disulfonic acid. 
Prepared by the diazonium reaction from 
o-aminophenol and 8-amino-1-naphthol- 
3,6-disulfonic acid (17) .  All attempts 
to  obtain crystals failed. KO melting 
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point could be obtained on the blue- 
black solid isolated. 

HzN OH HO 
\ 

B-9. 2-(2’-IIydroxy-l’-benzeneazo)- 
8-amino-l-naphthol-5,7-disulfonic acid. 
Prepared by the diazonium reaction 
from o-aminophenol and 8-amino-l- 
naphthol-5,7-disulfonic acid (1 7 ) .  At- 
tempts to  obtain a crystalline material 
were unsuccessful. A well purified 
blue-black solid having no melting 
point was used. The dye functions 
well as an indicator but is difficult to  
purify and unstable in solution. 

HJi OH 
I I  

I 

HOzS 

CONCLUSIONS 

From the viork just described on 26 
selected monoazo dyes, it is concluded 
that magnesium and calcium do not 
form compounds with dyes bearing 
only one ortho-hydroxyl group. Two 
hydroxyl groups, 0- and 0’-, respectively, 
or, alternatively, one o-hydroxyl and 
one 0’-carboxyl, are necessary and 
sufficient, 

Magnesium and calcium unite with 
o,o’-(lihydrosyazo and n-ith o-hydrosy- 

0‘-azo dyes t o  form compounds only in 
the ratio of one molecule of dye t o  
one atom of metal. The situation may 
be different in nonaqueous solvents 
because the one dye so investigated, 
1 - (2’ - hydroxy - 1’ - naphthaleneazo) - 
2-hydroxy-5phenylbenzene1 showed in 
80% water-20% acetone mixture a 
two to  one compound in this solvent in 
addition t o  the one to  one compound in 
water. 

The formation constants of magne- 
sium with o,o’-dihydroxyazo dyes are 
always greater than that  of calcium 
toward the dye, although the difference 
between the tB-o is variable. 

The formation constants of niagne- 
sium and calcium with 0-hydroxy-o‘- 
carboxyazo dyes are of the order of a 
hundred times smaller than with o,o’- 
dihydroxyazo dyes. 
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Plus Magnesium 

arises from the simultaneous presence 
in the molecule of groups having oxidiz- 
ing and reducing powers. The minimum 
requirement for an azo dye molecule to 
react with an alkaline earth ion is the 
presence of hydroxyl groups in both 
positions 0- and 0’- to  the azo group (3). 
Azo dyes are easy to  synthesize in num- 
ber, albeit difficult to  purify, and i t  
appeared likely that  one could be 
found having the indicator properties 
of Eriochrome Black T but  lacking the 
nitro group and its oxidizing power. 
This paper describes one result of such 
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