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INTRODUCT ION

The determination of exidaticnpreaustian.potentials;
though a comparatively new field, is of utmost importance,
h@th.to the biologist and to the organic chemist,

‘ In 1775 Lavoisier published his diacerery of oxygen,
fandytwo years later disclosed as a result of his animal
exneriments that respiration and life depend closely on &
fﬁglanee between oxygen and the living tissues. From that
ﬁtime onward the biclogist has been interested in the ques-
:tian of oxidation and (if I may be permitted to coin & word)
f*&énaxidaxion* or reduction.

Many years elapsed ere Gillespie in 1820 published
some data on eleetrode potentials induced by bsscterial re-
}dnctian. This publication suggested to Clark that here might
\be a means of obtaining quantitative information on rever=-
ksible oxidation-reduction reactions.

‘ Clark, on checking over and exﬁendlng Gillespie'a
‘work, found that the electrode potentials observed under
‘gge conditions then employed were uncertain. In spite of
%his uncertainty remarkable relationships suggested them~
‘selves, but these could not be accepted without more rigid
confirmation. It was evident that some improved method was
ihséessary to check more carefully the electrode measurement
fef reduction intensity.

As & rssnlﬁ &\531133 ot in&&stmgatiaaa was unﬂertaken

to determine the patentials of v&riaus dyes in equilibrium
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with their reduction products. Such systems were studied
,gs iauld serve as indicators of this potential in much the
game manner as hydrogen iom indicators serve for pH.

From this meager beginning Clark, Cohen, Conant, and
others have developed the theory and use of & number of
éemy@unds as indicators of this oxidationereduction ine
tensity.
i‘ Among the classes of cemgmunds studied have been in-
dﬂp&&n@l&l, asines, thiasszines, and of late, oxazines. Of
,ih@ three oiﬁxinas studied all have been substituted in
fhs three and six position by amimo or substituted amino

4 =
3 [~} (-3
2 N 7
/

We have decided to determine the potentials of resor-

groups.

‘aiin, in which there are mo amino groups, but inm their place
ate Bydroxyl and doubly bound oxygen greups.

+H
Resorufing
This compound is of interest because it permits a com=-
‘parison with phenol indophencl, and because it displays a
ﬁlb color change on reduction, goine from red to an intense

fblue or green on partial reduction, and thence to colorless.
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DERIVATION OF EQUATIONS

1. Oxidation-Reduction Equilibria. In general any

'éxida$ien-reducti@n may be deésignated as followss

[Fed] = [O0x7 » >/e/

The brackets indieate melar concentration. [ Red)
indicates the comcentration of active reductant, [0x]
the concentration of agtive oxidant, n eguals the number
’of electrons involved, [e] the concentration of electrons.

E‘he equilibrium state may be formulated by
lox3Cel™
[(Red]

This equaticn applies generally; now let us apply it
to two different systems, each involving the transfer of
but one eleectron. }

The equilibrium of one system may be formulated by

Red] | (e]
lox] K

These of another system may be formulated by
Red] _ (;g_'_]_
Cox] «'

If these two systeme are brought together and allowed
to interact until simultaneocus equillhrium.ms established,
%hm Le]l of both are equal, for the mixed system can have
ﬁut one petential. Hence

[Red] _ L_:é_ﬂ

[oxj K EOKJ
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If the walues of K'Y and K, or their ratio, are known
it is possible to predict what ratie of a given oxidant and
4%s reduction product could exist with a given ratio of the
ether oxidant and its reduction product. In the case where

(Red ] -1

tox1

the ratio 5\2‘ determines whether the second system is
‘practically completely reduced, practically completely ox~-
Vi‘d‘ized‘; or at some intermediate stage. By employing this
,‘:mns it would be possible to determine the relative oxi-
‘dizging or r~edueing tendency of varicus systems.
‘ In any two oxidation-reduction systems simultaneously
in equilibrium, the term (¢ ] electron concentration or

‘eleetron fugacity drops cut.

‘ 2. Electrode Potentials. A noble metal contains free
,‘5,eleatrona;whanever an electrode of such a metal is plsced
in a solution eontaining an oxidation-reduction system, :tt
acquires a charge, the el ectron concentration or charge in-
masinp with inerease in reduction intensity of the system.
| Let the concentration of electroms in the metal be
‘designated by {_ ey | and the electron concentratien in the
_‘fnféélu'eion by C“a] The work necessary isothermally te
‘transfer one faraday of electrems from concentration Cen |

to Leg) is

W= RTInig=

€s]

The work may be substituted by EpF:
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EnF = RT L Cem]
Ces]

 36r-fn z I,

£= RT Lo Cemd— B‘—__I»&w[esj
F

‘For any one metal the concentration of eleetrons is constants
 %hgrefore

B
For the general eguation of oxidationereduction we E&ve |
(Red] = [ox] + mle]

ox]E=l™ - K
CRed]

_ W_I, K CRed]]
[-e] - COXJ

Substituting for [Ce ] in the above,

fru
. K CRed
£- - 5L (SESS
1 —B:C KCF?ed]
E = C-—_nF_-j"" ————-—'-—"—onj
F = C'—RT for - BT La{R=d]
nF ¥ {}3*:]

On observing the foregoing equation, it becomes apparent
_ ' : : . (Red ]
that if E and T are measurable, the value of the ratic Coxd
‘ean be determined, the other terms in the equation being

_constant for any one systems C'+ %ﬂm <

For another éystem; there would be another term which we
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mu designate by C'+ —5—.;],—_: I Ky, The difference gives
-g—; Ln -Ea_ and this permits a determination of the

ratio -E—I. This ratio, as has already been pointed out,
permits the classification and comparison of different oxi-
dation-reduction intensities of variocus systems.

