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Benzene

By Marion Maclean Davis, Prizcilla J. Schuhmann, and Mary Ellen Lovelace

This paper, tha sepond in & serles concerning the uae of indicator dyes to study the re-
actions of organie acids end beses in organic solvents, desls with healogen derivatives of phenol-

gulfonephihslein.

Spectrophotometrie dsta are plven for mixtures of bromosroas] green,

bromophenol blue, iodophenol blue, and tetrabromophencl hlue with primary, seecndary,
and tertisry aliphatio amines in bengene; and qualitative dats are tabulated for chlorophencl
Elue, bromechlorephanol blue, chlgrophenol red, bromophonsl red, bromoerasal purple, and
bromothymol blue. Comparisons are made of the phenolsulienephtholeing and the bromo-
phthelein magentas. The structural changes that acepmpany the color phenomens am
discugeed.  Buggestions are wade yegarding the use of the indieators in inert solventa.

I. Intreduction

A previous article [1]' described in dateil tho
- preparation of the acidic indicators, bromo-
phthalein magents E and bromophthalein magents
B (respectively, the ethyl ester and tho s-butyl
estor of totrabromoephenolphthalein}, and their
reaction with various types of organic derivatives
of nsmmonis in benzene and in other organic sol-
vents. The objectives of our work on the appli-
cation of indicater dyes to the measurement of
acidity and basicity in organic solvents were
digenesad, and a review of theoraticsl sapects of
acid-baee reactions in organic media and of experi-
mental contributions of several nther inveatizators
to this field was also presented.

Thia article desls with the reactions of 10
halogen derivatives of phenolaufonephthalem
with different types of orgenic bases in henzene.
The phenolsulfonephthaleing are dibasic acids.
They are readily available commercially and are
widely used as acid-hasa indicators in agquecus
media, becauge they undergo vivid color changes
at definite pH values. Their behavior in benzene
ia more complex. In particular, the change that

1 Flgores in brackets [mdleste the litormttre refecoties ab the end of this
paper.
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veeurs during the second stage of neugralization
depends upon the nature of the base that is added.
It is different for primary, secondary, and tertinry
aliphatic amines. Theze differentiating reactions
parallel those previcusly described for hromo-
phthalein maganta [1], The reactions of the phenol-
pulfcnephthaleina weore investipated less thor-
oughly than those of the hromophthalein
magentas, because warious aspects of their be-
havier are predictahle from their structural
relationship to the bromophthalein magentas, and
alan because the sulfonephthaleine are in general
less surtable acid-base indicators for organic
solvents than the bromophthalein magentas,
The structures and reactions of the two groups of
indicator dyes are compared in sections to follow,
but reference to the first paper in this series is
essential for complete details of the reactions of
tha bromophthalein mapentss and for a mope
extensive interpratation of the role of the aclvent
in acid-base reactions,

II. Apparatus and Method

The spectrophotometric data were obtained with
a Beckman quartz photoeleciric spectrophoto-
meter {2, 3] in which & pair of stoppered cells and
a speeially desighed cell compartment were sub-
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atituted for the cells and cell holder supplied with
the commercial instrumnent. Esach cell consisted
of a pair of oplically matehed erystalline quaris
endplates 2 mm in thickness and a stoppered
quartz cylinder 3.8 em in dismetsr and 1 ¢m in
length, open and polished at the ends. The con-
siruction of the cell holder nnd the manner of
azsembling the parts of the eell were deseribad
previously [1].

In most of the measyrements, one cell contained
the pure solvent and the other cell contained the
solution under investigation. Solutions were pre-
pared in a roomn kept at 25° C, and measurements
were made at 26°4+2% C [1]. Volumetric fasks
and pipettes calibrated at the Buresu were uszed
throughout. Stoeck solutions of known concentra-
ticns of the separate compounds were prepared
and were diuted quantitatively immediately
before use, to give the desired mixtures. The
microbalunce used for weighing the indicator dyes
pave a precision of 0.5 to 1.0 percent.

Readings were usually made at intervals of 5
or 10 mp, In afew cases additional readings were
made at intervals of 1 mu. Measurements of the
percentage transmittency (4] were usually repro-
ducible within +0.2 percent. In the figurea to
follow the transmittancies in porcentages and
wavclengths in millimicrons are plotted as ordi-
nates. and abscissas, respectively. Values for ihe
molnar absorbaney index, 4y, were calculated by
means of the equation

a =—lﬂgmi}1
=M

in which T,= Tys1ef Tuciy=1ho transmittancy of the
splute, & is the depth of ‘the cell in centimeters,
and M is the molar concentration of the solution.
The absorbancy, often referred to as the "optical
dengity,” is the negative logarithm of the trans-
mittancy [4].

III. Materials

The benzene used as the solvent and the organic
hases were the spme materials as those used in the
preceding investigation {1].

In table 1 the indicators are listed under both
cotamon and chemieal namea, together with de-
seriptive eomments. The general structural {or-
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Struclural formula for a phenolsulfonephifialein
hdiceor

Froure 1.

mula for phenolsulfonephthalein indicaztors is
given in figure 1. The nature of the substituents
in positions X, ¥, and Z of rings A and B is shown
in table 1. In tetrabromophenol blue, the four
unlabeled positione in ring ¢ are occupied by
bromine atoms; in all of the other sulfone-
phthaleing listed, by hydrogen atoma,

The indicators were obtained from several
commercial sourees. Bromophenol blue, chloro-
pheno! hlue, iodophenol! blue, and tetrabromo-
phengi blue were dried in & vacuum ovem or
Ahderhalden apparatus before use, The rermain-
ing indicetors were taken from freshly opened
containers.

Microanalyses for the various indicators are
presented in table 2. The sample of bromo-
chiorophencl blue appearsd to contain an acidic
impurity and was thercfore not analyzed. Two
samples of chlorophenol red, from diferent com-
mercinl sources, wera analyzed. Both samples
showed a lower carbon content and higher ¢hlorine
content than the calculated waluea. Iodophenol
blue showed too low carbon and too low iodine
cottent, and tetrabromophenol blue, high carbon
and hydrogen and low bromine. The percentage
compositiona found for the other six indicators
are in satisfactory agreement with the theoretical
values.

