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CHAPTER |
INTRODUCT 10N

It has been known for many years that the colors of
indicators are altered when present in solutions with soaps and
detergents., The phenonmenon has been explained as due to preferene
tial absorption of one form of the indicator on the detergent
micelles, followed by a displacement of the acid-base equillibrium
in favor of this form. Hartléy (1934) studied effects of anionic,
cationic and non-ionic detergents on a large number of colered
substances. In his studles he used }long-chain quaternary ammonium
salts which give soap-like solutions in which aggregates (micellos*
of long~chain lons exist and are similar to the ones found in
true soaps.

Hartley showed that the greatest c¢olor changes occur when
the charge on the detergent is opposite to that on the indicator
ion, when negatively charged aggregates of leng-chain anions are
added to a solution of indicator (present in an electrically
neutral form) the same effact 1ls observed as if an acid were added;|
long~chaln cations produce the same effect as would the addition
of & base. The color change was thought to be due to interaction
of electric charges on the indicator and the long«chain ifons.

Another displacement was noted with certain indicators




2
which could not be dut to electrostatic forces ajone. The effect
was most striking in the case of cationic detergents and sulfone
phthalein indicators the color of the solution was not only
displaced to the alkaline side, but was found to be qualitatively
changed also, It was thought at first that this effect might be
due to £hc presence of more than one color changing compound, but
in strongly alkaline :oluilons where the indlicatoer would exist in
one ionie form only, the léng-chain cations still hed the same
qualliative effect. The absorption spectrum of the ions must
therefore be different in ths presence of the long-chain cation,
and chemical, combination i» unggtstcd.

Hartley (1938) used the above mentioned color change
(in brom phenol blue) as the end point for the direct titration
of paraffin chain anions against paraffin chain cations (they form
an insoluble salt); the alkaline purple color is restored to the
solution when the paraffin chain cation is removed in this menner,
Auerbach {1943) and later Ballard et al. (1954) give
|nethods for determining the concentration of long-chain quaternary
lammonium salts photometrically, based on the measurement of the
indicator extracted into a non~aquecus phase by means of the
quaternary smmonium compound., Ballard and coworkers used an excess)
[of brom thymol blue (most color was obtained with this dye) and
[chloroform as the extracting solvent (the pH was about 7)., They

found that for higher molecular weight compounds the slepes of the

rallhraxicn curves expressed as sxtinction/concentration (mg/ml)
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wers directly proportional to the number of gquaternary nitrogen
atoms per molecule and inversely to the molecular weight {or, that
one molecule of indicator combines with each nitrogen atom of the
quaternary ammonium salt). |

Colichman (1947) applied the indicator displacement
effect to the direct photometric method of determination of
quaternary ammonium salts by using an excess of brom pheno} blue -
in alkaline carbonate solution. The color intensity of the
solutions is measurad directly (in a colorimeter) without extracte
ing the colored complex with an organic solvent as in the methods
mentioned abovey In this way difficulties connected with the use
of organic solvents in the extraction of color are avoided.

The change in color in brom phenol blue in the presence
of some quaternary ammonium salts was studied by Zutrauen and
Ter-Minassian {1955) using bromide salts. Solutions of lauryl
(Cy2)}, myristyl (Cy4) and cetyl (Cig) ~trimethylammonium bromides.
were studied at different concentrations. At first, as ths con=
centration of the cation increases (from 0.45&16’5 to 6.8&19‘5K),
the optical density at the maximum (35920A°) decreases; it starts
to rise with concentrations greater than 9.07x10"3M, and a new
peak appears at about 6050R (the concentration of the dye was the
same {n all solutfons, 7.5x10"%M). The color change was thought
to be caused by the formation of a complex (molecular or micellar)

between the indicator ifon and the salt., The absorption spectra of

brom pﬁinai blus (in the presence of the quaternary ammonium sa!ttl
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were studied both with and without potassium chloride (1 M). A
minimum in optical density was found in both solutions (with and
without electrolyte) at the same concentration of the quaternary
ammonium salt when optical densities were plotted against the salt
concentration. Since {t has been reported {Phillips and Mysels,
1955} Harkins et al. 1946) that the critical micelle concentra-
tion (the concentration at which micelles appear) {s affected by
the presence of eslectrolytes in solution, the phenomena studied
must not be due to micelle formation. In the solutions studied,
the critical micelle concentration was found to be at higher salt
concentrations than those showing the minimumj using surface
tension methods the eritical micelle concentrations were found to
be at‘¢an¢catratians where the observed opticul densities wers
high and constant., The authors thought that the complex between
the indicator and the longe~chain salts is thus molecular and that
it did not change even when micelles did appear,

‘Losses of quaternary ammonfium compounds due to absorption
on gxiss and concentration in foam were investigated by Fogh et al,
(1954) in order to find s colorimetric method for the quantitative

microdetermination of quaternary ammonium ¢ompounds. All measure-

ments were done in agueous solutions} along with other data a gra
is presented showing a pronounced diffesrence between the uhuerptizj
spccira of brom cresol purple in absence of salt and in the prese
ence of salt and in the presence of quaternary ammonium saltls,

The experimental results discussed so far are not, in
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general, applicable to low molecular weight qunternaryigmmnninm
galts. Cochin and Woods (1951) published a method for the estima-
tion of tetraethylammonium ion in the plasma and urine of the dog
(follewing an intrevenous injection of 20 mg/kg of the compound).
A sample of the solution is treated with 10% trichloracetic acid,
centrifuged and the supermatant filtered; s portion of this
fijtrate Iis treated with an aquecus solution of brom cresol purple
{the indicator concentration being in 100 fold excess of the salt),)
the indlicator =-tetrasethylammonjum ion complex extracted into
chloroform, treated with base (0.1 M NaOH) and the slkaline layer
read at 5950R in a Beckman spectrophotometer. The authors found
a2 straight line relationship between the optical density and the
concentration of tetraethylammonium fon {5 to 35 micregrams/ml),
in both urine and plasna,

