MONTANA

STATE UNIVERSITY

Surfactant studies
by Arthur Evans Westwell

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Chemistry

Montana State University

© Copyright by Arthur Evans Westwell (1974)

Abstract:

An attempt was made to determine the effects on micellization of polar head modifications of
decylpyridinium bromide. The differences in aggregation numbers of the surfactants studied are in
general not large, and appear to be due more to interactions between polar heads and solvent than to
interactions between polar heads.

The ideal optical characteristics of the Brice-Phoenix Differential Refractometer were investigated by
means of a computer program and compared to the performance of an actual instrument and the
description of its designers It was shown that the possibility of small errors in construction and
alignment require an empirical calibration of the instrument rather than the designer's geometrical one,
which is approximate at best.

Apparently anomalous results of light scattering by cetylpyridinixim chloride solutions were resolved
by demonstrating the adsorption of this compound on glass filters. Unless precautions are taken, the
phenomenon can be troublesome in light scattering work with surfactant solutions of low
concentration.



SURFACTANT STUDIES
by

ARTHUR EVANS WESTWELL

A thesis submitted to the Graduate Faculty in partial
fulfillment -of the requirements for the degree '

of
DOCTOR OF PHILOSOPHY
in

Chemiétry

Approved: .

E. 28 Banceln

Head, MaJor .Department

Chairman,_Eiamining Committee

Graduat

%W%

MONTANA STATE UNIVERSITY
Bozeman, Montana

. March, 1974




iii
ACKNOWLEDGEMENTS

A good many people--parents and friends-- have given
me much. encouragement in the completion of this work. I
especially wdnt to thank Paul Jacobs, not only fqr preparing
some of the-cbﬁpounds used in this study, but for the benefit
of his opinions and experience at all stages of the reseérch.

I am particuiar1y grateful for a generdus sabbatical |
year's leave which was made available through the action of.
Fr, Josephlb. Harrington and the Trustees of Carroll qulege.‘
I would also like to acknowiedge éupport from the National
Science Foundation, which helped.sustain this project.

My deepest thanks are for h&tadviéor, Ed Aﬁacker, for
his limitless éupply of encouragement and patience and, no

less, for an introduction to Montana wilderness country.




page
R/ ii
ACKNOWLEDGMENTS . ... o'v'tu... ettt el iii
LIST OF TABLES......... e e R 2 |
LIST OF FIGURES. .\t uvstetmnnnteeeae et eeaannens vii
ABSTRACT............ e ettt e.. viii
PART I Ring Substituent Effects on Decylpyrldlnlum :
Bromide Micellization. Ce e e e 1
iNTRODUCTION..............................;....;, 2
EXPERIMENTAL . « o v voee e e, JE 8
DISCUSSION. .. ovttinreinrennnenneennnn. e 19
SUMMARY . ......... @ ettt e, 44

PART II Differential Refractometer:
Optical Characteristics............... ... ... 46
INTRODUCTION. .. . .vuun.. e e 47
. EXPERIMENTAL............ e e 56
DISCUSSION. -« e evvverenennennnnn, PR 1o
SUMMARY . . .....vnn. .. e, et ;/;/76
PART III Surfactant Adsorptlon on Glass e ettt 78
INTRODUCTION. . . . . .. e et .79
EXPERIMENTAL . ¢ v vt vttt enee et e eennneennennneeanens 82
DISCUSSION....... e e e, . 83

TABLE OF CONTENTS

SUMMARY . 4 it ittt ittt ittt ninnronsonaonananas 87




bage

LIST OF REFERENCES........ f e e e e e e e st e e 88
APPENDIX A 'Cbmputer Program for Simulation :

of Refractometer..........ovevvvvvnnn.. R ‘93

APPENDIX B ‘Experimental Data for Determination
of Aggregation Numbers..........eeeeveunn 100




Table

LIST OF TABLES

page
BROMIDE ANALYSIS OF SURFACTANTS.........ooven.... 17
AGGREGATION NUMBERS OF SURFACTANTS
| IN 0.5 m NaBr AT 250............... S 22
AGGREGATION NUMBERS OF SURFACTANTS -
IN VARIOUS SOLVENTS AT 25%............... 23
SOLUBILIZATION EFFICIENCIES OF
" SURFACTANTS IN 0.5 1 NaBT«..uenenenennn.. 34
HMO PARAMETERS. .. ...ouvueereenn.. ST e .. 37
MAGNIFICATIONS DETERMINED FOR SIMULATED
© INSTRUMENT............. e 63

ABSORBANCES OF 9.3 x 10~5 M CPC IN -
. NaCl SOLUTIONS....... fereoesens weereeeae. 83




Figure

W N

o

© 0 N O

10.
11!
12.
13.
14,
15,

16.