IV. Color Transformations of
Phenalsulfonephthaleins

An understending of the relation beiween the
color snd the ebvironment of phenolsulfone-
phithaleins is necessary to interpret experimental
obaervations of their behavior in benzene,
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TarLE 1.

Lint and deacriplion of tndicelors

Bubatitnents
Comman hame » Chemidos! nama Oolor of srlid | PH mﬁ;ﬁaﬁuﬂggﬂ“ i
’ X ¥ 7
Brotophenc] bl ... ... Tkl oo omspbthabdn - ... ... .| Br Br Pube orgam__ . 3.0 (yallowr) to 4.4 (purple)e
Chloropheool bhae. ... ___ Tetrm:hloropbenobulloms phithalalo. ... %] LI IR PR Ligbk drompe. . - Dok
Todophenal e ... ___.._ Tetraledophencbulionephtbadein.. ... ___| I I e | OTROER. . raan 3 (relbow] to 5 {blue) =
Bromochiorophenol bloa___. . .| Ditremedloblorepheaoslsolfionephthaledn. .. ___| Br ] oo | Drarkred. ... r Cpedhw) Lo & {bloe)d
Teirabrrmaophenol blue____ . | Tetmbromapheaolistrabromesulionephlbalein_.| Hr Br w--o--| Light brown. . Dyt
BHIreaal greeT.. .. ... _ Tetrabromo-m-tresclanlfonephittalsn . .. Br Br CH; | Paleaream .| 3.8 {¥ellow) bi 5.4 {hliog)4
Crlgropbegel ped .. oL Diebhenphenolanifemephthaletn. ... ... s 2 (R veemm| Red-bromm.. . | 48 (relbow) bo B4 (red}d
Brohwophenol md -, ... e | Dibrmophaselanfrrapbchalain. e B [Lceaacfaeeo o Dorkered. . 52 (yellow) be 6.8 (red}0
Browmocroso] R, ... THiron-o-tyrena i Rsepbthabsin ... ... J{ Br CHr |oceea. Falscrenm. | 5.2 {yellow) Lo .3 (purpiert
Bromothymal bhae. ... . ... Ditwosod b yeobsulfonaphithndeln . ... ... Br | (CHa)yCH | CHe | Light pink......| 80 Orellow) to .8 (bloe)®

= The apelling ussd 15 that preferred by editors of publicatioms of fhe Ameriean Chemical Sodaty,

b H. A Lubs and W. M. Clark, . Washington Acad, Sclence 8, 4£1 (1914).
Inatead of the vahnes 3.0 to 4.8, now aceapied.

+ Epalman Organkn Chembeals Lixt Mo, 55, Bastman Eodak Co., Roohsster, W T,

4 B. Goheny, Reprint No_ 1131 from the Fuble Health Reporiz (Goverument Prliniing Ofbee, Washingten, D O, 107,

P W, C, Hardety wnd N. L, Drake, I, Am. Chern_ Bog. 5J, 542 (1920, M. M Haring snd H. &, Hellar, J, Am. Chem. Soo. i, WA (1441), give the pH raoge

st 16 todd.
TaprLe 2. Analyses of indicators
Caleolsted Found «
Nati:

H| X | 3 O | H | Xv | &

| B I%| % | 9] % |9
Bromophenal blue = ..____ MoE LB M| LT[
Chierophennd blued_ .. ____| 48, 37| Z 06 B.EE*---.. 4 20 20—
Todaphene bloe 4 . _____ .80 L18) W17, | 253 L3 MY.....
Tetrabrpmpphenal bloe 4. 23, 05 (61| 6484, ... 28.9) L4 B%6[..
Fromocl green s, ... M 13 202 ee---| W RE_____ |
Chlorophrind risl
Bample 19 __..eea.s B 9l .84 M5TE-___ | BLY e ____ | -
Sample 24___.__ oo Mk gL deel 1A TR | En4 Faf 187...__
Bromophem red ¢ | M55 ZAB| B3l Bom6) 4| %8 312 A2
Bromocreso pHorpde oo [ .70 389|..__. .| WBE o]
Bromothymol bloe =, _____| 6154 4 BB _____[.....| 3&0Q 4..&'1 ...........

& Averige of £95 or thren mnslyacs.  All ramples were dried at low presaoras

oefore moslyiis,
b X=Br, CL o L.

r Analyaks was parformed by Keoneth Dr. Fleleaher.
4 Analysis was performed by Raolt A Panlson.

1. Relation of Color to pH in Agqueous Media

The reversible chaoges in color that phenol red,
and other sulfonephthaleing in which alkyl or halo-
gen rubstituents are present in the phenolic groups,
underge in aqueous solutions are the reason for
their widespread uee in the determination of pF

values,

The relation between the color and the

pH of the solntion can be understood by a con-

sideration of the formulag shown in figure 2.

In

aqueous media, thres colored forms and a colorless
form are known to exist:

Acid-Bass HeacBons In Orgemic Solvents
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Frovaz 2.—5Strugtural and eolor changes of phenolaulione-
phikalein (phenol red) in agquecus solulzons.

1, Unlvalent anicn {yellow); 1L, bivalent anlon (deap cotor); ILI, amphion
[deep color); [V, trivalent sarkdnol anlon {solwrlead).
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Yellow form.—The yellow form is represented
by formula I, namely, s univalent anon coniain-
ing u quinoid group. This absorbs radiant enargy
in.the violet region of the spectrum, and the color
transmitted by itz solutions iz therefore yellow.
The pH range over which this form is stable de-
pends upon the substituenis present.  For phenol-
sulfonephthalein (phenol red) the ranpe is roughly
2 to 6.5, and for its tetrabalogenated derivatives
the range is approximately —1 to 3.