Mitchell and Clark (1952) developed a similar method for
the determination of low chain quaternary ammonium fons in bio-
logical media, using an excess of brom phenol blue and ghylene
dichioride as the extracting solvent,

Most of the work described thus far has been done with
quaternary ammonium compounds which contain at Jk ast one carbon
unit of considerable size. In & few expaf&mcnts it has been shown
that the total interaction of tetramethylammonium and tetraethyle
ammonium fons with sulphonphthaleins is of a different order of
magnitude than that of the long=chaln quaternary cations. No

equilibrium constants have been reported for any of these inter-

_
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actions in aqueous solution, Most of the experiments reported
involved two-phase systems so that even a8 qualitative order of
reactivity in agueous solutlion alone cannot be inferred from the
resuits. The report of Zutrauen and Ter-Minassian (1955) seems to
reveal a hitherto unsuspected reaction of brom phenel blue with
long~chain quaternary ammonjum ions in aqueous solution to form
a species which does not absord light to any appreclable extent in
the neighborhood of the absorption of the free dye. These authors
state "... (1a 1égere pfécipitatlon observée ne serait que
partiel lement responsable de la décoloration)." So even here, the
presence of a second phase prevents one from accepting without
‘ quest ion the existence of appreciable complex in solution.

In certain kinetic measurements done in this laboratory
{(Melchior and Melchior, 1958} & sulfonphthalein dye was used as an
indlcator of the change of hydrogen ion concentration, A part of
the research depended upon changes in the velocity measured
caused by the gubstitution of tetrametbylammonium jon for sodium
ion, It was noted that the color of unbuffered dye solutions
containing sodium ion was different from that of solutions identie
cal except for the substitution of an equivalent amount of tetra-
methylammonium fon for sodium fon., Quantitative measurement
showed that the measurements concerned were not affected appreci
ably, but it was desirable to determine the extent and nature of
the interaction, and to investigate tetraethylammonium ion which

might be used similarly.

R



' CHAPTER 11
EXPERIMENTAL
1 REAGENTS USED

The water used in the experiments was redistilled in an
all glass system, Carbon dioxide was removed by passing nitrogen
gas through the salutién}and the water was then dispensed from a
container protected by soda lime.

Other materials used were:

Acetic Acid ~ Glacial Acetic Acid, Mallinckrodt Analytical Reagent
2504, lot ASP.

Brom Cresol Green - Tetrabromo-mwcresolsulfonphthalein, National
Aniline Division 330, lot 16327, three times recrystallized from
chloroform and carbon tetrachloride, dried and stored under high
vacuum prior to use, |

m Pheno}l Blue - Tetrabromophenolsulfonphthalein, Harleco Water
soluble 859, lot 34.

Brom Thymol Blue - Dibromothymolsulfonphthalein, Harlece Water
soluble 863. :

Cetyl Irimethylammonjium Bromide - Hexadecyltrimethylammonium
Bromide, Eastman Kodak T 5650, lot 7.

|[Cresol Red - o-cresolsulfonphthalein, Harleco 878, lot 50 and
Nationsl Aniline Division 232, lot 16402. A one to one mixture of
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the two, twice recrystallized from acetone and chloroform, dried
and stored under high vacuum prior to use¢, was used in the pre-
paration of solutions,

Hydrochloric Acid - Concentrated, Mallinckrodt Anslytical Reagent

2612, lot GPY. Standardized against standard sodium hydroxide
using 1% phenolphthalein as indicator.
Silver Nitrate - Mallinckrodt Analytical Reagent 2169, lot BSY,

standardized against standard Hydrochloric acid neutraliszed with
sodium hydroxide, with §% potassium chromate as indicator.
Sodium Bromide - Mallinckrodt Analytical Reagent 0535, lot BMH.

Sodium Hydroxide - Fifty-one per cent, Baker Analytical Reagent,
lot 6062, Standardization of dilute aqﬁeoua solutions was done
against potassium acid phthalate (Mallinckradt‘Primary standtrd;
lot APMA) with 1% phenolphthalein as indicator, following the
procedure outlined by the National Bureau of Standards.

Sodium Phosphate - Sodium Monohydrogen Phosphate, Heptahydrate
Mallinckrodt Analytical Reagent 7914, lot NHX.

Sodium Phosphate Trlbagi - Mallinckrodt Analytical Reagent 7940,
1ot XHM.

Tetraethylammonium Bromide -~ Eastman Kodak 1514, lot 21, rcaryntalJ

l1ised twice from 2-propanol. Solutions were standardized against
silver nitrate using 5% potassium chromate as indicatoer,

Tetramethylammon ium Bromide - Eastman Kodak 1521, three times

recrystallized, the solutions used standardized with silver nitrate]




11 PREPARATION OF SOLUTIONS FOR SPECTRA

$ .
i

Aliquots of an aqueous solution of indicator were ,
pipstted into volumetric flasks of appropriste size. To these
|flasks were added measured amounts of the salt solutiana _'
(tetraethylammonium bramidc or sodium hremide) and acid or banc or
buffer as appropriate.

The solutions were made to volume with nitrogen purged,
glass distilled water, mixed and the absorption spectra determined
against water in cells with fused sf{lica windows and equipped with
standard taper stoppers. A Beckman DU spectrophotometer with a
photomultiplier nttachmcnt‘and’temperature controlled cell com-
partment was used. Tap water was circulated through the lamp
housing to prevent oveyheating of the lamp. The slit width nﬁa
varied from 0,03 to 0.10 mm. as required to maintain = unnfﬁi ,
sensitivity, Readings to be compared at a given wave length were
wade with identical slit width settings.