; Phe determination of single aslectrode potentials such
a8 E is impractical, for the method by which potentials
gre measured depends en the’nxiliz&tian.of two half-cells.
If we eﬁeeae one of these as a standard and arbitrarily
aésign to it a zero potential we have now an excellent mete
‘hod of makine comparisons of relative oxidation-reductien
ﬁiniansities. The standard chosen is the hydrogen elecetrode.
This electrode is of platinized platinum dipping into a
*Selnxian one mormal with respect to hydrogen ion activity
‘and havine hydrogen at a pressure of one atmosphere bub-
bling over the electrode.

From the equation
Hy == o2H Yy 2

we may write the equilibrium constant

CHtI*Ced®_
CH23

Fow the concentration of hydrogen is a function of the pres-

,aﬁre, and therefore
2
a0 «
'F’ ~ =
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‘8okving for Ue] and substituting in
: E = C‘—-— \—SF_;.T: Lv Cesj

‘we obtain

En= Cum T e

This equation is that which applies to the hydrogen elec~
frode. On assuming the conditions of the standard of pot-
énﬁial we have P =21, H =1, and E = 0; therefore

@H’a 0.

5 Let us now combine this standard cell with any oxidation-

reduction half-cell

_RT | (Red] , RT 2, UP
emf= E-Ey= C-Cy —?:?L“ch:f F L’“t:H*J

S8ince the reference cell is a standard cell, we have Peter's

Eqna:ti ens

_ _RT Red ]
En = Eo ’{’FL”‘iE;j“

For the case where [Eed] can be fixed and the walue

Lox]

of By measured, it is possible to calculate directly E,.

Ma value B; is the same as would be obltained if g’iﬁ]
me set as one and the potential measured. L]

| On plotting Ej versus percent reduction we obtain
& curve the slope of which is determined by n ~= the larger
ﬁhﬁ n the s;rialla'r the slape. By plotting such a curve it
is}}ossible to m&ie’a the wvalue of n for any unknewn

éﬁid&ﬁenareﬂu@tﬁén reaction.
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Je Derivation of Equation for Resorufin, Taking into

_A}._aea unt Change of Xg with pHe The re-&uetien of resorufin
\
,,may be written as followas

CI j:j+2e+2H""—> \a U
o @: D+H GLU

Let us consider the ionizable groups. First there is
~the oxidantt here we have an OH group which can ionize
“ta give hydrogen ions. Second is the reductants here we
hmre the ionization of the two (OH)} groups and that of
the secondary nitrogen.
The various dissociations are as followss
(A} Ox = Ox + H'

' Red
(g HaRed = H*(phenolic) + HaRe

- (v HRed
(¢} HzRed = H*(phenolic) +

() HRed = Fed v HTCamine)
(A} represents the ionization of the phenolic group im
%Im oxidant, Let K3 equal the ionization constant.
(B} represents the ionimation of the first phenolie
‘group in the reductant. Let Kg egqual the ionization con-~
stant. |
(C) represents the ionizatién of the second phenolic
group in the reductant. Let K3 equal the ienization con-

st&nt .
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(D) represents the ionization of the bridge nitrogen.
Let K, equal the ionization comstant.
Now setting up these constants, we have

K. = ngj Cwtl
' C ox

(E}

Cw3 CHzRed]

(F)  Kz= [Ha Red ]

Cuig CHRed]
(@) Ks CH,&EQ d7

It

= ______/""":'—"—"-
(B) s C HRed ]

Peters' Equation as derived is

BT Coxd
Ee* % L C Red]

Ep=

Let 8, equal the total concentration of oxidant in its
various stages of ionization and 8. equal the tetal con-
_&entm‘hi on of the reductant in its warious stages of ien-
ization. We have

f.. S
RrRT padhd
Ep= Eo* %

r

HNow _ L L
=
and substituting N . .
: ’8_7 A[A{;%a_’]-ﬁ /é’?"?l/z‘[i'ﬁ‘ﬂ*’[?e‘{]
£4= Eo~5F S

Substituting in Sp the values obtained from (F}, (G}, (H),

we get
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5 = CHZRed_‘] CH GEedj B C‘é;’;ﬂ[”l E-;:.g
i Ka Ks Ka

- Bubstituting further,
E§_;_a.] CH":] C E_._e..dj C,H+J 2. - CR‘;QJ EH "'_] E ~-_
Ka

w K3K4.. Ka Kg

Sr”

- -

‘Sa}.ving for the wvalue of Eﬁsd ]

—"._;‘ = SrRaRNs g
LRed ] CHIS + K O T4 k2 I THT + KGR

Now to derive the value of [ Ox]
HOox = Ox + H¥

'S,

i

CHoxd + ToxJ
, substitutine from (E)

CTCHT | 5%

‘Belvine for [0X] we get .

O
E )(] EH*‘J -\—K\

Se

"

- -

,Row substituting the walues of EBed] a.nd COxJ inte
Peters' Equation, we get

Eyv,= €. - BT L. Sr g._'_r Lo K, { K2 KaRe+ Ke ka3 TH cq+_]z+@+33}
SN So K2 K3 Ka. {ﬁ“t] F K, }

mE

Takin> out the constant and combining with Ey» we get

En= E, ~ &T Lan Sv— + BT L { Kakske + K.k CHY] +K,_Cﬁ"']"~.,.[:ﬂ"_]3}
Se "V\" {C“...J + K, 3

The latter equation shows how the potential of the
resorufin system varies with pH,

It shq@i hen&ﬁieed that E, has been ,éamer'&eﬁ into
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Rﬁﬂ, ancther constant which takes in the walue of AN -

It is obvious from the last derived equation that the
vamﬁnnt of change of veltage with pH depends on the degree
af jonization of the various substituents on the benzene
g#aup. From past wcrkavcn oxazines it seems very probable
that the dissociation of the bridge mitrogen in the reduc-
tant will be very amall,

| If the ionisations of the other groups are small the
voltages of the indicator will change very little with pH.
If large, the converse holds,
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HISTORY OF RESORUFIN
4

Resorufin was first prepared in 1872 by Weselsky. The
method utilized involved the addition of nitric acid satur-
;&#&d with N0z to anm ethereal solution of resorcinecl.