Deeply volored forms.—One deeply eolored form
ie preduced by the addition of » base to a solution
of the vellow fprm.  This change is brought abot
by the removal of phenolic protons, by combina-
tion with hydroxyl ions, The resulting bivalent
anion {formula IT, fiz. 2) has a much deeper color
than the univalent anion, hecause it absorbs light
of longer wavelengths, The shift in abeorption
je atiributed to resomance among varicue atrue-
tures of nearly aquivalent anergy. The most im-
portant of these structures are nlost commonly
believed to be those chown a8 4 and H in formuia
IT, figure 2 [6 to 11]. In the case of phenol red,
the bivalent anion gives red sclutions in water and
is produced when the pH excesds the approximate
value 6.5. In the case of its tetrahalogen de-
rivatives, the bivalent anion is purple or blue and
is produced when the pH is greater than about 3.0,

A second deeply colored form is produced when
a coneiderable quantity of acid 15 added to & solu-
tion of the yellow univalent anion. With phenol
red, thiz change occurs in approximately 1-N hy-
drochleric acid, corresponding to a pH of about
zero, With tetrahalogen derivativea, it occurs
only when the indicator is dissolved it nearly con-
centrated hydroehloric or sulfuric acid.  This sec-
ond deeply eolored form differs from the first one
in having a proton attached to each oxygen in
rings A and B, as shown in formula ITI, figure 2.
It iz an amphion (zwitterion, hybrid ion) [5,8].
The ¢olors of the bivalent anions and the amphicns
are similar but not identical. Conversion of the
univelent anton &0 the amphion is made possible
by the wenkly basic sharacter of the quinoid oxy-
gen. When halogen substituents are present in
ringm A and B in the positions ortho to oxygen, the
besicity of the oxygen is lessened. This necounts
for tha difference in the concentrations of acid re-
quired for the conversion of halogenated and un-
halogenated phenolsulfonephthaleins from the uni-
‘valent anion to the amphion,

30

Colarless forte.—Tha bivalent sanion (formulia IT,
fig. 2} iz converted to the colotless trivalent car-
hinel anion (formula IV) by the addition of a
hydroxyl ion to the central carbon. This reaction
occurs at high pH values. The trivalent anion
absorbs ultrnviclet but not visible radiation.

2. Coler and Structure of Phenolsulfonephthaleins
in the Solid State

Of the indicators listed in table 1, the following
have been {zolated as colorless or nearly calorless
solids: Bromophenal blue [12], bromochlorophenol
IHue [13], tetrabromophenol blve [14], bromocreanl
green [13, 15], bromoeresol purple [16], and bromo-
thymol blue [17].  Freaquently, however, com-
mercial specimens possess o pink tinge or even a
dark red or brown color (see table 1, col, 4}, Vari-
ous impurities may be responsible in part for the
color, but the most probable explanation is partial
or complete hydration of the solid [12]. The
coloriess farm of the solid is believed to have a
lactone (sultone) structure (fiz. 1), The deeply
tolored form of the solid is probably a hydrate of
the amphion {formuln III, fig. 2). The amphion
gtructure is presumably stabilized by association
of one or more water moleculea with the S0, group.
This explanation is supported by the following
tacts: (17 Undalogenated membera of the phenol-
sulfoenephihalein series, for exnmaple, phenol red and
thymol blue, have been isolated only in hydrated,
highly colored {datk red or chocolate-bhrown)
forms [13, 15, 17]; as shown in the preceding sec-
tion, these are the compounds that are most
readily converted by the addition of acids into
deeply colored amphions in agueous media,
(2) Hulogenated members of the phenolsulfone-
phthalein seriez are obtainable in the coloriess,
anhydrovs form from a nonagueous medium, such
as glacial acetic acid, but precipitate as deeply
colored hydrates from aqueovs solutions.

When the deeply colored solid is dissolved in
water, the quincid oxygen i3 no longer able to
compete for the proton with the more basic as
well gs more numerons hydroxyl ionz and water
molecules. At one time the colorless lactone
fsultone) form was believed to be present in
ngusous solutions, in tautomerie equilibrinm with
the quinnid sulfonic acid corresponding to the
univalent anion, formda I, figure 2 [5].  This view
ia not acceptod at the present time [8).
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3. Reaction of Phenclanifonephtholeine with
Organic Basea in Benzens

The phenolsulfonephthaleins investigated are
all zoluble to & limited extent in benzene, The
lighter the color of the solid, the mere readily the
indicator dissolves. In fact, some deeply colored
specimens are practically insoluble in benzene.
These differsncea in solubility provide additional
evidenca that the deeply colored solid has an am-
phion structure. Solutions of the indicators in
benzene are completely or nearly colorless, The
aolid apparently dissolves as the lactone {fig. 1).
In moat instances the solution becomes a pale
yeallow color on standing, and & toticeable yellow
gtain appears on the glass of tha container, par-
ticularly around the neck and the stopper. The
yellow color of the solution ia most evident on
days of high humidity and is probably partly
caused by moisture adsorbed by the sample or by
the glass. It should also be remembered that
many glas: vessels show an aikaline reaction, be-
causa of the chemical composition of the glass or
localized deposits of alkali on the surface” The
yellow color indicates partial conversion to the
quinoid atructure.

Either strong or weak bases, such as aliphatic
amines or aniline derivatives, cause the appear-
ance or intensification of the yellow color when
added in minute amountz to a benzene or chioro-
benzena solution of an indicator of this group,
for example, bromophenol bive [15, 19]. A
further change in color iz brought sbout when
more than & molar equivalent of a strong base is
added to the selution. In the worle of previous
investigators, apparently the only orgunic bases
employed were secondary aliphatic amines, which
produced a blua color, 43 was to be expecied by
anslogy with aguecus solutions [1%, 19]F Wa
discovered that the coler produced in inert sol-
vents such as benzene and chlorobenzens depends
on the chemical type to which the base belongs.
In short the reactions of organic bases of various

P Elghedly E, Muorray, lovmeely of (hdy Toresn obstrved LBat sovoml
ohw volimetric flaske, eeid ta bhave besn cheabod with ag eckd mixture,
Mqulred blue fpeds o0 Lhe jober Audeen after bofog Olld «[th & beneens
soldtion of bromopheuel blue, ‘The bloe spots oo hnger Frmed aftar the
flankn bad been kept filled with dilate bydrochlorde acdd bor several days
and then theronghly washed and dried.

