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SECTION I. OXIDATION OF MONOHYDROXY PHENOLS
Introduction

Kekita, et als(l) proposed a method for the analysis of microgram a-

. mounts of copper by the oxidation of phenol in basic sclution in the 1$res-
ence of chloramine-T, The reaction took two hours at 100°C. ‘he method was
tried to see if the author!s results could be reproduceds Analogous com-
pounds were substituted in an attempt to obtain a more scensitive method for
copper with less severe conditions. .

Experimental Work

The procedure used by Kakita, et al.(1l) was as follows: Standard copper
solution (0-1 g of cogper) was diluted to about 30 ml with water, 1 ml of
phenol solution (25 g of phenol in 50 ml of 4O 7 HaOH diluted to 100 ml) and
1.5 ml’ of 10 % aqueous chloramine-T solufion were added and the solution ad-
justed to pH 1l.5-11,6, This solution was placed in a 50-ml conical flask
and heated in a boiling water bath for two hours to develop the color, The
solution was cooled to room temperature, diluted with water to exactly 100
ml, and the absorbance of this solution was measured at 410 nm.

Initial attempts to reproduce the data given by Kakita, et al.(l)
failed because chloramine-T decomposes into a yellow tarry materiale. The
chloramine-T used initially had already decomposeds Fresh chloramine-T was
synthesized by the method of Chattaway (2)e The synthesis goes as follows:
About 50 g p-toluenesulfonamide was added to 500 ml of commercial sodium
hypochlorite (chlorox, 525 % NaOCl)e Some of the sulfonamide failed to
dissolves Tre mixture was cooled in an ice bath and placed in a hood. Gla-

‘cial acetic acid was added until no more of the white water-insoluble pre-



cipitate of dichloramine was formed. The dichloramine was rinsed with sev-
eral portions of water to remove the excess hypochlorite, sodium chloride
and. p~toluenesulfonamide. About 25 g of dichloramine was dissolved in 125
ml of hot 10 ¥ sodium hydroxide and guickly filtered through a glass funnel
with a Ifritted disc to remove any insolublie material., On cooling, chlora-
mine-T precipitates from the solution as large white crystalse.

The purity of the dichloramine and chloramine~T was checked by titra-
tion with thiosulfate (3)e Aliquots of a standard potassium iodate solu-
tion, with potassium iodide, hydrochloric acid and starch added, were used
to standardize the thiosulfate. The chloramine-T was dissolved in water, -
potassium iodide, hydrochloric acid and starch was added and titrated to
the starch end woint with the standardized thiosulfate. Glacial acetic
acid was used to dissolve the dichloramine so no hydrochloric acid was nec-
essary in that case, These titrations indicated that dichloramine cone
tained 2,021 chlorine atoms per molecule and that the chloramine-T con-
tained 1,018 chlorine atoms per molecules

Copper wire dissolved in nitric acid was used as a source of co-ppér.
Liguid phenol was used primarily because of the convenience of measuring
the amount of phenol in this statee

The absorption spectra of a solution made up according to Kakita, et
ale(l) but with no copper added, and a second solution with 1 pug copser
added are shown inFigure l. The absorption spectra of the various compo-
nents of the reaction mixture pricr to reaction is shown in Figure 2. The
increase in absorbance with increasing copper concentration is showm in

Figure 3o The effect of time on the production of the colored species,
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both in the absence of copper and in the presence of 1 ug copper per 33 ml
solution, can be seen in pigure 4o These data were collected by extracting
enough solution for an absorbance reading from the reaction vessel at ten
minute intervals,

Chloramine-B and p-nitrochloramine-B were synthesized from benzene-
st;fohamide‘and P_—nitrobenzenesu.‘l_fonamide respectively by Chattaway's meth-
od (2) vwhich was described previously for the synthesis of chlox;amine-'l‘.
Titration of these chloramines with thiosulfate gave 1,10 and 1.05 active
chlorine atoms respectively per molecule of chloramine, The effect of sub-
stitution of these comuounds for chloramine-T can be seen in Figures 5 and
6o |

Derivatives of phenol were obtained and purified by distillation in
the case of liquids or recrystaﬂjzation in the case of solids. The com-
pounds tested, and the absorption spectra of their reaction products were
as follows: é_-cresol, Figure 7; m~cresol, Figure 8; p-cresol, Figure 9; o~
bromophenol, Figure 10; mechlorophenol, Figure 11; p-chlorophenol, Figure
11; o-nitrophenol, Figure 12; p-nitrophenol, Figure 13; thymol, formed a
vhite precipitate; catechol, Figure 1lly; resorcinol, Figure 15; hydroqui-
none, Figure 16; and phloroglucinol, F'igure 17.

The methyl and halogen derivatives were run in the same fashion as the
phenol-chloramine-~T reaction and were studied in the absence of copper and
in the presence of 1 ug of coppers The nitropvhenols are colored compounds.
Their absorption spectra, unreacted, were compared to the observed spectra
after reaction in the absence of cooper. Thymol was reacted in the same

manner as phenol but formed a white curdy precipitate. The polyhydroxy
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derivatives reacted before heat could be applied so they weré studied at
roon temperature. The reaction times for these compounds were two hours
for resorcinol, 75 minutes for catechol, 30 minutes for hydroguinone and
20 minutes for nhloroglucinol.
Discussion

The method of Kakita, et al. (1) was found to be reasonably reproduci-
ble but tedious. Study of the variables involved did not suggest any major
improvements until other compounds were sﬁbstituted for the reactants.

Chloramine~-B (Figure 5) had an effect nearly identical to that of
chloramine~T (Figure 1) in the rcaction, p-Nitrochloranine-B (Figure 6)
had a much reduced sensitivity for copper in the reaction. If the sulfon-
anide group was par{. of the colored species formed in the reaction, the
presence of the nitro group should have produced a more intense absorption
at a higher wavelengthe. Since the opposite effect was observed, the effect
of substitution of phenolic derivatives was studied.

Comparison of the results for phenol (Figure 1) with those obtained
when derivatives of phenol were used yielded the following conclusions.
The three cresol isomers (Figures 7, 8 and 9) had much reduced sensitivity
to copper, although some increasc in absorbance with increased copper con-
centration was observed in each case, Q_-Bromophenol (Figure 10), and p-
chlorophenol (Figure 11) show even less increase in absorbance in the pres-
ence of copper, and m-chlorophenol (Figure 11) shows no change in absorb-
ances O-lMitrophenol (Figure 12) and p-nitrophenol (Figure 13) absorb at
the same wavelengths in the visible region as the reaction products do. MNo

further study of these compounds was madee The much increased absorbance
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of the reaction products is a significant indication that the products in
some way are formed from the nitropnrenols, Thymol or 2-hydroxy-l-isopro-
oyl-li-methylbenzene was investigated. This compound yielded a white curdy
vrecivitate and thus was not studied any further.

Considerable improvement in both the time and temperature necessary
for reaction was observed when the series of dihydroxy ohenols was examineds
Catechol, resorcinol and hydroquinone were all capéble of reacting at room
temperature, Also it was usually not necessary to allow the color to de-
velop for two hours. An additional problem was of course introduced in
that the reaction started as soon as the solution became alkaline, Cate-
chol (Figure 1l) exhibited increased reactivity but little response to cop-
per. Resorcinol (Figure 15) and hydroquinone (Figure 16) both had reason-
able reactivity and good response to copper. The spectrum of the reacted
resorcinol had a convenient absorptioﬁ maximum at 45C nm while the reacted
hydroguinone just gave a shoulder in the visible region.

One further compound, phloroglucinol or 1,3,5-trihydroxybenzene (Fig-
ure 17) was studieds This compound also reacted rapidly at room temnera-
ture, It did not exhibit much sensitivity for copper so it was not inves-
tigated further,

After this series of studies was made it becéme obvious that resorcin-
ol was the best possibility for further investigation. It was discovered
that the presence of chloramine-T was not necessary for the reaction of re-

sorcinol,
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SECTION ITi. AUTOXIDATION OF RESORCINOL
Introduction

The term autoxidation is generally apolied to slow oxidations involv-
ing oxygen from the air which occur at room temperature (4). These oxida-
tions are contrasted to tue rapid processes of inflarmatory combustion
which require high temperatures. These autoxidaticns are vromoted by light
and small amounts of catalysts such as heavy metals and peroxidic sub-
stances, This autoxidation process is the reaction which occurs when re-
sorcinol solutions turn green or brown in alkaline media or when white cry-
svals of resorcinol turn brown.

Tae literature was searched for analytical methods based upon the au-
toxidation of resorcinol or resorcinol derivatives. The influence of some
cations on this autoxidation was first noted by Lavoye (5) in 1921, Triebs
(6) studied the absorption of oxygen by an alkaline soluticn of resorcinol.
In 1949 Shapiro (7) suggested using resorcinol as a spot test for copger or
silvers In 1952 Iambert (8) proposed a method for the determination of
coiper based on the autoxidation of resorcinol, Slater (9) in 1961 pro-
posed a similar method for copper using orcinol. In 1968 Ilicheva and
Yatsimirskii (10) published some further work on the copper-resorcinol sy-
stem including a study of the kinetics involved.

3ince the coppér-resorcinol reaction had been well studied, no further
vork was done on it. In the available literature, however, no mention was
made of the possibility of using resorcinol as a method for determining
silver, ILambert (8) listed silver as the most seriouvs int:orference in his

copper method., It was reasoned that if a complé}ci_ng agent could be found



2l

which would complex copper but not silver, than one could use the auto:dda-
tion of resorcinol for an analytical method for silver,
| Mechanism of Autoxidation |
Further study of the literature was conducted in an effort to learn
more about the mechanism involved in the autoxidation and if .possible the
nature of the colored species formed. |

In 1939 Henrich (11,12) proposed that resorcinol was autoxidized by
Reaction l.

HO HO oH
D)o Dm0 +9X K0
HO

The 2,2'-dihydroxydiphenoquinone was then pfesmned to be the colored
species which was formed., However, the two rings of the 2,2!-dihydroxydi-
phenoquinone must be coplanar for a diphenoquinone structure. It can easi-
1y be seen from models that tixe two phenolic groups give sufficient steric
hinderance to prevent the formation of this intra ring double bond. Indeed
no diphenoqu:i.none substituted in the 2,2' or 6,6' positions have ever been
synthesized (13-16) although a few erroncous reports have been made. The
diphenoquinone structure is even less credible when the visible spectra of
knowvm diphenociuimnes are studied. Typical 3,3',5,5'=substituted compounds
have absorption maxima between 395 to 425 mm and molar absorpiivities of
60,000 to 70,000 1/mole-cm (1h4,17,18). The observed absorption maximm for
autoxidized resorcinol is 450 mm (Figure 21). Molar absqutivity calcula-
tions based on the concentration of silver give a.molar absorptivity of 10-

000. Beer's law and the calculations are given below. Consequently the
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colored species formed is not a diphenoquincne.
- 4 =€bc and €= (,395 - .021)/(1)(3.716.0'5) = 10,000
vwhere fg is the absorbance of the sample (.396 from Figure 23)
Ap is the absorbance of the blank (.021 from Figure 23)
€ is the molar absorptivity

b is the cell path length (1 cm) 5
c is the silver concentration (100 pg Ag™/25 ml or 3.7x107° Li Ag™)

There is no further literature on mechanisms for the autoxidation of
resorcinol, However, orcinol has been studied in some detail, The pres-
ence of a methyl group in the five position does not significantly change
the reactions involved. The methyl group makes orcinol slightly more re-
ceptive to autoxidation (19) and stabilizes the products (20, 21). Conse-
quently it is also easier to study.

Based on earlier work by Musso (20,22,23) and also the ESR studies of

Stene and Waters (24), Reaction 2 was ioroposed for the autoxidation of

orcinol.

L3R studies of the alkaline oxidation of orcinol with I‘{3Fe (CN)é give

definite evidence of [10] in the solution (2l). It is possible to detect
[12] chromatographically at any stage of the KBFe(CN )6 oxidation (25).

Boiling with sodium in pyridjné causes cleavage of the ether linkages in
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the polymer -formed by the oxidaticn. Both [1] and 12] could be isolated

in the resulting solution (25). Consequently Reaction 2 is a reasonable

‘explanation of the K3Fe(CN )¢ oxidation,
when the oxidation by oxygen is studied, however, no evidence is found
for [10] or [12] (25)e Reaction 3 was postulated by Musso and coworkers

(19,25-29) to account for this lack of [10] in the autoxidation solution.

The attack of the oxygen in a position para to one of the phenolic

groups on the orcinol anion is expected since the Z35R work (2L) shows that

95% of the time, the extra electron resides in one of the two positions

para to an oxygen.

Specie [3] reacts too quickly with anionic orcinol to be detected in
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the solution. However, if more steric hinderance is introduced into the
molecule such as a tert-butyl group in position five (25) this monomeric
quinone is stabilized to the extent that it can be isolated in the reaction

productse.