The product was isclated, analyzmed, and a structural
fformula.pmoyosed which evenﬁuallj was proved inecorrect.
fﬁ%selaky named this new compound diamecresorufin.

- Brunner and Kraemer prepared this same compound by
k?gqnting nitrobenzene with resorcimnel and sulphuric seid.
vxhey proposed a new structure and a new ﬁams. The term
:dié@oresorﬂfin,waa supplanted by ascresorufin. The new
structure proposed, however, was also incorrect.

, It was not until Nietzki and his co-workers in 1889
published the result of their investigatiens that the true
 $truatura of this compound became known. The name was again
‘changed to the one used today == resorufin.

~ The latter investigators prepared and studied proper-

ties of a number of derivatives. Aside from this they pro-
‘géaed a structure for resazurin, a~com§éund formed by oxi-
z§&$ian\of resorufin. It might be uell.to state that res-
}gxnrin.may be distinguished frdm.reaerufin in that it goes
fnto solution in alkali with a blue color. This is of

interest when compared with the experimental result ob-

ined, in that resorufin turns blue en air oxidation of

an alkaline salution.
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SYNTHESES AND QUALITATIVE REACTIONS
OF RESORUFIN

1. Preparation of Resorufin. This substance may be
: ’ ' , 8 :
‘readily made by the following procedure. X solution is

made by dissolving resorcinol in congentrated sulphuric
~&cid in the ratic of two parts of resorcinol to mnineteen
parts of aeid. This is stirred until all the resorcinel
‘goes into solution. Now add sedium mitrite, 0.8 to 3 parts
for each part of resorcinol originally used. The solid
;nitrite is slowly added while the acid resoreinocl mixture
is rapi@ly stirred. On the first addition of nitrite the
 §01ution turns blue, possibly as a resuli of indophenol
fférmgtian.

Upon caontinued addition of nitrite the solutien heats‘
‘up, the liberated heat being sufficient to help perform the
’résntion.af ring closure. The addition of nitriﬁe is slow~
ly continued until the entire amount has been added., The
.;géctian mixture is permitted to cool, whereupon it is
1§§ured into a large volume of water. Resorufin tends to
;ﬁacome colloidal durine this procedure, and rapid stirring
 §§§&&:5 to increase this colloidal tendency rather than
vt}i:i;n':ini,sh ite.

It was found pésaible to precipitate the resorufin in
large flakes by peouring the reaction mixture very slowly
down the side of the beaker containing the water. Stirring

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-1l4-

wms not used. After all the reaction product had been se
sdded the precipitate was stirred, this procedure producing
-more easily filterable particles. The precipitate was
taahed with hot water and then dissalved in the least pos-
“gible amount of dilute ammonia, then filtered and precipi-
tated by addition of hydrochloric acid. The precipitate
was filtered and well-washed with hot water. Before being
’ﬁseé for potential measurements the resorufin was further
 §nrif1ed as deseribed under pxocedure.}

| Resorufin is insoluble in most solvents, & total of
‘8ixty substances being tried as reorystallizine agents
ktithout success. Resort was made even to ligquid ammonia

a8 a crystallizine agent, but without success.

2, Properties of Resorufin. A solution of resorufin

- was made iﬁ dilute hydrochloric acid, and powderad =zinec was
- slowly added. The color changed from red %o intense blue,
*p&dhably due to meroguinone forma.tien.6
o That the blue-green color is nmot due to a complex
formation between the metal ions and the resorufin was
 §wavad by Dr. John Weaver. Tunntyvfour different metal
’iena were used in conjunction with resorufin, the pH's
 i§iﬁg varied, and during none of these testa did any col-
eration of either solution or precipitate result.
" An acid solution of resorufin may be reduced by stan-

mous chloride, ziné, or scdium amalgam. Hach of these re-

dﬁcing agents produces first a blue-green color, which is
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finally discharged to a pale straw yellow on adding excess
:iﬂdacinn reagent. This reduced solution, on standing in
air, is slowly re-oxidized , first to the blue-green color=-
ation, and finally to the original red color of resorufine
Ferricyanide or dichromate immediately reoxidizes the leuco
,6aﬁgoun& to the red form.

In alkaline solution resorufin is an intense rose red
and possesses a golden fluorescence. Om reduction with sed-
iwse hydrosulphite the color is completely dischargsd. No
 in$ermediate green or blue color is apparent. Resorufin is
vary rapidly re-axidized to the colored compound on shaking
in air, the reversal being accomplished in a few seconds.
Air oxidation becomes slower a8 the acidity of theanlntian
viBfincreased. In strongly acid solutions the time for oxie
‘éaﬁionuof the leuco compound rises, several hours frequently
kéing~required to bring about the return of the red coler.