= Arynatad sppears to be the first person be bave nead indbcators of the
sulipephihptedn serles for the sfudy of atid-base maetbons I benzene,
Fiperidine, heteylaming, and Eamylamios wers b besed used in his
aplorebory [owestigationy, Expariments] detnils were not given, and the
culer changes oberrad were not described (207,

Acid-Base Reactions In Owgemic Solvents
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clagses with phenolsulfonephthaleins and related
indicators in bengene and other inert or " aprotic™
solvents do not exactly parallel those observed
in squeors media but reveal differences that are
rmasked in an “amphiprotic” solvent, such as
water, In the Aret paper of this series, the reac-
tione of bromophthalein magenta with wvarious
organic hases were described at length, and analo-
pous reactions of phenolsulfonephthaleing were
referred to [1]. Experimental observations and
data for sulfonephthaleins will cow he presented.

V. Data and Obgervations

1. Transmittoncy Cuarves for Phenolsulione-
phthalging in Benzene

In figure 3 ere presented transmittency curves
for three halogen depvatives of phenolzulfone-
phthalein and, for comparison, the curves for
two related derivetives of phenolphthalein. The
intended concentration in all cases was 531078 AL
but, as already explained, the sulfonephthaleine
react with moisture or a glasa surface, the iodo-
phenol blue appeared to be impure, and it iz not
cartain that the tetrabromophenclphihalein was
free of impurities. However, the solufions can
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YTicure 3. Tronemitlency curves for sulfonephihaleine and
refaled imdicators fn bhenzene, all oppropimaiely &2 J0—F M.

1y Chlorapbend bloe; {11 bromophenol blue; (3 indopivenad tos; {4} tetre-
brepmophensolphthakeln; (5 bremophthelsin magents £,
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Frouee 4. Struciural farmular for the modificafions evisi-
g th benzens andufion,

Bmm.uphmul blue; IT, tetrabromoetbenolpbthelsn; I, bromephtbalaln
meganta E (tetratrotnoplendphitbalein atbyl ester); IV, tetrabromophe-
nolphihalin sthyl eeter,

be considered az very nearly equivelent in eon-
centration. Curvea 1 to 4 In figure 3 are for
chlorophenol blue, bromophenol blue, iodophenol
blue, and tetrabromophenolphthalein, raspectively.
" Curve 5§ is for bromophthelein magenia (tetra-
bromophenolphthalein ethyl ester). In figure 4
are shown the structures aseribed to the modifi-
cations of bromophenol blue, tetrabromophencl-
phthalein, and bromophthalein magenta that
exjst it an inert solvent such as benzene (formulas
I to III, respectively). Chloropheno! blue and
iodophenol Blue have, of course, the same strue-
tyral pattern as bromophenol blue. The curve
for bromophthalein magenta, which contains a
quingid group, is noticeably different from the
curves for the other four compounds. Curves 1
to 4 show two narrow, shallow absorption bands of
neatly equal intensity, 7 to 10 myu apart. Curves
1 to 3 show displacement of the absorption bande
toward the infrared region (bathochromic effact)
and intensification of absorbancy (hyperchrotic
effect} with increazing atomie weight of the halogen
substituents, In table 3 are piven the approxi-
mate values for tha positions in millitnicrons of
the absorptions and transmission bande of the
five compounids, as wall aa the values for the molar
absorbancy index, ¢y, at the positions of maximom
and minimum abeorbancy.

Alzo included in table 3 gre the values chitained
for bromocreso} green and for tetrabromophenol-
phthalin ethyl ester.* Tetrabromophenolphtha-
lin ethyl ester does not have a lactoid stracture
{dig. 4, formula IV}, Nevertheless, ita transmit-
taney curve is aimiler to curves 1 to 4 in figurs 3.
Thera are two abascrption bands of nearly the
same intensity, 8 mp apart,

T Epectrophotomatric data for benzsns solutions of tatrabromophensiphibes

I wihy] stbor apd chloroplumnl Bine were obtplsed by B Anne MeDonald
af this Bureau,

a2

TanLe 8. Approvimale values for moler absorboncy ine
duzer and positions (in millimicrons) of ebrerplion and
travgmisaion bande of benmene sofufions

Fltl;?n mp— Sﬁw ’I‘rn.nhs;':am[un
Compaind
| e || e |G|
Chlorophenol Hoe_.. .. WA [ &, 06d [ 2905 £000 ( 287 3, 300
Bromaphend bha. ... My | b000 | WERLG | LMW | MRS 1,30
Todophenol blne ... 0 | 6460 | 30 0, 800 | 203 B, 0
Tatrabrno mnph.almtl-
phtbalan.. . . .. B4 | 5650 | 280.5 | 5500 [ eo b 5,18
“Broniopihihals n negenta | 13 00 (oo, —-.- [RIVIRSPI FRSVRS F
Tebrabromophonal-
phrhalin othy] eater._. 0 [ o0 (P T.AM | 7 ¥, 20
Brommireso green. .- 84 | 3,850 ( 204 [ 4,000 [ 2.5 4, 500

2. Bromoeresol Graem

Transmittancy curves for approximately
5 10~%-M bromocresol green in benzene, with and
without added acid or base, are shown in figures
StoT..

The curves shown in figure 5 werc obtained for
mixtures of bromosresol green in benzene with the
following: {A) Solid lina, 2.5 X 10~ %M acetic acid

190
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Frovee 5, Transmitboncy curves for 8730 10-0-M bromoeresal

green in bemeene.

{A) 5plid lipe, plos 6 molar eqolvalents of scatho ackd; {4) dotbed e, with-
out 39, (1} fo (33, plos 1 molar equivalent of mono-A-amylamine, di-s-
smylamains, aud tribw-amylamine, reapectiveky.
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Fiaung 6. Transmiflesncy curves for § < 1005 M bromocresol

green in benzene and for its miztures with piperidine.

[A), Without piperldioe; (L, (1.4, {31, mixtares with 1, 1.4, and 2 mglar
equivelemta of piperidloe.
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. WAVELENGTH (M}}
Ficure ¥. Trandsdiioncy curves for § 2 107-M bromocresm
green in benzeme and for e miztures with irigthylemine,

{A&), Withoot tristhyiaraine; (0.4 to (R00), mixinres with feon i o B
moter equivalents of triethyismine.