The reaction sequence [1] —> [2] — [3] —> [4] —> [5] —> [6] pro-

vides nearly all of the product since the solution is dilute enough to
prevent two [8] radicals from coming in contact often enough to be a major
patiway (25)s

The rate determining step is the electrophilic attack of oxygen on the
orcinol anion (26). This follows from the observation that only the prod-
ucts [5] and [6] can be found spectrophotometrically in the reacting solu-
tione

The autoxidized solution of resorcinol has an absorption maximum at
450 nm at pH 11.5. There are no published data on the absorption of possi-
ble autoxidation products. Corresponding data has been published for or-
cinol (22) and can be seen in Table 1. Autoxidized orcinol has an absorp-
tion maximun of 475 nm (28). The only compound which has a maximum at 475
nm is the diphenylmonoquinone,

When 5% orcinol and 0.91 M KOH were reacted at room temperature i‘oi‘
five days, a 50% yield of diphenylmonoquinone and diphenyldiquinone in a
9:1 ratio wasl obtained (19).

No bathochromic shift was cbserved in the spectrum of a reacting or-
cinol solution during the first ten hours of reaction (30)e 4s [5] is con-
verted to [6], a bathochromic shift in the wavelength of maximum absorption

will occur,
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Table 1, Absorption spectra in 0,2 N NaOH-methanol (22)

Compound Amax nm € Amax 1m €
OoH .
H O‘@ 291 2900
CH,
CH, /9
H
2717 8800 Lok 1900
293-4 9100
288 15000 L7l 2500
279-80 20100 49L-5 7800

One now raises the question of how do cations catalyze this autoxida-

tion. Ilicheva and Yatsimirskii (10) postulate a copper(II) hydroxide-

phosphate-resorcinol complex which then dissociates into a copper(I)-

hydroxide-phosphate complex and a resorcinol free radical.

Since in 1968
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they explain the auntoxidation in terms of Henrich's reaction, and since
this has been proved incorrect since 194 (13), their whole work is subject
to doubt,

The cations, copper(II) and silver(I), probably act by catalyzing the
decorposition of the peroxide, [2], to form a free radical of (3], which -
would quickly attack an orcinol anion to yield [h].' According to Waters
(L) this is the general mechanism for the acceleration of autoxidaticn by
cationse

- The covper(II) would remove an electron from the peroxide (2] to yield
a copper(I) and the free radical of [3]. Air oxidation would then oxidize
the copper(I) back to copper(II).

Silver(I) would also form the free radical of [3] but would be reduced
to inactive silver(0) in the process, Thus it would not have a truly cat-
alytic function in the reaction.

| Experimental Work
foparatus |

411 pH measurements were made using a Corning Model 10 pH meter fitted
vith a Beckman #0495 glass electrode (O-ll pH, 15-80°C) and a Corning cal-
omel electrode #U76002,

Several spectrophotometers were used. Recorded spectral scans of the
UV-Visible region were obtained on a Cary lodel 1l spectrophotometer. 4
Bed:nan iodel B spectrophotometer with a constant voltage transformer was
used for preliminary work. This instrument was unstable enough to be tne
méjor source of error in the method, so it was replaced by a Coleman

1itachi lodel 101 spectrophotometer. The Beckman and Coleman instruments
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were used only for visible work in the region 34,0-650 nanometers. The
Coleman spectrophotometer was used with a Bausch and Lombl Ve 0o Mo 5 re-
corder for kinetic work. For the study of temperature dependence a Deckmzn
nu spec‘bropﬁotdmeter wes used. The compartment 6i‘ this instrument was ad-
justed to constant temperature with a.water bath reservoir. and a varistatic
pump. .The samples were rcacted in the same water bath.

ALl spectroshotometric measurements were made using either borosili-
cate one-centimeter cells (Corning #30-310) or quar;bz one-centimeter cells
(Corning .-'é30-3oo).

A %nco Model V. E. 50 rotovac was used in the recrystallization of
organic compounds.

4 stopwatch and a Gralab timer lodel 171l were used to take accurave
time measurements.

in aluminum block melting point apnaratus, s‘aandai.'dized with benzoic
acid, was used for all melting pointse

A Sargent model XXI polarograph was used for the polarographic meas-
urement of oxygen.

A simple sublimation apparatus was constructed for the purification of
some of the or:;anic compounds. The heat source was a l-liter heating man-
tle. The sample to be purified was placed in a 115-mm diameter porcelain’
evaporating dish., A 100-nm diameter funnel was inverted over the dish in
the heating mantle and the variac on the heating ﬁantle adjusted to provide
a temperature a few degrees below the melting point of the compound.‘ A
piece of 3-mm glass rod was passed through the neck of the funnel, bent in-

to a hook at the top and into a loop at the bettom of the funnel, Then a
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T-cm jicce of filter paper could be nlaced on the loop and the height of
tie loop adjusted by placing the hook on a ring stond and raising or lower-
ing the ringes The fillter paver catches sublimed material which falls off
of the funnel. This apparatus can purify up to 10 g of resorcinol in 2l
hours,

feagents

Standard copper solutions were prepared by dissolving copper wire in
concentrated nitric acid and diluting to volume in a volumetric flask with
deionized water, Normally an aliquot of this solution was used to preparé
a second solution dilute enough in copper so that several nﬁ.’l.]iliﬁers of
this second solution would contain the desired amount of copper,

Standard silver solubions were prepared by dissolving kallinckrodt An-
alytical rezgent grade silver nitrate in water, adding two to three drops
of concentrated nitric acid to stabilize the solution, and diluting to vol-
ume with deionized water in a volumetric flask, A second dilution was usu-
ally necessary to provide the desired concentration, Pure silver wire,
dissolved in concentrated nitric acid, was also used as a source of silver,
Both sources of silver gave identical results when used in the resorcinol
method,

Adsorption of silver on the vessels used to store dilute standard sil-
ver solutions is a serious problem (31,.32)e Previous treatment oi the
vessels is important since it takes seven rinsings to remove the adsorbed
silver from the walls (31). The adsorption studies indi#ate that borosili-
cate glass is as good as other containers, 3ilver adsorption can be mini-

mized by allowing the glassware to beccme saturated with silver and then
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never removing this saturated surface. Since no method of preventing this
oroblem has been devised, the magnitude of the error involved was investi-
gatede A solution conta;l.ning 10 M8 Ag+/ml was stored in a l-liter volume-
tric flask. A ten-ml aliquot of this solution was analyzed for silver by
the resorcinol method. After one month, 3.1 3 of the silvef had been ab-~
sorbed onto the wall of the flagk and after two months, Lol % The 1.0
mg/ml stock solution used to prepare the two month old solution was (after
two months) diluted 1:100 and tested alsce Only 066 4 of it had absorbed
onto the wall of the flask,

Fresh silver solutions were prepared when accurate concentrations of
silver were needed,

Most phenolic compounds autoxidize in time even in the solid form, so
that purific_ation is necessary regardless of the source of the comopound. |
Even pure resorcinol will need annual recrystallization to mainbain the
purity necessary for stable aqueous solutions. Mallinckrodt USP grade re-
. sorcinql was recrystallized from chloroform-ethanol mixtures, After one
recrystallization of résorcinol, the melting point was usually 107-109°C,
109-110°C after two recrystallizations, and 110.2°C for crystals which were
dried in vacuum over anhydrous magnesium perchlorate. The literature value
(33) was 111°G, Sublimed resorcinol melted at 109.4-110.4°Ce

I.ambeﬁ (8) used isopropanol as the solvent for his resorcinol solu-
tions, This was compared to deionized water. Resorcinol quickly deterio-
rated when it was dissolved in undistilled isopropanol. Resorcinol dis-
solved in distilled isopropanol and in deionized water both had about the

sae stability. Deionized water is preferred because the decomposition
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product is a lighter color in water than in isoprojanol. Aqieous 2 ;i re-
sorcinol solutions were generally sbtable for two tc three months and 0.2 ;3
solutions for slightly longer, The deterioration was indiéated by a yellow
color anpearing in the stock solutione An aqueous solution of resorcindl
has a pH of 5.7. The more alkaline the solution the less stable it is.

The 1 M solution of sodium citrate was preparcd from !Baker Analyzedf
reagent. It was stable in deionized water for at least two years.

The combination of resorcinol and sodium citrate into one stock solu-
tion wes studied. This combined solution (0.2 ¥ resorcinol, 1 M sodium
citrate) had a stability only 2L hours. The addition of acid was not an
effective stabilizing agent because so much acid was necessary to provide
an acidic pH that the resulting solution was acid enough to overcome the
pH 11.5 buffer systeme The only way to solve this nroblem was to keep stodk
solutions of both resorcinol and sodium citrate and then combine them just
prior to use,

The buffer system used to maintain the constant pH necessary in the
reaction was prepared by dissolving NaBPoh"leZO (57.0 g) and Na HPO, (1.2
g) in deionized water and diluting this solution to one liter. The triso-
dium phosphate used was ‘Baker Analyzed! reagent and the disodium hydrogen
vhosphate was Mallinckrodi Analytical reagente. The resulting solution was
0.1 X in disodium hydrogen phosphate and 0,154 M in trisodium phosphate,
This solution is stable for at least two years, The insolubility of the
vhosphate salts prevemted increasing the strength of the stock reagent.
Five ml of this solution buffers the reaction solution at pH 11l¢5.

Tae phosphate buffer system can be combined with the sodium citrate
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solution by preparing the buffer as directed above and then using this so-
lution as a solwvent for the sodium citrate,

Other chemicals such as those used for the interference studies were
either !'Baker Analyzed! reagent or Mallinckrodt Analytical reagent.
Oxgen | |

Waters (4) in his book on oxidation mechanisms states: "It has, in
fact, been found, that the rates of auto:ﬁ.dation of almost all purified
compounds are independent of the Op pressure, until values well below 100
m total pressure have been reachede"

Triebs (6) noted that 0,5 mole of O, is absorbed per mole of resorcin-
ol when resorcinol undergoes oxidation. The resorcinol concentration in a
typical 25-1:1 volume of reacting solution is 0.,007265 M. The oxygen con-
centration of the same solution, assuming air saturation, is only 2.579 x
ZI.,O"‘h Mo From this information it would appear that the amount of oxygen in
the solution is the limiting factor of the reaction. Since oxygen produces
a polarographic wave it was possible to polarographically monitor the oxy=-
gen concentratione

Figure 18 shows the polarographic scan of 2l ml of an air-saturated
solution of sodium citrate, phosphate buffer and 100 324 silver(I). The po-
larographic wave was caused by the reactions (34)

| 0p + 2Hp0 + 267 —> Hy0, + 200" and
Hy0, + 267 ——> 20H .

hen N, was bubbled through the solution for 15 minutes to remove the oxy-
gén, Figure 19 was obtained, When one ml of 2% resorcinol was added, a po-

larographic wave identical to that of Figure 19 was ‘obtained.
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A second solutd.oﬁ was prepared and allowed to react while the diffu-
sion current was measured at -0.52v which is at the top of the first oxygen
wave, The results for the first 30 minutes and the residual current after
the oxygen was removed are shown in Figure 20, From Figure 20 the percent-
ages of oxygen present at 10 and 30 minutes of reaction time were calcula=-
ted to be 93,75% and 83.8% of the initial oxygen concentration, respective-
Lye
Wavelength

The visible spectrum of a silver-resorcinol reactien after 30 minutes
at pH 11.5 is shown in Figure 21, The spectra wre the same for the copper-
catalyzed product, the silver-catalyzed product, the blank, and the silver-
catalyzed product when corrected for the blank, Simlar solutions were al-
‘lowed to react at pH 11.5 and then the pH was adjusted to other values like
9.81 and 5,50 and the spectra recordeds. |
pH

Three studies of the pH variable were made and are shown in Figure 22,
The first study used resorcinol which had reacted to a stable concentration
of colored species, The pH of the aliquots of this solﬁtion was varied and
the absorbance measureds It was learned that the absorbance increased with
increasing pHe The second study allowed reactions to occur at various pH
values and then the solutions were diluted with acid or base until the fi-
nal pH and volume were 1ll.5 and 50 ml respectively for absorbance measure-
ments. A maximum absorbance was ebtained at pH 10,30 and decreased only
‘slightly up to about pH 11.30. From these two pieces of data it was decid-

ed that over the pH range of 10,90 %0 11.50 one should observe fairly con-
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stant values for the absorbance, This assumption was checked by reacting
solutions at various pH values and then measuring both the pH and the ab-
sorbance of each solution. It was found that absorbances of all solutions
with pH values between 10,90 and 11.80 fell inside a & 5% of the average
value at pH 11,5 which was {-.he reacting solution with buffer added.
Buffer

As can be seen from Figure 22, careful pH control is necessary, Lam-
bert (8) used a 0425 M phosphate buffer to maintain a pH of 1l.5. Since
1l.5 is the optimum pH fer the silver-resorcinol reaction as well as the -
copper=resorcinol reaction, this same buffer was used, The effect of the
concentration of the buffer was investigated by adding 10 or 15 ml of buff-
er solution iﬁstead of the normal 5 ml. There was no change in absorbance
when the phosphate was increased,

An attempt was made to make a more concentz:ated buffer solution but
the selubility of the phosphate salts did not allow more concentrated solu-
tions at room temperature.

