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I. INTRODUCTICN
A. The Flement Beryllium

Refore World War II, beryllium was of limited interest %o
mineral technologists and its chemlstry was relatively unde=-
veloped. Since 1942, however, the applications of beryllium
have increazsed enormously; the remarkable meitallurgical proper-
tles of metallic beryllilium make 1t likely thls trend will con-
tinve. Pure beryllium 1s toth light in weight and high in
tensile strength, vroverties which make it a favorite in the
construction of space vehicles. BEerylliuvm copper has thre
properties of mild steel and does not work hardén. Beryilium
compoinds are voisonous and thus, widespread use of beryllium
chemicals ig vprecluded.

Beryllium is 2 poor absorbent of X-rays and'has a low
cross sectioh for neutrons. It is comparable to deuterium or
graphite 2s a2 moderator or reflector in atomic plles and pro-
duces neutrons more easiiy than any other element when excited
with v rays or other radiation (1):

9Be + v > 1.65 Mev. = 8Be + n

83e 10-13 sec. o 4

He .

Although thirty-second in abunidance of the elements in the
earth's crust, beryllium is actually more prevalent than
arsenic, gold, silver, and molybdenum. However, it is widely

dispersed in the crust of the earth, and 1ts recovery is



difficuvit. Because of its small ionic radius, strong electro-
positive character and low coordination number, high concen=-
trations of beryllium in minerals are rare. The element tends
to be dissipated by weathering and sedimentation and is prob-
2bly more widely distributed in rocks than has been assumed.
It is estimated 2t 65 p.v.m. in igneous rocks and 3.5 D.D.m.

n shales (2}.

| Sad

Beryllium tends to form 1ts own minersls and substitution
in the crystal structure of other minerals is slight, although
in silicates, veryllium may replace aluminum and silicon %o a
small extent. The most stable berylliuvm mirnerals are beryl
(Be3A12815018), helvite ((Mn,Fe,Zn);BezSi30;755), chrysoberyl
(BeAlp0s), vhenakite (BepSiO4), 2nd bertrandite (BeySiy0g°En0).

Beryl, waich is classed as 2 cyclosilicate because the
crysta1 structure contains rings of six linked Si0Qy tetrahedra,
is by far the most important of the beryilium minerals, It is
estimated that as high as eighty percent of berylilium in

te, is in this form. The mineral contains roughly four

g
e

egmat
percent beryllium and is easlily mistaken for quartz or apatite.
Emerald and aquamarine are transparent, gem varietlies of beryl.
Tn the late 1940's, in 2 joint effort, the U.S. Geological
Survey and the U.S. Atomic Energy Comnmisslon begen 2 compre-
hensive survey of the beryllium resources of the U.S., (1).
An attenpt was made to locate zrnd evaluate depositis of beryl=-
livum, perticularly of non-~vegmetite origin. The study tvurned

up no commercial value deposits, but set certain criteriz for



future vrospecting. Fluorine appears to be abundant in ores
containing beryllium. At present, the.only economically
important. concentrations are found in pegmatites associated
with feldspars, micas, a2nd lithium minerals.

Pegmatites (3) are usually coarse gralned, often tabular,
deposits resulting from the fractlonal crystallization of =2
magma and are commonly assoclated with granite., Many pegnma-
tites contain rare elements and unusual minerals. Igneous
rocks also resulted from the same crystallizatlon process but
in general are much less varied in compositlon.

Pegmatites in the RBlack Hills, S.D., southwestern Africa,
northeastern Brazil and parts of Madagascar are rich in beryl,
while the pegmatites in southern Norway and southeastern U.S.,
excepting the "tin-spodumene belt" of North Carolina, are poor
in beryl (4). In Yorth Carolina the beryl and spodumene (a
11ithium mirerzl) dbearing pegmatites are fine grained angd =
sultable flotation operation has been devised for the recovery
of the beryl. In Brazil, beryl 1s a by product in the mining
of sheet mlca. '

It is importanﬁ to note that beryllium is a highly toxle
material and can produce a veriety of maladies in humens.
Berylliosis (2) 1s considered a distinct dicease; it can be
ldentified by various clinical tests which distinguish it from
other lung dlseases. Apparently, individuals vary in their
sensitivity to beryllivm and cases have been cited of delayed

reactions to exposure to the oxide dust. ALl beryllium



compounds and solutions must be handled with care.
Because of all these actlvities, there exists a strong

interest in the analysis of this minor, but important element.

B. Survey of Methods for the Determination of Beryllium
At 2 1953 symposium on the Analytical Chemistry of the
Less Familiar Elements, Vinel (5) reviewed the state of beryl-
livm chemistry and described the information avallable as
"generally scattered and somewhat controversial', Sandell (6,

p. 218) in Colorimetric Determination of Tracé$f§£'Metalq has

also summarized the avalilable methods for beryllium and pointed
out inadequacies. |

In the quealitative analysls scheme, beryllium falls with
aluminum, iron and chromium in "Group III". It 1s amphoteric,
the hydroxide dissolving in excéss alkali'to form a beryllate
lon. There is considerable question as to the actual speciles
that exist in equeous solution. A basic beryllium ion,
(BeOH)3+3, is a possibility in as much as beryllium is Xnown
to form Be-CH-Be and Be-0-Be bridges (7, p. 168). ZEeryllium
salts are extensively hydrolyzed and thls has proven a mzajor
difficulty in a2lkalimetric titratioﬁ procedures in which 2
neutral solution 1ls required for reactlon of beryllium with a
reagent. The fact that beryllium salts seem to hydrolyze in-
completely in the vresence of pyridine has been used by
Przheval’skii (8) in his study of the precivitation of beryl-

lium with B-diketoﬁes and this may explain why color develop-



ment is more ravid in the presence of pyridine when beryllium
is added to a reagent.

Any bveryllium solution above pH 7 1s quite likely to coat
the glassware with a thin film of hydroxide which 1s difficult
t0 remove unless acid is used for cleaning. Beryllium hydrox-
ide is quite insoluble compared with hydroxides of other di-
valent metals. Sill (9) in his fluorometric determination of
submicrogrém quantitles of beryllium with morin checked his
procedure with a 7Be tracer and found that the precision of
the instrumental measurements far sﬁrpassed that of the cheml~
cal overations. He recommended coating glassware znd pivets
used for beryllium solutions with a slliicone such as Beckman
Desicote.

In macro methods and when high accuracy is required,
beryllium hydroxide 1s ignited to beryllium oxide for welghing
or beryllium ammonium phosphate is precipitated and ignited to
berylliunm pyrophosphatélfor welghing.

Vinei (5) lists ten reagents used for the detection or
quantitative "estimation" of beryllium a2s of 1953:

1. p-Nitrobenzeneazoorcinol (kmown also as "Zenia')

2, Quinalizarin ’ ’

3. Curcumin

4, MAlkxenin (Naphthazarin)

5. Naphthachrome Green Gb(Naphthachrome Azurine 2B)

6. Aluminon (Aurintricarboxylic acid)

7. Quinizarin-2-sulfonic acid



8. Morin (3,4,7,2',4'-Pentahydroxyflavone)

9. 1,4-Dihydroxyanthraquinone '

10. l-Anino-4-hydroxyanthraguinone.

The last three reagents produce fluworescence with an alka=-
line solutlon of beryllium in ultraviolet light. Vincil (5)
recommends p-nitrobenzeneazoorcinol as a photometric reagent
for small quantities of beryllium.

Beryllium reagents can be classed as those that form a
"lake", in which the reagent is adsorbed on beryllium hydroxz-
lde, and those which form an acituval compound with the beryl-
lium. Many qualitative tests are based on lake formation, bdut
the formation of true, soluble compounds 1s preferadble for
-quantitative work.

Since 1953 several intensive studles have been made of
reagents for beryllium in addition to those listed by Vinecl
but no reagent has been found which supercedes p-nitrobenzene=-
azoorcinol, the various proposed reagents suffering on the
scores of avalilability, sensitivity, or stability.

. Tor milligram and microgram quantities of berylllium, the
colorimetric determination with p-nitrobenzeneazoorcinol 1is
currently the most widely used reagent. Thils reagent was
introduced by Xomarowasky and Poluektoff (10) in 1934, studled
by Osburn and Stross (11) in 1944, and worked out as a differ-
entlal spectrophotometric procedure by Wnite, Meyer and

Manning (12) in 1956. Diehl, Cryberg, Xing and Melick (13)



obtained data on the structure, combining ratio, formation
constant, absorption spectrum, effect of PH, solublility, and
stability of the reagent. DBesides belng somewhat unstable, the
reagent does not show an intense color change on reactlon with
beryllium and the formation constant of the beryllium derlva-
tive is low, 10%° 77, Another difficulty with the method is
that 2 hundred fold excess of beryllium 1s required for reac-
tion. Solutions of the reagent alone are not stable; this
probably results from the presence in the molecule of both
oxidizing and reducing groups (nitro- and phenolic groups).

0f special interest for this vartlcular research work 1s
a comparative study of reagents for the photometric determina-
tion of beryllium by Kuznetsov in 1955 (14), which led in 1963
(15) to the synthesis and study of two new reagents, Beryllon

IIT and Beryllon IV.

HO3S ' AsOaH, OH

7/ N\ _
_FOH oy N=N |
+ ,CH2C05
N:N@N—(Csz)z HO3S O N <
~ CHz_C,OaH

HO3S
Beryllon IITI Beryllon 1V
8-Hydroxynaphthaleﬁé-3,6- BenZene-QQarsonic écid-<l~
disulfonic acid=-<l-azo=~-1> azo=-2>=-1l-hydroxynaphthalene-
-2 hydroxy=-4~diethylaninoben~- - €-iminodiacetic=-3~sulfonic
zene acid

(Russian nomenclature)



These compounds appeared superlor to others in a group of
twenty~four dyes studied in the two papers, including Berylloﬁ
II and Arsenaze. All but two of the group are hydroxyazo

compounds,

HO5S

AsOsHa oW oH
Q o OH OH ©N=N N
O N=N ‘O HO; 2 304 H
HO33 HO3S 304H

Beryllon II Arsenazo
8-Hydroxynaphthalene=3,6- Benzene-2-arsonic acid-
disvlfonic acid=<l=azo=2>=-1, <l=-2z0-2>-1,8-dihydroxy=-
8-dihydroxynaphthalene=3, naphthalene=3,6-~disulfonic
6-disvlfonic acid acid

(Russian nomenclature)

The following azo groupings are revorted in the first
paper (14) as characteristic of reagents which give color

reactlons with beryllium:

(1) (2) OoH
HO@N:N— ot

and in conjugation with other groups:

(3) cooH  OH (4) ,AsOaH, QOH

D Gl iy



Kuznetsov states "the mechanism of the reaction of a
widely used reagent for beryllium, v-nitrobenzeneazoorcinol,
has not yet been clarified”.

The groupings:

(5) -N =N~

were also studied by Kuznetsov and found not to glve color
reactlions with beryllium.

Ldamovich (16) has determined five dissociation constants
and six molar extinectlon coefficients for the various forms of
Beryllon II.

In a2 series of twenty-six monoazo compounds prepared by
Ellingboe (17), only those that contained two hydroxy groups,
o~ and o'~ to the azo group, or one hydroxy group and one
carboxy group, again o~ and o'~ to the azo group, were found
to react with calcium and megnesium. Blair (18) later found

that none of the group that reacted with calcium and magnesium



10

reacted with beryllium at pH 10.

However, Snavely (19) reported that beryllium did form a
1 to 1 compound with l-(2‘?carboxybenzeneazo)-2-hydroxy-5-
methylbenzene, a compound investlgated by Ellingboe (desig-
nated in hils thesis as B=5), a2t pH 3. The formation constant
shows beryllium to be between copper and nickel in stability

of the compound formed.

cOo0OH OH
O
CHs
B-5

Snavely reported this information 1n connection with a
study of the relative stabilities of the metal derivatlves of
six 0,0 '=dihydroxy 2zo0 compounds and the above mentioned o=
hydroxy-o'=carboxyazo compvound. The formation constants were
calculated from the datz obtained from a potentlometric titra-
tion with alkall. The given metal and reagent were titrated
with standard sodium hydroxide solution in a dioxane-water
solution (See Section IIA on potentiometric titration pro-
cedure for details.). ‘"Displaced" formation constants for
each metal compound weré reported'and the order of stabilitles

d+2

was found to be cute s W*P s co*P s e s Ppt? s it s

w2 s Mg*2 > et > srt2 > mat?,
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Tie o~-hydroxy=-o'~-carboxyazo compound (B-5) formed less
stable metal derivatlves than the other azo compounds but dif-
fered in that it was the only one coordinating with beryllium,
showing 2 "displaced" formation constant (Keq) of 1073-8,

(See matheiatical tréatment in Section IIB'fof explenation of
the negative value.) The smaller the numerical value of Keq,
the greater Xe will be since log Keq = log K =~ pkl’g. This
approach was'used where values of pk for thé azo compounds
were difficult to obtain and a relative formatlon constant
was nevertheless quité useful.

Using Fisher-Hersciafelder-Taylor models to show the space
relationshlp, Snavely suggested that the smaller beryllium ion
(estimated iomic radius 0.34 A°) fits more snugly in the
o-hydroxy~-o'~carboxy grouping or "hole" than in the o,0'~
dihydroxy grouping. However, the exact nature of the beryllium
species is not understood.

Axiyama (20} suggests identification of magnesium and
befyllium with 2 number of azo compounds in sodium hydroxide
sdlution. Of these, o-carboxy-phnenylazothymol, l-(4-sulfo-l-
napathylazo)-4,6-dihydroxy-2 methylbenzene, (o-carboxyphenyl-
2z0)=orcinol and chloro~chloro’-(p-diphenylenediazo)diorcinol
can be used for beryllium.