The pH of the solutions studied was, in general, that
at which more than 99% of the indicator will be present as s
single lonic species. This calculation was based on the piy of
the iIndicator and the assumption that no complexes are formed
between any of the indicator species and positive lons other than
hydrogen ions. For example, cresol red has a pPH, of approximately
8 (7.7 to 8.3 in the range of ionic strengths uaed). Therefore,
at pHs less than 4.7 there will be less than 0.1% of the basic fo
[of the indicator present in solution, while at Phs greater than

[ R AN..—.,
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11.3 there will be I#as than 0.1% of the acid form of the indica~
tor present in solution. As can be seen in Table I, cresol red
was studised in 0,001 N acetic acid, pH 3.8 and in 0.01 M trisodium
phosphate, pH 11.7 (R.. G. Bates, F. D. Pinching, and E., R. Smith
1950). Excessively high and excassively low pHs were avoided
bacaatu?of the possibility of slow reactions with or catalysis by
high concentrations of hydrogen or hydroxide ion,

IDYE: mg/m1
olarity x10°8

SALT: when used
KaBr

(c235)4uar
CID:t HCi
SE: Na 21“4

Bram'Cre§61 ch§h

0.020
7.28

0,165
0.1451M
0.,0105M

' 0.010

3.65

0.1652M
0.1451M

0.01M

0.015
9.49

0.1500M
0. 1490M
0.1047M

TABLE 1
COMPOS ITION OF SOLUTIONS USED FOR SPECTRA
Bromothymo}l Blue Cresol Red

Solution Acid ” Basic Acid Baste
DYE: mg/ml 0.020 - 0.010 0.010 0,005
IMolarity 3.20x10"3 1.60x10"3 6.66x10"%  3.33x10"6
SALT: when used o

NaBr 0. 1500M 0. 1500M 0.1652M 0. 16521
(CaHs)gNBr 0. 1490M 0. 1490M 0. 1451M 0. 1451M
ACID: Acetlic 0.001M - 0.001M -

BASE: NagPO, - 0.01M - 0.01M

‘Btcm Phenai Blus

0.006
3.80

0. 1490M

0.01M
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Sager et al, (1948) found that the extent of fading of
sulfonphthalein indicators in alkaline solutions depended on the
concentration of alkali. The reaction being:

- OH" -~ RON

whereby the alkaline form of the indicator (R") adds a bydroxyl {
to form the colorless carbinol (RE), The replacement of a hydmg:J
atom by halogen increases its rate of reaction with the negative
hydroxyl ion. The opposite Inductive effect of a methyl or other
alkyl group leads to a decrease in the rate of the fading reactien,

These authors found that the time required to decrease
the Initial color intanslty‘te one half (in strong alkali) was :

20 minutes for brom phenol blue, 30 hours for brom cresol gresn
and c¢resol red, and 70 days for brom thymol blus. At lower
concentrations of alkalil the fading reactions were considerably
slower {(and are not signiffcant under the conditions used in the
research reported in this thesis).

The spectra obtained in the work presented here were
corrected from the similarly measured ;bn%rptlon spectira of solu-
tions which contained no indicator, but were otherwise indentical,
The Tyndall effect was used to determine the presence of
a second phase in these solutions. The resson being that {f a
beam of light is passed through a solution in which particles are
present, these will reflect the 1lghi and thus introduce an erreor

in the measurements of absorbance. A considerable Tyndall effect

rmt observed In certain indicator solutions containing cetyl
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trimethylammonium bromide.

The purity of the various samples of indicator was
investigated by descending paper chrématagrnphy on acid washed
filter paper prepared especially for chromatography (Schleicher
and Schuell 589 "Orange Ribbon"), The developed chromatograms wersf
examined in visible light and under illumination with mercury
vapor lamps (Mineralite) equipped with filters for the 2537 and‘thsq
3660 lincn of mercury. Samples which showed more than one compon=

ent were not considered sufficiently pure for critical experiments,
111 SOLUTIONS USED FOR CHROMATOGRAPHY

A  BASIC. The mixture contained concentrated ammonium hydroxide,
n-butyl alcohol and water (1:10:9 by volume). The two phases
obtained were separated, the lower water layer used only to

equilibrate the chamber, while the upper butanol layer was the

traveling solvent. |
B ACID. The mixture {one phase) consisted of glacial acetic acid,
tertiary butyl alcohol and water (1:4:1 by volume),

The dye samples (approximately 10 mg.) were dissolved in
a2 minimum amount of spotting solution (0.1 M aqueous ammonium
hydroxide) one hour before application to paper strips. Amounts

of four to eight microliters were then applied and the spots dried

for one hour¢. The paper strips were then placed into chromato-

graphy Jars and allowed to equilibrate for a minimum of twelve

oursy the appropriate solvent was added to the solvent troughi
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and allowed to descend eight hours in basic and si{xteen hours in
acid solution. The chromatograms were then removed from the
chambers, allowed to air-dry on a stainless steel rack for approxi-
jmately one hour, and examined for camponenti in ordinary and ultrae

vielet light.




CHAPTER 111
RESULTS

When the absorption :pcctfa of several commercial
Esa@pl«s of sulfonphthalein dyes were studied, a small but definite
difference wés found hetwgén uolﬁtions in aqueous sodium htéﬁldcy
and thone in aqueous tetrasthylammonium bromide. The following
indicatur-dyes were used: |

[O=cresolsulfonphthalein or ¢resol red,

3', 3", 8, 5" -tetrabromophenoisulfonphthalein or brom phenol blue|

3¢, 3%, 5, 5" -tetrabromo-m-cresolsulfonphthalein or brom cresol
|3', 3" ~dibromothymolsulfonphthalein or brom thymol blue.
All above dycs show three maxima of ihaerptien in basic

and two distinct maxima in acid solution with a third in the form

f a shoulder or plateau., The molar absorbances at the positions
£r maximum absorption In acid and basic solutions and in the
tnumc of thi two :alt‘s (sodium bromide and tetraethylammonium

romide) are giwven in Table Il. In ihcse comparisons tliquoti of
the same dye iolatlont weré used in all cases.