Since silver ores are normally dissolved in a concentrated acid, and
since the reacting medium must be at pH 10.90 to pH 11.80, it was necessary
to determine the maximum amount of hydrogen ion which could be telerated
without interference, This was determined by preparing a silver nitrate
solution from pure silver nitrate and deionized water. Then 0.32 M nitric
acid was used to add varying amounts of H to the solutions. The maximum
allowable amount was 0,0029 mole of H' for 5 ml of buffer solution in 25 ml

6:1’.' total volun_:e.



Order g_f; addition -

Several orders of addition of reagenis were tried to determine the
most reproducible sequence, Siiwce the resorcinol begins to react above pH
10, éither the buffer er the résorcinol nust be added last. No change in
a.bsorba.nce was observed for variations in the order of addition of silver,
fesorcinol, sodiuﬁ citrate and buffer as long as this rule was follewed,.
Tine

Figure 23 shows the effect of time on the absorbance of reacting resor-
cinol solutions conteining O, 20, 4O, 60, 80, 100, and 150 pg silver. The
resorcinel concentration was 0,04% in each reacting solution. Figure 2l
shows a falﬁ.ly of curves produced by varying the reaction time between 5
and 4O minutes for 0, 10, 20, 30, Lo, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160 and 170 pg ef silver,

Resorcinol .

Measuring the absorbance of various silver concentrations (0-200 p«g)
for three different resorcinol concentrations (0,04%, 0.08% and 0,12%) pre-
duced three smooth curves suitable for analysis of silver, Ii'ze absorbance
was measured after a reaction time of ten minutes and plotted in Figure 25,
A series of resorcinol concentrations, 0,016, 0.0, 0,08, 0.12 and 0.16%,
were reacted for 35 minutes and the absorbance recorded. The same series
was also studied with 50 and with 100 pgz silver present, The results are
shown in Figures 26, 27, and 28, respectively, Figures 29 and 23 show the
reaction of 0,016% and 0,04 resorcinol respectively in the presence of 0,
20, Lo, 40, 80, 100, and 150 pg silver.

The amount of resorcinol was varied to study the effect of concentra-
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tion of resorcinol on samples containing O to 10 Mg of silver, The concen=-
trations of resorcinol used were O.OL, 0,08, 0,12, 0.16 and 0.20%, These
solutions of resorcinol were reacted in the absence of silver (Figure 30)
and in the presence of ten pg of silver (Figure 31). At ten minutes of re-
action time the dj.fferences in absorbance between the corresponding solu-
tions of resorcinol in Figure 30 and Figure 31 are 0,07, 0.09, 0,103,
0,111, and 0,057, respectively, From these data it appears that either
0.12% or 0,16% should be the best resorcinol concentration for the analysis
of less than ten yg of silver, The four resorcinol concentrations, 0.08,
0,12, 0,16, and 0,20%, were studied further., They were reacted with 0, 1,
2y by 6, 8, and 10 ug silver, The resulting absorbances for the first 35
minutes are shown in Figures 32 %o 35.

The silver is present initially in the reaction solution as silver(I).
Addition of sodium chloride right after the addition of buffer produces a
white cloudiness in the solution, After ten minutes, when the activity of
the silver in the solution has disappeared, no cloudiness was detectable on
the addition of sodium chloride, Thus the silver(I) is apparently reduced
to silver(0) by the reaction.

| The effect of silver on the autoxidation of resorcinol has been illus-
trated in Figures 2l and 25, The useful range of the silver can be extend-
ed to higher concentrations as shown in Figure 36, The resorcinol. concen=
tration used in obtaining Figure 36 was 0.04%.
Calibration curves for O to 10 ug silver after ten minutes reaction

time were prepared from the data in Figures 32 to 35, These calibration
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curves are shown in Figure 37.
Temperature

The effect of temperature on the absorbance of autoxidizing solutions
of resorcinol was studied using a Beclman DU spectrophotometer with a wa-
ter-cooled sample compartment, The cooling water was circulated from a
constant temperature reservoir by a varistatic pump. The procedure used
was to study a series of solutions containing a constant amount of resor-
cinol and different concentrations of silver at each temperature. Five
temperatures covering the range 20 to 309C were studied, Thus there were
five points showing the increase in absorbance with increasing temperature
for each concentration of silver, The concentrations of silver studied
were 0, O, 2, 5, 10, 15, 20, 20, 50, 100, 150, and 200 pg of silver/25 ml
o;E reacting solution. Since each set of points described a straight line,
the slopes of these lines represent the effect of the temperature in terms
of absorbance units (A.U.)/°C. See Figures 38 and 39. The slopes of these
lines are 0.0013, 0,0008, 0,0011, 0,0016, 0.002L, 0.0023, 0.001k, 0.,0022,
0,0018, 0,0022 and 0,002l A,U./°C, respectivelys The solutions containing
0 to 2 pg silver have an average slope of 0,001 1!..U./o C. The solutions be-
tween 5 to 200 pg silver range from 0,001k to 0,002L A.U./°C with an aver-
age of 0.0020 A.U./C.

Reaction volume

One ml of 2% resorcinol and 100 pg of silver when reacted in a 50-ml
volume gave an absorbance of 0.3 and when reacted in a 25-ml volume gave an
absorbance of about 0.6, Thus the volume of the reaction mixture was some-

what arbitrary. Volumes of 25 ml were consistently used in this study for



.59

4 0.08 % RESORCINOL
8 0.12 % RESORCINOL
v 0.16% RESORCINOL

' 00.20% RESORCINOL

o
N

ABSORBANCE, 450 nm

o

I I N

o 2 4 6 8 0
SILVER CONCENTRATION, xg/25ml

Figure 37. Comparison of the absorbance data from figures 33 to 36 at a

reaction time of ten nﬁ.b,utes



0150

ABSORBANCE ,450nm
o
o
(=)

o
(o
(3.

20 pg SILVER

1Sug

©
" 10pq
v .

Sug

D ——

2

19

|

Oug
|

| |

Figure 38,

20° 25°

TEMPERATURE ,°C

30°

Effect of temperature on absorbance



61

l I l

200
0600 "—‘:M p19 SILVER_|

0.550— —
180

0.500 ‘-—:_______J——-—"’/‘—‘— —_

0.450

0.400

0.350F

ABSORBANCE , 450 nm

0250~

0.200

-
L
:’__4___&_____,____«
0300{— —_—
M

0.150

0.I00— —

0050— —
| 0 o —0o0—0
—?—————C 1
20 25 30
TEMPERATURE , °C

Figure 39. Effect of temperature on absorbance



62

convenience, since volumetric flasks were used as reaction vessels,
Light

Since compounds of silver are sometimes light Sensitive, it was
thought that light might have an effect on the reaction, but there was no
appafent change in absorbance due to daylight, darkness or artificial light.
Copper

Figure U0 was obtained by reacting 0,016, 0.0k, 0,08, 012, and 0.16%
resorcinol in the presence of 0.5 fg copper(II)s A O.4% stock solution of
resorcinol and a solution containing 0.1 pg/ml copper(II) were used, The
change in absorbance was measured periodically for 35 minutes after the
- phosphate buffer was added to initiate the reaction.

Figures 40 and 26 were compared to determine the optimum concentration
of resorcinol, Since the reaction becomes more sensitive to copper with |
increasing concemtrations of resorcinol instead of leveling off like silver
does, 0.08% resorcinol was selected to study the variation of copper at one
concentration of resorcinol, This is shown in Flgure k1, The concentra-
tions of copper used were 0, 0e2, Oeliy 0.6, 0.8, and 1l.0ng copper(11)/25
ml volume,

Figure L2 shows a calibration curve for copper with 0,087 resorcinol
and 30 minutes reaction time. Concentrations of copper measuréd were O,
Oolyy 0.6, 140, 1e2, and 1.4 pg of copper/25 ml, Each absorbance value ex-
cept the 1.4 pg value is an average of three samples.

Masking copper
| In order to make the autoxidation more selective for silver it was

necessary to find a reagent which would destroy the activity of the copper
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but not; interfere with the silver-resorcinol reaction.

Cuproine was tried as a method of extracting the copper (35)e Copper
(II) must be reduced to copper(I) to be extracted into isoamyl alcohol by
the cuproine, | Hydroxylamine hydrochloride and sodium sulfite were used as
reducing agents. This was unsuccssful since the silver was reduced with
the copper (36).

EDTA was used by Slater (9) to quench the copper reaction. There is a
substantial difference in the conditional formation constants for the sil-
ver-EDTA (log K = 5.9) and copper~EDTA (log K = 17.7) camplexes (37) at pH
11,5, The effect of EDTA on the blank, copper and silver-resorcinol reac-
tions are shown in Figure 43.

In order to locate other complexing agents the book by Martell and S5il-
len (35) on stability constants was consulteds Ascorbic acid, histidine, so-
dium tartrate and sodium citrate all appeared to have large separations be-
tween the formation constants of the copper and silver complexes, Ascorbic
acid retarded the action of both copper and silver on the resorcinol, His-
tidine (Figure i) complexed the copper first but its range of usefulness
was no greater than that of EDTA. The effect of sodium tartrate on the re-
action can be seen in Figure 45. Sodium citrate masked copper below 10 ne/
25 ml and did not interfere with the silver-resorcinol reaction at any con-
centration up to Ouk M. The effect of citrate on the copper-resorcinol re-

action is shown in Figure L6,

Interferences
A literature survey was made to determine the ores which contain sil-

ver and the elements commonly found with it in nature (39-43). The common
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silver-bearing ores are: native silver, Ag; native gold, Au; chalcocite,
CupS; argentite, AgpS; galena, FbS; proustite, Ag3AsSy; stephanite, AggSbS);
pyrargyrite, Ag3db3s; tetrahedrite, (Cu,Fe,Ag,2n) 50 135 tennantite,
(Cu,Fe,Ag,Zn)leshSB; and niccolite, NiAs. The elements found in these
and associated minerals are Pb, As, Sb, Au, Hg, Cu, Ni, Fe, Zn, Mg, n, Ca,
Ba, U, Bi, Al, Se, Te, T, Ge, Sn, S, ClL, Br, I, Si, and C, Since these
elements are the most likely to interfere, atiempts were made to test their
levels of interference.

The solubility of the ores was also investigated. Silver halides are
soluble in ammonium hydroxide. Almost all of the sulfide minerals contain-
ing silver are soluble in nitric acid. The selenide and telluride minerals
and many of the miscellaneous minerals are soluble in nitric acid.

The levels at which various anions and cations interfered with the
silver method were determined for the ions listed in Tables 2 and 3., The
procedure used to determine the interference levels of these ions was to
run a sample containing 100 pg of silver by the normal procedure with the
amount of interfering ion added priox: to the addition of the buffer. For
convenience solutions of resorcinol and silver were combined such that the
stock solution was 0.1% in resorcinol and 10 pg/ml in silver, With 10 ml
of this solution and 5 ml of buffer-citrate solution added to initiate the
reaction, 10 ml of volume was available for the addition of thé interfer-
ing ion, Usually this was done' for ion concentrations of 5, 50, and 500
#2/25 ml and 5, 50, and 500 mg/25 ml. The level of interference used here
is the concentration of the ion at which the absorbance of the solution no

longer falls within + 5% of the correct value.
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Table 2. Levels of interference of cations

Means of Means of 5
Cation mg/25 ml interference” Cation mg/25 ml interference®

Na* 1110 | Fe*3 5 d
K* 500 a a3 5 b
it 50 c 73 0.5 b
g, " 0.5 b cr*3 0.5 a
Hg* 0.5 b pi*3 - 0.5 b
Gu* 0.05 b Dy*3 5 b
Hg*2 0.5 b Er*3 5

Ba*2 5 c Eu*3 0.5 b
sr*2 5 c Ho*3 5 b
Ca*2 5 b La*3 0.5 a
Mg*2 50 ¢ In*3 0.5 a
co*? 0405 d pr+3 5 c
zn*? 5 b Tn*3 50 b
Po*2 0.05 c TH*3 0.5 a
i *2 0.5 d w*3 50 b
c*e 0.015 a su*3 0.5 b
Fe*2 0.5 b Nd*3 0405 a
ca*2 5 b cd*™ 0.5 b

%3 means high results; b means low results; ¢ means precipitate formed;
d means colored complex or ion.
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Table 3, Ievels of interference of cations and anions