: The color of resorufin varies with pH. A solution
- +0008 molar is a dull red-orange betwsen pH*s of I to 33
frﬁm.pﬁ'a to 4 or 5 the color is salmon pink; for pH's
5 to 7 the red color becomes intensified until it is a
 1ight cherry red; in more alkaline regiomns the color inten=
_;éifiea.

| Resorufin m=zde alkaline with NaOH is unstable, ag is
‘evidenced by the observation that the cherry red color of
 this compound slowly changes, finally becomine a deep,
¢lear blue. The transformstion is more papidly accomplished
by bubbling air through the solution. This property of
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instability of resorufin takes place in all alkaline re-
}éions, the speed of the transformation decreasing with de-
‘erease of alkalinity.

; This inﬁtability is further confirmed by eleetrode
measurements, for drifts were so extremely rapid in the al-
kaline range that it was impossible to follow the change in
potential with a potentiometer.

Perhaps this instability in alkaline regions could have
’been-predictaa from analogies with compounds such &8 para-
_smino phenol, hydroquinone, etc. The instability of these
~ééﬁyaunds in alkaline solution is well-known. After all,
‘resorufin contains an OH group para to a mitrogen. It is
‘reasonable to expect analogous behavior of this compound as
compared with substances such as para-amino phenol, etec.

~ The blue color formed on air exidation of resorufin
;én beine acidified with hydrochloric acid becomes red. This
color becomes green on addition of a reducineg agent such as
stannous chloride, and this color in turn may be converted
to the eriginal red on oxidation.

Resorufin is reduced by platinum catalyst and bhydrogen
 in acid solution to give first a green solution and finally
& completely colorless one., The catalyst was prepared by
.the method of Adams, as desgribed in the collected volume of

‘®Organic Syntheses I to X".

3. Bromination Products of Resorufin. Dissolve resor-

ufin in NaOH and add bromine to the solutionm until the sole-
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ution smells permanently of this substance and a brown pre-
%gipitate starts to form. At this point warm the solution,
:filter the precipitate, wash with water, and dissolve with
aleohsl. Then distill off the alcohnl, wash with water,
dissolve in alcohol, and once ag&in evaporate. The product

is ®Iris Blue"™, the tetrabrom derivative of resorufin.

.

O\\ of/o OH
C aw er
.

©

This product forms a red, amorphous mass, which in ale
gohol forms a violet solution with blood-red fluorescence.
At 100° it starts to decompose. |

However, when the bromination is earried out by means
of a mixture of KBr and KBrOz, a compound differing in
'jmoperties from Iris Blue is formed. The directions aret

Dissolve one gram of resorufin in 10 ce. of 6K Eﬁﬁﬁ;
then dissolve 3.9 g. KBr and 1.1 g. KBrO; in & minimum
'ﬁm&dnt of cold water. The solutions are mixed snd 15 cc.
‘éf dilute acetic acid added drop by drop, the solution being
‘kept cool. Allow it to stand one-half hour; evaporate down
to half volume; and filter off the precipitate.

The crystals formed differ from those of the product
formed by sodium hydroxide and bromine. On going into sol=-
ﬁiien in aleohol they produce a blue-viclet solution with an

intense red fluorescence.
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| In six normal sodium hydroxide the green color which
19 produced is converted to yellow by sodium hydrosulphite.
??he crystals dissolved in concentrated sulphuric acid give
a brownish solution possessing a slight yellow-green cast.
V_I,zﬁz gmmonivm hydroxide this aubstanee produces a green sol-
‘txtiorx‘with a'red-—vialet fluorescence. The reaction is une

known.
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Key to Figure I

1. E&rax tube containing copper
2. Mercury trap
3. Copper coil
4. Calaﬁelvcell
5. Goose neck
6. Electrodes (not shown in duplicate)
7. Burette
8. Bunsen valve
9, Mercury trap
10, Thermoregulator
11, Archimedes*® 1lift
12. Rubber universaal
13. Rubber-lined pulley

14, Leads to relay and heating coil
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APPARATUS

' The sccompanying diagram depicts the apparatus used.
The titration vessel was a 250 cc¢. soxhlet flask immersed
to its neck in the thermostat, which was kept at the constant
-ﬁemgeratnre of 30° + ,02° C. The heating unit was a ni-
_akr@me resistance coil running through a pyrex tube filled
with mineral oil, mineral eil being chosen because it did
not tend to char on continued usage.

The heating coil was operated through a home-made
vﬁﬁarmnregulator completely filled with either ether or
liblasne. Either liquid proved satisfaetory, ether being
8lightly better in that it possesses the greater coeffi-
cient of expansion and thereby ten&a to respmnd to a
Sméiler variation in temperature.

The thermoregulator was connected to a relay (Preci-
fsi@n Pemperature Regulator, Model A) which operated on al-
ternatine current. This relay proved very satisfactory,
Mﬁin@e its make and break was extremely fayid and the ten-
dency for arcine across the mercury surface was practically
eliminated.

The bath was aet?at 30° by a standard thermometer, the
range of temperature being determined with a Beckmann.
?ﬁirty degrees centigrade was chosen in order that this(
work might be comparable to that of Clark and Cohen.

Since exeellent stirring is necessary in a bath re-
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“H:ing accurate thermal regulation, use was made of two

iiwtas Archimedes 1ifts set at suitable positions in the
Tﬁ&mh_ The stirrers were driven by & quarter horsepower
motor, the speed of which was regulated by a transformer,

A soxhlet titration vessel was equipped with & six-
 §31& stopper. Two of them served as inlets for duplicate
électrodes, a third as an inlet for nitrogen; the fourth as
 §;nitrogen outlet, the fifth as a means of connection for
the saturated calomel half-cell, and the last for the tip

of the measuring burette.