17.

18.

LIST OF FIGURES

page
Possible Product from 2-propanol Reaction........ 18
Beer's Law Plot of OOT in Different Surfactants.. 32
Calculated Polar Head Charges: Inductive Model.. 39
Calculated Polar Head Charges: Heteroatom Model. 39

Optical System of Brice-Phoenix

Refractometer--Top View...... e e Li.. 48
Data from Refractometer Calibration with NaCl.... 51
Calculated Deflection Curves...... e 61

Comparison of Deflection CurvesS........c.o... cea.. 62

Computer Calculated Slit Images Compared to

Approximations of Brice and Halwer. ...... 65
Effects of x Displacement of Cell.......ovavun ... 68
Effects of y Displacement of Cell..... Gt et 69
EffectS OFf Beta..iu......... S ceve. 71
Effects of Gamma (Small Scale)....... et : 73
Ef6ctS of Gamma (Large SCale)........eeeeeeenn.. 74

Light Scattering by Cetylpyridinium Chloride (5). 81

Absorbance of Filtered CPC (9.3 x 10-5 M)
in NaCl at 260 mm........ e 85

Light Scattering Data for DPB ‘
in 0.5 m NaBr, 250 C....viiennrnennnnnnn 101

Scattering Data for DPB in 0.5 m NaBr, 250 C..... 102




viii

ABSTRACT

An attempt was made to determine the effects on .
micellization of polar head modifications of decylpyridinium
bromide. The differences in aggregation numbers of the
surfactants studied are in general not large, and appear to
be due more to interactions between polar heads and solvent
than to 1nteractlons between polar heads.

The: ideal optical characterlstlcs of the Brice-
Phoenix leferentlal Refractometer were 1nvest1gated by
means of a computer program and compared to the performance

of an actual instrument and the description of its designers.

It was shown that the possibility of small errors in con-
struction and alignment require an empirical calibration of
the instrument rather than the des1gner S, geometrlcal one,
which is approx1mate at best.

Apparently anomalous results of llght scattering by
cetylpyridinium chloride solutions were resolved by demon-
. strating the adsorption of this compound on glass filters.
Unless precautions are taken, the phenomenon can be trouble-
some in light scattering work with surfactant solutlons of
low concentration.




PART I

Ring Substituent Effects on Decylpyridinium Bromide

Micellization




INTRODUCTION

The-doncept of surfactant monomer aggregation in
éolutions is due to an explanétion for the low osmotic
activity .and relatively high conductivity of soap solutions
that was suggested by J. W. McBain in 1913 (1).. The idea is
now generally accepted that monohers consisting éf nonpolar
hydrocarbon chains attached to polar groups can aggregate to
form colloidal size particles (micelles) in solutions of
high enough concentration. If one measurés a physical prop-
erty of such a solution an abrupt change in the property is
geﬂerally found to occﬁr at what appears to be a character-
istic concentration——the critical micelle concentration (CMC).
It is probably more accurate to consider the CMC as a narrow
concentration range in which the habit of the dissolved |
surfactant changes from mostly monomer to mostly micelle.

The general structure of the micelie is considered to
be a cluster of the hydrocarbon chains with their polar heads
exposed to solvent. When the surfactant monomer is ionié,
the micelle will be a charged particle whose nét charge
depends upon association with oppositely.charged ions from
the solution- (counterions). For small micelléé, a spherical

model seems likely (2—8). When the number of monomers. per
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@icelle (aggregation number) is lérge, the spherical model
appears inadequate and other shapés have been suggested such
as rods and eliipsoids (6-10).