¥ajundar and Chatterjee (21) report.determining beryllium
with 2-(pyridyl-2-zzo)chromotropic acid (Reagent 4), with the

3-2z0 compound (Reagent B) and with 2-(2~-carboxyvyridyl-3-2z0)
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chromotropic acid (Reagent C). In this paver they attempt to
Justify a §i§ coordinated beryllium compound and show beryl-
lium to form a 3 to 1 compound with Reagent A, 2 2 to 1 com~
pound with Reagent B and 2 2 to 3 compound with Reagent C
(absorption at 580-590 mu.).

Cabrera and West (22).determine beryllium with Fast
Sulphon Black F (color index 306) using a glycine-sodium
hydroxide buffer at »H 1l.

Tuk'yanov (23) has used chlorovhosphonazo R to determine
beryllium photometrically at pH 7 to 12; this reagent also
forms 2 compound with magnesium at pH Q@ to 12, with calclium

at pH 9 to 12 and aluminum 2t pH 1 to 3.

PQaH,

c1<<::>»as=N
5044

Chlorophosphonazo R

OH ,SO3H

Nemodrukx (24) developed Chlorophosphonazo III which
reacts with uranium, titanium, magnesium, calcium, berillium,
zinc, thorium, scandium, and the rare earths. This work was
extended by Ferguson, Richard, 0'Laughlin and Banks (25) for
trace amounts of calcium and magnésium after a reversed vhase
chromotogravhlic separation.

Thorin (26) (the sodium s2lt of 2~(2'-hydroxy-3',6'-
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disulfo-1'-naphthylazo)benzenearsonic acld) also reacts with

berylliium at pH 12.5.

POaH2 oy o POsH, @
ON ) e Yo

HO3S S03H

stHz OH SO3H

S03zH

Chlorophosphonazo III Thorin

Cherkesov (27) has studied 3-hydroxy~-2-naphthoic acid as
a colorimetric and fluorometrlic reagent for beryllium, a2lumi-
num and iron. 3Beryllium forms a 2 to 1 compound at'pH 2.5.
EDTA can be added to mask aluminum and iron and hexylamine is
added to enhance fluorescence. KXirkbright (28) has extended
this procedure to the fluorometric determination of submicro=

gram amounts of aluminum and beryllium,

oH
3-Hydroxy-2-naphtholc acid

H11l (29) uses Eriochrome Cyanine R for the photometric
determination of beryllium.

Several authors have extended the analytical work on the
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beryllium~-morin compound: Sill (9), who has been mentioned as
studying the coating of glassware with beryllium hydroxide in
trace anslysis, and Fletcher (30) of the U.S. Geologlcal
Survey, who has made a fluorometric study of the beryllium-
morin system. She reports three principal beryllium-morin
compounds: a 1 to 1 monomer, a2 1 to 1 dimer and a2 1 to 2
compound. Condlitional equilibrium constants were evaluated by
use of a digital computer. Five morin specles must be con-
sidered. Fletcher (31) had also descrived a vertical axis
trensmission type filter fluorometer for use with microgram
quantities of beryllium with morin and quinizarin,

Also of interest is a photometric titration (32) method
for beryllium. In thls method an excess of sodium sulfosali=-
cylate is added to the beryllium sample. ZExcess reagent not
uniting with the beryllium is back titrated photometrically
with agueous beryllium sulfate at pH 10.6 using Arsenazo as
indicator.

Sulfosalicylic acid (33) can be used for the spectro-
vhotometric determination of beryllium at pH 10-1l.

RBoth 2-mercavtobenzoic (34) azcid and o~tropolone (35)
have been shown to form compounds with beryllium and salicylic
~acid which 1s fluorescent gives a fluorescent beryllium com=-
pound.

Separation of beryl;ium from Iinterfering ions does not

seem to present too great a problem., A recent correspondence
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(36) in Analytical Chemisfry suggests an anlon exchange separ-
ation of beryllium from virtually all othervcations having an
lonic radius greater than that of berylliuwm using a 90 percent
isopropanol-l0 percent O6N=hydrochloric acid medium eluent.
Beryllium is eluted ahead of all other metal ions except the
common alkall metals, zmmonium lon and phosphoric acid.

Since beryllium does not react appreciadbly with EDTA,
various metal lons can be masked in the presencé of berylllium
with EDTA and triethanolamine. Adamovich (37) gives the
instabllity constant of beryllium-EDTA as 1.5 x 10™9. Beryl-
lium can be precipitated as the hydroxide from a 0.1 M solution
in the presence of excess EDTA by 1 M ammonla to the extent
of 99.7 percent.

Athavale (38) and others mask copper, zine, aluminum, and
iron with EDTA, extract the beryllium-acetylacetonate into
carbon tetrachloride, decompose the berylliuvm comvound and
measure the beryllium using Thorin at 470 me (pH 12).

Kida (39) masks interference with potassium cyenide angd
EDTA, extracts the 8-hydroxyquinaldine éompound of beryllium
with chloroform and measures the absorbance at 380 mu.

Ostromnov and Volkov (40) describe the separation of
beryllium from manganese, nilckel, cobalt and zlinc by preclipi-
tation with ammonium cinnamate, the precipitate being ignited

and welghed as beryllium oxide.
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C. Survey of Hydroxyazo Compounds as Reagents and

Review of Immedlately Related Work

The study of hydroxyazo compounds as reagents for beryl-
lium was begun as one asvect of a continuing interest.on the
vart of Dr. Harvey Diehl and his graduate students at Iowa
State University in analytlical reagents for the alkaline earth
metals.

Diehl and Lindstrom (41) had studied Eriochrome Black T
and its calclum and megnesium derivatives in 1959 and later
developed Calmagite (42) as a similar dbut more stable metallo-
chromic indicator for these elements in EDTA titrations.

Following Diehl and Ellingboe's study (17) in 1960 of
other hydroxyazo compounds fér calcium and magnesium, which has
already been discussed, Section B, Diehl and Olsen (43) devel=
oved 0,0'~-dihydroxyazovenzene as a2 fluorometric znd svectro-
vhotometric reagent for magnesium.

In 1963, after a study of the properties of the beryllium
reagent p-nitrobenzeneazoorcinol by Diehl, Cryberg and cowork=-
ers (13), 1t was declded that an attémpt should be made to
alter the stereochemistry of thls reagent to improve its sta=-
bility and sensitivity. Workx on the synthesis of new compounds
was done by H. Petefson working under a Natlonal Science
Foundation Teacher Research Particination summer grant.
Peterson prepared compounds having large substituent groups in

positions neighboring the azo group, as well as compounds
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containing the fluoride, arsonic, carboxyl, and d;ethylamino
groups vara to the azo group. He also. prepared compounds in
which methoxy and nitro groups were located ortho to the azo
group (in addition to the o-hydroxy group aliftady present).
Twenty azo compounds were synthesized the summer of 1964 and
elght more at a later date,

Concurrent with the work of Peterson was the work des-
cribed in this thesls on the reevaluation of the hydroxyazo
compounds'previously studied by Ellingboe for thelr possible
reaction with beryllium, particular attention being p»aid to
those with only one hydroxy group positloned ortho to the azo
group.

Purification of the azo0 compounds lin preparation for
analytlcal evaluation proved to be more of a problem than the
actual synthesis., In every case, careful purlification of the
initial reactants was essential and even this did not assure
satisfactory final products. Preliminary evaluatlon in almost
every case was done on crude 2zo compounds to determine
wnether 2 vartlcular compound was wortay of more Iintensive
study. In some instances impure products gave indication of
reaction with beryllium which failed when the compound was
purified. Fluorescence was also noted in several impure com=-
pounds whilch was not present in the recrystallized compound.

Peterson had obtained the svectra of his first twenty azo

compounds in solutions of vH 12.8 containing a 100-fold excess
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of beryllium. The six comvounds which showed some difference

in 2bsorbance between the azo compound. and the azo0 comvound

plus beryllium were studied at vH 7 and pH 9, using Clark and
Lubs buffers and adding potassium chloride to maintain constant
lonic strength. A Beckmen DU svectrophotometer was used.
Ellingboe comvounds A-3, A-4, A-6, A-7, A-14 and A-15 were also
examined at various vH levels., None of the Peterson and Elling-
boe compounds gave indication of significant reaction toward
beryllium and attentlon was then directed to two azo reagents,
1-(2'-hydroxy=4'=diethylamino=1l'=benzeneazo)~3,6~disulfo~8~
hydroxynaphthalene (Beryllon III) and 1-(l'=hydroxy-3'-sulfo-
6'=iminodiocetic-2'~navhthylazo)benzene-2=-arsonic acid (Beryllon
IV), described by the Russian workers.

Work on 1-(2-carboxybenzenazo)-2-hydroxy-5-methyl benzene
(B=5), already shown to react with beryllium, and on o-carboxy-
benzeneazoorcinol (P-15) and p-hydroxybenzeneazoorcinol (P-17),
typical of the stereochemically altered azo compounds studied
in showing some reaction with beryllium, is also included here.

In work during the summer of 1965, Peterson determined the
purity of the azo compounds he had synthesized, using for thils
purpose the Xnecht method (44, p. 78), for the determination of
the 2zo group. An excess of titanous chloride 1s added to a
sulfuric acld solutlion of the a2zo compound, an atmosphere of
nitrogen being maintained, and the unused titanous chloride
back titrated with standard ferric sulfate. Thils method was
also a2pplied to the purified reagents, Beryllon IIi, Berylion
IV, B-5, P-15 and P-17 by Mr. Peterson. -
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II, POTENTIOMETRIC TITRATION PROCEDURE
FOR THE DETERMINATION OF FORMATION CONSTANTS

A, Experimental Procedure

The technigue followed was essentially that used by
Snavely<(45,46), a potentiometric titration with alkali of the
azo compound dissolved in a water=-dioxane mixture, this solvent -
having been earlier used by Calvin and Wilson (47). The method
depends on having all the svecles of one phase, so that at any
voint, if the concentration of one svecies is known, the con-
centration of the other specles may be calculated. The mixed
solvent, although necessary to hold in solution some of the azo
compounds studied in this work, complicates the calculation of
true thermodynamic data. Van Uitert and Hazas (48) and later
Block and McIntyre (49) worked out correction procedures.
Goldberg (50) further clarifiegd the calculations by including
activity coefficients. All calculations are based on the
original work of Bjerrum (51). In a procedure used by Chaberek
and Martell (52) provision was made for the separate titration
of the reagent (in this case the 2zo0 compound) and calculation
of the acid dissociatlon constants of the reagent from titra-
tlon data,

L solution containing a known concentration of metai salt,
chelating agent and a2 mineral acid (2ll in 75 percent dioxane
solution) was titrated with standard sodium bydroxide potentio=-

metrically using a Beckman Zeromatic pH meter with saturated
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calomel reference electrode (Beckman No. 39170) and glass,
‘high alkalinity, Indicating electrode (Beckman No. 41260).
Solutions were brought to 30° 4 0.1° in a constent temperature
bath. Because of the possible okida%ion of vhenollc compounds
at high vH by oxygen, the titrations were carried out in an
atmosvhere of nitrogen. The nitrogen used was first bubbled
through a2 solution consisting of 75 percent dloxane and 25
percent water to saturate the nitrogen with vapor and thus
reduce evavoration in the titration flask. The titration flask
vrovided three openings, for the electrodes and for the buret,
and also a side-tube inlet for the introductlion of the gas.
The stream of nitrogen gas served to stir the solution.

A 10 ml. buret with 0.05 ml. divisions was used. It was
vprovided at the tov with 2 carbon dioxide.absorption tube,
Titratlons were performed slowly, 13 to 2% hours being re-
quired. The votentlial was measured after each addltion of
sodium hydroxide until an equilibrium value was obtained. The
mineral acid present provided a constant lonic strength.

It was necessary to calibrate the vH meter for the
dioxane~water medium by titrating a2 knowvn agueous solution of
nitric acid with dioxane, and from this to work out a2 correc-
tion factor. Vaen Uitert and Haas (48) showed that a glass-~
S.c.e. cell measures the hydrogen 1on'activity in dloxane and
develoved an emvpirical calibration which holds over the range

pH 2 to 11 at given salt concentrations. In the present work a

Q

orrectlion factor of 0.40, added to each vE resding, was used.
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Water soluble azo compounds (Beryllon III) were titrated

in a2 water medium,

1. Reagents
a. Dioxane Preliminary work Indicated that reagent

grade, stabllized dioxane contained a small amount of acetic
2cid which confused the experiments made with it; it was neces=-
sary, therefore, to carefully purlfy the dloxane used and this
was done by the method described by Weissberger (53, p. 140).
Two liters of technical-grade dioxane was refluxed with 27 ml.
of concentrated hydrochloric gcld and 200 ml. of water for
twelve hours under an atmosphere of nltrogen. Pellets of
potassivm hydroxide were then added to the mixture until two
layers formed. The dioxane was decanted and the addition of
vpotassium hydroxide reveated. The resvlting dloxane was re-
fluxed over sodium for another twelve hours under an atmosphere
of nitrogen gas. The dioxane was then distilled through a
fractionating column, the first 300 ml. of the distillate, boll-
ing below 101°, being discarded. The distillate boiling at
101° was collected and stored over aluminum oxide in a browm
bottle. This dloxane was filtered before use.

be Beryllium solution (9.05515§l Electrolytically re-

fined beryllium flzkes, 99.45 percent pure (Lithium Corporation
of America), were dissolved in an excess of concentrated hydro-
chloric acld, 1.0 g. of beryllium requlring about 30 ml. of

acid. The solution was diluted to one lliter. The pH was
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found to be 3.5. A 50-ml. aliquot was diluted to 90 ml., the
PH ad justed to 2 with acid, and made up to a flnal volume of
100 ml. Vhen a2 4 ml. allquot of the solution adjusted to pH 2
was added to the titration mixture of dloxane, water, azo com-
pound and nitric acid, the vH value was essentially unaffected
by the addition. Snavely had apparently used a beryllium
nitrate solution withoutlpH ad Justment.

c. Sodium hydroxide {1.1.29Y) This was prepared from

a2 50 vercent sodium hydroxide solution which had stood 24 hours
to allow any carbonate to settle out. TFreshly bolled deionlzed
water was used. The base was standardized ageinst dried
reagent grade votassium acild phthalate.

d. Nitric acid (0.75508) This was prepared from con-

centrated nitric acld and standardized against the sodium

hydroxide.