Means of  _ Means of
Ion mg/25 mL interference” Anion mg/25 ml  interference”
a3 0.05 a 103 500 b
Th*l 50 ¢ s0,2 500
sa*¥ 0.05 b s 0,003 b
ce*t 05 b 50,7 5 b
py*h 0.5 s 052 500 b
U, 05 d wo,2 5 a
Noy” 500 10,? 500
c10, 500 50872 0.5 a
Ac” 50 . 5,072 0,005 b
@ 0.5 c Lg% 50
Br™ 0405 c 450, 5 b
1" 0,05 b PO);B 327
NO,” 0.5 a Fe(cn)6'3 0,05 b
o™ 0,05 b Fe(GN)6-h 0,005 b
o 500 EDTA 0,0037 b
vo;” 0.5 ‘ Tartrate  0.23 b
CNS~ 0.05 b Citrate 1890
C105” 500

*a means high results; b means low resulits; c means precipitate formed;
d means colored complex or ion.
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Applications

Three 0,02-g portions of silver solder were weighed out, dissolved in
a few drops of nitriec acid, diluted to one liter and 10-ml aliquots used
for analysis, Three aliquots of each sample were analyzed and the average
value was used in each case, To an additional three aliqﬁots of each same-
ple, S-ug portions of silver were added, The silver concentrations of
these spiked aliquots were determined from the calibration curve just like
the other aliquots except 5 pg was subtracted before the calculation of the

percentage of silver. Results for the first three determinations were
51e65, 52,0l and 51.46% silver, Results for the silver spiked determina-
tions were 51e55, 51le94 and 51.36% silvere. The overall average was 5L.67%e
When this is compared to the gravimetric result of 50.92% by Diehl and
Butler (ih), the error was +l.5%. Other constituents of the silver solder
according to Diehl and Butler (i) are 15.7h4% copper, 17.0% cadmium and
15.9% zinc,

Two lead ores were obtained from Professor Harvey Diehl. The one ore
was 0.9% copper and 0428 silver while the other was 0,8% copper and 0¢5%
silver as determined by emission spectrogrsphic analysis by Mre Ed De Kalb.
Since standards were not available, the accurécy of the analysis is proba=
bly not better than #30%. Qualitatively the analysis indicated that the
same elements were present in both ores. Aluminum, iron, calcium, lead
and silicon were major constituents of both ores, The first ore had more
lead, less silica and also had zinc as a major constituent. Minor compon-
ents of both ores included silver, copper, magnesium, manganese, antimony

and titaniume The second ore also had barium and zinc present in small
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amounts, Traces of arsenic, boron, cadmiuxﬁ, cobalt, chromium, tin, molyb-
dinum, nickel, phosphorus, and strontium were present also.

The large amount of silica present led to difficulties in dissolving
the ore samples. An equivolume mixture of perchloric and nitric acids,
perchioric acid alone, sodium carbonate i‘usion,I and treatment with HF were
all found unsatisfactory for the dissolution of the ores. An equivolume
mixture of perchloric and phosphoric acids was found to do the best job of
dissolving the ore samples. The first ore contains 9,63 silica and U4.2%
other insoluble residue left after HF treatment of the material which did
not dissolve in the perchloric-phosphoric acid mixture, The second ore
contained 4l1.3% silica and 15.5% other insoluble residue after HF treat-
ment, Emission spectrographic analysis of the residues left after diges-
tion with equivolume perchloric-phosphoric acid indicated that the insolu-
ble material is mostly silica with some lead, titanium, aluminum, barium,
and silver present also,

A violet colored solution was obtained when the ores were digested
with the perchloric-phosphoric acid mixture. When water was added this so-
lution changed from violet to pink, The pink goes to colorless when re-
duced with metallic zinc and to wine red when oxidized by periodate so it
is caused by Mn(III)e The manganese present in the ore is oxidized to
Mn(III) by the perchloric acid and stabilized by the phosphate present.
The pink color interferes with the spectrophotometric silver-resorcinol
method, Addition of a small amount of ferrous carbonate reduced the Mn
(III) to Mn(II)s Subsequent analysis of the samples indicated no reactiv-

ity in the resorcinol method, even when silver was added to the solutions.
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Apparently some component of the ore solution was causing interference.
The ores were not studied further.
Discussion
Introduction
The effect of silver on the autoxidation of resorcinol has never been
studied previously. This effect was studied and a method for analyzing 1-
L4OO pg of silver in 15 ml of solution was proposed and tested.

Mechanism of autoxidation

The colored product of the reaction, which was measured spectrophoto~
metrically, was 2(h-resorcyl),5-hydroxyhydroquinone which was formed when
the monoanion of resorcinol reacted with hydroxyquincnes The lﬁ'dronqrquin-
one was the product of air oxidation of another molecule of resorcinol,

ESR studies, ultraviolet spectra and studies of derivatives of resorcinol
indicated that this was the mechanism which occurred. ﬁe rate determining
step was the electrophilic attack of oxygen on the anion. 411 further
steps were fast until the diphenomonoquinone was formed. This species was
stable in terms of hours rather than seconds at pH 1l.5.

Cations which s’oiﬁmlate the reaction would presumably have to speed up
the slow step in the reaction sequence. Copper(II) and silver(I) can both
influence the reaction by forming free radicals of resorcinol or the sub-
sequent peroxide. Thus their function in the solution is probably oxida-
tion-reduction in nature. The air oxidation of copper(I) would account
for the catalytic effect of copper. The silver is converted to metallic

silver after 3 'bo. 5 mimites of reaction and then no longer reacts.
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Gxygen
One can see from the polarograms shown in Figures 18 to 20 that the
oxygen in the solution is sufficient for the amount of reaction which oc-

curs in the first 30 mimutes. Since the silver responsive reaction is com-
pleted in about five minutes, control of the amount of oxygen is unneces-
sary.
Wavelength

Since 150 nanometers was the wavelength of maximum absorption for both
the silver-resorcinol reaction product and the resorcinol autoxidation
product, this was the preferred wavelength for measurements of absorbance.
No maximum was available in the visible region of the spectrum at lower pH
values, thus an alkaline pH must be maintained for the measurement of ab-
sorbances.
pH

Based on the data of Figure 22 the pH must remain between pH 10.9 and
pH 11.8 in order to get comsistent absorbance measurements. In practice it
is convenient to use a buffer at the high end of this range, pH 11.5 for
example, because the silver is added as an acidic solution and a larger pH
range is available in case too much acid is added. Solutions only slightly
too acidic for the buffer system can be measured by adding 10 or 15 ml of
buffer instead of 5 ml. If the solution is too acidic to be adjusted to
pH 11.5 with 15 ml of buffer, concentrated sodium hydroxide can be added
to reduce the amount of acid present. Care must be taken to adjust this
pH before the resorcinol has been added and if the silver solution becomes

more basic than pH 10 the resorcinol must be kept separate until the reac-
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tion is started.

Buffer

The same phosphate buffer used by Lambert (8) met all of the require-
"ments of a good buffer system for the reaction so no attempt was made to
iry other buffers., It was inexpensive, available in high purity, had a
high buffer capacity, was readily soluble and did not interfere with the
reaction,

Order of addition

The desired reaction will not begin until the resorcinol has been made
basic with the buffer solution. Obviously, one of these two components
nust be added last, and the reaction timed from this last addition. The
resorcinol must be accurately measured while the amount of buffer added can
be approximate so it is convenient to add the buffer last. Also silver(I)
is probably more stable in acidic solution., -An exception to this method
would be a sample of silver ion which is already basice In this case the
resorcinol solution must be added laste. Other changes in the order of ad-
dition have no effect on the reaction.

Time

The optimum time is somewhat dependent on the silver concentration,
Higher concentrations of silver normally react within three minutes, For
these solutions, five minutes may be the best time. Reaction times over
15 minutes have more scatter in a set of results as can be seen in Figure
2y and consequently they should be avoided. Also when copper is present,
the copper is slower reacting than silver so a short time period favors an

accurate determination of silver. For more dilute solutions of silver the
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reaction is slower and ten minutes or more must be used. ror this reason
ten minutes is recommended for all concentrations,
Resorcinol

It was found from the data of Figures 25, 27, and 28 that the slope in
the absence of silver parallels the slopes of the 50 and 100 pg silver/25
ml reactions only for the solutions contaiming 0.016% and 0,04% resorcinol.
These data are shown in Table L. The more concentrated the resorcinol, the
more divergent the slopes become.
Table 4. Change in absorbance for a 24 minute interval on either side of

ten mimtes reaction time

Concentration 75 to 10 minutes 10 to 12} minutes
of resorcinol
2 No Ag* 50 pg Ag* 100 pg Ag* No Ag* 50 pg Ag* 100 g Ag*

.016 002  ,005 .000 .002  ,001 .000 .
«0L0 +007 -009 .00l <007 011 -008
.080 017 030 .027 .018 .030 .031
<120 »032 .052 <054 <033 054 <049
0160 .038 0072 00614 0039 0070 .0)48

With 0,016% resorcinol, Figure 29, the reaction is so slow (ten min-
ute minimum) for the low concentrations of silver that the 0,016% concen-~
tration could not conveniently be used. The reaction with 0,043 resorcin-
ol is as fast as higher concentrations (three minute minimum) so that this
is the optimum concentration of resorcinol.

Concentrations of silver of O to 10 pg/25 ml are best determined in

0.16% resorcinol. The higher the concentration of resorcinol the larger .
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the slope of the calibration curve for silver. This effect is observed in

Figure 37 and holds true until 0.27% resorcinol is reached. In the solution
containing 0.27 resorcinol the absorption peak at 450 nm is slower forming

and causes a reduced slope at ten minutes reaction time.

Excellent calibration curves for silver were obtained when the recom-
rﬁended concentrations of resorcinol were used, Figures 32 and 37 show typ-
ical results.

Temperagture

The temperature studies, Figures 31 and 32, strongly indicate that for
concentrations of ‘silver above 5 pg/25 ml, there is no trend. ‘'The temper-
-ature effects on absorbance are small enough to be difficult to measure,
Consequently the values obtained are of the same order of mégnitude as the
errors in the measurements. Both high and low values are observed at high
and low concentrations of silver, Thus 'l_;he average value, 0,002 A. U./° c,
is more relevant than any individual result.

The most dilute concentration of silver measured, 2 yg/ 25 ml, was ap-
proaching the value obtained in the absence of silver, 0,001 A. U./°C.

This is reasonable since the reaction rate in very dilute solutions of sil-
ver is very slow in comparison to more concentrated solutions of silver.
Gopper

Camparison of the data shown in Figure 26, which had no copper pres-
ent, with that shown in Figure 40, where 0.5 pg copper/25 ml was present,
was made to debermine the optimum concentration of resorcinol for the de~

termination of copper. These data are given in Table 5 for 10 and 30. min-
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ute reaction tﬁmes. It can be seen from the increasing differences in ab-
sorbance thalt the sensitivity increases with time and with increasing con-
centration of resorcinol. This suggests that there is no real optimum con- -
.centration of resorcinol., ‘l‘he selection of a concentration for resorecinol
depends on the range of concentrations of copper being measured. The con-
centration, 0.08%, which is ideal for 0.1 to 1 pg copper/25 ml, gave good
results as can be seen in Figure 42.

Masking copper

Of the various methods of masking the copper, the only one which was
‘rea'L'ly effective was the addition of sodium citrate. The reason is that
higher concentrations of the other reagents interfere with the silver-res-
orcinol reaction but higher concentrations of sodium citrate do not inter-
fere. It appears from Figure 46 that silver could be determined in the
presence of large excesses of copper if the amount of copper is known.

Interferences

Most cationic interferences appear to be caused by coprecipitation of
silver with the other cation which is precipitating as a hydroxide, cit-
rate, or phosphate. Citrate coyplexes most ‘cations, usually making them
more soluble and reducing the interference by precipitation by a factor of
ten, The principal use of the citrate is to complex copper(Il). Uranium
interferes by forming a yellow complex with citrate and with resorcinol.
Some colored ions like cobalt, nickel, and iron(IIIL) interfere when they
become concentrated enough to exhibit an appreciable absorbance at 450 nm.
Some cations like gold and lanthanum interfere by increasing the rate of

reaction. Anions interfere by complexing the silver (chloride, bromide),
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by oxidation of the resorcinol (peroxidisulfate), by reduction of the col-
ored reaction product (sulfite, thiosulfate), and by absorbtiom at 450 mm
(chrcmate)o |

Table 5. Absorbance caused by 0.5 pug copper/25 ml at various concentra-

tions of resorcinol

Percentage resorcinol After ten minutes After 30 mimutes
0,016 0,027 0,092
0,040 0.099 0.32k4
0.080 0,162 0.l
0.120 0.219 0.498
0.160 0.353 0.62)
AEEJ.ications

The method was successi‘ul?,y avplied to the detei‘mination of silver in
a silver solder, The error, +1.5% in the determination is within the +2%
limits of accuracy normally accepted for routine spectrophotometric work,

An attempt was made to apply the method to two lead ores. The high
silica content caused problems with dissolution of the ores. The best sol-
vent, concentrated phosphoric acid and 707 perchloric acid in a 1l:1 mix-
ture, provided the additional problem of pink Mn(III) phosphate. It was
possi-blé to reduce this with iron(II). BEven with a colorless solution,
however, it was not possible to determine the silver present. Interfer-
ence was established by spiking a known amount of silver into the solution.

and then observing that even ﬁﬁ.s amount of silver could not be detected.
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Thus it appears that some agent in the solution was retarding the reaction
with resorcinol.