In the investigations of micelles which have followed

McBain's original suggestion, one of the most fruitful tech—

niques for determining aggregation numbers has been that of
light sdattering. The application of this method to surf-
éctant‘studies stems from the wérk of Debye (11, 12), and
has been develéped to treét multicomponenf systems of éurfé
actant and electrolyte by a number of investigators (13-21).
In this study.aggregatiohVnumbers were determined by .light
scattering and with the equations of Anacker and Westwell
(8, 22). | |

A number of factors that affect surfaétant micelie
size have beén coﬂclusively demonstrated. Aggregation |
numbers will decrease with a rise in témperaturé (9, 23),
- they will inecrease with increased length of the hydrocarbon

chain (9, 23), and they are sensitive to the présence of

counterions in solution. Micelle size of ionic surfactants .

can vary considerably acéording to the choice of counterion
(8, 24), ahd generally will become larger with increased
counterion concentration. In contrast, thefe seems to be

little relationship between aggregation number and ions with
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the same sign charge as the surfactant monomer (23, 25).
‘The nature of the polar head has also been recognized

as an important factor in micelle formation, but this has

not been thoroughly or systematically studied until recently.

Other investigations in this laboratory have shown .that
approach of csunterions to ﬁhe charge center on a variety of
ammonium-type polar heads can be sterically hindered.by side
chains, resulting in smaller micelles (26, 27). These
studies have .also indicated the importance of polar head-

- water interactions. Jacobs and Anacker have shown that
aggregation nﬁmbers of pyridinium fing—decyl chain compounds
depend upon the point of attachment of the chain to the

ring (28). Micelles arelsmallest when the chain is on the
ring atom béaring the greatest_positivé charge, and where it

can produce the greatest hindrance to the approdch of a.

counterion to that charge. S ' .

In gddiEion to the steric and solvent effects, any
factor that might enhance the plose‘approach‘of polar heads
would‘seem'to inéfease the chances for larger micelles.
Presumabli fhe presence of countérions does this by helping
. reduce dhargebrepulsion between neighboring polar heads,.but
there are several other possibilities. |

Another means of redubing charge repulsion between
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polar heads would be ionization of the polaf heéd to produce
an over-all neutral species. Veis and ﬁéer have made care-
ful measurements of the pH of decyl- and dodecylammonium
chloride solutions withdut added electrolyte (25). The
sharp drops in pH observed at the CMC's correspond to the
loss of pféténs from —NHg groups. It is also poésible for
an alkyl group attached to‘the 2 or 4 position of a pyri-
dinium ring to lose a proton from the carbon adjacent to the
ring (30). If this neutralization effect were important.in
cohtributing,to micelle formation, a difference in aggregationA
number might be detected in a series of substituted pyri-
dinium suffactants. Loss of the proton from an -OH group on
a cationic polar head is another way in which charge neutral-
ization might:be effected.

H&drogen bonding might be'a possible link betweeﬁ
polar heads that would promote ﬁicelle formation.

Hydrophobic bonding and Van der Waals attraction
between alkyl groups on different polar heads have been -
suggested as factors in micellization (6, 27). These groups,
however, could also be sources of steric hindrance.

| Steéd and Taylor héve argued that inecreased deldcal—'
ization of charges on bolar heads would allow.closer abproach,

and give as an example of this possible effect the lower
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CMC's of l1-dodecyl-4-methoxypyridinium bromide and chloride
'comparéd to the unsubstituted dodecylpyridinium analogs (32).
From measurement of base strengths it is known that alkyl
groups can ihcrease the electron density on the pyridine
ring (31). Substitution at the 4 position is more effective
than at the 3} and the base strength does not éhange as the
group at the 4 position is varied through the series methyl,
"~ ethyl, i-propyl and t-butyl. Pyridinium surfactants ﬁith
alk&l groups at different positions might have aggregation
numbers refiecting a difference in charge delocalization.
On the other hand, differences iﬁ micelle size for a séries
of alkyl groups at the same position should be due to other
causes, B

| The pyridinium polar head is seen to.be a particularly
interesting and versatile one for investigation of the
effects mentioned above. There is the possibility of various
substituents at the different ring positions which might
allow detééfion of steric effects as weil as those due to
charge delocalization and ionization. The planar structure
of the groﬁp could also permit closer approach of polar
heads than was possible with the ammonium-type suffactants
of other qdmparison studies (26, 27). This might produce a

greater sensitivity of aggregation number to some of the
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factors depending upon polar head interaction.