B. Mzthematical Treatment

The potentiometric titration data collected (see Section
IITI ¢) for the determination of the formation constants of the
beryllium-azo compounds being studled, using the procedure
described in Section II A, was treated mathematically accord-
ing to the general theoretical considerations used by Bjerrum
for metal-amine comvlexes. Modliflcations by Snavely, Chaberek
and Mertell form the basis of the treatment used here.

readings tzken were corrected for the mized sol-

my
figel

[¢]
B9
]

vent and titration'curves (pE versus ml. of sodium hydroxide)
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were drawn for the azo comvound in nitric acild and the azo
compound plus beryllium in nitric acid. An additional buffer
zone was observed in the titration curve of the zzo comvound=-
beryllium mixture 1f comvound formation was taking vlace. The
vosition of‘the buffer zone depended on the stabillity of the
comvound formed as well as the values of the acid dissocciation
constants of the acid groups of the azo compound., For 1l-(2'=-
carboxybenzeneazo)-2-hydroxy-S-methylbenzene with acid dis-
sociation constents, dky = 6.8 and vk, = 1l.4, the buffer zone
occurred at pH 3.

A conplete mathematical analysis of the berylllum-zzo
compound curve can not be made unless the acld dissociation
constants of the azo compound are known. These values can be
calculated from data obtained in the titration of the reagent
alone., If values of the acld dissoclation constants are not
greatly different or are very high, they may be difficﬁlt to
calculate.

Snavely has calculated so called "displaced" formation
constants where the aclid dissociation éonstants 6f the azo
compound could only be estimated. This method of treating the
data 1s also discussed because two values had been reported
earlier for 1-(2'~-carboxybenzeneazo)-2-hydroxy-5-methylbenzene
(B-5) 2s 2 "displaced" formation constant.

The pufpose of tﬁis mathenatical'treatment is to furnish

a basis for comvaring the relative stability of the beryllium
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comvounds of five different 2zo compounds at a set ratio of
metal to 220 compound. Formatlon constants were calculated in
this work, but it should be noted that these are not true
thermodynamic constants because concentrations rather than
activities haﬁe been used. In the titration vrocedure, for
the five compounds studied, the formation functlon seemed to
be highly dependeﬁf on the concentratlion of the berylliﬁm solu=-
tion, its initial pH value, and perhaps even its previous
history. Values obtained, therefore, should properly be
labelled conditional constants.

Chaberek and Martell (52) include a calculation of the
acld dissociation constants necessery for subsequent calcula-
tion of the formation constants. The symbols used here con-
form to the more generalized Snavely treatment. One of the
five 2azo0 compouﬁds studied,'p-hydfoxybenzeneazoorcinol, has
only one dissociable proteon that is involved in the compound
formation with beryllium; modification of the equilibrium
exvressions is necessary In this case and will be shown here
under the discussion of Snavely's "displaced" formation con-
stant. | '

1. Acid dissociation constants

The constants are obtained from the titratlion data of the
azo compound alone. TFor a diprotle chelating agent or weak

acid, the two dissociztion steps can be expressed as:
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1. HpCh = Hon™ + ¥

‘2, HCh™ = ch~2 4+ gt

From these expresslions, where there is a large.difference
between k7 and ko, the acld dissoclation constants are:

5. x o {EDGEORT)

7 (a0m)

4, ko = ﬂ:)m
(HCh~)

For the low buffer reglon (a2t pH values about equal to
the value of pkl), the tdtal concentration of the azo compound
(CHQCh) 1s the sum of the concentrations of all specles
vresent and can be determined from the titration deta by using
the number of moles of base added, a, at a givén pH (after sub-
tracting from a the number of moles of minerzal acid added at
the start of the titration for purrvoses of maintaining constant

ionic strength).
5. Cgoon = (HpCh) + (HCh™)

6. 20y ey + (H") = (ECn7)

By substituting 6 into 3, the k7 can be calculated according

to:

+ N
(H ) ECHECh + (H.:ZJ
7- kl = "
CHgCh - E"CHQCh + (H%)
In the high buffer region (at pH values close to values

of pkp), the concentration of HoCh svecles can be neglected,
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so the total concentration (C Ais:s
_ (Cx,cn)

8. GHQCh = (HCh‘) + (Ch-z)o

From the number of moles of base added at a given pH in
this region, a-l, and assuming one mole of base was used up to
the first end voint:

- - -y - -2
Substituting 9 into 4, the form uwsed for calculatlng ko

becomes:

| oy ]
-(H*) a=l) Cg . cn - (OHT)
10, kp = b neth ]

CHECh - [(a—l) CHQCh - (OH'E’

2. The equilibriz involved In compound formation

The treatment of the titration curves obtaiﬁed with solu=-
tions of azo compound plus beryllium ﬁakes use of the term n
which is defined as the ratlio of the concentration of the
ligand bound to the metal to the total concentration of the
metal ion present. A graph of 1 against pCh'2 will give the
formation curve. The following mathematical exvressions must

2 and f.

be considered to calculzte bCh'

The equilibrium expressions for a chelating agent having
two replaceable hydrogen atoms, HoCh, reacting with a metal
ion, M+2, and the resulting formatlon constants X7 and Xp,
are: |

11. ¥*2 + ch™2 = yon

12. HMCh + Ch™2 = ¥Ch,"2

13. Ky = (MCh)
(1*2) (ch—2)
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(Mch™2)
(MCh) (Ch=2)

14a K2 =

The total concentration (CEQCh) of the chelating agent 1s
the sum of all the specles present:

15. Ogyen = (HpCh) + (HOw™1) + (0n~2) + (MOh) + (MChp™2).

The total concentration of the metal lons (Cy+2) is also
the sum of all svecles present:

16, Cy+2 = (M*2) + (3MCh) + (MChpy™2).

Moles of base, a, 2dded at a given pH indicate the possi-
ble formation of the given species (the coefficients 2 and 4
corresponding to the moles of E* 1liberated to form that
speciles) a2nd the following equallty is valid:

17. alg,gn + (%) = (CH7) = (H0n™) + 2(0n™2) + 2(xch)

+ 4(MCh,y=2).

By subtracting 17 from 15 and eliminating (HEoCh) and
(HCh™) using Equatlons 3 and 4, the resulting expression can
be used for direct calculation of (Ch™2):

(2-2) [owpon - (5*) + (0u")]

18. (Ch~2) = .
2(8%)2 , (5%)

k1ko }CQ

n, es defined a2bove, is the ratio of the bound ligand to
the total metal ion concentration:

(MCh) + 2(M0h2'2)

19- n = o ) .

M
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Then, by using 15 and 3 and 4:

20. n = 5;{%5 (CHQCh - [}({1;;;2 + (lfgé) + 1 .(Ch"e)).

Values calculated.for 7, 20, and -(Ch~%), 18, (after con=-
verting (Ch'e) to pCh‘z) at a number of points on the titration
curve are used to graph the formation curve for the metal com=-
pound. On this curve, at values of n = 0.5, 1.5 and 2.5
resyectively, the pCh'2 value 1s the logarithm of Kg for a 1
to 1, 1 to 2 or 1 to 3 compound., The n curve will level off
at n =1, 2 or 3 devending on whether 2 1 to 1, 1 to 2 or 1 to
3 compound 1s indicated.

Ky can 21so be celculated, instead of being read from the
graph, by combining 13 and 15, but this method was not used.

3. !"Disvlaced" formation constants

Snavely has plotted R against values of -C, instead of
values of pCh~2, to obitzin a "displaced" formation constant.
Using the same baslc eguations for ky ké, Ky and Ko, but com=
bining these expresslons in a different manner, thils author
takes care of the problem which arises when acld dissociation.
constants of the azo compound are difficult to obtain (especi-
ally ko).

If ﬁCh is defined 2s the mean number of protons bound to

the non~coordinated chelate ion, then:

(HCh™) + (HoCh)

(a1

21. Ch = .
(ch™2) + (HCh™) + (H,Ch)
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By substituting Equatlions 3 and 4 into 21:

q (HY) + 2(5%)?
kpky + ky (HY) + (8%)°

For the monoprotic case, this value 1s simply:

N + ’
ky + (5%)
~ This value (ﬁch) is usvally 1 for the monoprotic case and
2 for the diorotic case (at low vH values) and as a result ko
can be estimated without having too much effect on ﬁCh'
Snavely calculated CH* or the total concentration of
titrable vrotons present from the total concentratlion of other

svecles present at a glven pH:

24, Cy4 = QCHQCh + CHNO3 = Cxaox (diprotic case)
or

25. Oga = Cyop *+ CHNO3 - GNaOH (moncprotic case).

The total concentration of free chelating agent (Hzch)f
1s obtained by subtracting the (H*) at a glven point on the
titration curve from the total titrable protons (CH+) and
dividing by the mean number of protons bound to the non-
coordinated chelate lon 2t that pH or Cy, - (g*)/fg,. The
total concentration of free chelating agent 1s now used in an

2lternate (but identical) definition of Z7:

- Cuoon - (HaCh)g

26.
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or Oy = (5Y) + (0H")

c - -
H,Ch P

27. n =
CM+2

At high pH values the (H*) is negligible but now (0H™)
should be incorporated into the calculation above.

The =C value corresvonding to 2 given n for one point on
the beryllium-azzo comvound titration curve is obtained by cone
verting the concentration of the azo compound at that voint to
a PHoCh value and subtracting two times the pH (since 2H™ can
be liberated by each HoCh molecule):

28. =C = DHoCh - 2p (diprotic case)

or

29, =C = pHCh - pH (monovrotic case)

The =C values plotted against n values yield a formation
curve which 1s shifted z2long the 1,;>Ch"2 axis, but 1s identical
in form to the curves shown in Section III C.

The relationshlip between -C and pCh'2 is shown by:

30. DOh™2 = =C + pky + vk, (diprotic)

31. pCh‘l = =C + pky (monovprotic)

It should be polnted out that by substituting exact pkj

and vkp values in 22 and 30, this alternate calculation glves

identlcal results with the Chaberek and Martell treatment.
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ITI. EXPERIMENTAL WORK

A. Preparation and Purification of Azo Compounds

1. 1=(2'=Carboxybenzeneazo)=2=hydroxy=5=-methylbenzene

COOH H

S

Crude material (500 g.) left by FEllingboe (54) (desig-

CHa

nated Ellingbce B-5) was purified. The compound had been
synthesized from anthranilic acld and p-cresol by the diazonium
reaction, the anthranilic acid (Eastman) having been purified
by recrystallization, fhe p~cresol by vacuum distillation.

a. Puriflcation and znalysis The crude compound was

dissolved in sodium hydroxide, filtered to remove all base=-
insoluble impurities, end reprecivitated by acidifying. The
product was washed with water, dried and recrystallized fronm
hot ethanol with Norite and finally vacuum dried at 80°. The
materizl decomposed 2t 185° in agreement with Snavely: 197-
200° (46), Ellingboe: 193°, and Drew and ILindquist: 186° (55).

Vhen the purified compound was sent for elemental analysis
(Huffman), the value for nitrogen was low znd it was suspected
that trace amounté’of the sodium’salt remained, This was con-
firmed by ignition of a2 sample of the 2zo0 compound in 2

vplatinum crucible which showed 1.7 vercent sodium calculated

on the basls that the residue consisted of sodlium carbonzate.
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When subjected to thin layer chromatography (in 10 ver=-
cent methanol=-90 percent chloroform) two bands were observed
which moved at approximately the same speed. The lesser band
was undoubtedly traces of the sodium salt.

Meanwhlle a second samnle of the.identical material had
been analyzed by Galbralth and found more nearly in agreement
with the calculated values. This suggested the material was

not entirely homogeneous wlth respect to traces of the sodium

salt,

Table 1. ZElemental apalysis of B=5

Calculated for Found Found
Clj_g,ngNQOj (Huf fman (Galbraith
Laboratories, Laboratoriles,
vercent Inc.) Inc,.)
percent percent
Carbon 65.72 65.19 65.28
Hydrogen 4,72 4,93 ' 4,86
Nitrogen 10.93 9.51 "~ 10.99

In order to remove the last traces of sodium, the above
compound was recrystallized from ethanol after thorough wash-
ing with 1?1 hydrochloric acid and showed a decomposition
point of 194°,

An azo group anzlysis with titanous chloride on the re=-
washed materizl showed an equivalent welght of 63.9, corres=-

ponding to a molecular welght of 255.6 (four electron reduc=-



33

tion); calculated for 014H12N203:256.

2. O-Carboxybénzeneazoorcinol

COOH O
ey
CHs
2. Reagenté
(1) Anthranilic acig (O=zminobenzoic acid).

Commercial anthranilic acid was recrystallized from hot water
with Norite; m.v.: 142-1460, reported: 1459 (56).