{5 molar equivalents}’; (A) dotted line, no acid;
(1) &3¢ 10~5-A monc-n-amylaroine {1 melar eguiva-
lent}; {2} 1 molar equivalent of di-p-amylamine;

(3) 1 molar equivalent of tri-n-amylamine. The
two eurves marked A show that bromocresol green

1The ¢ontparlann oell sontained 3,5 1M poetlo acdd In benzene.

Acid-Base Reactions in Orgomic Solvends

in benzene was partly converted into the yellow
quinoid form, and that with a moderate excess of
glacial acetic acid these traces of the quinoid form
were converted into the lactone. The offect of the
acetic aeid is probably to be attributed to its
combination with fraces of water in the solution.
Mono-, di-, and tri-n-amylamine produce almoat
identically the same change in the ahsorption
eurve when their molar concentration is the same
as that of the indicator. Curves 1 to 3 show
abaorption bands near 285 and 410 my, and trans-
missiont hands near 300 and 345 mu. Approximate
values for ay found for the four bande, in the
mequence given, are 10,000, 20,000, 7,200, and
7,200,

The trensmittancy curves in figure & show the
chenges in the absorbency of 5X107%Af bromeo-
crescl green in benzene that occurred when mora
than 1 molpr equivalent of piperidine was added.
The curves are fer the indicator alone and for
solutions that contained 1, 1.4, and 2 molar equiv-
alents of piperidine a8 well. The original faintly
yellow solution became a vivid yellow after the
addition of 1 molar equivalent of the base.
When the quantity of base was incressed by only
0.4 molsr equivalent, the color changed to blue.
From fignre 6 it can be zeen that the appearance
of a strong ahsorption bend near 600 mu and a
relatively small decrease in the absorbancy near
400 my accompanied this change in color. Curve
1 in figure 6 and curve 2 in figure 5 show the begin-
ning of a change in the samo direction. Curves
1, 14, and 2 show well-marked isosbestic points
near 235 and 495 to 500 mp. Di-w-amylamine,
when added in excess of 1 moelar equivalent, pro-
duced the same change as piperidine. The quan-
tity of sceondary amine required for complete
conversion of bromocresol green to the blue form
was not determined.

Curves 0.4 to 800 in figure 7 show the changes
that occurred nfter the addition of 0.4, 1, 2, 5, 20,
50, 100, and %00 molar equivslenta of triethyla-
ming to 53 10~%M bromocresol green in benzene.
The reaction appeared to be complete after 800
molar cquivalents or less of tricthylamine had been
added. Comparigon of the transmittancy ¢urves
presented in figure 7 with those in figure 6 reveals
that the addition of 1 molar equivalent of triethyl-
amine produced essentially the same effect as the
addition of a molar equivalent of piperiding or
monn-, di-, or tri-n-amylamine. When the con-
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eentration of triethylamine became gronter than
a molar equivalent, the eolor changed toward
magenta netead of to the blue produced by the
addition of piperidine or dismylamine. It is ob-
vious that curves 2 to 800 in figure 7 are very dif-
ferent Irom eurves 1.4 and 2 in figure 6. The
magenta solutions show a broad ahsorption band
near 565 me (instead of & narrower, more Intenee
band near 600 myu) and the isosbestic points occur
near 360 and 465 to 470 mu (instead of near 335
and 495 to 500 myu), 1,2-Diphenylguanidine
caused the sama change as triethylamine—a
changa first t¢ yellow and then to magenta with
intermediate orange and red tonea. After stand-
ing. » precipitate began to form in seme of the
golutions. For cxample, a solution to which 2
molar equivalenta of diphenylguanidine had heen
added showed n Tyndall beam after standing over-
night, but & solution that contained only 1 molar
cquivalent of diphenylguanidine was still clear.
With di-o-tolylgusniding, & precipitate was evident
when more than about 1.6 molar equivalents of
the base had been added.

3. Bromophenol Blue

The kehavior of bromophenol blue in benzene
with typical secondary and tertiary aliphatic
aolines 16 very similar to thet of bromosresol
green. Tranemittancy curves for approximately
5% 107% A bromophenol hlue in benzene, with
and without added base, are shown in figures 8 to
11

The eflects of 0.2, 0.4, 0.6, 0.5, and 1.0 molar
aquivalent of di-r-butylamine are shown in fizure
B, Oyrve A i3 for bromophenol blue witheut ad-
ded acid or base; here agein, the presence of a
gmall srmount of the yellow quinoid form is evident.
Curves 0.2 to 0.8 show & gradual intensification of
the absorption band near 400 mp, characteristic
of the gquinoid form. 1t is interesting to note that
the absorption band near 292.5 myu gradvally dis-
appcars a2 the band near 400 mp becomes stronger.
When the concentration of dibutylamine is in-
creased from 0.8 to 1.0 molar equivalent, the
abzorbaney neyr 400 mp begins to diminish, and &
very strong sbsorption band near 575 mx hecomes
evident. Evidently the sccond stage in the neu-
tralization of hromophenol blue bepins before the
firat stage is complete.

The transmittancy curves in figure 9 show the
changes that oceur when the concentration of di-
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n-butylamine is increesed successively from 0.3
molar equivalent to 1.9, 2.0, and 4.0 molar equiv-
alents. The solutions were green to blue in eolor.
When figures 6 and 9 are compared, it is aecen that
the changes produced by the addition of & second-
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Acid-Bass Reactions ln Orgumic Solvents

ary amine to bromocresol green and fo bromo-
phenol blue are of the same genernl character.
No attempt was made to complete the spectro-
photometrie study of the reaction betweon bromo-
phenol blue and dibutylamine becouze of the ab-
senca of sharply defined isosbestic points and
changes that occurred in the transmittancy eurves
after the solution had stood for a short time.