Proposed procedure

The following is the proposed analytical procedure which was decided
upon after thorough study of the variables involved in the silver-resorcin-
ol system, The sample rto be determined was dissolved and made up to vplume
in such a way that 15 ml or less contained 10-400 yg of silver. To a 25-ml
volunetric flask was added 5 ml of 0.2% resorcinol solution and the aliquot
of the sample to be determined., If the sample was 15 ml, the reaction was
started by diluting the solution to volume with citrate-phosphate buffer,
If less than 15 ml of sample solution was used, water was added to produce
20 ml total volume and then the buffer was added. A quick shake of the
stoppered flask provided adequate mixing. A timer was used to record the
exact time at which the buffer was added. Exactly 10 minutes after the
buffer was added the solution was resd in a spectrophotometer at L50 mm.
This means that the solution was poured into the spectrophotometer cell
prior to the end of the ten minutes. For a large number of determinations
it was convenient to start the first three samples at once and start the
reaction in the second set of three samples after five minutes. Addition-
al sets of samples were started at 9, 1, 18, 23, 27, 32, and 36 minutes.
It was necessary to measure out the solutions prior to adding the buffer
to the first set of three. Only three samples were run at one time since
one cell was needed for water to adjust the 100 T point and conventional
spectrophotometers will only hold four cells at one time. For example,

buffer was added to the first flask at zero time, to the second at zero
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plus ten seconds, to the third at zero plus 20 seconds and to the fourth at
five minutes, to the fifth at five minutes plus ten seconds and so on. The
same procedure is used for 1 to 10 pg portions of silver except that five
ml of 0.8% resorcinol is added instead of the 0.2% resorcinol.

Since a large number of samples can be quickly determined by this pro-
cedure, thefe are several advantages of this method. One can conveniently
include numerous standards with the samples to be determined. Several du-
plicate analyses can be made if higher accuracy is desired. QCne can apply
the temperature corrections given in the section on temperature and use one
darei‘ully determined calibration curve for all future analyses. 3peed is
also an advantage when unknown samples are being détefmined since one
quickly learns if the aliquot of solution added contains a measurable con-
centration of silver. The reaction should be suitable for adaptatiom to
continuous flow analysis in any situation where concentrations of silver

between 1 and 40O )Ag/lS ml need to be analyzed continuously.
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SECTION ITI., AUTOXIDATION OF DERIVATIVES OrF REoORCINOL
Introduction

Te use of orcinol suggested by Slater (9) and the use of resorcinol
reconmended by Lambert (8) are the only two phenolic autoxidation methods
in the literature. A comparison of the interferences in these two methods
indicated that cations do not necessarily have the same response With res-
orcinol and orcinol. To investigate the possibility of methods for other
cations by using derivatives of resorcinol, eleven of these compounds were
obtained and studied.

Cresorcinol was difficult to prepare in quantity and 2-nitroresorcinol
absorbed strongly in the visible region making measurements difficult so
these two derivatives were not studied further, l,6-Dichlororesorcinol
was found to be quite unstable and seemed to warrant only a cursory study.
The other eight derivatives, orcinol, 2-methylresorcinol, L-ethylresorcin-
ol, L-chlororesorcinol, phloroglucinol, 3,5~dihydroxybenzoic acid, 2,4-di-
hydroxybenzoic acid, and 2,6-dihydroxybenzoic acid were studied in detail.

Two factors were considered in selection of the compounds for further
study. First, the availability of the compounds through manufacturers oi‘
research chemicals, It should be noted that with the exception of cresor-
cinol, all oi‘»t.he compounds investigated are readily available and inexpen-
sive. 3Second, the positions substituted were varied to gain insight about
the reactivity as related to the position of substitution. The 2-, L-,
and 5- positions were all blocked by an alkyl group and also by a carboxyl
group. Also the L= position was studied using a chlorine atom as the

blocking group and going one step further, blocking both L- and 6- posi-
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tions on the same molecule., Phloroglucinol was studied to observe the ef-
fects of complete symmetry in the molecule as well as an additional S5-
substituent,

Presumably all of the derivatives studied have a pK; value (or pKj in
the case of the benzoic acids) within about one pH unit of resorcinol. It
can be seen from the resorcinol case that a range of several pH units will
produce substantial autoxidation. The assumption was thus made that reac-
tion at pﬁ 11.0-11.5 would be typical of the activity of all the compounds
studied.

Experimental work on each derivat.ive is given in a separate section
for each derivative. Since the reactions of the dérivatives are quite sim-
ilar they are all discussed in the same discussion section.

Mechanism of Autoxidation

The mechanism proi:osed by Musso and coworkers (19, 25-29) for the au-
toxidation of orcinol can be applied to most of the other derivatives stud-
ied since the presence of a methyl, chlorine or carboxyl group on the re-
sorcinol ring does not significantly change the nature of the reactions
involved, This mechanism is discussed in detail in the section on resor-
cinol and consequently will not be discussed further in this section.

However the third hydroxyl group which-is present on phloroglucinol
does make a significant change in the reactivity of the ringe For instance
sodium borohydride will reduce phloroglucinol to resorcinmol (45). NMR
studies (46) of solutions of the mono-, di- and trisodium salts of phloro-
glucinol indiCate from the chemical shift of the protons that the di- and

tri-substituted campounds are no longer aramatic. In IR measurements (L46)
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of the solids, the lack of aromatic peaks for these two compounds is ob-
vious, The difference is also evident when the acid dissociation consténﬁs
(47) of resorcinol (pK;=9+15 and pK,=11.32) and phloroglucinol (pK;=8..5
and pK,=8.83) are compareds The rate of exchange of the 2-, = and 6~posi-
tion protons with deuterium is much faster for resorcinol than for catechol
and hydroquinone (48) and the rate increases by a factor of six going from
pH 8 to pH 11. Phloroglucinol exchanges the 2~, 4~ and 6-position protons
even fasters The usual explanation (46) for this behavior is that the di-
anion of phloroglucinol has a resonance stabilized, dihydro form as shown
below. |

The oxidation of phloroglucinol by potassium ferricyanide at pH 7 was
investigated by Stein and Tendeloo (49-53)e The reaction was first order
in both phloroglucinol and ferricyanide, the initial reaction was reversi-
ble and resulted in free radical formation but the second reaction was ire-
reversible (49). Diffusion coefficient measurements indicated a 2- or 3-
benzene ring product (50)s Electrophoresis in 0.1 N NaOH in the absence of
oxygen was used to separate the products of the ferricyanide oxidation.
With the electrophoresis velocity of the phloroglucinol equal to 1.0, the
velocities and colors of the products were: 0.9 to 1.0, yellow brown; 0,6
to 0.7, red purple; 0.2 to 0.3, brown. There was no further investigation
of the products given in the literature, The autoxidation of phloroglucin—

ol which occurs at more alkaline pH values has'apparently never been stud-

ied, - y
O- -o ,O- - 0



88

Cresorcinol
Cresorcinol is not commercially available. An attempt was made to
prepare it by diazotizing 2,h-diaminotoluene, This was unsuccessful when
attempted as a one-step reaction. The procedure given By Henrich (54) was

then used. The reaction sequence is as follows:

CH, CH,
NH HA > NO\NOZ CHS
? REFLUX % 5o, @OH
NH, 8 HOURS nHeCH NHC CH,

d A
T H, S0y

H NH,

The first reaction was run using 30 g 3,l~diaminotoluene, 25 g glacial ace-
tic acid and 20 ml HyO, This mixture was refluxed for eight hours, coaled
and filtered and then refluxed for eight hours and again cooled and fil-
tereds The produci; was a dull white color and was insoluble in cold water.
' Crystals which melted at 152-154°C were obtained after several recrystalli-
zations from waters Wallach (55) reports 159-161°C for the melting point
of this compound,

Twenty grams of this amide was dissolved in 40O ml water and 24 g con-
centrated HCl and cooled in an ice bath, Then 8.8 g sodium nitrite dis-
solved in 500 ml water was slowly added using a long-tipped dropping fun=-
nel, The temperature was kept below 5°C and very little foam formed. Af=-
ter the sodium mitrite was added, the solution was warmed up to 45°C at

which time nitrogen was given off and a red solid formed. 'The red crystals
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melted at 135-190°C but a white solid sublimed out of the crystals at 170°C
and these white crystals melted at 224-6°C, Wallach (55) reported a melt-
ing point of 224-225°C for the colorless compound. The red color was prob-
ably due to a small amount of an azo dye impurity. Yield of this step was
about 85%.

Ten grams of the red crystals were added to 250 ml of water and 70 ml
of concentrated HCl and heated in an open beaker for 15 minutes. Fine
blackish crystals formed when this solution was cooled. The yield of this
step was usuﬂ.ly so small that the néxt step was run on the same solution
by cooling the mixture to below 5°C in an ice bath and adding L g of sodium
nitrite in 300 ml water via a dropping funnel, The products of this solu-
tion were a small amount of black tarry material and a dark red solution.
The solution, after filtration, was saturated with NaCl and extracted with
2 to l3 volumes of diethyl ether until no more colored material was ex~
tracteds The ether was removed w—ith the rotovac leaving a dark red oil.
Extraction of this oil with peﬁroleum ether and subsequent evaporation of
the pefroleum ether provided a small émount of red crystalline material
from which white needles slowly sublime at room temperature. The crystals
smell like pine tar and are volatile enough to be difficult to keep in an
open beaker, The crystals melted at 103-105°C. The literature value (5l)
for cresorcinol was 105-107°C.

Cresorcinol was not studied further since the synthesis was involved,
the yield was poor and the compound was more unstable than other resorcinol

derivations,
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4, 6=Dichlororesorcinol

The l,6-dichlororesorcinol was obtained from Pfaltz & Bauer Chemical
Companye The commercially available material was reddish colored, It was
learned that h,é-dichiororesorcinol could be extracted into benzene leaving
most of the red impurity behind., The benzene was thenvremorved with a roto-
'. vac and white crystals were obtained. When suction filtration was used to
remove the remaining benzene, the white compound turned red. The commer-
cial compound melted at 66-76°0, When recrystallized from CHGL, the melt~
ing point was 7&-8&00. The sublimed material had a melting point of 80-
82°C, After recrystallization from benzene it melted at 82-86°C, The lit~
erature value is 113°C (33),

A few iareliminar.y investigations of the response to cations were made
using the benzene-purified material. The k,5-dichlororesorcinol solution
used was prepared by dissolving 8.149 g in water and diluting to 250 ml.
Assuming pure compound this was 0.182 M« In the reaction 5 ml of this
stock solution was diluted to 50 ml and thus the final molarity of the re-
action was 0,0182 Mo This is five times the recommended resorcinol concen-
tration of 0,043 given in the previous section. The lj,6=dichlororesorcinol
solution used was not pure since droplets of benzene were present after
dissolution of the compound, Thus the molarity was somewhat lower than
0,0182 e Figure U7 shows the absorption spectra of autoxidized k,6-di-
chlororesorcinol and also autoxidized l,5-dichlororesorcinol m.th silver
‘present, both spectra measured after ten minutes of reaction time. The

cations were added in 1 to 10-ml aliquots and deionized water was used to

dilute to L5 ml. A S5-ml portion of phosphate buffer was added to initiate
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the reaction, The absorbance was measured at 470 nm after 30 minutes of
reaction time, The results of each averaged set of three determinations is
givexi in Table 6. The range on the 15 blank results was from 0,036 to
0,063,

Since this compound was hard to purify and was quite unstable, it was
not studied in detail, Silver and copper definitely stimulate the reaction
and cadnium appears to interfere at the concentrations studied,

2=Nitroresorcinol

The 2-nitroresorcinol was obtained from Pfaltz and Bauer. It was pur-
 ified by recrystallization from hot absolute ethanol, Twice recrystallized
material melted at 81-83°C, The literature value (33) for the melting
point was 83,5%C.