Brom phenol blue and brom thymol blue in the presence of

tithur tetraethylammonium or sodium bromide (the salt concentration
eing kept constant) were found to follow Beer's and Lambert's law

in the concentrations between 1.5 to 10 mg/hi of dye In basic and

14
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TABLE 11
THE EFFECT OF SALTS ON THE ;BSORFTION MAXIMA OF VARIOUS DYES
Test Conditfons: 0,15 Molar salt solutions used

DYE MAXIMUM V MOLAR ABSORBANCE X10~3
R em!  Nebr EtyNBr
CRESOL RED
Basic: 5720 17483 217. 223,
3636 27500 21.9 20,7
2941 34000 42,6 42.0
Acid:s 4348 23000 77.9 76,1
{(plateaun) 3178 31500 20.1 21.1
BROM PHENOL BLUE
Basics 5900 16950 157, 159,
3810 26250 17.4 17.4
| 3101 32250 32.8 30.6
Acid: 4348 23000 38.9 33.0
{shoulder) 3279 30500 9.6 8.7
2759 36250  19.3 17.17
BROM CRESOL GREEN ‘ | o
Basic: 6154 16250 187, 191,
4000 25000 37.8 37.8
3077 32500 83.7 54.8
Acid: 4444 22500 80,2 77.5
{shoulder) 3509 28500 31.0 30,9
2778 - 36000 41.1 37.6
BROM THYMOL BLUE |
Basi{c: 6154 16250 330, 341,
3840 25380 78.2 75,
3053 32750 122. 118,0
Acids 4320 231258 145, ' 145.
(shoulder) 3333 30000 67.8 71.0

2727 35750 36.8 81,7
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3.75 to 20.0 mg/ml of dye in acid solutions; 10, 20 and 50 mm cells
were used in the study of the affect of path length.

The lines obtalned when the optical density of the
solutions (at the first absorption maximum in acid and base) were
plotted against path length and dye concentration all passed
through the origin within experimental error,

The commercial dye samples were testad for purity by
descending paper chromatography. The results obtained are given
in Tnbio II11. A number of components was found in all samples
jexcept brom thymol blue.

Cresol red and brom cresol green were selected ferAaorc
careful study, Three times recrystallized brom cresol green shows
only a trace of a second component; In samples of cresol red no
second component was found on the chromatograms even after the
first recrystallisation. The latter part of Table 111 shows the
results obtained,

The purified samples of c¢resol red and brem cresol green
fwere used in all the experiments that follow. No differencs was
observed between the absorption spectra of the purified and
commercial samples.

Figures 1 and 2 show the absorption spectra of cresol
red solutions containing 0.5 molar sodium bromide in the presence
fof base (0.01 M sodium triphosphate) and acid (0.001 M acetie acid)]

Sodium bromide was chosen because the extinction coefficients of

'dyc solutions without salt and identical solutions except for the




TABLE 111 17

CHROMATOGRAPHY OF SULFONPHTHALEIN INDICATORS

I

Visible Spots Fluorescenﬁ Spots
Acidw Basic Acid | Bg:le
[Substance
WMERCIAL , |
rom thymol blue 1 1 none none
rom phenol blue 2 3 none 3
Brom cresol green 1 2 1 3
resol red 1 1 none 1
PURIFIED
rom cresol green 1x® 1 1 1 1
rom cresol green 2x 1 i 1y by
rom cresol green 3x 1 1 1 - 1
esol red lx 1 1 none “none
Cresol red 2x 1 1 none none

"Acid" refers to chromatograms developed with a mixture of one
volume of glacial acetlc acid, four volumes of tertlary butyl
alcohol and one volume of water. "Basic" refers to chromato~
grams developed with the upper layer of a mixture of one volumg
of concentrated ammonium hydroxide, ten volumes of normal butyl
alcohol and nine volumes of water.

The numbers refer to the numhcr of times the sample was crystale
llxeé.

The single fluorescent component decreased with sach crystallisa-
tion, it is barely percaptablu in this sample.

[presence of this salt are essentially the same, By the use of this

*inert' salt one can avoid the possible effect of ionic strength
fvhich might enter in If solutions of tetraethylammon{um bromide

(of a high lonic strength) were compared with a dye solution con~-

[taining no salt, In all experiments where absorption spectra were

compared aliquots of the same dye solution were added to flaska
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containing tetraethylammonium bromide and sodi{um bromide of the
same concentration,

Absorption spectra of brom cresol green solutions cone
taining 0.5 molar sodium bromide in base (0,01 M sodium triphos~
phate) and acid (0.01 M hydrochloric acid) are given in Figures 3
and 4 respectively.,

The difference between the molar absorbance of dye
solutions In the presence of tetraethylammonium bromide and those
Lwlth sodium bromide iIs small, and in order to show the differences
clearly the absorption of dye solutions containing the latter salt
rwere subtracted from those obtained for dye solutions containing
tetraethylammonium bromide and plotted against frequency.

Figure 5 shows such a plot for cresol red in basic 0.5 M
salt solutions. In acid solution (Figure 6) the effect of tatrae-
thylammonium brom{de on crescl red i{s considerably smaller and
Woppo:itc to that in basic solutions.

Similar but less pronounced differences were found with
indicator solutions (acidic and basic) containing 0.15 molar salts.
Table 1V shows the difference In molar absorbance between the two
salts at the first maximum of absorption in both acid and base. It

is clear that tetraethylammonium ion causes an increased absorption

at the long wave length side (low energy) of the first basic bandj
his is followed by a decrease in absorption on the high energy
ide of the first acid absorption maxima. Effects on the higher

nergy absorption bands are not large enough to be waell resoclved.
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Tetraethylammonium Ifon has a similar effect on the molar
absorbance of basic solutions of brom cresol green (see Figurt 7).
Figure 8 shows the difference in molar absorbance of the
two salts in acid aqueous solutions of brom cresol green. The
effects found here are more pronounced than in cresol red but the
directions are the same with both dyes. For comparison of the

values obtained in 0.15 and 0.50 molar salt solutions see Table lV,

TABLE IV
EFFECT OF SALT CONCENTRATION ON ABSORPTION MAXIMA OF
BROM CRESOL GREEN AND CRESOL RED

A Molar absorbance x 103

Dye CRESOL RED BROM CRESOL GREEN
Salt Concentration  Basic Actd Basic Acid
0.15 M +5.7 -1.2 +4.1 2.7
0.50 M 13.2  =1.5 7.6 -4.4

1 unit of molar absorbance: 1Is 0.0034 0.D, units in base

is 0.007 O,D, units in acid
EFFECTS OF TEMPERATURE AND TIME

Some of the earlier measurements with long path length
cells were made at "room temperature™ which was 2412°C, To
determine whether temperature change might have any influence on
the results obtained the spectra of several solutions were measur-

ed at 25°C and at 37°C. The effects are too small to have had a
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significant effect on the measurements.