‘ (2) Orcinol Orcinql was used as obtained in the '
anhydrous form from the Eastern Chemical Corp., Neward, N.J.;
m.p.: 107-108%, revorted: 107-108° (56).

b. Preparation Reerystallized anthranilic acid (0.05

mole) was suspended in 25 ml. of water and 0.05 mole of sodium
nitrite in 2 small amount of water was added with stirring.
The smooth slurry was poured into 50 g. of ice containing 25
ml. of concentrated hydrochloric aclid in an 1lce~salt bath.
After ten minutes, the resulting mixture was filtered and urea
added to the filtrate to remove traces of nitrite. |

J The filtrate was =zdded rapidly wlth mechanical shaking to
0.05 moles of orcinol dissolved in a cold alkaline solution.
The mixture was made alkaline with sodium hydroxide, heated
and filtered whlle hot. The filtrate was acidified with
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hydrochloric acid, dilluted to one liter, bolled, and filtered
while hot. The orange preclionitate was washed well with hot
water, air dried, and then vacuum dried at 80° for two hours.

Ce PurificatignA ~ The crude product was redissolved in

sodium hydroxide, Norlte was added, the solution flltered, and
the az0 compound reprecipitated by the addition of sufficient
hydrochloric acid to bring the pH to 1.5. The materlal was
filtered, washed well with water, and agaln vacuum dried.

The material was then recrystallized from ethanol, leaving
some alcohol=-insoluble material. The alcohol-soluble vportion
yielded a fine, red powder which decomposed at 247-249%, The
equivalent weight (by titanous chloride method) of this mater=-
12l was 68.3 which corresvonds to 2 molecular weight of 273

(four electron reduction) calculated for Cl4H1204N2:272

3. v=Hydroxybenzeneazoorcinol

OX
CH3
2. Reagénts
(1) v-Aminovhenol . p=Aminovhenol (Eastman) was

recrystallized from hot water; m.p.: 1820, reported: decom=-

posés 184° (56).
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(2) Orcinol Commercial anhyirous sreimel,
Eastern Chemical Corv, Newark, N.J. was uged directl-»: = -,

107-108°, reported: 2107-108° (56).

b. DPrevaraticn Recrystallized papmingmiens? "2, 0%
mole) was suspended in 25 ml. of water and 2ided o x elur-v

of sodium nitrite (0.05 mole). This =mixture was -oure’ -%»

The nixture was filtered, treated wi<h =2 emell amou-c ~F
urea to destroy any excess nitrite and then wourel L-==o 7.0°
moles of orcinol which had been disselivel inm 2% =i, =8 1 7

sodium hydroxlde. A szaturated solutliorn of seciflum azetate e

added with stirring until 2 color change cceurrai, Trz ~lx=-

ture was allowed to stand for two hours eni <ther sonre-<ratel
hydrochloric acid was added dropwise until nrecinlitacionn
occurred. The red vrecinitate wag flltered 0fF <he naxs dur,
redissolved in sodium hydroxide, heated ani the solu~le-
filtered vhile hot. The solution was a2c¢iiifle? wiim nrirc.

chloric aclid causing the vrecinitation of 2z oranse-rel

material. The mixture was diluted to one liter and wniled,
the orecivitate becoming yelloweorange in coler, Thng mrecintis

tate was filteréd, washed with hot water, and dried 1o =
vacuum oven at 80° for two hours.

The compound was recrystalllized froz hotl eirans
Norite. The final voroduct consisted of rel cryztals wil-n

decomposed at 214-215°. Zouivalent weiszhs (ita-ous o-lavide
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(2) Orcinol Commercial anhydrous orcinol,
Bastern Chemical Corp, Newark, N.J. was used directly; m.Dv.
107-108°, revorted: 107-108° (56).

b. Prevaration Recrystallized vp-aminophenol (0.05

mole) was suspended in 25 ml. of water and =2dded to a slurry
of sodium nitrite (0.05 mole). This mixture was poured into
50 g. of ice containing 25 ml. of concentrated hydrochloric
acld and stirred vigorously for ten minutes In a salt-ice bath,

The mixture was filtered, treated with a small amount of
urea t§ destroy any excess nitrite and then poured into 0.05
moles of orcinol which had been dissolved in 25 ml. of 1 M
sodium hydroxlde. A saturated solution of sodlum acetate was
added with stirring until a color change occurred. The mix-
ture was allowed to stand for two hours and then concentrated
hydrochloric acid was added dropwise until precilovitation
occurred. The red precipltate was filtered off the next day,
redissolved in sodium hydroxide, heated and the solutlon
filtered while hot. The solution was acldiflied with hydro-
chloric acid causing the vpreclipitation of a2n orange-red
material. The mixture was diluted to one liter and boilled,
the orecivitate becoming yellow-orange in color. The precipl-
tate was filtered, washned with hot water, and dried in a
vecuun oven at 80° for two hours.

The compound was recrystalllized from hot ethanol with
Norite. The final product consisted of red crystals which
decomposed at 214-215°. Equivalent weight (tltanous chlorilde
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method) found 58.8 corresvonding to a molecular welght of 235
(four electron reductlon); calculated for CyzHyoNoOsz: 244,

c. ZProverties v=-Hydroxybenzeneazoorcinol functions
as an acld=base indicator changing from yellow-orange to red

above pH 10 (pky = 9.6 from titration data).

4, 1-(2'-Oydroxy-4'~diethylamino=-1'=benzeneazo)=3,6=disulfo-

LR

8-hydrdxznanhthalene (ngylibn TIII)

HOA3S
()" o
O N:N‘O N-(C2Hs),
H03é
In thils synthesis, diazotlzed.H=-acld 1s coupled with
m=-diethylaminovhenol. The method of preparation used was
essentially that recommended by Kuznetsov (15) but with

additlonal steps to purify the intermediates.

a. Purification of reagents

(1) H=acid Tifty g. of Eastman practical grade H
acid (l-naphthol=3,6-disulfonic acid-8-amino-monosodium salt.,
HoO ) was treated with 1 N sodium hydroxide until it just dis-
solved., The solutlon was heated to bolling with 0.5 g. of
Norite and filtered while hot. The filtrate was poured Into
one liter of delonized water which had been adjusted to vH 3

with hydrochloric acid. A pale green material precipitated.
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This was filtered, washed with ethanol, and dried overnight in
a vacuum oven at 50°. Neutrallzation equivalent found: 383.6;
calculated for disodium salt CyqH,0,NS Na,eHNO: 381l.3. Yield:
37 ge

H acld was also recrystallized from a hot, saturated
solution of sodium bisulfite. A cream-colored, crystalline
material resulted which was used in later vrevarations of
Beryllon III (see comments under dlazotization and coupling).

(2) m=Diethylaminovhenol Twenty=-five g. of East-

man practical grade m-diethylaminophenol was dissolved in
ethanol. The solution was heated with O.4 g. of Norite and
then filtered. Three volumes of water was added to the fil-
trate and the mixture cooled in ice. On stirring, crystalliza-
tion occurred. The vprecivitate was filtered, washed thoroughly
with delonized water and dried in a vacuum oven with no heat.
The product was a purvle vowder melting at'72-75°; reported:
78° (56). |

b. Dlzzotizatlion and Couniing, Purified H acld, 0.075

moles, 29 g.; was suspenfed in 200 ml, of 0.75 N hydrochloric
acld and the mixture cooled to approximately 0%. A solution
of 5.3 g. of sodivm nitrite in 50 ml. of water was gradually
added to the cold H acid over a veriod of two hours, the solu=-
tlon being stirred'mechanically. The resulting bright yellow
mass was checked with starch-iodide vavper for the nresence of
excess nltrite. After two hours, excess nitrite bheing oresent,

sulfamic acid crystals were added untll the starch-lodide test
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failed. The bright yellow intermediate was filtered through a
large sintered glass funnel without washing.

The filtered dlazonium salt was suspended in 50 ml. of
water, vlaced in an ice bath and 12.4 g. of purified m-
diethylaminophenol (0.075 mole) in 20 ml. of ethanol was added
with stirring. After two hours the dark orange-red solution
was filtered tb remove unreacted material and treated with
about 13 g. of sodium chloride. A black material precipitated
which was filtered off the followlng day and washed with two
100-ml. vportions of a solution containing 150 g. of sodium
chloride a2nd 50 ml. of concent;ated hydrochloric acld per liter,
This crude product was dried in 2 vacuum 2t room temperature.
The yield was 25.8 g. of black powder.

Best results in this preparation were obtained when the
amounts of water and ethanol was close to the amount specified
because the final salting out procedure could only be accomp-
lished with 2 minimum of sodium chloride if the final volume
was approximetely 70 ml. Also, 1t was observed that the
diazonium salt tends to hydrolyze with excess water.

When the same procedure was followed on a smaller scale
using 0.0075 mole quantities and the H acld recrystallized
from a saturated sodium bisulfite solution, the yleld of
vroduct was better.

The crude compound was gquite satisfactory for the colori-

metric determination of beryllium. A color change from dark
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orange to raspberry red between pH 6 and 8 was obtained on the
addition of the metal ion.

c. Purification A column of Amberlite IR 120, a
strong acid, cation exchange resin was prepared, the column
being 50 cm. long and 1.9 cm. in diameter. The resin was
placed in the hydrogen form by treatment with 6 N hydrochloric
acld. The column was backwashed with deionized water to free
it of all alr bubbles and the washing was continued until no
chloride test was obtained on the eluate.

To a solution of 3 g. of Beryllon III in 500 ml. of water
was added 0.5 g. of Norite. The mixture was heated to boiling
and filtered while hot. The'filtrate was cooled, diluted to
two liters and vassed through the resin column at a flow rate
of 5 to 8 ml., per minute. The eluate was evaporated to dryness
by vacuum distillation in 2 "roto-vac" apvaratus. The residue
was dissolved in a minimum of ethanol, filtered to remove any
alcohol insoluble lmpurities, and treated with filve volumes of
acetone with stirring. The brown-red flocculent vrecivpltate
which apveared was filtered and dried overnight at 80° in a
vacuum oven. The final voroduct conslisted of black-green,
lustrous crystals. |

d. Proverties and comvog}tioﬂ The black=-~green,

lustrous crystzals of Beryllon III, preparéd as Just describved,
decomvosed without melting when heated over 200°,
No residuve remalned on ignition of the material in =z

vlatinum crucible.



40

A sample of material welghing 0.1060 g. was titrated

| votentiometrically with sodium hydroxide. Three end-voints
were observed, Figure 1, the volumes to the voints marked a, b
and c, and the corresponding values of pH being, resvectively:
2.18 ml., 3.0; 4.37 ml., 6.8; 6.55 ml., 9.6. The equivalent
weights found thus are resvectively: 585, 291 and 194, in
good agreement with the values for 1, 2 and 3 replaceable
hydrogen ztoms respectively In a2 ventahydrate: 020H21Sé08°
5Ho0 for which the molecular welght 1s 585, and the equivalent
welghts resvectively, 585, 292 and 195. A second titration
with 0.1194 g. of material required 2.47, 4.93 and 7.40 ml. of
0.08304 N sodivm hydroxide to revlace the three hydrogen atoms
yielding equivalent weights of 584, 292 and 194 at each break.

A thermogravimetric analysis indicated the vresence of
five molecules of water of hydration, graduval decomvosition
after 200°, and = negligible residue.

Titration of the azo grouv (titaﬁous chlorideimethod)
showed an eqﬁivalent weight of 146; calculated for CopHpoyS,0ge
SHp0, 585/4 or 146 (four electron reduction).

Material dried in a vacuum at 80° was subjected to elemen-
tal analysis, Table 2.

e. Discussion The problem ‘of ourifying Beryllon III
was two-fold: removal of contaminants, including‘the sodium
chloride uvsedé in the salting out procedure, and the conversion

of the salt of the azo comvpound to the acid form. The
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Table 2. ZElemental analysis of Beryllon III

Calculated Calculated Found

for for (Galbralth

020H213208N3 020H213208N3 Labo:;‘atories ’

Inc.,
* 5H00 *4Hn0

per cent ver cent ver cent
Carbon 41.03 42,33 42,67
Hydrogen 5. 30 5.12 5.23
Nitrogen © T7.18 T4l 6.98
Sulfur 10,94 ' 11.29 11.52

solubility in water 1s too great to vermit recrystallization
from water. Recrystallization from alcohol was unsuccessful.
Extraction of the crude comvound with alcohol in a Soxhlet
extractor ylelded a2 red vowder when the alcohoi was removed by
evaporation from the extract. Prolonged heating avvarently
caused some detrimental change or volymerizatlion. The final
material did, however, give a2 color reaction with beryllium.
Chromatogravhy on alkaline aluminum oxide was also not
satlsfactory. An alcohol solution of the crude compound
yielded two distinect bands on a2 column of alkaline aluminum
oxide. TWhen eluted with 50 vercent alcohol solutlon, three
bands: 7pink, opurple a2nd black, moved out ahead of the two
major bands. Elution with water removed these three bands
from the column comvletely but sevaration of the bands froﬁ

each other was voor. Ilution with a2 20 percent ammoniza-80
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vercent ethanol solution removed a fourth fraction and 0.1 X
dosium hydroxide comvletely cleared the column of the gray band
that remained. Thls method of sevaration was rejected as
unsatisfactory‘because the bands were not well defined.

The purification nrocedﬁre finally adopted emvloyed vas-
sage of the crude Beryllon III through a strong acid, cation
exchange resin, a procedure used earlier by Richardson (57)
for the purification of azo dyes bearing sulfonic grouvs.

This overation vroduces the free acld of the azo compound and
also the acid of gny inorgenic anions present. In the Richard-
son procedure the eluate :rom the cation exchange resin was
then passed through an anion exchange resin to remove the
inorganic acid, anions greater than 30 A° aiameter not beling
absorbed by the resin. Beryllon III, however, was absorbed by
the anion exchange resin itried and the second vart of the
Richardson vrocedure was not useful.