The transmittancy curves in figure 10 show the
effect of adding 0.8 and 1.0 molar equivalent of
tri-n-butylarmine to bromophenol blue. The
curves marked 0.8 and 1.0 conform to the pattern
of the curves in figure 8. However, iributylamine
appeara to be less reactive than dibutylamine, as
the change caused by the addition of 0.8 molar
equivelent of tributylamine was intermediate
between the sffects of 0.2 and 0.4 molae equivalent
of dibutylamine. The relative strengths of dibutyl-
amine and tributylamine in water, as measured
by their ionzation constants, are the same as in
benzene {compare p. 235 and 238, reference [1]}.

The transmittancy curves in figure 11 show the
changes -that are produced by the addition of
more than 1 moelar equivalent of tri-n-butylamine
to bromophencl blue. Curves are given for the
resction of the indicator with 1, 1.1, 2, 4, 2i, 40,
50, and 160 molar equivalents of tributylamine.
The colors of the solutions were yellow to magenta,
with intermediate orange and red tones. The
main ghsorption band for the magents solution
iz near 555 my, and the sosbestic points are near
365 and 460 mu. The eurves are of a different
pattern from those shown in figure 9 for the
reaction of bromophenol blue with dibutylamine
but resemble the transmittancy curves for the
reacticn of bromocresol green with triethylaminec
(see fig. 7). The solution of bromophencl blue
that contained 160 molar equivalents of tributyl-
amine changed after standing, and the curve
does not pass through the iscabestic point near
460 myg. Although quantitative comparisons were
not possible beeause of the instability of the
aolutions, bromeoepheno!l blue appeared to be more
reactive than bromocresol green with amines in
benzene. This difference i in harmony with
the relative acidie stranpths of the two indicators
in water (see table I, col. 5).

Reaction of bromophencl blue with pmmary
amines,—One molar equivalent of =-amyl- or
n-heptylemine produced a wivid yellow color
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when added to 5X107%M bromophencl blue.
The addition of a larger amount of the primary
aming caused a momentary wivid color, but a
precipitate formed almost at onca. With alightly
more than a melar equivalent of e-aminodicyelo-
hexyl, there was evidence of an absorption band
near 575 Mmy.

Quantitetive aspects,—Because of the tendency
of benzene solutions of bromophenol blue to ae-
quire & pale yellow tint and to produce a yellow
stain on the glass, measurements of high precision
are not readily performed with this indicator.
However, it 18 possible to follow semiquantita-
tively its reactions with secondary and tertiary
nminegs in benzene. Exzamples of such measure-
menta are presented in figure 12. The sbhsorbancy

Arrrrry 1T T ATy T T T T T T T T T T
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ABSORBANCY

ol g e s bay gl

0 L 150
MOLES OF BASE PER WOLE OF DYE
Figrre 12. Change in absorbancy produced by osdding
different amounis of base, expressed tn molor equiialentiy
of the indicator, lo approximalely GX I0*-M bromo-
phenol e in bensene.

[A) Rromophatiol bloe plos dle-bretyplamio:, 405 e (B) Brorsenhenol
bilre plor bri-A-butrlamine, 560 T8,

Lkl

foptical density) at o fixed wavelength was plotted
againet the number of moles of hase per mole of
the indicator dye. The experimental points in
eurve 4 were obtained by measuring the absorh-
ancy at 405 mu of mixtures of approximately
5310750 bromophenol blue with 0.2, 0.4, 0.6,
and 0.8 molar equivalent of di-n-butylamine; the
reaction involved waa the conversion of the color-
less lactone to the yellow acid salt. The experi-
mental points in curve B are for thg conversion of
the yellow acid salt to the magenta form; measure-
metits were mnde at 550 mu with solutions that
contained approximately 53103 bromophenal
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blue with various amounis of tri-n-butylamine.
The first reaction appears to have been guantita-
tive, but the second reaction required a consider-
akle excess of the amine,

4. Iodophencl Blue

Transmittancy eurves for the reaction of spprox-
imately 5%10-%M iodophenol blue with diethyl-
amine and friethylamine, not reproduced in this
paper, showed the same general characteriatics as
those described for the reaction of bromophenol
blue with di-»-butylamine and tri-n-butylemine.
With both indicators, after the initial change from
colorless to yellow, the secondary amine produced
green to blug tones and the tertiary amine pro-
duced orange to magenta tones. After s week, a
green pracipitate was visible in the flask that con-
tained a molar equivalent of diethylamine. No
precipitate was visible in the flask that contained
4 molar equivalents of triethylamine, and the
solution did not show a Tyndsll beam.

5. Tetrakromsphenal Blue

In figure 13 are shown repressntative trans-
mittaney curves for approximately 2.5X107%-M
tetrabromophenol blue in benzene (curve A} and
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Frours 13,  Transmilfoncy curees for $.5X I0-LM ldra-
bromophenol blne in benzene ond for éis mixiurea wilh iri-
elhylomine and dielhylamineg
(&Y Without base; (¥ with 2 molar eqol valents of (Hathplamine; (5) with

1 mplar gyuivalents of tristhytamine; (2 with 2 mokr sqivalents of disthyl-
AEibe,
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for ite mixtures with 2 or 4 molar equivalents of
triethylamine and with 2 molar equivalenta of
diethylamine {curves 2, 4, and 2’, rezpectively).
The transmittancy curve for tetrabromophenol
blue, which has 4 bromine atoms in ring  {see
fig. 1), is unlike the transtmiitancy curves pro-
vigusly shown for phenolsulfonephthalein deriva-
tives that have no halogen in ring O (see figs. 3
and §). Tetrabromophenol blue is also more
difficultly soluble in benzene than the other
phenclsulfonephthaleine discussed in this paper.
However, the change in absorbancy ceused by the
addition of 2 to 4 molar equivalents of triethyl-
amine is of a distinctly different character from
t.ha change produced by 2 molar equivalents of
diethylamine, In other words, tetrabromophenol
blue resembles bromocresol green and bromo-
phenol hlue in reacting differently with secondary
and tertiary aliphgtic amines. The reaction of
2.5 10M tetrabromophenol blue with triethyl-
amine in benzene appoared to be complete when
about 150 molar equivalents of the base had heen
added.