In order to be certain that the solutions were stable
during the period of measurement, the absorption spectra of
several dye solutions were remeasured after several days. Table V
shows that measurable fading occurs in some, but not {n all
solutions, but the magnitude i{s not sufficient to cause difficulty
in the measuremsnts reported.

TABLE V
EFFECT OF TIME UPON THE FIRST ABSORPTION MAXIMA OF CERTAIN
INDICATORS IN PRE&ENC%jO? 0.15 MOLAR SALTS
Per cenﬁTChtnge in four days at 24 £ 3°C

INDICATOR ACID BASIC

NaBr  Et NBr NaBr  EtNBr
Cresol red +0.2 “1.2 +2.0 +0.2
Brom cresol green -0.1  =0.1 -2.0 +0.2
Brom thymo! blue gero -1.2 -0.2 +0,2
Brom phenol blue -4.2 4.0 -0.4 +1.6

SALT CONCENTRATION STUDIES USING BROM CRESOL GREEN

Brom cresol grcanIQAs'chosen for the study of the effect
of salt concentration on its absorption spectra. The reason for
this choice was the fact that the absorption spectra of the
lndicatorudye are affected ia a considerable extent in both acid
and basic solutions, |

The differsnces in optical density between solutions
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ontaining tetraasthylammonium bromide and sodium bromide at the
irst absorption maxime in acid and basic solutions are given in
Table VI. Aliquots of the same indicator solution were compared
In all cases (7.29x10"%M {ndicator in acid and 3.65x10"%M indicator
in basa),

A direct relationship is noted between the salt concen-

ration and the difference in optical density. In order to find

[ho maximum effect further experiments were performed using higher
kait concentrations. The effect of tetramethylammonium bromide on
the absorption spectra of brom cresol green was investigated at the
Isame time, Molar absorbances in the presence of tetraethylammoniumi
bromide and tetramethylammonfum bromide were compared (Table V1)
rwith the values obtained in sodium bromide of the same concentra-
tions,

TABLE V1

SALT CONCENTRATION EFFECTS ON OPTICAL DENSITY AT MAXIMUM
ONE OF BROM CRESOL GREEN SOLUTIONS

0.D. In Et4NBr minus O.D, in NaBr

r5a1t(gg?§:?tration ?ggggcm'l ggggOcm'l
5 0.029 -0.032
15 0.015 -0.020
.05 0.009 - .006
.01 0.006 -0,007
.001 0.0038 +0.003
.8x10™8 0.004 +0.002

.0ox10"6 0.004 +0.005
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The differences in molar absorbance between the tetra-
alkyl bromides and sodium bromide {all 0.8 M) are shown in Figurs L |
only the first absorption bands in both basic and acid aqueous
solutions of brom cresol grezn are drawn. The effect of tetra-
methylammonium bromide is considerably smaller than that of the
tetraethylammonium bromide,

Four wave lengths were chosen from the absorption spectra
of brom cresol green for a comparison of the effects af}thn two
quaternary ammonium salts: 1) the positions of the first maximum
in sodium bromide {n both acid and basic solutions, and 2) the
positions of max{mum difference in the absorption spsctrs (in both
aci{d and base) caused by the tetraalkylammonium salts., The values
obtained are given in Table VIl below.

TABLE VII

EFFECT OF SALTS AND SALT CONCENTRATION ON THE OPTICAL
DENSITY OF BROM CRESOL GREEN SOLUTIONS

1) > BRASIC 1 2) ™ BASIC -1
| 16250¢cm™ | 15750cm™
Salt concentration ‘

(molar) E . M E M
0.80 0,035 0,013 0,078 0,026
0,50 0.024 0,007 0.059 0,013
10.138 0,012 0,001 0.026 0.006

1)r ACID 2) . Blgre
: 22500cm 21000cm
jO. 80 -0.040 =0,025 -0,066 -0,032
0. 50 -0.,032 =0.017 ~0.050 ~0,023
10.15 -0,018 ~0,020 ~-0,019 =0,015
E = O.D. £H+NBP -0,D, NaBr M= O,D. MegNBr -O,D, NaBr

S ——
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The solutlions contain 1dentical aliquots of brom cresol green in
0,01 M NazPO4 ’

__Mojar absorbence in 0.8 M Et NBr minus molar absorbance in
0,8 M NaBr ’

- = = Molar absorbance in 0.8 M Me,NBr minus molar absorbance in
0.8 M NaBr )

The uppsr arrows indicate the position of maximum absorption in
0.8 M NaBr ‘
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The effect of tetramethylammonium bromide In hﬂal is
approximately one third of that due to tetraethylammonium bromiéa;
in acid media it Is about one half of that observed for tetrae-
thylammonium bromide in the more concentrated solutions (0.8 and
0.5 molar) and approaches the value obtained for the other salt
when molar concentrations of 0,15 are studied. A graphical

presentation of the data in Table VII is given in Figures 10 and 1}l
EXPERIMENTS WITH CETYLTRIMETHYLAMMONIUM BROMIDE

It was desirable to have a direct comparison of the
effects of a long chain tetraalkylammonium ion {(on the absorption
of light by solutions of Brom Cresol Green) with those of the
symmet rical tetramethylammonium and tetraethylammonium fons. In
preliminary experiments with cetyltrimethylammonium bromide in
the presence of brom cresol green, precipitates were noted in a
number of the mixtures, ﬁarticularly those which contained relatiwves
1y small amounts of the quatcrhary ammonium salt., Closer observa-
tion of}the various mixtures revealed definite Tyndall effects in
lothers, The Tyndall effect could be much reduced (removed?) by
centrifugation in an Internatiohal Clinical centrifuge for twenty
Jminutca at 3000 RPM. Accordingly, an aliquot of each mixture was
|centrifuged and the abnarpbidn‘spectrum of the supernatant measurcd,
In no case was a Tyndall effect observed .after centrifugation.