1. Preparation, Use, and Care of Electrodes. Electrodes

i@re used in duplicate to insure‘equilibriu& oanditions
_ﬁhruwghout the soXution. The method of preparation was as
kf@llawsa the platinum electrodes were of heavy wire offer-
ingz a total surface of about one square centimeter. To the
end of this wire was fused an inch-and-a-half length of fine
_plstinum wire by means of an oxygen blowtorgh, The fine end
“was carefully welded into soft glass tubing, care being
“taken to make goed seals and to anneal them well. A thick
‘seal is not to be recommended for uniform annealing be-
fgémas impossible and the electrode frequently develops
5ﬁﬁéroacapic cracks and thereby leads to erratic reading.
}thg,eleatrodes, without mercury, are placed in a beaker of
 §01& water and the temperature raised to the boiling paint.7
This was allowed to boil some ten minutes and then per-
mitted to cool. If cracks develop, water seeps into the
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4ube and they are thereby detected. If such is the case
zéke electrode must be remade.

The platinum wire was wrapped about the glass tube,
eleaned in alcoholic KOH to remove grease, and then treat-
ed with agua regiae. For final cleansing the eleetrodes
iére filled with mercury and immersed in fresh cleaning
~$bzu'§£an prepared from C. P. reagents, heated to 125° C.,
and permitted to stand until coel. When readv for use,
the electrodes were removed, washed well with distilled
water, rinsed in ethyl alcohol, and air dried for a period
of twenty minutes.
| Gold electrodes were all plated on platinum which had
been prepared as above, care being exercised to cleanse
the wire theroughly before deposition of the plate. A
golution of potassium auric cyanide was used. To prepare
this solution, dissolve 0.7 g. of auric chloride in 50 cec.
of water, precipitate the gold with dilute ammonia, taking
gare to avoid an excess, Filter, wash rapidly, and dis-
sélve immediately with KCN solution, éontaining 1.25 g«
of KCN in 100 cc. of water. Boil free of aumenia. The
‘eélution of potassium auric cyanide is mow ready for use.
'ﬁkke the electrode which is to be plated the cathode, and
ming a gold anode plate for three minutes at six volts
and & current density of 0.2 amps per square centimeter,

As an gdded precaution electrodes were cccasionally
‘heated in an alechol flame. This procedure must be care-

fully undertaken, however, for eracks freguently develop.
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2. Equipment and Method of Nitrogen Purification.

jﬂﬁitrogen bubbling through the system accomplished two pur-
»ipaaes: it stirred the buffered dye solution, and it pro-
duced an inert atmosphere which prevented oxidation of the
- partially reduced dye.
Since commercial tank nitrogen contains from .35 to
+50% oxygen as an impurity, it is obvious that all traces
af this material must be removed scrupulously, for even
slight traces cause marked discrepancies in results. Oxy-
geﬁ tends to seep through rubber connections, and for that
‘reason as little rubber tubing as possible was employed inm
ﬁaking connections. Where this was absolutely necessary,
 heavy gum pressure tubing was used. This was tightly wired
;snd coated either with bakelite wvarnish or Khotinsky cement.
| Two methods for removing oxygen were employed. One
;ﬁBs an alkaline solution of pyrogsllol prepared in the fol-
‘lowing proportionst 18% KOH, 15% pyrogalloel, and 67% water.
f;fhis mixture was used at the outset of the research, and
 when frequently prepared proved passably gsatisfactory. How~
 ¢fer, it possesses the disadvantage of being messy to han-
’ dle, and tends, on getting old, to liberate carbon mmn@xidgs
The final method used, and by far the moat convenient,
;waa essentially that recommended by Clark. For my purposes
 a meter length of compustion tubing, one inoh in diameter,
was filled with tightly rolled C. P. copper gauze. This

was placed in a muffle furnace and maintained at a tempera-
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tgie'betuegn 4002 and 500° €. The nitrogen, en passing
ﬁhrough, loses its oxygen content by formation of cuprous
:éxide, and passes out completely pure.
| At the completion of a six hour run it was found that
one-third of the copper had been oxidized. The tank nitro-
gen was disconnected and a cylinder of hydrogen used to
F:eplaoe ite In a very few minutes the cepper oxide was
completely reduced and the gauze was once more bright and
zﬁady for further use inm the removal of oxygen.

The exhaust nitrogen from the titration vessel passed
through a bubbling trap containine mercury, thus preventing
ku&maspberic oxygen from diffusing back into the system. |

3. Eguipment and Method of pH Determination. The
;gquipmént for hydrion determinstion was a modification of

the well-known Hillebrand electrode. ‘Thgugisas bubbling
‘apparatus was inserted in a rubber stopper which fitted

fin & straight-walled vessel containing the buffer solutiom.
A second hole in the stopper sefvédvaa an inlet for the
calomel half-cell. A third conmtained an outlet tube which
Just dipped into water. This addition was used, for it pre-
#én%&d back diffusion of oxygen. This setup obviated the
vﬁaésibility of inaccurate pH measurements due to the pre-
sence of oxygen in the system.

o Hydrion measurements were made on the pure buffer di-
luted in the ratiec of 5 cc. of water to 50 cc. of buffer.