Following evavoration of the water of the eluate from the
cation exchange resin and dissolution of the residuve of Beryllon
III in alcohol, the Beryllon III was precipitated by the addi-
tion of ten volumes of ether. A gummy mass formed which made
the maninulations difficult. Precipitation with acetone was
somewhat more satlsfactory.

The final vroduct obtained was of satisfactory purity as
indicated by the values found for the neutralization equi-
valents, the titanous chloride reductlon equivalent, and the

elementzl analysis. The material was satisfactory for the



Figure 1.

Titration of Beryllon III with sodium hydroxlde

Beryllon III ourified by catlon exchange resin method.
Weight of Beryllon III titrated: 0.1060 g. Concen-
tration of sodium hydroxide: 0.08304 N. Weutraliza-
tion equivalents found: 585 (voint a); 219 (voint b);
194 (point c¢); calculated for CooHpS,0g° 5H,O0 585,
292, and 165 for one, two and three replaceable
hydrogen atoms, respectively.

~
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determination of beryllium and for the measurements of the
vhysical énd chemical vroverties of the commound and its

beryllium derivative.

5. 1=(1'-Hydroxy-3'-sulfo=-6'~iminodiacetic-2'-navhthylazo)

benzene~2-arsonic acid (Beryllon IV)

AsO3zHz  no
+ ,CH,COOH
N <

HOsS H CH,CO0Q"

Beryllon IV is obtained by couvling diazotized O-amino-
phenylarsonic acid with l-hydroxyanvhthelene-6-iminodiacetic-
3=sulfonic acild. The vrocedure followed in this Work waé

"essentially that Dfonosed by Kuznetsov (15) but with pérticu-”
lar attention to the nurification of the intermediates and the
final oroduct.

a. Purification of reagents

(1) c=Aminovhenylarsonic acid o=-Aminovphenyl-

acld was cobtained in pure form from Fluka, A. G., Buchs, S. G.,
Switzerland. It may be prevared from 2-nltrobenzenearsonic
acid by the vrocedure reported by Jacobs (58).

(2) J acid 2-Amino~5-navhthol-7-sulfonic acild-
monosodium salt was obtained in vractical grade from Eastman.

It was purified by dissolving it in sodium hydroxide and heat-
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Ing with Norite. After filtering, 1t was vrecioitated with
hydrochloric acid by vouring the basic solutlon into a liter
of distilled water adjusted to vH 3. When filtered and dried
the material showed an equivalent weight of 263.5 (monosodium
salt) by alkalimetric titration in 33 vercent dloxane; calcu=-
lated for ClOH9N104SNa, molecular weight, 262.

(3) Monochloroacetic acig Beker analyzed re=

agent, 29.5 percent pure, was used.

b. Prevaration of l-Hvdroxy-navhthalene-6-iminodiacetic-

3=-sulfonic acid Jo. Acid, 49 g. (0.2 mole), was susvended

in'150 ml. of delonized water and the mixture was heated to
80°. Apvroximetely 30 ml. of 20 percent sodium hydroxide was
added to bring the vH to 8. A solution of 56.5 g. of mono-
chloroacetic acid in 100 ml. of water was treated with 24 g.
of sodium hydroxide, vproducing 0.6 mole of sodium chloroace=
tate. This solution was added to the susvension of the J acid
and the mixture heated to 80~90° for two hours. The hydrogen
ifon liberated as reaction occurred was neutralized at inter-
vals to keep the pH at 8-9 by the a2ddition of small nortions
of sodium hydroxide, for a total of approximately 80 ml..of
20 vercent solution.

The solution was cooled and filtered. The dark brown
filtrate was acidlified to pH 3 with hydrochloric acid and
evavorated under vacuum to a volume of 200 ml, The black pre=-

civitate which sevarated was filtered off and reérystallized
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from 70 ml. of water. The light brown meterial was vacuum
dried without heat. When titrated with sodium hydroxide, 1t
showed an equivalent weight of 431.3; ﬁolecular welght calcu-
lated for CjuH;;045NNa,+25,0: 435. '

A small sample was ignlted at a red heat in a platinum
crucible. Assuming the residue to be sodium carbonate, the
residue indicated a sodium content of 10.71 vercent, corres=

vonding to two sodium atoms per molecule.

c. Prevaration of Beryllon IV To a solution of 11 g.

of O-aminovhenylarsonic acid (0.05 mole) in 35 ml. of 1.5 M
~hydrochloric acid which had been cooled to 0°, was added 3.5 g.
of sodium nitrite in 10 ml. of water, gradually with stirring.
After one to two hours the mixture was checked‘yith starch=
lodide vaper for the vpresence of excess nltrite, and a few
crystals of sulfamic acld were then added until the test
failed. The intermediate, l=hydroxy-navhthalene-6-iminodi-
acetic-3-sulfonic acld, 20 g. and anhydrous sodium carbonate,
15 g., wefe dissolved in 130 ml. of water anq the mixture
cooled in ice. The susvended diazonium compound, without fil-
tering, was 2dded gradually to the intermedliate. After two
hours the dark red solutlon was filtered and the filtrate
acidifled with concentrated hydrochloric acld to »H 3. The
red brown precivitate which formed was filtered off and dried
in 2 vacuum without heating. The yileld was 13.8 g. of brown=

red powder.
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This crude Beryllon IV was recrystéllized in the following
manner: 3 g. Was suspended in 70 ml. of water and 0.1 ¥ sodium
hydroxide was added drovpwise with stirring until the materlal
just dissolved. The solution was filtered to remove any base-
insoluble impurities and voured rapidly with vigorous stirring
into 70 ml. of concentrated hydrochloric acid. The mizxture was
immediztely immersed in an ice bath and.stirring continued
wntil orecivitation occurred. After one half hours, the dark
red ﬁroduct was filtered off, washed with 50 ml. of aceto-
nitrile and dried at 110° for two hours.

The material was quite hygroscopic. It showed no definite
melting woint but gradual decomposition began at avvroximately
140° accomvanied by a color change from red to brown.

d. Analysis Analytical work was done on three portlons
of Beryllon IV prevared as just described but subjected to var-
lations in the vourification stev:

Lot 1. Precipitated 2t vH 1.5 and actually a mixture of
mono=- za2nd di-sodium salts; dried in a vacuum,

Tot 2. Lot 1 dissolved in alkali and poured into concen~
trated hydrochloric acid; dried in vacuum at 80°. Free acid
monohydrate.

Lot 3. Prevared as described above, final precipitation
being made from concentrated hydrochloric acid; dried in
vacuum at 110°. TFree acid, anhydrous.

Equlvalent weight by neutralizastion. Lot 3. A sample
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welghing 0.0934 g. was titrated‘Dotentiometrically using the
usual gless electrode assembly with 0.08304 N sodium hydroxide.
Equivalent welght found: 193; calculated for 020H18N3011ASS:
583/3 or 194 (three revlaceable hydrogen atoms). Only one
break found in titration curve; see Figure 2.

Lot 2. Determined by titrating a 0.0877 g.-sample with
0.08304 N sodium hydroxide. Equivalent weight found: 199;
calculated for C2OH18N3011ASS'H20’ 601/3 or 200.

Equivalent weight by titanous chloride reduction (four-
electron reduction). Found on Lot 2 which had been exvosed to
molst alr subsequent tovvacuum drying: 151; calculated for
CooHygNz01148SHp0:  601/4 or 150.

Elemental analysis. Lot 1. This material was subjected
to the usual micro-combustion analysis for carbon, hydrogen,
nitrogen, sulfﬁr ang arsenié; Table 3. The determinations of
sodlum 2nd votassium were made by the flzme photometer method
using a2 Baird Atomic Clinical Flame Photometer (Model XY).
Calibration curves were vrevared using standard sodium chloride
and votassium chloride solutlons. The'éample of Beryllon IV
was first wet ashed with verchloric acid.

e. Discussion The method used here for the final
purification of Beryllon'IV, precivitation from concentrated
hydrochloric acid, is annérently the only way to obtain the
acid form of the material. A similar orocedure had been

revorted previously for the ovurification of Arsenazo (59).



Flgure 2,

Titration of Beryllon IV with sodium hydroxilde

Beryllon IV purified by precipitatlion from concentrated
hydrochloric acid. Welght of Beryllon IV (acid forn,
Lot 3) titrated: 0.0934 g. Concentration of sodium
hydroxide: 0.08304N. Neutralization equivalent

fouxlmli 193; calculated for OpoHyglNz0114sS: 583/3

or 9 .
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Table 3. Elemental analysis of Beryllon IV-sodium salt

(Lot 1)
Calculated for
s g o
Percent percent
Carbon 35.82 36,542
Hydrogen 3.36 3.17%
Nitrogen | 6.27 6.28%
Sulfur 4,78 . 5,062
Arsenic 11.19 | 11.372
Sodium 5.14 5.24P
Potassivm 0.16°

2Galbraith Laboratories, Inc.

bL. M. Grennan by flame photometer method.

The sodium salt of Beryllen IV, obtalned by vrecipitation at
vH 3, 1s satisfactory for the colorimetric determination of
beryllium but the free acid was desired in this work, for the
determination of the various physical and chémical proverties
of the reagent and its beryllium derivative.

Beryllon IV 1s obtained as a monohydrate from concentrated
hydrochlorlic acid. This molecule of water 1ls lost on heating
in a vacuum at 110° but is quickly regained on exposure to
moist air. The equivalent weights found indicated satisfactory

purity. The elemental analysis, a2lthough obtained on the mix=-
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ture of sodium salts, ls satisfactory oroof of the comvosition;
Table 3. The low value for carbon is undoubtedly caused by
the retentlon of carbon as sodlum carbonate as a resldue in

the combustion
At. wt. C _
Mol. wt. Na2003

(Per cent sodium + per cent potassium)

per cent carbon retained

(5.24 + 0.16) %g = 0.75 per cent carbon retained

almost exactly the difference between the carbon found and the
calculated value,

Vhen precivitated from slightly acid solution, Beryllon
IV was obtained in red and orange forms. The infrared absorv=-
tion spvectra of these materials were essentlially ldentical and
the materials vroved to differ ornly in the content of sodium.
The free aciéd is red and the color shifts to orange with
increasing sodlum content. Mixtures of the sodium salts and
the free acid showed absorvtion maxima at 485 mt and in the
vpresence of excess beryllium showed an absorptlion maxima at

528 mue

B. Absorvtion Spectra of Azo Comvounds
and Beryllium Derivatives
Plgures 3 through 7 show the absorption svectra of the
five azo comvounds studied and thelir beryllium derivatives.
A Cary Model 15 recording svectrovhotometer was used with

guartz cells of 1 cm. light vath.



Flgure 3.

Absorption spectra of l-(2-carboxybenzeneazo)-2-
hydroxy-5 methylbenzene (B=5) at pH 7.2

A. B-5: 3.83x10~5M. Absorptlon maximum at 325 mb,

B. B-5 plus beryllium: 3.83x10"> in B-5 and 4,68x10~*M
in beryllium. Absorption maxima at 345 np and 470 mp,

Cary Model 15 Spectrophotometer., 1 cm. cell,
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Mgure 4.

Absorption svectra of o=-carboxybenzeneazoorcinol
(P=15) at pH 7.0

A. P-=15: 2.83x10"°M. Absorption maximum at
425 mu,

R. P-15 plus beryllium: 2.83x10"5M in P-15 and
2.34x10‘4M in beryllium. Absorption maximum
at 465 mp.

Cary Model 15 Spectrovhotometer. 1 cm. cell.
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Figure 5.

Absorption svectrae of p-hydroxybenzeneazoorcinol

A, P-1T7: 3.5x10-5M, Absorvtion maximum at
465 nu,

B. P-17 plus beryllium: 3.5x10=°M in P-17 and
1.1¥10-5M in beryllium. Absorption maximum
at 465 mu,

Cary Model 15 Svectrovhotometer. 1 cm. cell.
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Figure 6.

Absorvtion svectra of Beryllor III and Beryllon
IITI plus beryllium at pH 7.2

A. Beryllon III: 2.18x10"°M. Absorption
maximum: 490 nu,

B. Beryllon III olus beryllium: 2,18x1072M in

Beryllon III and 2.34X10‘4M in beryllium.
Absorvtion maximum: 525 mk,

Cary Model 15 Svectrovhotometer. 1 cm. cell.
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Figure 7.

Absornﬁion svectra of Beryllon IV and Beryllon IV
vlus berylliuvm atv dH 7.2

A. Beryllon IV: 2.1x10"5M. Absorption maximum
at 485 mu,

B. Beryllon IV plus beryllipm: 2.1x107°M in
Beryllon IV and 2.34x10™"M in beryllium.
Absorption maximum at 528 mu.

Cary Model 15 Svectrophotometer. 1 cm. cell.
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The pH selected for the solutions of each azo compound
and its beryllium derivative lies within the range of pH of
maximum absorption for the given comvound., Hexamethylene-
tetremine (25 vercent) was used to buffer at pH 7 and 2 sodium
hydroxide~boric acid buffer was used at vH 9. The beryllium
derivatives of Béryllon III 2nd Beryllon IV were found to show
a narrower pH range of maximum absorption using phosphate-~
'borate buffers. A constant ionic strength was maintained by
ﬁaking the solutions 0.1M in potassium chloride.

The spectra of the derivatives were all run with an
excess of beryllium to assure maximum compound formation.
Examination of each set of spectra gave Iindication as to
whether the color difference between the azo compound and its
beryllium derivative was sufficlent to merit further study of

the azo compound as a colorimetric reagent for beryllium.