Figure 48 shows the visible spectra of 0,0004 M 2-nitroresorcinol af-
ter an autoxidation period of ten minutes at pH 1le.5. The rate of autoxi-
dation appears to be much slower than the other resorcinol derivatives
studiede No change in the spectra is observed in aJ.kaJ.:me medium after
ten minutes, As can be seen from Figure 48 silver has no effect on the au-
toxidation, The absorbance maximum at 390 nm, which is presént prior to
any autoxidation, is so intense that increased dilution must be used to
make absorbance measurements in the visible region. The increased dilution
necessary to make absorbance measurements appears to have reduced the au-
toxidation rate to below a measureable degree in the first ten minutes.
This derivative was not studied further because of this complicating fac-

tore
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Table 6, Effect of cations on the autoxidation of lL,6-dichlororesorcinol

Concentration
Cation in pg/50 ml Absorbance
Blank? 0,048
Cu* 1 0,072
Ag* 1100 0,137
m{h* | 100 . 0,063
cd*2 . 100 0,030
P2 100 0.038
Hg*2 100 0,040
Cca*2 100 04053
re*3 100 04049
1g*? 100 04052
co*2 100 0.050
*? 100 0040

3pbsorbance of the blank is an average of 15 determinations, The other
values are averages of three determinations,

li=Chlororesorcinol
The li-chlororesorcinol was obtained from Pfaltz and Bauer. It was
purified by sublimation and melted at 103-105°C. Aldrich (56) lists a
melting point of 106.5-107. 59C for their product. The literature value
(33) of 89°C is probably an errore
Figure 49 shows the visihle spectra of 0.010 M h~-chlororesorcinol
after 10 and 130 minutes at pH 11.5. The visible spectra after ten min-

utes in the presence of 100 pg of silver is also shown in Figure L9.
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The wavelength of maximum absorption is 440 nm.

The effect of various cations on the autoxidation was studied by ad-
dition of 0,1 to 10 ml of solutions contaiming these cations to 10 ml of
0.025 M L-chlororesorcinol and then addition of 5 ml of phosphate 5ui‘fer
to initiate the reaction., The results are shown in Table 7 along with
similar data for resorcinol and the three dihydroxybenzoic acidse The
only cations showing definite increase in autoxidation of L~-chlororesor-
cinol are Ag¥, Cu*?, cu*, Mn*2, and Pt*}, Figure 50 shows the increase
of absorbance with time for the blank and these five cations,

3,5-Dihydroxybenzoic Acid

The 3,5-dihydroxybenzoic acid was obtained from Aldrich Chemical
Company. It is not volatile enough for comrepient sublimation. The acid
is fairly insoluble in cold water but much more soluble in hot water so
recrystallization i‘rém water was the method of purification useds Fifty
ml of deionized water wa.‘s‘hea:t-ed to boiling, 20 grams of the acid added
and as soon as the solid dissolved, the solution was suction filtered
into a warm flaske This solution was allowed to cool to room temperature
and filtered, Further cooling in ice removes more of the acid from sol-
ution. The crystalline solid can be further purified by rinsing several
times with small portions of cold water, Usually aboub 80% of the initial
material is recovered as pure acid in this procedure, The melting point
after two such recrystallizations was 240.4°C. The literature value (33)
for the melting point is 237-2L0°C.

Figure 51 shows the visible absorption spectra of 0.010 M 3,5-dihy-

droxybenzoic acid after seven minutes of reaction and also after ten min-
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Table 7. £ffects of cations on the absorbance of resorcinols after 10

. ~ . . a
minuvtes of autoxdidation

L-Chloro 3,5-Dihydroxy 2,h-Dihydroxy 2,C-Dihydroxy
Mg Cation Resorcinol resorcinol benzoic acid benzoic acid benzoic acld

P

Blank®  .063 .036 .010 .003 .092
100 ag* 615 316 »168 J117 .68L
5¢10° Ha* 076 .0l8 L011 .003 .08
500° KF 070 .olil .010 .002 095
5000 Ii* .053 032 008 08 096
50 i, .08 .030 .008 .002 081
50 Hdgt .22 Ol2 012 008 .128

50 cut 1.U6 376 038 .021 1.28
50 Hg*? 104 052 021 .01l J12h
500 Ba*2 039 .056 027 025 .103
500 3r*e .083 050 026 02l 093
500 Ca*2 .063 O0l3 .025 .013 096
500 Hg'? L0860 .032 .010 .00k .106
5 Co™@ 2zl .ol ,009 +001 .16

500 Zn™2 2112 .0L6 011 001" 113
5 e 063 .038 .008 002 . «090
50 Ni*2 .053 «030 .008 .00L .091
1 Cn'e 191 .120 .010 +002 «190

3 lcasurenents vere all made on 25 ml of solution.

bThe absorbence of the blank is the averaze off four values,
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fable 7 (Continued)

Li-Chloro 3,5-Dihydroxy 2,4-Dihydroxy 2,6-Dihydroxy
ME Cation Resorcinol resorcinol benzoic acid benzoic acid benzoic acid

500 ©€d*?  .063 .0l .018 Ol .09
50 Fe*e <087 067 .029 016 113
50 mn*2 .77 +239 010 .03 .838
5 »d? 076 .0ly7 .007 .000 092

500 Y3 01k .019 .006 001 017

500 Sb*3 L3 ol 4009 .003 .070
5F  Fe*3 Royal ol 017’ .01l o3

so0 a1*3 .32 .079 +G09 002 148
8.5 03 Lo «0ls3 .006 .005 .073
50 crt3 .036 .025 .006 +002 <058
50 Bi*3  .068 .033 .007 ~,000 2096
5 w3 176 .071- .023 .030 ,133

500 7t Lok «026 .013 007 .056

so0 =3 ,033 .027 .011 .Q0l; .051
50  Hu*3 .030 .0l40 .003 .000 072

500 Ho*3 .0li3 027 .013 .06 075

500 Iu'3 .033 026 2010 .007 060

500 1a*3 Lous .036 .01l .C06 066

Cilith a ten fold increase in concentration the cation reacts with the com-
pound to form a colored species prior to the addition of buffer.
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Table 7 (Coatinued)

li-Chloro 3,5-fihydroxy 2,h-ihydroxy 2,6-lihydroxy

18 Cation resorcinol resorcinol benzoic acid boenzcic acid benzoic acid
50 ™3 Lohe <026 <009 .00 2080
50 w3 o3 028 ©o.om .C05 .050
50  an*3 06 .028 <007 001 073
50 w3 .06 .036 .010 006 .090
5 ca*3 05k .029 .008 .00k 074
500 pr?3 Lol +029 011 +007 «070
500 Tm*3 033 025 .009 .002 .08
50 et .ols 031 L0013 .005 .06
500 T 053 .035 .01k | .008 .085
5 st Lom .026 2007 .001 .078
50 Pt*h .103 091 .013 .010 100
0 U0, 073 033 .006 .00L .090
500 AsQF  .082 0li8 .009 .000 .030
500% cro,~ .0k .029 003 .000 .078
500 V3T 072 061 020 .qoh .201
500  HoQ),~ 107 071 .010 001 +2h0
500 wWQy” «068 .0338 008 <001 Jbl

dapsorbance was corrected for the natural absorbance of Crof.
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utes of reaction in the presence of 100 pg silver/25 ml. No absorption
maximum is observed in the blank after seven minutes but the silver reac-
tion has a maximum at 450 nm,

The effect of various cations on the autoxidation was studied by add-
ing from 0.1 to 10 ml of solutions of the cations to 10 ml of 0,025 M 3,5-
dihydroxybenzoic acid, adding sufficient water to bring the volume up to
20 ml and then adding 5 ml of phosphate buffer to adjust the pH to 1l.5
and initiate the reaction. The data obtained are given in Table 7, The
only cation which substantially increases the rate of autoxidation is sil-
ver, Other cations giving some increase in autoxidation are Cu*, Hg+2,
Fe*2, Ba*?, sr*?, Ca*2, Pt*4, and V0;". Figure 52 shows the increase in
absorbance with time for Ag*, Cu*, Hg*?, Ba*?, Pt*™, and the blank,

2,h-Dihydroxybenzoic Acid

The 2,h-dihydroxybenzoic acid was obtained from Aldrich Chemical Com-
panye It was purified by recrystallization from water. Twenty grams of
. the acid will dissolve in 150 ml of hot water and reprecipitate on cool-
ing. After two recrystallizations the compound melted at 230,4°Ce The
handbook value (33) is 235-236°C.

Figure 53 shows the visible spectra of 04010 M 2,4-dihydroxybenzoic
acid after ten minutes of reaction and of a similar solution in the pres-
ence of 100 pg Ag*/25 ml, The silver speeds up the reaction sufficiently
so that an absorption maximum at 450 nm can be observed after ten minutes.

Various cations were added to the 0,01 M 2,h-dihydroxybenzoic acid
solution to determine the effect on the autoxidation, The results of this

study are shown in Table 7. The effect of Ag*, Mn*2, Ba*2, cu®, and pt*h
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on the absorbance for the first 35 minutes of reaction time is shown in
Figure She
2 ,6-Dj.lvdréqbenzoic Acid

The 2,6-dihydroxybenzoic acid was obtained from Aldrich Chemical Com-
pany. Unlike the other two dihydroxybenzoic acid derivatives, this acid
was volatile enough to be sublimed, The sublimed material melted at 106.4-
108,4°C, The acid melted at 167-169°C when recrystallized from water, The
literature (33) indicates decomposition at 167°C.

The auvtoxidation of this compound proceeds through a violet colored
step to a green solution as can be seen from the spectra in Figure 55.
Some cations, like the silver also shown in Figure 55, speed up the reac-
tion, Others either have no effect or decrease the reaction rate. In
nearly all cases the solution is green after reacting for 20 minutes. The
effects of various cations on the first ten minutes of autoxidation are
shown in Table 7. The absorbance values given in Table 7 are measured at
450 mm which is the absorption maximum of the green solution, Consequently
lower values sometimes indicate a slower reaction rate rather than de-
creased catalytic activity. Figure 56 illustrates the effect of time on
the absorption of reacting 2,6-dihydroxybenzoic acid, The effects of 100
rg Ag*, 50 wg Cut, Lpug Cu+2, 50 pg Mn*2, and 500 pg MoOh'Z/ZS ml on the
autoxidation are also shown in Figure 56.

| 2=Methylresorcinol

The 2-methylresorcinol was supplied by Aldrich Chemical Companye. The
2-methylresorcinol can be recrystallized from ethanol-chloroform mixturese

A more convenient means of purification was sublimation. The sublimed ma-
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terial melted at 120°C. The literature value (33) for the melting point is
119°¢, |

The visible spectra for 0,01 M 2-methylresorcinol after ten minutes at
pH 11.5 is shown in Fti.guré 57 both for the absence and the presence of 100
»e Ag+. The absorption maximum at 470-480 nm is present in both solutions,

The effects of various cations on the reaction were tested by adding
0,1-10 ml of solutions of these cations to 10 ml of 0,025 M 2-meth'y1résor-
cinol, diluting to 20 ml with deionized water and then initiating the reac-
tion by adding 5 ml of phosphate buffer. The results of the .stud'y are pre-
sented in Table 8, Figure 58 illustrates the effect of time on the absorb-
ance of the reagent blank and in the presence of 100 pg Ag™, 1 pg c*?, 50
pg ¥n*2, and 500 pg n*3,

Orcinol

Orcinol monohydrate was obtained from Aldrich Chemical Company. Puri-
fication by sublimation produced the anhydrous orcinol which melted at
106,4-108.4°C, The Merck Index (57) shows the melting point of the mono-
hydrate at 58°C and 107°C for the anhydrous compound.