6. Other Halogenated Phenolsulfonephthaleina

Qualitative observations of the behavior of six
other halogenated phenolsulfonephthsloing are
summarized in table 4. Solutions of the indicators
uaed for the testz ware prepared by warming the
aolid with bepzeno, allowing the solution to cool
to room temperature, and then fltering it from
any undiesolved eolid. The following econclu-
sions can ke made: 1. The initial chenge, from
colorless or pale yellow to deep yellow, is the
pame for all the indicators, irvespective of the
type of amine added. 2. The second change,
from yellow to a deeper color, produced by the

addition of piperidine, is of the same character
for all the indicators. 8. The change from yellow
to a deeper color, produced by the addition of
triethylamine, is similar for all the indicators but
different from the effect of piperidine. 4. With
all the indicaiors except bmmothymoi bluze, nn
excess of n-butylamine causes the formation of &
precipitate. 5. Bromothymol blue iz less re-
active with amines in benzene than are the othar
indicators listed in table 4, just as it iz less sen-
gitive to alkali in agqueous media. 6. The first
fivo indicators listed in table 4 show qualitatively,
ot least, the same behavior as bromocresol green,
bromophenel blue, iodophenol blue, and tetra-
kromophenol blue.

Phenol red and the unbelogenated derivatives
of phenol red that sre available commercially
were found to be practically insolubls in benzene,
Even if soluble, they would not ba expected to
possesa sufficiently great acidity to be usecful
indicators for inert media.

1. Comparisun of Bromc'&hanol Blue with
Bromophthalein Magenta

It has been shown in section V that halogenaced
derivatives of phenolsulfonephthalein react differ-
antly in benzene with primary, secondary, and
tertiary alphatic amines. Bromophtholein magen-
ta also shows a differentinting behavior with
amines of different classes, and the explanation
previously given for this [1] can be applied to the
sulfonephthaleing. The nearest sulfonephthalein
analog of bromophthalern magente E is bromo-
phenol Blue. A eomparizon of the twe indicators
reveals interesting similarities and differences.

TanLe 4.—Effcet of bass upon the color of hologen derivafives of phenolsulfonephihaléin in bensene

Change prednoed by addition of basas to banzene ashatbon &
ndkator pH rage sl codor changa in aqueads selution
L} Ik IILb III ™

Chborspbane] B .o Bar {:ﬂa]law} Lo 4.4 {porple) . eececeeeeeoy Colordem_ .. ___| Fracipibmta__.... Pm'ph-bhiﬁ ..... Magankh,
Brometbloropbencl blue___ . ____.__]. SNSRIV PRSI | | TSP [P I U PP - | I, i,
Chiortwned ool .. __ 4.3 {:rslhw] tu ﬁ.t {ncl} SN PR [ TR [N, I H, Purpla oo | CrpnpEeped.
Bromopbenol red___ . ____ _______| G2 {velow} ta 6.8 {redy_.. [RTESSRURI NNNY. *\ JUUI RIS . | S Purpia-blma ---o| Magmobe,
Bremocresd porple ... __| 5.2 {yalkor) b 65 l:'_nm-pte) .................... Palayellew . __|..._do .| doo .. D,
o T ha ) T ———— TR 4TS L Y (R L . Deep yallow. .| Oresn. . --| Dieen yellowr.

+ Hay to bmatd moml: 0 moo base; [wr-bukylamine; IT=piperidine; IIT=tristhylamine.
BT b wmins was added greduatly, in alt cases the Arat dhange was the appearance o7 the inteasificatlon of o Fellow color. Tho cobir pvan [ the tabia

B ‘boe ooé obeeeved after the additlon of & moderata szosas of the amina
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Bromophenol blue is nearly colorlesa in the solid
gtate and in benzene or other inert solvents,?
whereas bromophthalain mapenta iz briek-rad in
the aolid atate and gives yellow solutions. These
differences are explicable if the lactoid strocture
(formulz I, fig. 4} is assipned to bromophenol blue;
if the indicator existed as the isomeric quinoid
sulfonic acid, it would give a yellow solution in
henzene and would be yellow, oranga, or red in the
solid stete. The oniy structure assignnble to
bromophthalein magenta, that of a qumeid carbox-
¥lic eater (formula IT1, fig. 4}, is in accord with the
deep ¢olor of the solid and the yellow color of ils
golution in benzene,
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Frarre 14. Tronemilioney cwreed for Browiophencd Hue

and Womophlhalen mepenta E, S107M in benzone.

{1} Bromophenal bhie; {2) bromophanal bins pie 1 mclwe cquivalent of
L2-diphenylguanidine. (3} bratsaphthaltio tagents .,

As ghown in fizure 14, the transmittancy curve
for bromophthalein msagenta in henzene is very
similar to the curve for bromopheno] blue to which
1 molar eguivalent of a base has been added.
Both curves show a strong absorption band near
405 to 410 mg. Curve 1 was o¢btaibed for approxi-
mately 5x10~%-M bromophenol blue in banzane;
curve 2, for the gaine solution after the addition
of 5xi0~*M diphenylguanidine; and curve 3, for
5x10~5-Af bromophthalein magenéz ¥ in benzene.

¥ Bt table 1, col. 4, sod the diBcusips oo p. 3.
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The solution that gave curve 1 was nearly colorless,
end the solutions that gave curves 2 and 3 were
both & vivid yellow.

It should be noted, however, that bromophtha-
lein mogents Kis o monobasic acid, but that bromo-
pheno! blue in ite yellow eolutione in benzene is an
acid salt. The mechanism of the eonvarsion of
brornopheno]l hlue to the acid salt is puzzling,
The explanation along classical lines would have
mesurmed the following two stepa: (1} A spontenscus
changa of the lactoid form of tha sulfonephthalein
in benzene into the tautomeric quinoid sulfonic
acid until equilibrinm between the two forms was
establizshed; {2) the reaction of any added baze
with the quinoid sulforie acid to give a salt, with a
consequont displacement of the equilibrium Be-
tween the lactone and the quinoid sulfonie acid
gnd eventual complete conversion of the lactone
into the salt of the quinoid sulfonic acid. Such &
mechanisin requives either the spontaneous wan-
dering of & proton from one part of the molecule to
a rolatively remote portion, or else the alinement
of two molecules in a suitable position for the
trangfer of protons from -OH groups to the —=S0,0-
groups. The first explanation is unsatisfactory,
for it iz now believed that the probability of the
release of a proton is practically negligible unless
a socohid atom is present to which it is more strong-
Iy attracted. ‘The second explanation seemna im-
probable, because the proton is less sirongly
attached to the sulfonate group then to o phenclic
oxygen, Although there is in most cases a vellow
tinga to the solutions of the sulfonephthaleins in
benzene, as poinfted out on p. 31, the authors
believe that this is due to traces of moisture or to
contact with an alkaline surface such as glass,
instead of to the spontanecus chabge of tha lactone
to the quineid sulfonie acid.