C. Titration Data and Curves from Potentiometric
Titration Procedure N

Each 2zo0 compound studied was titrated votentiometrically
alone and with beryllium added. TFigures 8 through 17 show the
titration curves and the formation curves obtained. All tltra-
tions were verformed in a constant temverature bath (30° +
0.1°) using 1.129 N sodium hydroxide.

Neutralization equivalents obtalned from the titrations of
the 220 compounds without beryllium oresent are gpproximate,

owing to the high concentration of base used, but serve as a
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check on the purity of the dioxane. In every case, the vurlty
of the azo compound had been ascertained by other means. Acld
dissoclation constants obtained for the azo compounds are re=
ported without correction for lonlec strength, but with solu=-
tions 0.018 M in nitric acid, the correction would be less then
0.10 of a2 pH unit. |

Representative vH values at various voints on the beryl-
lium=-azo comvound curves are listed in Tables 4 through 8, as
well as the resulting n, =-C, and nCh-g values calculated from
these titrations for each comvound studied. The formation
curves,iin each case, are obtained from the calculated values.
(see Section II B for mathematical ireatment).

In the case of 1-(2'-carboxybenzeneazo)=-2-hydroxy=5=
methylbenzene (B-5) for which a "dlsvlaced” formatlion constant
had already been revorted by Sna#ely, considerable preliminary
investigation of the potentiometric titration method as avolied
to beryllium-azo compounds was necessary before satisfactory
conditions were achieved =nd the revorted "displaced" formation
‘constant was confirmed. It was learned £hét the beryllium
solution must be added to the ititration mixture in an acid
state (vH 2) or incomvlete comvound formation results. This
can be more readily exﬁlained by referring to Figure 9 in which
the formation curve levels off at i = 1, indicating 2 one to
~one comnound being formed. VWhen the beryllium solution was

adjusted to vH 5 (which was the hlighest value possible without
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ovrecivitation of beryllium hydroxide), a maximum n value of
0.25 was obtailned; when adjusted to oH 3.5, a maximum n value
of 0.60 was obtained, in both cases indicating Incomvlete com=-
vound formation. It was also learned that commercial,
"stabilized", reagent grade dloxane was umsatisfactory as a
ﬁitration médium, due to small traces of acetic acld vpresent.

1. 1=-(2'-Carboxybenzeneazo)-2-hydroxy~5-methylbenzene (B=5)

(see Figures 8 and 9)

The titration vessel contained 0.6828 mM of B-5, 1.8875 mM
of nitric zcid, 75 ml. of ourified diqxane and watei uv to a
100 ml. volume for the titration shown on Curve A of Figure 8.
For Curve B, 0.2206 mM of beryllium was added to the same con-
stituents before the solution was made up to a final volume of

100 ml. wlith water.
2, Titration of B-5 Trom the titration (Curve A,

Figure 8) of B=-5 2lone, the following czalculations were made:
neutralization equivalent found: 258; theoretical value: 256;
vkq: 6.90. Reported by Snavely (46), vky: 6.83.

b. Titration of B-5 vlus beryllium Table 4 shows

revresentative »Hd values and calculations made from Curve B,
Pigure 8. These values were used to obtain the formation curve,
Pigure 9. The "displaced" formation constant (-pKeq) was read
from the formation curve as 4.03 and the logerithm of Ke as
14.20 at @ = 0.50. The curve levels off 2%t @ = 1, indicating

a2 one to oune comvound between beryllium and 1-(2'=carboxyben-

zene=-azo0 )~=2=-hydroxy~-5-methylbenzene.
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Table 4. Revresentative titration values and calculations
from titration of B-5 plus beryllium u51ng 1.129
N sodium hydroxlde

ml, NaOH pH reading pH reading n -C vCh™2
corrected
(+.40)
0 1.42 1.82
1.40 2.10 2.50 0.18 2.83 15.40
1.70 2.52 - 2.92 0.34 3.67 14,56
1.80 2.70 3.10 0.50 4,03 14,20
1.90 2.88 3.28 0.67 4,39 13.84
2.02 3.15 3.55 0.97 4,83 13.40
2.05 3.28 3,68 1.02 5.19 13,04
2.10 3.79 4,19 1.10 6.21 12,02
2.15 5.22 5.62 1.10 9,07 2,16
c. Discussion The okj value (6.90) agrees reasonably

well with the value 6.83 reported by Snavely. The pkp value
for B=5 (1l.4), used in the calculations, was revorted by
Ellingboe (17) using a svectrovhotometric orocedure. The dis=-
vlaced formation constant =C or =-vKe, of 4.03 is in agreement
with 3.88 revorted by Snavely.

2. o=Carbvoxybenzeneazoorcinol (P=-15) (See Figures 10 and 11)

The titratlon vessel contained 0.7367 mM of P-15, 1.8875
mM of nitric acid, 75 ml. of vurified dioxane and water un to
a 100 ml. volume for the titratlon shown on Curve A, PFigure 10,
For Curve B, 0.2205 mM of beryllium was added to the same con=-
stituents before the solution was made uv to a final Volume of
100 ml. with water.

2. Titration of P-15 Prom the titration (Curve A,

Filgure 10) of P-15 alone, the following calculations were made:



Figure 8.

Potentiometric titration of l-(2-carboxybenzene-
220 )=-2=-hydroxy-5-methylbenzene in 75 percent
dioxane

A. Comvound alone

B. Compound plus beryllium

Sodiuvm hydroxide: 1.120 N

Comnound: 0.6828 mM

Beryllivm: 0.2206 mM

Initial volume: 100 ml.

e 0,019
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Flgure 9. TFormation curve for l~(2'~carboxybenzeneazo)-2-
hydroxy-5S-methylbenzene with berylliun

1l to 1 comvound

TLogarithm of Ke: 14,20 (fi: 0.5)
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Neutralization equivalent found: 138; theoretical value: 136;
vky: 6.65; vko: 8.60.
b, Titration of P-i5 vlus beryllium Table 5 shows

reoresentative vH values and calculations made from Curve B,
Figure 10. These values were used to obtain the formation
curve, Figure 1l. The "displaced" formation constant (-nKeq)
was read from the curve.as 3.90 aﬁd the logarithm of the Kf

as 11.35 at n = 0.50. The curve levels off at f = 1, indicat=~
ing 2 one to one compound between beryllium and o-carboxyben-
zeneazoorcinol.

Table 5. Revresentative titration values and calculations

from titration of P-15 vlus beryllium using 1.1290 X
sodium hydroxide

ml. NaOH  vH reading  oH reading n -C oCh ™2
corrected
(+.40)
0 1.45 1.85
1060 2.42 2082 0018 3.50 11-75
1.80 2.65 3.05 0.53 3.96 11.29
1.90 2.82 3.22 0.72 4,30 10.95
2.00 3.05 3.45 C.93 4,76 10.49
2.05 3.22 3.62 1.00 5.10 10.15
2.10 3,92 4,32 1.10 6.50 8.75
2.15 5.05 5.45 1.10 8.76 6.49
c. Discusslon The values of the acld dissoclation

constants and the formation constant with beryllium for o-car-

boxybenzeneazoorcinol have not been vreviously revorted.



Figure 10.

Potentlometric titration of o=-carboxybenzeneazo=-
orcinol in 75 percent dioxane

A. Compound alone

B. Compound plus beryllium
Sodium hydroxide: 1.1290 N
Compound: 0.7367 mM
Beryllium: 0.2206 mM
Initial volume: 100 ml.

we 0.019
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Pormation curve for o-carboxybenzenecazoorcinol with

Mgure 11,
beryllium

1 to 1 compound

Logarithm of Ke: 11.35 (n = 0.5)
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3., p=-Hydroxybenzeneazoorcinol (P-17) (See Figures 12 and 13)

The titration vessel contained 0.6324 mM of P-17, 1.8875
mM nitric acid, 75 ml. of purified dioxane and water uv to a
100 ml. volume for the titration shown on Curve A, Figure 12,
For Curve B, 0.2206 mM of beryllium was added to the same con-
stituents before the solution was made up to a final volume of
100 ml. with water.

a. Titration of P-17 From the‘titration data (Curve

A, Figure 12) of P-17 alone, the following calculations were
made: mneutralization equivalent found: 127; theoretical
value: 122; pky: 9.60.

b. Titration of P-17 vlus beryllium Teble 6 -shows

reoresentative vH values and calculations made from Curve B,
Figure 12, These values were used to obtain the formatlon |
curve, Figure 13. The "displaced" formation constant (-pKeq)
was read from the curve.as 3.60 aﬁd the logarlithm of Kr as
6.00 at I = 1.50. The curve levels off at n = 2, indicating
a2 two to one comvound 1s formed between v~hydroxybenzeneazo=
orcinol and beryllium.

C. Discuésion The value of the first acild dissocig=-
tion constant and the formatlon constant with beryllium for
v-hydroxybenzeneazoorcinol have not nreviously been reported.
The fact that the formation curve levels off at 1 = 2.0 and
then begins to rise again would indlicate the vossibility of a

mixture of several species.



Flgure 12,

Potentiometrlc titration of v-hydroxybenzeneazo-
orcinol in 75 vpercent dioxane

A. Comvound alone

B. Comvound vlus veryllium
Sodium hydroxide: 1.129 N
Comvound: 0.6324 mM
Beryllium: 0.2206 mM
Initial volume: 100 ml.

we 0.019
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Mgure 13, Tormation curve for p~hydroxygenzeneazoorcinol
with beryllium

1 to 2 compound

Togarithm of Kp: 6.00 (n = 1.5)
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Table 6., Revresentative titration values and calculations
from titration of P-17 vlus beryllium using 1.129 N
sodium hydroxide

ml. YaOH  voH reading v reading a -C oCh™?
corrected
(\"0040)
0 1.48 1.88
1.70 3,32 3.72 0.23  1.51  8.09
1.75 3.92 I, 32 0.42 2,11  7.49
1.80 4,15 4,55 0.66  2.34  7.26
1.85 4.52 4.92 0.91  2.71L  6.91
1.90 5.08 5.48 1.17 3.27 6.33
1.95 5.33 5.78 1.43 3,57  6.03
2.00 5.48 5.88 1.68  3.67  5.93
2.05 5.72 6.12 1.90  3.91  5.69
2,10 7,49 7.88 2.20 5.67  3.93
2.15 8.32 8.72 2,70  6.51  3.09

4, Beryllon III (See Figures 14 and 15)

The titration vessel contained 0.7010 mM of Beryllon III,
1.24 ml. of 1.129 XN sodium hydroxide (to neutralize the sul=~
fonic acid grouvs), 1.8875 oM of nitric acid and water up to a
100 ml. volume for the titration shown on Curve A, Figure 1l4.
For Curve B, 0.2206 mM of beryllium was added to the same con-
stituents before the solution was made uo to 2 final volume of
100 ml. with water. In each case the nitric acid was added
Just before the solution was ready for final dilutlon.

a. Titration of Beryllon III Prom the titration data

(Curve A, Figure 14) of Beryllon III alone, the following cal=-
culations were made: Yeutralization equivalent found: 575;

theoretical value: 585; ok3: 8.85; pks: 11.17.
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b. Titratlon of Beryllon III vlus beryllium Table 7

shows representative vH values and calculations made from Curve
B, Figure 14. These values were used tc obtain the formation
curve, Figure 15. The "disnlaced" formation constant (-pKeq)
was read from the curve'as T.12 aﬁd the logarithm of the Ky as
12,9 at 1 = 1.50. The curve levels off at n = 2.0, indicating
a two to one comvound between Beryllon III and beryllium.

Taeble 7. Revresentative tltration values and calculations

from titration of Beryllon III plus beryllium using
1.129 N sodium hydroxide

ml. NaOH oH a -C oCh ™2
1.75 4,08 0.23 5.99 14,03
1.90 4,22 0.62 6.27 13.75
2.00 4,26 0.86 6.39 13.63
2.10 4, b2 _ 1.13 6.65 13.37
2.20 4,58 1.40 6.99 13.03
2.35 5.09 1.70 8,01 12.01
2.40 5.32 1.90 8.47 11.55
2.50 6.02 2.10 c.87 10.185
2.60 Te32 2,40 12.47 7.55

v 2,65 7.82 2.50 13.47 6.55
2.70 8.08 2.50 13.89 6.13

c. Discussion No acld dissoclztion constants have

vreviously been revworted for Beryllon III. In the titration
with beryllium added, the acild groups which are neutralized
before vH 7 and are not involved in the union with beryllium
make intervretation of the titration curve difficult. By

adding sufficlent vase to neutralize the two sulfonlc acid



'Figure 14. Potentiometric titration of Beryllon III
A. Compnound alone o
B. Comvound plus beryllium
Sodium hydroxide: 1,129 X
Comvound: 0.7010 mM
Beryllium: 0.2206 mM
Initial volume: 100 ml,
bt 0,019 |
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Figure 15. Formation durve for Beryllon III with beryllium
1 to 2 comvound

Logarithm of Ke: 12,9 (i = 1.5)
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groups on the Beryllon III before introducling the beryllium
solution and making up to the flnal volume, this problem was
resolved., However, Curve B (with beryllium) can not be com~-
vared voint for voint with the curve of the azo compound alone,
since nitric acid added to maintain.constant lonlc strength
may convert the azo comvound to the acld forﬁ when no beryllium
is oresent. The vpailr of curves are shown together since the
titration figures of the azo compound were used to calculate
oK values., The later snectronhotome?ric titration of Beryllon
IIT with berylliuvm (Section III D) confirmed the two to one
compound indicated here.