The dye was not present in the solution, the assumption
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kﬁ@iﬁggmnde that the hydrogen ion concentration is not ap-
f;;5vﬁ";;:?:e;oz;:i.a:"ﬁaslr;y" altered by the presence of the dye. Since the
”final concentration of resorufin was never greater than
vsGOOQB M, this assumption can be safely made.

| A number of hydreogen electrodes were most c&refully’
prepared as recommended by Clark.

| Hydrogen was supplied from a cylinder of electrolytic
gﬁs and purified by passing through KOH solution to re-
move carbon dioxide, through cotton to remove entrained
moisture, and finally through a tube of heated copper wire
_#Q"remgve oxygens

The hydrogen electrode and atﬁaghed saturated

a&lamel half-cell were immersed in the constant temperature
ﬁathg‘borreetiens were made for barometric pressure and
 tem@@rature in calculating the pH. Whenevef there was
~any doubt as to the acouracy of an electrode it was imme-
diately discarded. When everything was functioning smooth-
1y, hydrogen electrodes reached equilibrium in fifteen
minuﬁes, and meintained constancy for periods of one-half

~‘hour or more,

4. The Saturated Calomel Half-Cell. The design of this

7éieetrode mey be seen in the diagram. The half-gcell was

nry carefully prepared from specially purified materisls.
The purification of msraury was accomplished by stirring
the material for many hours with dilute nitric acid. This

served to dissolve foreign metals. Frequent change of the
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;ﬁiﬁrie acid is to be recommended, for an 3quilihrium is
:ﬁ$t~ﬁp between the foreign metal and the mercury in solution,
and at this point the acid no longer purifies.

| When the mercury no longer tended to remain in indivi-
émal droplets the treatment was halted, the mitric acid de=-
eanted, and the residue well-washed with distilled water,
dried, and finally distilled twice by Hullet's method. The
final distillation in vacuo recommsnded by Olark was not made.

The calomel used for the cell was pmepared eleetrc~

Iytlcalzy from purified mercury by the method of Lipscomb
'and Hulettg, modified somewhat for our purposes. Platimum
éiectrades were uased an& the HgCl uhighkfanmad was scraped
:ﬁf% the mercury surface by means of a flattened rod. MNMer-~
‘eurous chloride prepared in this manner, aside from being
‘pure, offers the advantage of being intimately mixed with
'hwreur§; This is an essential feature in preparing cells

of reproducible voltage.

5. The Measurine Burette. The burette was the same as

those usually used, except that a long piece of heavy-walled
_eapillary tubing was fused to the botiom of the stop cocke.
ﬂ?he lower end was drawn down to a nozzle, and by this means
maasured quantities of reducing solution were introduced
_igto,the titration vessel. A Iayer of benzene one to two
ﬁ@ﬁﬁﬁmmaters thick served to prevent air exidatfon of the

kduéinz agent. Aside fr@m thlﬁ an added precaution was
taken, in that the burette uas eqnippad with a bunsen valve

through which flowed a constant stream of nitrogens
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6. Blectrical Eguipment., Voltages were measured by a
Eﬁéeds & Northrup student's potentiometer, and a ballistic
galvanometer (Leeds & Northrup, Cat. No. 2420-C} was am~
y&@yed to determine the null point. 8o sensitive was the
instrument that it permitted the use of a closed stop cock
in the KCI bridge of the calomel cell.

7 To insure accuracy in the millivolt readings, measure-
~ments were recorded to a tenth of a millivolt. Our poten-
ﬁiamster cannot be relied on for such accuracy, but since

~only three-place accuracy was desired finally, it served
very well,
| The standard of potentisl waé a saturated Weston cell,
calibrated by comparison with a Bureau of Standards cell.
B In our measurements correctioms were not made for
change of voltage im the standard with temperature.
A four-velt storage battery supplied the working our-

~rent for the potentiometer.
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1. Composition of Buffers.

1. 250
3. 2850

4, 250 ¢
-5, 250
6. 250
%, 250
8. 250
8, 250
10. 208
11, 185

12, 250
13. 250
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2. Preparation and Purification of Buffers. Materials

},ﬁﬁﬁloyed in buffers were all'aarefully purified. Bariec
fabid, sodivum chloride, di-sodium phosphate, citric acid
Tuére a1t recrystallized five times from doubly distilled
-water.

': Sodium hydroxide, frece of carbon dioxide, was prepared
by the method of Ga.mmg.g
: Titanous chlari&ela was prepared by the method of Poli-

dori as deseribed by Clark and Cohen.
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PROCEDURE AND CALCULATIONS

1. Preparation of Sample. Resorufin yrép&red by the

previcusly described method was put in solution in dilute
ammonia and filtered. Thereupon BHCl was added till the

dje was completely precipitated. The suspension was heated,
filtered through a Buéhner, washed eight or ten times with
tﬁxar, placed on a porous plate and dried. The dry material
was very f;nely powdered, placed in a soxhlet, and extracted
~kith absolute alcohol for a period of three days. The al-
¢cohol was evaporated and the purified resarufin used for

emf measurements.

2. Preparation of Stack Solution. A stock solution of

#asarufin, approximately .0008 molar, was prepared by

i%ighing out the calculated quantity of purified dye. This
;ﬁs put into solution by warminc and any undissolved matef-
4al was filtered on a fritted filter. The dye solution was

:ﬁaed,inAthé proportion of 5 cc. of dye to 50 cc. of buffer,

3. Experimental Procedure for Voltage Measurement.

The buffe: was made up in the proportions represented in
:ﬁﬁg table, deoxygenated and protected by a layer of C. P.
:bensene. One hundred and fifty cuhic.eentimeters of buffer
jgm;& introduced into the titration flask and 15 ec. of
-éﬁéek dye solution added. |

~ The calomél half-cell was set up and flushed with sat-

urated KC1 HgCl solution. The pure buffer, without dye
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:,aentant, but diluted in the ratio of 50¢c. to 5 ce. of
  water, was drawn up into the goose-neck of the salt bridge
:fby sucking on a rubber tube attached to the KC1 reserveir
f@f the calomel electrode. If csre was taken in the proce~
 ~ﬁura, & sharp line of demarcation was diseernable in the
’ iiée portion of the poose-neck. Since saturated KC1 was
;“émglayed as & bridge, correction for liquid junctions was
inégleet&d.