ﬁhc absorption spectrum of an uncentrifuged aliquot was also

rsasurtd when obvious precipitation was not too great, to determine
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The solutions contained identical aliquots of brom cresol green
{n 0.01 M NagqPO,

Density in Et NBr minus density in NaBr of the same concentration
|o Density in MegNBr minus density in NaBr of the same concentrati

PR = 16,250 cm~1! (6154R) The frequency of maximum absorption
in dijlute aqueous solutions

e = - = 15,750cm”™} (634.9R) The frequency of maximum effect of RgN'.
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The solutions contained ldentical al fquots of brom cresol green
in 0,01 M HeEl

Density in Et NBr minusydinﬁty in NaBr of the same concantr;tio
o Density In MegNBr minus dmsity in NaBr of the same conmntrutio:l

= 22, 500em™! (4444R) the frequency of maximum ubaorption
in dilute aqueous solution

- - = 2 21,000cm” -1 (4762R) the frequency of maximum effect of RgN’
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what observations would have been reported if the precipitate
present had been ignored. The resultls of these experiments are
collected in Tables VI1l and IX,

TABLE V111

EFFECTS OF CETYLTRIMETHYLAMMONIUM BROMIDE ON THE ABSORPTION
OF LIGHT BY ACID SOLUTIONS OF BROM CRESOL GREEN#

1o,

o

# Indicator 7.3 x 10~%M.in 0.02M HC1

. TABLE IX

®  Indicator 3.7 x 10"%. in 0.01M Nag4Po,.

Quaternary Initial Mixture Supernatant After Centrifugation
Salt, mols Tyndall Optical Wavelength Optical Optical
per 1iteg Effect Dansity of Maximum Density Density
times 10 44447°  Absorption at Max. 4444A°
zero none 0,563  444aR 0.563 0.563
0.010 vesmall 0. 557 4444 0.547 0.547
0,037 medium 0,552 4444 0.498 0,498
0.073 - medium 0.513 4444 0.460 0.460
0.10 large not read 4444 0,392 0,392
Q.20 iarge not read 4444 ' 0, 242 0.242
1.0 large not read %396~ 0,020~ 0.0)18
6,0 none 0.400 = 4211 6.460 0.400
none 0.402 4211 0.475 0,402

EFFECTS OF CETYLTRIMETHYLAMMONIUM BROMIDE ON THE ABSORPTION
'OF LIGHT BY BASIC SOLUTIONS OF BROM CRESOL GREENS

Quaternary Initial Mixture Supernatant After Centrifugation
Salt, mols  Tyndall Optical Wavelength Optical Optical
per lgt.s Effsct ncnsigy of Maximum Density Density
times 10 6154A Absorption at Max. 6154A
zero none 0.673 61548 0.673 0,673
j0.010 none 0.644 6154 0.617 0.617
0.073 none 0.660 6154 0.624 0.624
0.10 small 0.622 6154 0.607 0,607

« 20 mediun 0.607 6154 0.546 0. 546
1.0 large 0,378 6154 0.076 0.076
6.0 none 0.602 6250 0.6818 0.602
10,0 none 0.613 6250 0.634 0.613




CHAPTER 1V
DISCUSSION

The data contained in this thesis show clear]ly that both
tetramethylammonium ion and tetraethylammonium fon measureably
affect the absorption spectra of various sulfonphthalein indicator
ions in aqueous solution, The effects are small compared with the
total effect of tetraalkylammonium ions which contain longer carbon

chains, but are not complicated by the appearance of a second
phase in the system, and may therefore be more revealing if ade-
quately studied,

A simple explanatioh of the observed changes in the
absorption of these indicator lons in the presence of tetraalkyl-
smmonium ions s that a complex is formed between the nsgative
indicator lon and the positive tetraalkylammonium ion. Benesi and
Hildebrand (1949) devsloped a spectrophotometric method for the
detection of complexes and for the measurement of the equilibrium
constant of complex formation. McConnell and Davidson (1950)
applied this method to the datcctié;’;f metal-l1gand comp!;;:; of
the type MA, They used the expression:

ab_ laia + 1
(D - Il?’)\ (Ey~Eg) (Ey=Eg) Ky

: ‘ v
[vhere a and b are the total concentrations of the li{gand and the

jmetal respectively. D is the optical density of the solution
36,
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[containing both metal and ligand, D' is the optical density of a

Lolutionwhich contains the same amount of metal lon per liter, but

to ligand, and K; is the equilibrium constant for the formation of

My

phere the bracketed quantities indicate concentrations at s given

he complex:

lonic strength., " The quantities annd E; are the molar extinction
koefficients of the metal fon and the complex. If the system is
puch that the onig ligyt absorbing species present are the metal
fon and the complcxvindlcate:&, a plot of ab/(D - D') wrsuswlll

¢ linear., If the experimental results so plotted are linear,
t1~Eb can be determined from the siope of the line, and K; from the
v Intercept and the slope of the line,
This method was applied to the interpretation of the

leasurements made on solutions of brom cresol green with varying

soncentrations of tetrasthylsmmonium bromide. In this case "b"
epresents the total concentration of Indicator species, snd "a"
hat of tetraethylammonium {on. Figure 12 shows the graphs of the
Hata for measurements at 44448 for the acid species and at 6154R
For the basic speciss. It is ciear from this graph that only one

complex is formed in each case. Table X shows the equilibrium

[on:tants derived from these and similar plots of measurements made
n the same solutions at different wavelengths, It is clear that