5, Beryllon IV (See Pigures 16 and 17) ,

The titration vessel contained 0.6763 mM of Beryllon IV,
1.20 ml. of 1.129 N sodium hydroxide (to neutralize the sul=-
fonic acld groun and the zwitter ion on the iminodiacetlc acld
groun), 2 mM of notassium'chloride and water uov to a 100 nl.
volume for the titration shown on Curve A, Figure 16. TFor
Curve B, 0.2206 mM of beryllium was added to the same constit-
uents (after introduction of the base).

a. Titration of Beryllon III From the titration data

(Curve A, Figure 16) of Beryllon IV alone, the following calcu~
latlons were made: Neutralizatioﬁ equivalent found: 583;
theoretical value: 6583; okz:  8.T4; vky: 11l.27.

b, Titration of Peryllon IV plus beryllium Tzable 8

shows revresentative vH values and calculations made from Curve
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B, Figure 16. These values were used to obtaln the formation
curve, Pigure 17. The "disvlaced" formation constant (-pKeq)
was read from the curve'as 8.59 aﬁd the logarithm of the K¢ as
11.42 at n = 0.50. The curve levels off at f = 1.0, indicat-
ing a one to one comvound between beryllium and Beryllon IV.
Table 8. Revresentative titration values and calculations

from titration of Beryllon IV »lus beryllium using
1.129 N sodium nydroxide

ml. NaOH oH 7 -C pCh™2
0 3.62
0.65 4,99 0.09 7.81 12,20
0.70 5.08 0.28 7.99 12,02
0.80 5.38 0.50 8.59 11,42
0.90 5.72 0.77 9.27 10.74
1.00 6.38 1.00 10.59 9.42
1.10 TeT5 1.09 13.35 6.68
c. Discussion No acid dissoclatlon constants have

previously been revorted for Beryllon IV. 'Here, agalin, as in
the case of Beryllon III, the acid grouvs which are neutral=-
ized before vH 7 and are not invol#éd iﬁ the union with beryl-
1ivm make interpretation of the titration curve difficult."
These groupé were neutralized with an equivalent amount of bése
before introducing the beryllium. However, this time votassium
chloride was used to maintain a constant ionic strength (K =
0.02) instead of nitric acid. In this case the buffer zone
indicating comvound formation Wwas not well defined, suggesting

that comvound formation takes place more readily when the



Figure 16. Potentiometric titration of Beryllon v
- A, Comvound alone

B. Comvound vnlus beryllium

Sodium hydroxide: 1l.129 XN

Compound: 0.6763 mM

Beryllium: 0.2206 m¥

Initizal volume: 100 ml,

ke 0,02
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Figure 17. Formatlon curve for Beryllon IV with beryllium
.1 to 1 comvpound ‘

Logarithm of Ke: 1l.42 (n = 0.5)
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titration is begun at a lower vH.
The addition of base also made vossible the titration of
Beryllon IV in water medium, since the free acid is insoluble

in water.

D. The Use of Beryllon III and Beryllon IV
for the Determination of Beryllium

Purified prevarations of Beryllon III and Beryllon IV
having been made, as described in the vreceding Sectlon A, and
with the knowledge of the absorotion svectra of these reagents
and thelr beryllium derivatlves, 1t became possible to examlne
in detail the various factors Iinvolved in using these reagents
for the spectrovhotometric determination of beryllium. Of the
various factors, oH, the effects‘of interfering elements; con=-
formity of Beer's law, and the molar extinction coefflcients of
the beryllium derivatives are vnarticularly important.

In the following work, 2ll svectrovhotomeiric measurements
were made with 2 Beckman Model DU svectrovhotometer, with the
excevtlon of the svectrophotometric tiprations which were made
on 2 Beckman Model B spectroovhotometer which had been modified
with 2 dark box containing a Ffitting for a 150 ml., "tall”
beaker, a water driven stirrer, and a small ovening for a 10
ml. buret. The entire assembly was covered with a black cloth
to exclude light. Svectrovhotometric titrations were verformed

slowly, at least one hour being tzken.



l. Effect of oH on absorbance

In Figures 18 and 19 are shown the éffect of vH on the
absorbance of the beryllium derivatives of Beryllon III and
Beryllon IV. Clark and ITubs buffers were used to adjust the
vH. The oH range covered was 3.0 to 10.0. The absorbance was
megsured after the solutions had been allowed to stand for ten
minvtes. XEach solution contained 5 ml. of 0.02 vercent azo
comvound, 2.0 ml. of l.1 x 10‘4'M beryllivm and 18.0 nl. of
the glven buffer. The vH was checked immediately after the
measurement of the absorbance. A blank for each contalned
2.0 ml. of water instead of beryllium solution.

2. Effect of Interferences

The effect of the addition of calcium and magneslum salts
and potassium chloride on the absorbance (measured against a
blank) is tabulated in Table 9. Fach solution contained 5 ml.
of 0.02 percent 2z0 comvound, 1 ml. of 25 vercent urotrovine
(hexamethylenetetramine) and 2 ml. of 1.1 x 1077 M beryllium
(1.98 ng.) 2nd was made wo to 2 25 ml. volume after the addi-
tion of an amount of solid salt equlvalent to the sveclfied
quantity of calcium, magnesium, or potassium chloride.

The difference in ebsorbance of solution and blank is
indicated and the vercent relative error recorded.

3. Conformity to Beer's law and molar extinction coefficients

In Figure 20 is shown a Beer's law plot of the beryllium

derivative of Beryllon III. The solutlions measured were pre-



‘Flgure 18.

Pl effect on absorbance of beryllium derivative of
Beryllon III

Composition of solutions:, 5 ml. of 0,02% Beryllon
III, 2.0 ml. of 1.1 x 10~% M beryllium, made uo to
25 ml, with given buffer. Absorbance measured at
525 mp on Beckman DU spectrovhotometer using a
blank solution contalning no beryllium in refer-
ence cell, :
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Figure 19.

pH effect of absorbance of beryllium derivatlive
of Beryllon IV

Composition of solutions: 5 ml., of 0.02% Beryllon IV,
2,0 ml. of 1.1 x 10 M beryllium, made uo to 25 ml,
with glven buffer. Absorbance measured at 528 md on
Beckman DU svectrovhotometer using a blank solution
containing no beryllium in reference cell,
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Table 9., Effect of addltion of calclum and magneslum salts, and votassium
' chloride on absorbance of azo comvounds at vH 8 in presence of
1.98 ug of beryllium .

-

No Ca Relatlve Mg Relative KCl Relative

additlon added erroxr added exrror added error
1 mg. A 1 mg. %4 18.5 mg. %
Beryllon IIIX 0.255 0,200 =22 0,222 -13 0,195 -4

Beryllon IV 0.244 0.405 +66 0.333 +36 0.249 4+ 2

86



Figure 20. Beeg's law ovlot for Beryllon III plus bheryllium at
pH

Composition of solutions: 5 ml. of 25% urotrovine,
20 ml. of 0.02% Beryllon III, O to 19.8 wmg of
beryllium in final volume of 100 ml. Absorbance
measured at 525 mt on Beckman DU svectrophotometer,
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pared by mixing 20 ml. of a 0.02 percent solution of the azo
compound with 5 ml, of 25 percent urotropine to bring the pE

-4 M beryllium solution varying

to 8.0.and amounts of 1.1 x 10
from O to 19.8 ug. of beryllium in s 100-ml. volume. A
sfraight line was obtained for points from O to 12 kKg. of
beryllium per 100 ml, The color developed (Without heating)
in 10 minutes and was stable beyond 24 hours.

A series of points substituted in the expression A = abe
yielded an average molar extinction coefficient value (a) at
525 mp of 23,200 (b = 1 cm.).

Figure 21 shows a similar plot for Beryllon IV using 20
ml. of 0.02 percent azo compound, 5 ml. of 25 percent urotro-
pine (pH 7.3) and amounts of 1.1 x 10'4 M beryllivm varying
from O %o 19.8 Hg. ver 100 nml. Heré Beer's law held over the
entire range. The color developed in 1C minutes and was stable
up to 96 hours.

Individual points substituted in the expression A = abe
gave an average molar extinction coefficient (a) of 29,900 for
Beryllon IV a2t 528 mk (b = 1 cm.).

4, Combining ratios from spectrovhotometric titratlons

‘ A spectrophotometric titration (at 525 mM) of l.4 x 10-6
moles of Beryllon III (in 100 ml. volume) with 1.1 x 10'4 J
beryllium is shown in Figure 22. The extrapolated end point

-6

at 6.49 ml. of beryllium corresponds to 0.701 x 107~ moles of

beryllium and is evidence of a2 2 to 1 compound. The solution



Mgure 21.

Beer's law plot for Beryllon IV plus beryllium at
PH T3

Composition of solutions: 5 ml. of 254 urotrovine,
20 ml, of 0.02% Beryllon IV, O to 19.8 ug., of beryl-
lium in a final volume of 100 ml. Absorhance meas-
ured at 528 md using a Beckman DU svectrophotometer.
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Flgure 22.

Svectrovhotometric titration of Beryllon III with
beryllium at pH 7.2

Comvosition of solutlon: 1.4 x lO"‘6 moles of Beryllon
III, buffered with 20 ml. of 25% urotropine, ilonic
strength (u) = 0.1 in KCl, in initial volume of 100 ml.

Point of intersection corresnonds to 0.701 x 10"6
moles of beryllium (6.5 ml. of 1.1 x 10-% M solu-
tion) reacting with 1.4 x 10~° moles of Beryllon
III, a ratio of 1.0 to 2.0.
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was buffered to pPH 7.2 with 20 ml, of 25 percent urotrepine
and was 0.1 M in XCl.

Figure 23 shows a similar titration (at 528 me) of 0.908
x 107% molés of Beryllon IV (in 100 ml. volume). Using 1.1
X '.LO'4 M beryllium solution, a ratio of 1 mole of azo compound
to 0.91 moles of beryllium is indlcated. The solution was
buffered to pH 7.2 with 20 ml. of 25 percent urotropine and
was 0,1 M in XCl. Here a slight residual fluorescgnce of the
azo compound which was also noted in the beryllium derivative

may have affected the absorbance readings.



Figure 23.

Svectrovhotometric titration of Beryllon IV with
beryllium at bH 7.2

Comvosition of solution: 0.908 x 10-6 moles of
Beryllon IV, buffered with 20ml. of 25% urotropine,
ionic strength (u) = 0.1 in XCl, in initlal volume
of 100 ml,

Point of Intersection correovonds to O. 825 x 106
moles of beryllium (7.5 ml. of 1.1 x 10~%* M solu-
tion) reacting with 0.908 x 10-° moles of Beryllon
IV, a ratio of 0.91 to 1.0.
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IV. RESULTS AND CONCLUSIONS

Purificatlon of the five hydroxyazo compounds synthesized
for this study proved time consuming and difficult. Particular
.attention was pald to the purity of the Intermedlates as an aid
in assuring a final product of high burity. For each compound
the composition of the final product was confirmed by elemental
analysis or azo group analysils (titanous chloride method) or
both, A discussion of the purlification procedure 1s given in
Sectlon III A for each compound., Of particular note 1s the use
made of a2 cation exchange resin for the separation of Beryllon
III from the considerable amount of sodium chloride with which
it 1s contaminated when flrst isolated and of the necessity of
naking the final precipitation of Beryllon IV from concentrated
hydrochloric aclid to free it of sodium.

In the potentiometric titration used to measure the acid
dissocliation constants and formatlion constants, a dloxane-water
mixture was used as solvent for those compounds not soluble in
water, Coﬁmercial, "stabilized" dloxane proved unsatisfactory
and careful purification of the dloxane proved essentizl.

-The values obtained for the acid dissoclatlion constants
are glven in Table 10 and for the combining ratios and forma-
tion constants toward beryllium in Table 1l.

The value obtained for the first acid dissoclation con=-
stant of l~-{2'~-carboxybenzeneazo)=-2-hydroxy~5-methylbenzene

(B-5) differs only slightly from +the value obtained earlier by



v

1

Table 10. Acid dissociation constants of the hydroxyazo compounds studied

Comvound : vky Pko pK3 pk4
1-(2' -Carbosybenzeneazo) ~2=-hydroxy- 6.902 --b

5-methybenzene (B=5)

o-Carboxybenzeneazoordinol (v~15) 6.65 8.60
v-Hydroxybenzeneazooreinol (P-17) 9.60

17 (2 ~Hydroxy-4"'~diethylamino-1- -=C --C 8.85 11.17

benzeneazo)=3,6-disulfo=-8~
hydroxynanhthalene (Beryllon III)

1~(1'-Hydroxy~3' ~disulfo~6"'~iminodiacetic ==d --d --a 8.74

-2'wnavhthylazo)benzene=~2-arsonic acid

(Beryllon IV) vkg
‘ 11.27

@Revorted by Snavely (46): 6.83,
bRenorted by Ellingboe (17): 11.4,
Cpirst and second acid dissociation constants not measured.

dFirst, second and third aclid dissociatlion constants not measured.

0Tt



Table 1l. Combining ratio and formatlon constant wilth beryllium of the azo

commounds studied

Comovound Combining Log fromation
ratio constant Ky

1-(2"'-Carboxybenzeneazo )=~ ~2-hydroxy- 1:1 14,20

5-methylbenzene (B-5)

o-Carboxybenzeneazoorcinol (P-15) 1:1 11.35

anydroxybenzeneazoorcinol (P~175 2:1 - 6.00
~-(2'-Hydro xy-4 ~diethy1am1no~l- 2:1 12,90

benzeneazo) 6-disulfo~8-hydroxy- ' :

naphthalene (Beryllon III) ,

1-(1' -deroxy-B '~disulfo-6'iminodi- 1:1 11.42

acetic~2'-nanvhthylazo)benzene-2-
arsonic acid (Beryllon IV)

ITT
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Snavely; Talues for the other azo compounds have not been pre~
viously reporied. Only the acid dissociation constants were
measured of tﬁose aclid groups Which aré involved 1n the forma-
tion of the beryllium derlvatives, although some preliminary
values for the first, large acld dissociation constants can be
obtained from the titrafions with sodium hydroxide made during
synthesls to establish purity.