A definite amount of Eicls was now rapidly weighed

 au£ and introduced into a hundred cubic centimeters of
- buffer solution, to which had been added ten cubic centie
fﬁhters of water. By careful manipulation and by using a

- proteectins layer of benzene it was pessible to use as little
 &$ +02 grams of Ii013, for a reduction. It is essential
that & small an amount as possible of this material be
used for it tends to hydrolise and produce HC1 with a
_éénsﬁquent change of pH.

' The reducing solution was introduced into the burette

énd protected by a 2 cm. layer of benzene. Aside from this
. & bunsen valve connected by a T-tube inserted in the top of

the burette was flushed with nitrogen. The two methods of
 §rat§ction.sgnved to protect the reducing solution from
:éimsﬁpharic oxidation.

x’ The electrodes were insertedj the titration vessel

  1 atappazed, immsraeé in the bath, and clamped. Purified

/nikrogen.uas ‘AOW blown through at a rate of 400 - 600 cc.
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~per minute, and this was continued for ome hour to insure
fﬁﬁe complete removal of oxygen, both from the buffer and
from the atmosphere within the flask,

At the expiration of this period a measured volume of
reagent was introduced and the equilibrium potential recorded.
Ffequenﬁly a drift in potentizal was noted. In such inatances
the plateau value was accepted as the true reading.

It was found that the duplicate electirodes checked more
¢losely in the flat portion of the curve than they did neaxr
“the end point. For near the end point even minute differ-
‘gnces in concentration produced relatively large differences
in &eltage.

Durincs the titration the volume of reducing agent added
was plotted against the e.m.f., the end point beineg taken
&8 the point of steepest slope in the titration curve. The
end point once located permitted the calculation of the
~r¢1&tive canacentrations of oxidant and reductaht:

(Red] - NV __
Cox) Ve-V

~ﬁﬁh&re Ve equals the volume correspoendine to the end point,
and V the volume introduced at the time of e.m.f. measure~
;igant. From this ratia,.Ec can be calculated from Peters®
BEgquation.
| For resorufin, mn = 2. This fact may be determined
by the slope of the titration curve. Aside from this, eal-
_éu;ations based on the assumption that n = & agree very

- well with the experimentally obtained curves.
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e On the data sheets the E,'s are calculated from a
rmmber of points near the central portien 01‘} the ecurve,
smd averaged to give a wvalue accepted as the true Eé for
the system. Observations near either extremity are neglec-
thaa,‘ for they are more readily subject to change from var-
iation in pH, temperature, or determination of the end
_peint.

Throughout all ealculations the sign of the electrode
m used. The value «2426 volts wes taken as the potential
_éf the saturated calomel electrode at 30° ¢.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-35-

DATA

= 8.315 joules/deg.

303.,14% X
2:

H

W o3 W W
"

896500 coulombs

AL

E, 2 By «863006 log
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PABLE I

ik Titration of approximately .00008 M Resorufin in
buffer #1, pH 1.036, with titanous chloride solution.

T 2 30° C.
3 s Fo
Val. TiCl, _Red E.M.F. Eleetrode
- used Ox of cell potential
30 0227 «2587%7 501 «452
1.10 ;&am@ «2036 446 .414
2. lis .1&45 «1755 +418 386
3.10 2982 1590 402 +386
4.1G «4360 « 1473 « 390 378
5.10 +60%7 «1355 «378 « 372
6.10 -824 «1222 365 » 362
7.10 1.11 «1092 « 352 353
. 9.62 2.48 0683 «311 323
12,70 15.88 0225 «265 «301
13.10 0011 o244
- 13.20 +0054 237
13430 +0160 226
13.40 -0249 218
13.50 0356 207
- 13.60 0403 202

13.?@ ' .0448 198
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TABLE IX

. Titration at 30° C. of approximately .00008 M Reser-
wfin in buffer #9, pH 5.015, with titancus chloride solu~-

tion.
B E Ee
Yok, ?1313 Red B F, Elsagbede
. in cea. Ox ef cell potential
376 «597 «1610 «404 « 399
4,.%6 +899 +1594 <402 +401
5%6 1,34 +1H4l e 397 +40L
6.76 2.05 +1495 « 392 «401
7.76 3,375 +1439 « 386 +402
8426 4,59 + 1354 « 378 « 388
8.76 6,75 <1313 o274 « 399
8,96 8415 «1258 - 368 «395
9.16 1173 « 360
9.36 +1162 + 359
9,76 +1015 « 344
9.96 +0899 3325

End Point 9.96 cc.
Average B 3 .3995
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TABLE IIX

. Titratien afkappm@ximatelg‘.é&ﬁstmlzssorufin’in
puffer #10, pH 5,610, with titanous chloride solution.

T 2 30°.

in cc.

oD

1.5
250
350
4,50
650
.50
8450
9.50
10,50
10,70
10.80
11.00
11,20
11,40

Red

Ox

B
B M. 7.
of cell

+186
«177
<172
« 167
+X6&
+151
« 143
« 133
«121
<104
«094
<092
+085
«083
+O76

E
Eleagkade

potential

429
.420
<415
410
.405
401
-394
386
«376
« 364
«347
o337
<335
<328
<326
.319

Average Ea -1

3977

Eb'

+ 395
« 398
« 399
«399

« 395
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Titration of approximstely .Q@O@&Iﬂ Reaorufim in

buffer #11, pH 6.110, with titanous chloride.

Vol. TiCly
in ecc.