Lhe numerical evaluation of these constants is not as precise as

ronld be desirable, and it is necessary to determine the reason for




TABLE X
EQUILIBRIUM CONSTANTS OF
BROM CRESOL GREEN-TETRAETHYLAMMONIUM ION COMPLEX FORMAT ION

Tests Conditions: 0.8 M salt solutions used

BASIC
Wavelength /. Molar Absorbance Keq Average
6667 8.8 x 103 i"“‘”é‘f&"&f”’:}
6349 21,0 = 103 0794
6154 10.0 x 10 0.91 0.71
ACID
4762 9.1 x 103 0.94
4546 7.3 x 10% 0.57
4444 5.5 x 10 0.35 0.62

this lack of precision., In Figure 12, the experimental points for
the measurements lie on straight lines. However, the function
plotted 3§ ab/(D = D') {s extremely sensitive to small errors in
he measurement of both D and D', because (D - D') {s so small,
*hia graph also shows the effects of errors of 0,002 density units,
land of 0,005 density units upon the values of the function plotted
in this case. The limits shown are those of the worst conditions-~
the indicated errors add to increase (or decrease) the factor

(D « D') by twice the assumed error. It i{s clear from this graph
Rhat no Interpretation of the data could be mede if sn error of
0.005 O,D. units had been made., This Justifies the care with which

the solutfons were prepared from identical aliquots of the same

Ecxution of indicator. It is clear from this graph that the linear

haracter of the plot would not be changed greatly by errors as

[iarge as _ 0.004 0.D. units in the density difference factor--and
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it is equally clear from the same Figure that the actual errors
were smaller and, in fact, approach the 1imit of resolution of the
spectrophotometer itself., In spite of this care, however, the
measured densltydlrfércncas are so small that thu.:facimytluc‘of
the cqulxiprium constant remains 12:22353&33‘- Thizw?; & property
of the molecular system, not of the method of measurement.

Thc'cuncluziqns which can be drawn from this sanalysis
are not without interest. First, there is no doubt that a one
to one complex is formed between tetraethylammonium ion and brom
cresol green in aqueous solution. Complexes {nvolving quaternary
ammonium ifons are not often encountered, and in many systems these
fons are used as reference "non complexing® positive lons (uelchiaﬁT
1954). If both the demonstrated complexes are *fon pairs™, which
seems ﬁrababl:, the statement of Popov and Humphrey (1959) "-- it
seems that fon-pair dissociation or association does not seem to
influence the absorption spectra of solutions to any significant
degree, provided that the attraction is pursly slactrostatic.”
ust be considered, This statement {s based upon measurements made|
on solutions of tetraphenylarsonium chloride {n sblvwats of varying
dielectric constants-«in some of which the dissociation of the
Lalt was small. The molar absorptivities of solutions of tetra-
#hcnylarsonxum chloride at 26508 changed from 2780 In water to
2850 in 70X dioxane to 3040 in 95% diexane~water. It is 2830 in

cetonitrile and 3150 in ethylene dichloride. The authors state

at "there s no apparent correlation between the values of molar
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absorptivity and the ion pair dissociation constant.," and concludd
that the observed differences are more likely due to changes "in
the refractive index of the medium,"

The data cited above do show that there is no simple one
to one correspondence between the Intensity of absorption at a
particuler wavelength and the formation of ion pairs. However, it
does not show that the formation of ifon pairs does not affect the
absorption spectrum. Jf anything, it shows the opposite. If we
consider the series water, and water-dioxane mixtures, the
intensity of absorption increases with the amount of dioxane: 2780,
2850, 3040 as dioxane increases from gerc to 70% and then 95%,

The amount of change is largest between 70% and 95% =~ which is in
agreement with the fact tﬁat the amount of actual association at

3 x 10°% molar salt caicu{ated from the onstants given in Table
Vil of Popov and Humphrey is very small in 70% dioxane and very
large In 95% dioxane,

It is therefore possible to recognize the interpretive
difficultles encountered by these authors, while rejecting their
sweeping conclusions concerning the lack of effect of ion pair
formation upon the absorption of light by one of the participating
fons,

It is necessary to consider how the formation of a
complex between tetrasthylammonium fon and the two brom cresol
Jgreen lons studied could affect the absorption spectra as has been

observad. First, it is probable that the association 1s of the
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"f{on-pair" type, that is, there i3 no contribution of new covalent
bonding., It is recognized that this cannot be proven, but is the
summation of present day knowledge of chemical bonding in a large
Fnumhsr of compounds.

How, then, can the association with this large positive
fon affect the absorption of light by either of the brom cresol
gfeen jons~- and affect the two quite differently? To discuss
this 1t‘is_neaeasary to know the structure of the absorbing species

and the way in which the absorption is changed by this interaction

Brom Cresol Green (3+, 3", 5', 5" =tetrabromo=m=cresole
sutfeﬁpﬁthalain) exists In acld aqueous solution mainly as the

hybrid of four Kekule structures of which one is shown below;

This hybrid is the ground state of the absorption of light by this
substance in acid solution, The nppir state of each of the
absorption bands is less clearly understood, but that of the lowest

energy (frequency) is presumably a charge-separation form 1nvolvlnq
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structures similar to those shown as Au
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The difference in energy between these two states is measured by
the frequency of the light absorbed: Ey - Eg = constant times
frequency. The negative charge of the acid species is localized
in the sulfonate group, and this group i{s presumably closely
approached by the positively charged tetraethylammonium ion,.
Molecular models of these substances show that close approach to
the sulfonate by an ion of this size involves squally close
approa¢h to at least one of the nonsulfonated rings of the indica-
tor ion, | |

Since the positive csnter is closer to the bengenoid
rings than to the terminal éxygens of these rings, this Juxtaposie
tioning would favor forms with negative charges oﬁ the benzenoid
carbons rather than forms with positive charges, Since the major
forms in the upper state involvw resonance forms which have

positively charged benzenoid forms as major contributors, the
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interference of the tetraalkylammonium ion would be more effective
in the upper state than in the ground state, That {s, the incrogmﬁ
in internal energy of the upper state would be greater than that
which occurs in the ground state~stherefore the value of xU - EG
[would be increased In the presence of tetraalkylammonium ion and
the frequency of the light absorbed would bs sxpected to be higher
-=which i3 i{n accordance with the decreased absorbance at low
frequency obserwd in acid solutions of sulfonphthaleins In the
presence of tetralkylammonium 193‘;;,