Thus with Beryllon III, the first two acld dissoclation
cong;ants, judging from the mid-points of the tltratlon curve
of Figure 1, are 3.0 and 4.8. One of these is undoubtédly the
lonization of one of the sulfonic acid groups, the other the
éﬁﬁonium lon produced by the neutralization of the dlethyl=~
amino group by the other sulfonic‘acid group (formation of a
zwitter ion). Similar values were obtained by Blalr and Diehl
(60) for the acid dissociation constants of 4,7-diphenyl-l,
10-phenanthrolinedisulfonic acild.

The titration of Beryllon IV, Figure 2, indlcates three
replaceable hydrogen atoms to be present, all fairly strong
aclds, for the curve shows only one break, at pH 7.0. Of the
three acid groups titrated, the first is undoubtedly that from
the svlfonic acid group and the remaining two, one each, from
the arsonic acld group and the iminodiacetic acid group, the
latter being present as a zwitter lon and presenting only one
moderately strong replaceable hydrogen atom.

An arsonic acid group ortho to an a2zo group 1s present in
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the compound Thorin (2=(2-hydroxy-3,6-3disulfo-l-naphthylazo)
benzene arsonlc acld) and the acid dissociation constants of
this material have been measured (6i); the constants for the
two replaceable hydrogen atoms of this arsonic acid are pk3 =
3.70 and pky = 8.33. By analogy, one replacezble hydrogen
atom of the arsonic acid gfoup of Beryllon IV should be ti=-
trated below pH 7. The acid dissoclatlion constant of car-
boxylic acid groups 1s increased by the positive charge on a
neighboring zwitter ion ammonium nitrogen atom, the acid dis=-
soclation constant of iminodiacetic acld being pkq = 2.98.
The first replaceable hydrogen atom of the arsonic acid of
Beryllon IV and that of the iminodilacetic acid are thus
expected to dissoclate %o about the same extent and thus

also a2t pH valuves in agreement with the titration curve found
(Figure 2).

The acld dissociation constants reported in Table 10 were
those obtained by titration with elkali, in water-~dioxane mix-
tures'as solvent when necessary, and the treatment of the data
given in Section II B.

In the determination of combining ratios and formation
constants by potentiometrlc titration with alkali, a phenome~-
non peculliar to beryllium was observed. The pH of the beryl-
livm solution must be brought to z2bout 2 to render the beryl-
lium available for compound formation with the zzo compound,

It is believed that stable hydroxy compounds of beryllium are
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formed on standing at higher pH values and that such beryllium
specieé do not react readily with the azo compounds.

In the titrations of Beryllon IIT and Beryllon IV the
strongly acid groups, the sulfonic, arsonlc and imlnodiacetic
acld groups, were neutrallized before the addition of beryllium.

Unexﬁectedly, two of the five azo compounds studied formed
two to one compounds with beryllium rather than the one to one
compounds always observed previously. The fact that a two to
one compound is formed between p=hydroxybenzeneazoorcinol
(P=17) and beryllium might be explained by the absence of a
second ortho group, leaving space about the beryllium atom for
the second molecule to enter. This argument obviously falls
with Beryllon III, howevér, for in this compound hydroxyl
groups are present on both sides of the azo group.

The combining ratios of Beryllon III and of Beryllon IV
with beryllium were further confirmed by spectrophotometric
titrations of the azo compounds with a solution of beryllium,
Figures 22 and 23. The ratlos found were 2.0 to 1.0 for
Beryllon III and 0.91 to 1.0 for Beryllon IV; a slight fluorés-
cence was observed in the berylliuvm-Beryllon IV solutions which
may explain why the ratio found was not 1.0.

Of the five 2zo comvounds, the formation constants toward
beryllivm of four are sufficiently great to make the compounds
of interest as reagents for beryllium,

The absorption spectra of the five azo compounds and their
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beryllium derivatives indicated that o-carboxybenzeneazoorcinol
(P=-15), Beryllon III and Befyllon IV have the most promise as
analytical reagents fof beryllium. .No maximum occurs in the
visible absorption spectrum of 1-(2'-carboxybenzeneazo)-2-
hydroxy-5-methylbenzene (B-5) with addition of berylliuvm until
an excess of the latter has been added. There is no change in
the wavelength of maximum absorption of p-hydroxybenzeneazo=-
orcinol (P=-17) on the =2ddition of beryllium but an increase in
absorbance does occur. The shift In the wavelength of maximum
absorption occurring when beryllium is added to o=-carboxyben-
zeneazoorcinol cannot be detected by eye, but the shifts with
both Beryllon III and Beryllon IV result in visible color
changes from orange to raspberry.

The study of the variation with pH of the absorbance of .
the beryllium-Beryllon III and beryllium=-Beryllon IV systems
showed a quite sharp dependence on pH, the maximum absorbance
being at 8.5 and 8.3 respectively. The maximum in absorbance
in both cases is Just sufficlently broad that satlsfactory
ad justment of pH can be made without difficulty, using sult-
able buffers. The findings here are in sharp contrast to the
report of Xuznetnov that maximum absorbance was obtained with
elther reagent over the pH range 5.8 to 8.3. The present work
was done with Clark and Lubs buffers, the Russian work with
hexamethylenetetramine. It is possible that the phosphate or

borate in the Clark and Lubs buffers may be innidbiting the
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color reaction in some way but a more likely explanation of
the discrepancy is that the highly purified azo compounds
used in this study gave a cleaner result and perhaps that the
precision in the adjustment of the pH with the Clark and Lubs
buffers was better.

The beryllium-Beryllon III system conforms to Beer's law
over the range 0 to 12 dg. of beryllium per 100 ml.; for
beryllium-Beryllon IV, the range is O to 19.8 Kg. of beryllium
vper 100 ml., The molar_extinctioh coefflclents at the wave~
length of maximum absorvtion are 23,200 (at 525 my) and 29,900
(2t 528 mp), respectively. The value for Beryllon III is some=-
- what higher than the value 19,200 recently reported by Pakalns
and Flynn (62), this value apparently havling been made on
unpurified material.

It was found that both calcium and magnesium interfere
in the svectrophotometric determination of beryllium'using
Beryllon III and Beryllon IV. Fortunately the interference
of both can be obviated by the addition of ethylenedlamine-
tetraacetate. Potassium chloride also Interferes in the
reaction of beryllium with Beryllon III.

Although 1ts synthesis is somewhat more complex than that
of Beryllon III, Beryllon IV has the advantage of belng less
difficult to purify. Its larger moler extlinction coefflcient
and its wlder range of adherence to Beer's law would arpnear to
glve Beryllon IV a distinct advantage over Beryllon III as a

svectrophotometric reagent for beryllium.
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V. SUMMARY

Five hydroxyazo comvounds have been vrevared, vurified and
studied as vossible svectrovhotometric reagents for beryllium:

1-(2'=-Carboxybenzeneazo }~2-hydroxy=-5-methylbenzene
(designated B-5)

o-Carboxybenzenéazoorcinol (designated P-15)
v=Hydroxybenzeneazoorcinol (designated P-17)

1'u(e'-Hydroxy-4’-diethylamino-l'-benzeneazof-3,6-disulfo-
8-hydroxynavhthalene (designated Beryllon III)

1-(1*-Hydroxy=3'=disulfo=6'=iminodiacetic-2"'-navhthylazo)
benzene-2-arsonic acid (designated Beryllon IV).

For each of the comvounds, the acid dilssociation cqnstants
and formation constant of the beryllium derivative have been
measured by votentiometric titration with alkall using a water-
dioxane mixturg as solvent., Absorntion svectra of the azo
comvounds and the beryllium derivatives have been obtalned.
For Beryllon III and Beryllon IV, sufficlent infofmation rela~
tive to molar extinctlion coefficients, effect of oH on absorb-
ance, znd the interfering effects of calcium and magnesium has
been obtained to evaluate these two azo compounds as svectro-
vhotometric reagents for beryllium.

1-(2'-Carboxybenzeneazo)-2-hydroxy-5-nethylbenzene (B-5)
was vrevared from ovurified sﬁarting materials, Thorough washe
ing with 1 to 1 hydrochloric acid was required to rid the
purified commound of all traces of the sodium salt. Elemental

analysis and titration with titanous chlorlde confirmed its



118

purity. Only the ascid dlssoclatlon constant of the c¢arboxyllc
acld group could be obtained by titration with alkali: pkq =
6.90 (6.83 revorted by Snavely). The acid dissoclation con-
stant of the phenolic group, pko = 11.4, had been obtained by
Fllingboe using a spectrophotometric procedure.

B-5, previously studied by Ellingboe for 1ts reaction with
calcium and magnesium, was shown by Blair not to react with
beryllium at pH 10, where the calcium and magnesium deriva-
tives are formed. However, Snavely reported a one to one come
pound between B-5 and beryllium occurring near pH 3 and gave
the value of the "displaced" formatlion constant as 10"3'88.
The "displaced" formation constant was confirmed by this work
and also reported as a formation constant, the logarithm of
the constant being 14.2.

o=-Carboxybenzeneazoorcinol (P-15), prepared from purified
'reagents was shown to be of sufficient purity by titration
with titanous chloride. The dissociation constants of the
carboxylic aéid group and the phenolic group, ortho to the azo
bridge, were found by titration to be respectively: pky;, 6.65
and pko, 8.60. P-15 forms a one to one compound with beryl-
livm 2nd the logarithm of the formatlon constant is 11.35.

p=Hydroxybenzeneazoorcinol (P-17) was synthesized from
purified starting materials and its pﬁrity confirmed by titra-
tion with titanous chloride. The acid dissociation constant

of the phenolic group (vky), ortho to the azo bridge, was
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determined by titration to be 9.60. The values for the second
and third phenolic groups were too high to determine by titra-
tion., Thls azo compound formed a two to one compound with
beryllium, the logarithm of the formation constant being 6.00.
The Russian reagent for beryllium, Beryllon III, (l=(2'-
hydroxy-4'=diethylamino-l'=benzeneazo)=3,6-disulfo-8=hydroxy-
naphthalene) was prepared; varticular attention was paid to
the purificatlion of the intermediates used in the synthesis
and a new method of isolation and purification of the product
was devised. The free acid was obtained by passing the mater-
ial through a strong acid, cation exchénge resin., The composl=-
tion of the material as a monohydrate was established by the
determination of the neﬁtralization equivalent, the titanous
chloride reduction equivalent, and by elemental analysis. By
titration 1t was found that Beryllon III acts as a quadribasic
acld, the replaceable hydrogen atoms being respectively strong,
moderately strong, weak, and very weak; the strong acld 1s
undoubtedly one of the sulfonlc acid groups present and the
moderately strong acid, the (zwltter) ammonium ion assoclated
with the second sulfonlic acid group. The two phenolic groups
are neutralized at higher pH, the acid dissociation constants
having the values pkz = 8.85 and pky = 11.17. Beryllon III
unites with beryllium in the ratlo of two molecules of the azo
compound to one atom of beryllium as determined bj the poten-

tiometric method and by the spectrophotometric method. The
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logarithm of the formatlon constant 1s 12.9. TILight absorption
of the beryllium-Beryllon III s&stem reaches a maximum at pH
8.5. The system conforms to Beer's law over the range O to
12 dg. of beryllium per 100 ml., the moler extinctlon coef-
ficient belng 23,200 at 525 mu, the wave length of maximum
absorptlion. |

A second Russlan reagenﬁ for beryllium, Beryllon IV,
(1-(1'-hydroxy-3’-sulfo-6'-iminodiacetic-Q'-naphfhylazé)
benzene~2-arsonic acid) was synthesized. Particular atfen-
tion was pald to the pﬁrification of the intermediates used in
the synthesis and a2 new method of isolatlon and purlfication
of the flnal product was devised. When precipitated from acid
solution, Beryllon IV 1s obtained as a mixture of mono- and
di-sodium salts; when preciplitated from concentrated hydro-
chloric acid the free acid 1s obtained as the monohydrate.
Values obtalned on analysls for the elements present, for the
neutralization equivalent, and for the titanous chlorlde reduc=-
tion equivalent agreed well with the calculated values. Of
the six replaceable hydrogen atoms in Beryllon IV, the flrst
three are tiltrated together below pH 7.0, the fourth isva weak
acid, pky = 8.75, and the fifth and slxth very weak aclds,
pkg = 11.27. Of the three strongly dissoclated protons, one
probably comes from the sulfonic acld group, another from the
arsonic acid group, and the third from the free carbox&l

groups of the (zwitter ion) imlnodlacetic acid group. Beryl-
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lon IV combines with beryllium in the ratio of one to one as
determined by the potentiometric method and by spectrophoto=-
metric titration. The logarlithm of the formatlon constant was
found to be 1l.42. Light absorption of the beryllium~Beryllon
IV system reaches a2 maximum at pH 8.3. The system conforms to
Beer's law over the range 0 to 19.8 mg. beryllium per 100 ml.,
the molar extinction coefficlent being 29,900 at 528 mu, the
wave length of maximum absorption,

Calcium and magnesiumlinterfere in the spectrophotometric
determination of beryllium using either Beryllon III or Beryl-
lon IV; the interference can be obviated by masking the calcium
and magnesium with ethylenedlaminetetraacetate.

0f the two reagents, Beryllon IV has some advantage in
having the higher molar extinction coefficlent, and a wider

range of adherence to Beer's law.
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