The absorption spectra of 0.011lh5 I orcinol after 10 and 120 minutes
of reaction at pH 11l.5 is shown in Figure 59. The effect of 100 pg Agt on
the first ten minutes of reaction is also shown in Figure 59. The wave-
length of maximum absorption is 470 nm in all three cases.,

The effects of various cations on the reaction were tested by adding
0.1 to 10 ml of solutions of these cations to 10 ml of 0.025 M orcinol,
diluting to 20 ml with deionized water and then adding 5 ml cf phosphate

buffer to initiate the reaction. Absorbance measurements which were taken
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Table 8. Eifects of cations on the absorbance of resorcincls after 10

rinutes of autoxidation &

ME Cation 2-methylresorcinol orcinol lL-ethylresorcinol phlorogzlucinol

Blani® 23k .080 .101 .008

100 Ag” «930 3T 208 139
500000  Na* o2l 124 .033 .006
500000 K" 252 086 09l .008
5000 Ii’ 163 067 .088 .007
50 m" ¢150 . <052 057 +010

50  Hg" 148 070 <092 ~ J0bs

50 o 255 «398 J121 .005
50 Hg*2 .288 «056 107 .022 -
50 BT 205 .080 112 042
500  sr'2 «203 <073 o119 <031
500 ca' 178 . 4063 .101 .027
500 1g* «207 .06l .080 .011

5 Go*? .320 .125 .100 .027

50 za'C A28 093 103 «C06

5 pb*? 163 032 Q90 .008

50 m* 165 +0350 078 .006

1

693 «213 +103 025

AMeasurements were all made on 25 ml of solution.

bThe absorbance of the blank is the average of four values.
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Table 8 (Continued)

M8 cation 2-methylresorcinol orcinol lL~ethylresorcinol phloroglucinal

50 % «150 068 «100 016
50 Fe? 23 +100 <050 .036
50 m* .885 293 081 <031
5  pd* .198 076 101 .007
so0  m* <052 021 02l .007
500 b3 134 «036 «093 +009
50°  Fe*? 190 .093 .086 .030
s0 a® 25 o115 .10 .013
8.5 m* .18} 071 «090 072
50 o’ «093 033 .058 <005
so0 B3 «196 «053 <093 .003
50°  m®3 A2 109 .110 036
50 Dy a0l «0L5 075 -G08
50  ET L0865 «039 R .006
50 Eu*3 162 «160 092 .005
50 Ho™ 115 06 071 .013
500 1a*? «120 .0L8 .082 .010
50  In® .101 0ly6 072 W00

CiFith a ten fold increase in concentration the cation reacts with the com-
pound to form a colored species prior to the addition of buffere
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Table 8 (Continued)

P8 cation 2-nethylresorcinol orcinol L-ethylresorcinol pnloroglucindl

so0 P 110 BN S 3 .013
500 ' 081 .036 2066 .003
0 w2 126 o7 .08l .00k
500 w3 «08l 038 - RN «007
5 s’ 2 .03 .073 .008
50 md* o127 <09k .091 .012
50 @a*d 7 051 .087 012
50 ce™ <091 <051 .081 .006
s00 m .183 032 082 .012
5 ' 153 03l .086 .012
P «250 .063 .090 .022
5 U0, 83 086 <091 .01l
500 4s0,~3 ¢330 .108 102 .003
5004 ero, 2 131 03l 086 .00l
500 VO3~ 2132 <057 +089 .0l
500 1-:ooh-'2 «343 205 101 019
500 woh‘2 IS R «095 +003

dAbsorbance was corrected for the natural absorhance of Cr0h=.
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after ten minutes at 430 nm are shown in Table 8.

Figure 60 shows the effects of 100 pg Ag®y 1 pmg Cu™, and 5 pug co*@ on
the absorbance during the first 35 minutes. The blank reactioh is also
shovm on Figure 60. Figure 61 shows the effects of 50 ug Cu*, 50 pg 3 s
500 wg A1, and 500 ug wo, 4.

).;-Ethy]resorcinol

Aldrich Chemical Company was the source of the li-ethylresorcinol. used.
Sublimation was used to purify the compound. Sma.ll white branched crystals
were obtained which melted at 95.4,°C. The literature value (33) for the
melting point was 98-99°C and Aldrich provided a melting point range of
93-97°C with the sample,

The visible spectrum produced by ten mimutes of autoxidation of 0.01 M
L-ethylresorcinol at pH 11.5 is shown in Figure 62, The same figure also
shows the spectrum produced when 100 g Ag’ was present. The wavelength of
ma:ﬁ.mmn absorption in both cases is 480 nm,

The effects of various cations on the reaction were tested by addition
of 0.1 to 10 ml of solutions of these cations to 10 ml of 0,025 M L-ethyl-
resorcinol, dilution to 20 ml with deionized water and then addition of 5
ml of phosphate buffer to initiate the reaction. The absorbance measure-
ments which were taken after ten minutes are presented in Table 8.

Figures 63 and 6L show the effects of the more reactive cations on the
absorbance for the first 35 minutes of reaction. The blank reaction, 100
pg Ag*, 10 mg Cu*2, and 50 pg Cu™ are presented in Figure 63 while the ef-
fects of 50 ug Mn*2, 50 pg Hg*?, 500 wBa*2, and 500 7Y 5r*2 are shown in

Figure 6l.
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The h—ethylreéorcinol—silver reaction appeared to have less interfer-
ences than t;he resorcinol-silver reaction so it was studied further. The
effect of pH is shown in Figure 65. These data were obtained by addition
of up to 10 ml of 0.1 N nitric acid or 0.1 N sodium hydroxide to 10 ml of a
stock solution of silvex.-. and L-ethylresorcinol, dilution to 20 ml with de-
ionized water and addition of 5 ml of buffer to initiate the reaction. The
absorbance was measured at 10 minutes of reaction time and the pH of the
solution measured, The stock solution was prepared by addition of 2.5 ml
of 1 mg/ml Ag™ solution to a 250 ml volumetric flask containing 0.86356 g
of L-ethylresorcinol and then dilution to volume with deionized water.

Thus the concentration of silver in each reaction vas 100 )Ag/ 25 ml and the
concentration of L-ethylresorcinol was 0,010 M.

The li~ethylresorcinol concentration was varied (0,002, 0,00L, 0,006,
0.008, and 0.010 M) and the absorbance measured for the first 35 minutes of
reaction time, Figure 66 shows these data. A similar series of L-ethyl-
resorcinol solutions was caused to react in the presence of 100 pg 4g'/25
ml. These data are shown in Figure 67. 3ince very little change in ab-
sorbance was observed with changing h—ethylresorcinol concentration, fur-
ther study of this variable was conducted by measuring a series of 0, 20,
40, 60, 80, and 100 pg Ag*/25 ml at each of 0.00L, 0,002, 0.003, 0.00L, and
0._005 1) h—ethylreéorcinol concentrations. These data are shown in Figures
68 to 72, respectively. Tﬁe most sensitive L-ethylresorcinol concentration
was then determined by plotting these absorbance data at ten minutes of re-
action time against the concentration of silver and drawing a straight line

through the points from each concentration of h-athylreéorcinol. See Fig-
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ure 73. The slopes are 0.00148, 0.,00160, 0.00162, 0.001L5, and 0.00135,
respectively. The most sensitive of the five concentrations has the
largest slope, so either 0.002 or 0.003 M L-ethylresorcinol is the optimum
concentration., Rigure 7l is a calibration curve for the determination of
silver with 0,003 M L-ethylresorcinol,

Phloroglucinol

Phloroglucinol was obtained from HMatheson Gbleman and Bell. According
to Merck (57) phloroglucinol undergoes partial decomposition on sublimation
so this method of purification was not attempted. Recrysta:l_'l.iiation from
water was used to purify the compound. Twenty grams were dissolved in 150
ml of hot water, filtered and allowed to cool and reprecipitate. After
being recrystallized twice the phloroglucinol melted at 217.4-218.4°C.

The Herck Index (57) gives 218°C as the melting point.

The spectra of 0,01 M phloroglucinol after ten minutes of autoxidation
is shown in Figure 75, Figure 75 also shows the effect of 100 pg Ag" and
3845 pug T.*3 on the awtoxidation. The absorption maximum in all three
cases is 550 mm.

The efi‘ects of various cations on the reaction were tested by adding
0.1-10 ml of solutions of these cations to 10 ml of 0,025 M phloroglucinol,
diluting to 20 ml with deionized water and then adding 5 ml of phosphate
buffer to initiate the reaction. The absorbance values wnich were measured
after ten minutes of 450 nm are shown in Table 8.

Figure 76 shows the effects of 100 pg Ag¥, 1l pg cu*?, 20 4e T1+3,

500 pg Ba*? and also thé blank on the absorption during the first 35 min-

utes of reaction time., Figure 77 shows the effects of 50 pg Hg+2, 50 pg
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| Mn+2, 500 pug VO3~ and 50 ng Hg',

The sensitivity and speed of reaction of thallium with phloroglucinol
(Figure 76) indicated that this could be a potential method for the deter—
mination of thallium, so the system was studied in more detaile. The thal-
lium (III) sulfate which was used was obtairied from City Chemical Corpora-
tion of New Iork. 3ince the waters of hydration on the compound were un-
known the solution was standardized by titration with thiosulfate in the
presence of excess'KI, HCl and starch indicator. The thiosulfate was
standardized against primary standard potassium iodate. It was found that
50 g thallium(I)/25 ml did not influence the reaction so the trivalent
form of thallium was the active species. The thallium(III) sulfate solution
was stable for at least two years according to thiosulfate titrations.

The effect of pH is shown in Figure 78, There data were obtained.by
addition of up to 10 ml of O.1 N nitric acid or O.1 N sodium hydroxide to
10 ml of a stock solution of thallium(III) and phloroglucinol, dilution to
20 ml with water and addition of 5 ml of buffer to initiate the reaction.
The absorbance was measured at a reaction time of three minutes and the pH
of the solution was measured. The stock solution was prepared by addition
of 50 ml of 50 pwg/ml m*3 solution to a 250 ml volumetric flask, addition
of 0478819 g of phloroglucinol and dilution to volume with deionized water.
. The concentrations in the reacting solutions were 10 pg/ 25 ml for Tl"'3 and.
0.004 I for phloroglucinole Color developed in the solutions below pH 10.2
but faded quickly. 3ince £he measurenents were taken after threc minutes,
this is reflected in the reduced absorbance for solutions reccting at low-

er pH values. Difficulty was observed with the reactions using NaOH.
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Very little reaction was observed if the TL*3 or the ohloroglucinol was
added last (absorbance of 0.022~0.023). UWhen the buffer was added last
some_improvemen’o was noted in the absorbance (0.,079) and better fesults
(0.112) were obtained if the NaOH was added last. Further increase in ab-
sorbance was observed (0,135) if the buffer and NaOH were combined and then
added. MNone of these values were reasonably close to the absorbance of
0153 obtained in the absence of NaOH. Since the pH change was only 0.13
it appeared that the NaOH interfered in the reaction. rfor development of
color in the ']Il.+3-phloroglucinol reaction both phosphate buffer and oxygen
must be present.,

The phloroglucinol concentration was varied (0,002, 0,004, 04006,
0,008, and 0401 }) and the absorbance of each solution measured for the
first 35 minutes of reaction time, These data are shown in Figure 79. A
similar series of phloroglucinol solutions was reacted in the presence of
10 kg T1*3/25 ml and these data are shown in Figure 80. Not much change
was observed between the 0,006, 0,008, and 0,01 M concentrations. The
series 04003, 0,004, 0.005, 0,006, and 0,007 M was selected for further
study. BEach of these concentrations of phloroglucinol was reacted in the
presence of 0, 2, 4y 6, 8 and 10 pg T1*3/25 ml. The data are shown in
Figures 81 to 85, respectively. Only 20 minutes of reaction time was used
since the color produced in the ’ﬂ.+3-phloroglucinol recactions of Figure 80
were stable for more than 35 minutes,

Figure 86 was obtained by plotting the absorbance values from Figures
81 t0 85 at five minutes of reaction time, 3ince the concentration range

of 0 to 10 pg TL*3/25 ml did not produce a straizht line at each of the
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five phloroglucinol concentrations, determination of the slope of each line
was difficult. The slopes were estimated to be 0,010, 0,0118, 0,0092,
0,0125 and 0,0090, respectively. The 04004 M solution appeared to be bet-
ter for higher Tl.+3 concentrations than the 0,006 X solution so it was used
- for the calibration curve which is shown in Figure 87.
Discussion

Spectra

The ten derivatives of resorcinol whose autoxidation behavior was
studied were all colorless solids yielding colorless aqueous solutions ex-
cept the 2-nitroresorcinol which yielded red crystals and a red solution,
Previous experience with resorcinol indicated that solutions below 0.001 M
did not autoxidize well, This is probably due to the free radical step
which requires that a resorcinol anion come in contact with the free radi-
cal. More concentrated solutions favor this process, The 2-nitroresor-
cinol (Figuré 48) had such an intense maximum at 390 nm that it was nec-
essary to dilute the solution down to 0,000k M to keep the maximum on
scale. Hence no autoxidation was observed in ten minutes, The other com-
pounds all yielded a colored product although in several cases no absorp=-
tion maximum was obvious in the first ten minutes. However, a maximum de=-
veloped in all cases during the first two hours of reaction. The spectra
of orcinol shown in Figure 59 is a good example, The maximum observed in
the autoxidation was always the same maximum observed in the presence of
100 pg Ag"’/ZS ml, Silver was typical of most cations in' yielding spectra
similar to the spectra of the blankss The exceptions were I"e+3 and Au+3

which will be discussed in more detail later., Resorcinol when allowed to
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autoxidize exhibited an absorption maximum at 450 nm. The chloroderiva-
tives shown in Figures 47 and L49 also absorbed at 450 nme The same was
true of the three benzoic acid derivatives whose spectra are shown in Fig-
ures 51, 53, and 55, However, the maxima of the two methyl derivatives and
h-ethylresorcinol were shifted bathochramically to L70, 470 and 480 nm, re-
spectively as can be seen from Figures 57, 59, and 62, The spectra of
phloroglucinol was slﬁfted much more by the extra hydroxyl group and exhib-
ited its maximum absorption at 550 nm (Figure 75)e The maxdimum at 450 nm
normally produced a green colored soluticn, the 470 nm maximum a brown
colored solution, the 480 nm a red-brown colored solution, and the 550 nm
maximum a violet colored, The 2,6-dihydroxybenzoic acid quickly formed a
violet colored solution which gradually turned green over about the first
20 minutes of reaction, Even resofcinol had a violet colored transition
phase but this phase lasted for only a few seconds. The 2,4- and 3,5-di-
hydroxybenzoic acids had yellow-brown colored transition phases before
turning green. ‘