A third possible machanism for the conversion
of the calorless lactono to the yellow acid salt in
bengzene is as follows: (1) The proton of a phenolic
group forme & bridge to the nitrogen of & molecule
of sn amine, RN, giving the complex shown in
figure 15, formula II; {2) a redietribution of
electrona takes place within the complex, pro-
ducing the quineid acid salt, formula ITI. The
change of group A or & from a phenolic to a
quinoid structure may he atiributed to the
combined effeci of the attraction toward nitrogen
of the phenclic proton and the attraction toward
oxyeen of the electron pair that originally united
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Figure 15. Suppesied smechoniam for the congersron of

bromopheno! blue (o 9ig aeid salf in beneene,
I, Bromophena] bloe; IL inktrmediste complex; IIL, acdd eal.

the methane carbon and the sulfonste group.’
The eolorless lactoid form of the phenolsulfone-
phihaleing can exist only in inert solvents. Water
i3 sufficiently basic to convert the lactone into the
quineid sulfonic acid, and the lactone 15 thereforo
not detected in agueous solutions.

The changes in color that accompany the
gecond step in the neutralization of bromophencl
blua and other halogenated phenolsulfonephtha-
[eins in henzene resemible, in general, the changes
that ovcur when organic bases are added to a
hengene solution of bromophthalein magenta.
Theze chaoges may be summarized as follows:
Primary aliphatic amines produce 2 red-purple
color; secondary aliphatic amines, a purple-hlue
color; tertiary uwliphatic &mines or symmetrical
di- or triarylpuanidines, a magente color; and
the quaternary ammonium salts give blug solu-
tions without & purpls tinge. The chisf difference
that we observed between the salts of the sulfone-
phthaleins and those of bromophthalein magenta
15 the much lower solubility of the former. Thas is
particularly true of the products formed by the
reaction of the indicators with primary aliphatic
arminss. .

From a zystematic spectrophetometric investi-
gation of the differently_ colored producte from
the reaction of bromophthalein magenta with
amines of various classes and observations of the
effect of the nature of the solvent, it was conecluded
that the magenta trislkylarmmonium salt has the
monemerie structure shown iy figure 16, formula T,
and the purple-blue dialkylammonium salt a
dimeric structure, formula II. The position
marked X in the formulaz shown in figure 16 is
occupied by ~CO0OCH;: in the case of bromo-

! Tetrabromophenoiphthaleln, in conbmat to tetrabromopbeselmliooe-

phshalein (romopienol bheel, shoes o) wisible reactlon 1o benzane =itk either
armmatho or aliphatle amines.

Neid-Baass Becctions in Orgonic Solventa
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Frovre 16. Formulas postufated for di- and  ietafkyis
ammontium salls of bromopithalein magenia and of kelogen
derfoalives of phenolaullonephiholein.

I, Monomerls trialEylanmonbum sale; IT, dimeris dalkylammonipm
palt, X=-COOCH), -COOCH), o -B{0-HNH*

phthalein magenta £ and -COOC,H; in tha casa
of bromophthalein magenta B. The red-purple
golor of aclutions of the monoalkylammonium
galts in benzene appears to ba caused by an
equilibrium betwesn & monomer and a dimer, and
the quaternary ammonivm salt probably consists
largely of ion-pairs. The preceding paper [1] gave
reasons to support these structures. Sirnilar
explanstions can be applied to the snlfonaphtha-
leins. In the sulfonephthaleins, X may be con-
sidered to represent the group —S0.0-HNR.*.
The lower solubility of the salta of the sulfone-
pthaleins in henzene is not surprising in view of
their more highly polar structure,

2. Applications of the Sulfonephthalein Indicators
in Inert Sclvents

The zulfonephthaleing were developed for usa in
agqueous media and the sulfonic acid group, which
increazes their solubility in wator, decreases their
solubility in hydrocarbons and other inert solvants.
Their salts also possess limited solubility in these
aolvents. Morcover, in most cases the first and
gecond yteps in their mentralization overlap some-
what. For these ressons, they are ‘much less
suitable than the bromophthalein magentas for the
detection of aliphatic amines and for quantitative
gtudies of the reactivities of amines and acids.
Howeaver, the reaction of the colorless lactoid form
of the sulfonephthaleins to give the yellow quinoid
sulfonate can be brought about by aromntic as
well as by aliphatic amines, whereas the bromo-
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phthalein mapenias are not sufficiently acidie to
react with aromatic amines.

While the investigations described in this paper
were in progress, a colorimetric method was
published for the assay of quaternary ammonium
salts in dilute agueous aolutions, based upon their
cenversion to colored salts of bromophenoi blue
or bromothymol blue and the extraction of the
colored salts with benzene or chlorinated hydro-
carbons [21). The low solubility of the ineom-
pletely alkylated smmonivm salts of the sul-
fonephthaleina in inert solvents proves to be
advuntageous for this application of the indicators,
because they remain in the agueous layer.

The behavior of the sulfonephthaleins and theic
salts in other hydrocarbons sand in halegenated
hydrocarbone may be expected to resemble their
hehavior in benzene. However, in using the
indicators it 19 well to realize that the assumption
of similar modes of reaction in agueous media and
in inert solvents i not justified. Water exerts
& leveling influcnce upon acids [22] and upon bases,
and meny of the common organic solvents exert
& leveling effect on scide or bases or both, whereas
highly specific renctions may oceur in inert media,
a8 shown in thizs and the preceding paper.
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