2.0@"'

4400
540Q
- 6600
’ ?’00
8,00
10 00
11.00
12,00
164,00
16.80
17,60
18,00
18,40
18.80
19.20
19,60
20,00
2040
20,80
21.28
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Red

«1052
235
313
+400
.500

+750

«910
1.10
1.354

B
E .KQF *
of ecell

.1892
« 1734
«1665
+1640

«1594

+1564
« 1554
«1499
1491
1443
«1116
1024
Q962
«0923
.0848
+0762
«OF39
+J639
«0567
+0812
.038%

B
Else%&ade
potential

+4318

+4160¢

+409L
+4066
«4010
« 3990
« 3980
« 3925
« 3917
« 3869
« 5626
3542
« 3450
« 3388
03349
3274
+ 3188
«3165
« 3065
« 2993
+ 2938
+ 2813

End Point 2100 cce.

Average E,

2 393

=z 30° ¢.

E
o

« 396
e 394
.3%5

.393
<394
<392
393
391
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DISCUSSION OF ERRORS

The determination of exid&tisﬁ»re&uction‘patentisls,
by the method employed, is subject to several sources of
@rror.

A. The assumption that the concentration ratic of
peductant to oxidant is identical with the activity ratio
is not absolutely correct, even though the dye is highly
diluted.

, B. Ancther error results from the drift of potential
with time. This drift is extremely rapid im all alkaline
ﬁunges with the compound studied =-- 80 miach s¢ that mess-
‘uyrements were impessible.
| Ce The exact determination of the end yuint is ex~
¢eedingly difficult and permits a range of one to two per
;qenﬁ in its estimation. As a result, I, eﬁlculatiens
made from dats &t either the beginning or the end of the
3ﬁiﬁza£ian do not giwve constant values. For this reason,
ﬁ@iﬂta near the central portion of the titration curve
tere chosen in,determining Eo‘
| D. The voltages of oxazines vary with dilution. This
}ﬁs& been shown by Preisler and Cahsn.s

E. The assumption that the reducing solution is of
the same pH as the dye solution is not strictly accurate,
,fér titanous chloride canmot be prepared free of excess
h&&reehlaric scid. This acid content will produce & slight

_change in the buffer's pi.
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DISCUSSION OF RESULTS

Table X was given in order that ene_mightvsee how
réserufin acts on being titrated in a solution containing
’a’cmoride buffer. On examining the data one observes that
the B, oalculated is not a constsat as predicted by the-
ery. It is obvious that something is happening to the re-
sorufin in the titration vessel. TFrom the resulis it would
‘geem that a,pertidn,ef the oxidant, over and above that re-
k@uired by the amount of reducing solution added, is being
;ﬁemnved.
| Phere ocour. three possible explanations as to the
reason for this variation, namely: meriquinone fermatien;

salting out of an inscluble rescrufin salt, or decomposi-~
tion of the oxidant.

| ‘Attempts were made'to<oaloulate'the-'EQ walues on the
;aséampt;én,ﬁh&t a meriquinone, composed of one molecule of
_oxidant to one molecule of reductant, combined to give a

complex. This attempt gave E, values Which,cheeked nc
petter than those based on the assumption that n=sZ,

/ If meriquinone formationm occurs, it is by nc means
necessary that the complex formed be composed of oxidant and
% :educt&nt in the ratiec of one mole to one. For a more com-

*Kéte discussion of this type reaction, see reference (1,¥X).

That merigﬁinane'formaﬁieu.does eccur is guite pro-

" bable, for it should be remembered that resorufin, en being
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j%ﬁ@ansd in high acid solution, undergees an intermediate
ﬁxne~green color.

' The saltince out of insoluble resorufin is also a dis-
tinot possibility, for the solubility of the hydrochloride
'is extremely low. It may be that the variation of R, ean
be explained in this manner.

. There is the possibility that the oxidant decomposes
iﬁ the aeid region. However, it should be moted that there
j= no experimental reason to confirm this assumption.

Numerous other titrations were attempted in the var-
jous buffers comtainine chloride ion. On no eccasion céuld
ednstant. E,*'s be found. It was considered unnge&&sary ta'
yfurnish additional examples.

Tables XX, IIX, and IV show titrations of resorufin,
fin,ﬁﬁn~chloride buffers, carried over ranges of pH in
which the compound appears to act as a true oxidation-re-
duction indicator. It should be meticed that the E, var-
jes but slightly with change of pH. This may be explained
niu.that the ionizations of the hydroxyl groups are extremely
‘slight. Foi a more complete understanding see the derivation
;éf the theoretical equation for resorufin.

Attempts were made to titrate resorufin in alkaline
ranges, using Nay850,. Thegse efforts were abortive, for

drifts were so extremely rapid that readings could not be

,Brifta>¢f potential in this alkaline solution ccourred

even before sddition of reducing solution.
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v Judgine by the blue coleration resulting from air oxi-
dation of the alkaline solution, it would zeem}tb&t resoru=

‘fin is converted intoc resazurin,

Let us compare resorufin with phenol indophencl, which
has the formulsa

H

It is noticed that phenol indophencl differs from resorufin
}in~tha$vit does not possess a bridge exygeﬁ.

It is of interest to conmsider the change in ionization
produced by the bridge oxygen present in resorufin. Ehepol
 £#dophena1 varies appreciably in E, with change in pH,
?ﬁﬁilé resorufin varies but Iittle. This indicates that the
‘jonizations of the characterisiic groups in indophencl are

_diminished by substitution of the oxygen bridge.
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SUMMARY

Reactiens of resorufin have been qualitatively
studied,

oxidgtienereduetian potentials of this camgaﬁnd
were measured and found to be most suitable at pH's

éf from 5 to 7.

* & & o e & o
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