A similar analysisiihould hold for the ehstrvntians in
basic solutions. The major rg@ananac forms in the ground state of

these solutions have a negatively charged phenolic oxygentg

In addition to the elight major canonical forms, there are numerous

orms in which the negative charge resides on the carbon atoms of
he bengene rings--all these forms would be stabilized in the

fcinity of a positive charge, therefore their contribution would




45
be increased and the energy of the hybrid decreased in the presence
of tetraalkylammonium ions. The upper state of this type of com-
pound involves a greater oscillation of the negative charge througﬁ
the two benzenoid structures. The interaction of with a local
pesitive charge would be greater than that of the lower state,
consequently the lowering of energy would be greater. The value
of Eyj = E, for the di-negative ion of sulfonphthaleins would be
reduced in the presence of tetraalkylammonium ions, therefors the
frequency of the iight absorbed would be expected to decrease,
This is slso in accord with the observed increase in the absorption
of lower frequency light by these di-negative lons in the pressencs
of tetraalkylammonium lons. § ‘

A number of points rcqnirc%concidcration. First, why is this
effect not obtained with sodium lon?7 Experimentally the absorption
spectra of sulfonphthalein ilons in dijlute buffer is not significant
1y changed by the additfon of sodium bromide in concentrations from
|0.01 to 0,80 molar. The answer is to be found in two rantérs-~
that of lon size and the effect of hydration. Sodium len has a
erystal radius of 0,95 to 0,88 Angstrom units, and although the
hydrated fon "is considerably larger this increase in size is gained
Jat thi sxpense of a considerable decrease In effective charge
because of the polarizatiﬁﬁ of the water inwlved in the hydration
shell. Thus, even If sodium fon did form an fon pair with the
sulfonate portion af‘a uulrdﬁphthalein fon, the positive charge

near the unsulfonated benzene rings would be effectively nil,
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being damped out by the water which intervenes. Tetraethylammon iud
fon 1is quite large and the dielectric effect of the hydrocarbon
portion is negligible o0 that the positive charge at the center is
not daupgﬂ out by polarization because there is no intervening
water or other large dielectiric, Tetramethylammonium lon is some-
what smaller than tetrsethylammonium ion, and does not extend so
close %o the nonesulfonated benzene rings of sulfonphthaleins when
1t 1s glose to the sulfonate group=-in the "fon-pair® position. In
Jents case one might reasonably expect smaller effects of the same

kind as those observed in the presence of tetraethylammonium ien,

This is what is observed as shown In Figure 9, Because ths effect
weare s$¢ much smaller {t was not possible to determine an tcctptablj
accurate assoclatlion constant for the {one~pair complex, but the
reduced net effect at cqnuilaoneentrationn of tetrsalkylammonium
fon is in harmony with predictioneesither less complex or s smaller
spectral effect of the same« smount of complex,

The sxperiments with cetyitrimethylemmonium fon wers
[essential ly exploratory, but the results were sufficiently reveal-
ing to Justify some consideraticn. The first provable interaction
lof low concentrations of cetyltrimethylammonium fon with the mono=-
anqat.lvc fon of brom ¢resol green was the farmation of an msolnbch
compound, Table VIII shows that a Tyndall effect was observed at
koncentrations as low as 1 x 10°% molar quaternary fon in the
brnacncv of 7 x 10~ molar indicator. When the precipitate was

removed by centrifugation, the position of maximum absorption was
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unchanged in the supernatant solutlon. . . At higher concentrations
of the quaternary emmonium ion, the solutions remwined clear, no
precipitate could be separated in the centrifuge, and the absorp~
tion maxi{mum was shifted toward higher energies--higher frequencie
There is no doubt that the species present in these solutfons
invelve more than one quaternary lfon per indicator fon. Tha fact
\that the frequency change is In the same direction as that due to
the smaller q&utcrna:y ammonium fons studied may indicate that the
cause of the spectra shift is basicly the same, but a direct come
{parison is not pa#aiblc, In basic solutions, precipitates appeared
ipframaVc sxgnificunt smounts of dye only at higher conesntrations,
This is probably due to tha fact thqt,twe\qﬁatcrnary !ana;irt
required per sulfonphthatein. It may be significant that.the seme
total concentration of cetyltrimethylammonium fon {1 x 10-4M) is
‘Jrequired to remove most of the indicator from solution, It is

klgnercant that the maximum observed Iin these solution of the di-

egative fon of brom cresol green is not significantly changed un~
il s sufficient excess of quaternary is present to redissolve the
wo to one compound which canbe separated at lower concentrations.
It 1s not the purpose of this thesis to discuss the
frfect of the formation of micelles on the absorption spectra of
thcse dyes=~in fact, all the measurements reported are below what

Zutrauen and Ter Minassian call "la concentration critique

F!cclliira”-




SUMMARY

It has been shown thst moderate concentrations of
tetraethylammonium jon have & measureable effect on light absorp-
tien by the mononegative and the di-negative ions of several
representative sulfonphthalein Indicators. In the case or»brom
cresol green, the interaction has been shown to be the formation of

one t¢ one complex between the indicator ion and the quaternary
fon., It has been shown that the increase in absorption at low
frequency (long wavelength) of the di-negative indicator in the
presence of the quaternary lon is predicitable on the basis of the
molecular and energy properties of the systam. These same proper-
ties provide an equally iatisfaatory explanation for the gpposite
effect of tetraethylammonium Ifon upon the absorption of light by
the mononegative ion of the same indicator--decreased absorption
at low frequency (leng wav@langth). as well as for the reduced
effects of tetramethylammonium fon and the lack of observable
effect of sodium lon, Exploratory experiments with cetyltrimethyl-
ammonium ion show that its interactions with brom cresol green are

too complex for proper comparison.
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