Influence of cations

Resorcinol, 2-methylresorcinol, orcinol, L-ethylresorcinol, h-chloro-
resorcinol, 2,h=, 2,6~ and 3,5-dihydroxybenzoic acid and phloroglucinol
were used to study the effects of 52 cations on the autoxidation process.
The absorbance values are recorded in Tables 7 and 8. The large variation
in cation concentrations was largely due to previous experience with the
interference studies for the silver-resorcinol system where many of them
were found to precipitate at pH 1l.5 at higher concentrations. Some like

Cu"~2 were purposely tested in low concentration because they were known to
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react with resorcinol at this concentration,

Some cations reacted with all or nearly all of the derivatives. These
cations are: 100 pg Ag* With activity in all cases; 50 g Mn'2 which af-
fected all except L-ethylresorcinol and 3,5-dihydroxybenzoic acid; 1 pg
cu*? which did not affect h-ethylresorcinol, 3,5~ and 2,l-dihydroxybenzoic
acid; 50 pg Cu+ which affected all except 2-methylresorcinol and phloroglu-
cinol; and 50 pg pt* yhich did not affect orcinol, L-ethylresorcinol, and
2,6-dihydroxybenzoic acide There were five other ions which had activity
with five of the nine compounds. These ions were 5 pg Go+2, 500 pg A1+3,
50 pg Hg+2, 50 pg Fe*2 and 500 PE Mooh"z. None of them exhibited activity
with l-ethylresorcinol., The Hg+2 did not react with resorcinol, orcinol or
h=chlororesorcinol, Iron(II) did not react with resorcinol, orcinol or 2-
metnylresorcinoles GCobalt, aluminum and molybdinum all failed to react with
3,5~ and 2,l-dihydroxybenzoic acide Molybdinum did not react with resor-
cinol, cobalt did not react with 4-chlororesorcinol, and aluminum did not
react with phlorogluci;lol.

Several other ions produced activity worthy of mention with one or two
of the derivatives, These were: 50 pg Hg' with resorcinol; 500 He 7n*2 and
500 pg Asoh'3 with 2-methylresorcinol; 500 pg b'It')h"2 with orcinol and 2,6~

dihydroxybenzoic acid; 385 pg TZI."'3 with phloroglucinol; and 500 pg of Ca+g

*2  or Ba*2 with phloroglucinol, 3,5~ and 2,h-dihydraxybenzoic acide

Sr
The most reactive cations were those which were members of oxidation-
reduction couples although there was no obvious pattern about the deriva-

tives which did not react with these cations. This trend disappeared with

the less reactive ions, The activity of ions like Asoh"a, WOh'z, VO3" ’
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1'300)4-2 and the alkaline earth metals was difficult to explain.

The change in absorbance with time was studied for several of the most
reactive ions with each derivative (Figures 50, 52, 5L, 56, 53, 60, 61, 63,
6, 76, and 77). As expected the silver always reacted rapidly and then
the reaction leveled off indicating exhaustion of the silver(I) in the sol-
ution. The other ions with true catalytic activity reacted more slowly.
However, rapid reactions which leveled off in 5 to 10 minutes appeared to
be characteristic of 2-methylresorcinol, L-ethylresorcinol and phloroglu-
cinol. Barium exhibited odd behavior by showing a negligible reaction for
- the first five minutes and then showing much increased reaction rate for
the next five minutes and then leveling off again to the blank rate (Fig-
ures 52, 54, 64, and 76).

Trends of reactivity

Since silver was the only cation which increased the degree of autox-
idation for all nine of the compounds studied, it was useful in judging the
relative reactivities of the compounds. As expected substitution in the L~
position resulted in the least reaction since it blocked one of the sites
para to a hydroxyl group., Substitution in the 2-position produced by far
the most reaction primarily since it caused no additional steric hinderance
which was undoubtedly the reason for the low reactivity of 3,5-dihydroxy-
benzoic e}cid. Steric hinderance could also account for orcinol being less
than half as reactive as 2-methylresorcinol. It should be noted that in
the presence of silver only the 2-position derivatives were more reactive
than resorcinol.

The same trend was present but less obvious when the reactions were
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studied in the absence of reactive cations. Substitution in the 2-position
still produced the most reactive alkyl and carboxyl derivatives. However,
the increased reactivity of the alkyl derivatives was apparent since all
three had blank reactions which absorbed more intensely than resorcinol,
However, since molar absorptivities of the autoxidation products are un-
known except for orcinol, these conclusions could be in error.

Increased reactivity was not necessarily the most desirable character-
istic since it usually resulted in a much larger increase in the blank than
in the catalyzed reactions. TFor example, lJ-chlororesorcinol had an absorb-
ance with 100 pg 4g* which was almost three times that of 2,li-dihydroxy-
benzoic acid but the Ag* to blank absorbance ratios were 8.9 and 39, res-
pectively. Also the more reactive compounds usually had more interfer-
ences, 2,6-Dihydroxybenzoic acid and 2-methylresorcinol reacted with more
cations than any of the L~ or 5-position derivatives, Consider the other
extreme, l-ethylresorcinol, one of the four least reactive compounds which
reacted significantly with only two cations compared to the 10 to 13 cat-
ions which reacted with each of the compounds substituted in the 2-po§i-
tion.

The data accumulated for 4,6-dichlororesorcinol were difficult to com-

pare with the other derivatives since the concentration was uncertain.
However, this compound was definitely the least reactive with silver. The
difficult purification leaves doubt about whether the blank was truly as

high as the experimental values indicated.
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silver-lj-ethylresorcinol reaction

The reaction of silver and L-ethylresorcinol was studied because it
was much more selective than the silver-resorcinol reaction. The increase
in selectivity, however, was balanced by a loss in sensitivity so there
were merits to both reactions.

It can be seen from Figure 63 that any reaction time greater than or
equal to five minutes was suitable. All of the cations which were tested
reacted within the first three minutes except Ba‘? which characteristically
reacted from 5 to 10 minutes after the reaction was initiated. The blank
had a faster initial reaction than was usually observed for the autoxida-
tion of derivatives of resorcinol and this was the reason for the high
absorbance of the blank.

Figure 65 illustrates the effect of pH on the reaction. Results in
lthe PH range 11.3 to 12.1 were consistently within :2;3 of the average ab-
| sorbance, Absorbances were lower in the pH 10.85 to 11.3 range but pH
10.85 was definitely the lower pH limit since the absorbance decreased
rapidly at pH values below this. No reactions were run above pH 12,1 so
this was not really an upper limit but merely the maximum pH value at which
measurements were made.

The study of varying lL-ethylresorcinol concentrations as shown in Fig-
ﬁres 66 and 67 indicated that this was not an important variable. In fact
no significant difference was observed between 0,006 } and 0,010 M L-ethyl-
resorcinol. Since the blank absorbance decreased faster than the absorb-
ance of the 100 pg ag*/25 ml samples as the concentration of L-ethylresor-

cinol decreased, the lower end of the concentration range (0.001 to 0.005
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M h-ethylresorcinol) was used for further study. As the absorbance values
for varying li-ethylresorcinol concentrations were nearly superimposed, each
concentration was run separately with the silver concentrations varied.
These data (Figures 68 to 72) were then replotted. The slopes of these
lines indicated that 0,002 or 04003 l h-ethylresorcinol was the optimum
concentration. This could be compared to the optimum resorcinol concentra=-
tion of 0,04% or 0,00353 M. Comparison of Figures 36 and T4 showed that
resorcinol was 2% times more sensitive to 100 ug Ag'/25 ml than he-ethylre-
sorcinol.

The primary advantage of L-ethylresorcinol over reso_rcinol could be
seen by comparing Figures 42 and 63, The increase in absorbance due to 1
pg Cu*?/25 ml in Figure h2 was 0.5L and the increase due to 10 wg Cu*2/25
ml in Figure 63 after ten minutes was 0,022, This means that L4-ethylresor-
cinol was 245 times less sensitive to Cu*2 than resorcinole Presumably the
amount of copper which can be tolerated in the Ji-ethylresorcinol reaction
~ could be increased by a factor of ten by the addition of sodium citrate.
Copper(II) is the most serious interference in the silver-resorcinol reac-
tion but the other interfering ions are also less reactive with L-ethylre-
sorcinol as can be seen from the data of Tables 7 and 3.

Thallium(III)~phloroglucinol reaction

The thallium(III)-phloroglucinol reaction was anomolous in several re-
spectse The color formation was almost instantaneous on the addition of
the phosphate buffer. The color was stable for several hours as long as
the pH was above 10.45. The color formed but faded out if the pH was below

10.45. The phosphate buffer was essential for the color formation, These
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facts were contrary to the behavior observed in the other autoxidation re-
actions studied. It was definitely an autoxidation, however, since no col-
or developed in the absence of oxygen.

Thallium(III) is extensively hydrolyzed to TLOH'Z and to the colloidal
oxide even at pH 1-2;5 (58)s Consequently the standard solutions must con-
tain sufficient acid to keep the pH below one, When the phosphate bufler
is added no precipitation is apparent so the '11+3 must be present as a com-
plex at pH 1l.5

The concentration range 0,003-0,007 1 was studied to determine the op-
'simum concentraion of phloroglucinol. The interpretation of these data

3 over wnich the

were complicated by the narrow concentration range of m*
absorbance was a linear function of TL*3 concentration, The best concen-
tration for phloroglucinol appeared to be 0,004 Mo

Figure 87 shows a calibration curve for the determination of T1*3,
The thallium range of 1 to 10 pg/25 ml gives the most sensitive results.
Higher concentrations of ‘I‘.'!.*'3 do not affect the absorbance as much and con-
sequently the reaction is less suitable for their determination.

Suggestions for Future Work

The trends in activity of autoxidation were reasonable and well sub-
stantiated with two or three compounds for each position of substitution,
It would be interesting to study the 2= and S5-chlororesorcinols. Also the
sulfonic acid derivatives should provide additional confirmation to the
trendse Further study on disubstituted resorcinols would lalso prove vorth-
while, particularly on compounds such as 2,5-dimethylresorcinol, 2,4-di-

methylresorcinol, and the 2,5 and lj,6-disulfonic acid.derivatives of re-
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sorcinol, In view of the success with l-ethylresorcinol and silver, check-
ing other higher alkyl derivatives would probably also prove rewarding.

With all of the derivatives studied, 500 pg Fe*3 and 50 K8 Aau*3 re-
acted at nearly neutral pH to form colored species. This behaviqr was
probably due to either slow complex formation or the oxidizing ability of
these two ions, Further study of these systems could lead either to anal-
ytical methods or wﬁys to prevent their interference in other methods,

Since many cations influence the autoxidation of derivatives of resor-
cinol, and since the autoxidations themselves have not been investigated,
this field should be paradise for a idneticiste Certainly some reactions
such as the unsxplained delayed reactivity of 500 ug Ba+2/ 25 ml (see Fig-
ures 52, Sh, 84, and 76) merit further study.

The L~ethylresorcinol-silver reaction appeared to be rather straight
forward but further work on the system is necessary to polish uwp tiie meth-
ode The effect of intéri'erences on the reaction has not been determined,
It is likely that sodium citrate could be used to complex interfering ions
as was done in the silver-resorcinol method, Temperature dependence and
the order of addition are otier variables which have not been studied.
Switching to cells with a 10-cm path length should provide added sensitiv-
ity. Obtaining ore samples or alloys for the testing of both methods would
be dusirable. When L-ethylresorcinol solutions deteriorated on the shelf
they formed precipitates instead of the normal clear colored solutions like
other derivatives of resorcinol, so this might be a good system for the
identification of reaction productse

Much additional work should be done on the Tl+3-phloroglucinol method,
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The nature of the reaction and the structure of the species producing the
violet color are not well understood. There has been almost no work on
identification of the autoxidation products. No measurements were made on
the temperature dependance., Interferences were not studied either '_ although
most of these should be kept to a minimum by taking absorbance measurements
at 30 seconds before the interfering ions have had a chance to react (see
Figures 76 and 77)e The phosphate appeared to be a necessary component for
the development of color and this variable was not studied at all. Also
the effect of different orders of addition has not been sufficiently in-
vestigatede The analysis of thallium in ores, alloys or other samiles
would be desirable for proving the method. It is likely that thallium can
be determined in the 0,1 to 1 pg/25 ml range and perhaps even lower with
cells having a 10-cm path lengthe This method shou.ld be even easier than
either of the silver methods to be modified for automated analysis. .

It is possibie that a derivative of phloroglucinél such as 2-methyl-
or 2-chlorophloroglucinol would have better sensitivity or selectivity to
thellium than phloroglucinol has. It is also likely that the autoxidation
products would be easier to isolate and studyl for derivatives then for tne

compound ité.elfo
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