Since chances of_encountering insoluble materials are
gréater with increased hydrocarbon chain length, suffactants
with a decyl group were chosed for %his study; They were
prepared as.bromidé salts not only because of the.relative
ease of preparation, but for the good aggregatiné power of
this ion which was also the counterion of choice.

In éddition_to the determination of'aggregation
numbers of twenty different pyridinium-type surfactants,
information was also sought from pH measurements, dye
solubilization; and calculation of chafge distributibnron

the substituted pyridinium ring.




EXPERIMENTAL

The light scattering measﬁrements were carried out
with a BricefPhoeniX Universal Light Scﬁttering Photometer,
Series 2600; with an attached chart recorder. Scattering
.and transmitted intensities were determined as average
péak heights for several measurements of a sample, extra-
polated back to zero time for the sample in the inétrument.
This was done because of a general drop‘of peak height with
time, probably due to warming of the solution after it had
been placed in the photometer.

AL measuremehts were made with the éame c&lindrical
scattering cell (Brice-Phoenix Catalog no. C-105).
| Light of ‘435.8 nm was used in all determinations.
Since one of the comﬁouhds studied (decyl 4-cyanopyridinium
.bromide) was visibly coiored and absorbed more strongly at
435.8 nm than at 546.0 nm, scattering measufements were also.
made for this compound at the latter wavelength. The loss in
scattering intensity due to use of a longer wavelength was
greater than the inténsify loss from absorption ét the
shorter WaVelength, so these results were not used for deter- -
mining the aggregation number. Instructions for the instru-

ment indicated that no correction was required for
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measurements of absorbing solutions unless absorptidn were.
much greater than that encountered in this case.

The scattering intensities used in the determination
of aggregation nﬁmbers were measured at- 90°. Fdf each
sample intensities were also.measﬁfed at 45° snd 135° to
check for diss&mmetry in the scattered light. Dissymmetry
was not detecfed in any of the samples measuredy which meant
that the spattefing particles were small compared to the
wavelength of the.incident light. |

Samples .were prepared by adding weighed amounts of
solvent to known weights of surfactant. The solvent con-
sisted of 0.5 molal electrolytg (NaBr, NaCl, HBr, HC1l) in
water., The water used for-these solﬁtions was obtaiﬁed ffom
reverse osmosis and was then distilled from élkaline perman—
ganate solution. The electrolytes used were reagent grade.
A series oflsolutipns for a compound usually consisfed of 12
. samples ranging from about 3 x 1073 to 7 x 10”2 molal in
surfactant concentration.

The sampleslwere introduced into the scattering cell
by filtration through an ultrafine fritted glass filter |
under nitrogen.pressure. Solvent was“measuredlfirst, and
then'severél saébles of the least concentrated surfactant

solution were run through the filterluntil'suOCessive samples
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gave éonsistent light scattering results (see Part III).

Cell and filter were cleaned beforehand with hot
chromic acid solution and rinsed thoroughly with doubly
distilled Watsr. The filter was also washed with ammonia
solution after treatment with the acid. Absence of dust in
the cell was ‘determined from scattering measurements with
water taken directly from the still. |
Temperature was controlled by keeping the entire room
- at 25°. Temperature within the photbmeter would rise 5 to 6
degrees during the series of measurements for one surfactant.

Refractive 'index measuremsn%s were made on ﬁnfiltered
portions.of the same solutions used for light scattering.
Only solutions above the critical micelle concsnfrétion were
measured and comparsd with the electrolyte solvent. The
instrument used was a Brice-Phoenix Differential Refract-
ometer, Model BP-2000-V. Its characteristics ars discussed
in Part II, fThe purpose of these measurements was toldeter—
mine the variation of solution refractive indeé with surf-
actant concentration, a qﬁantity.required in the calculation
of aggregation numbers.' In the Brice-Phoenix réfractometef
this is done by finding the amount of deflection of a slit
image that occurs Wheﬁ solutions of different‘surfactant

concentration are compared to solvent in a two section cell.
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The relationship of image deflection to refracfive
index increment for the instrument used was found bylempir—
ical calibration. A series of NaCl solutions of aécurately
known molaiity was prepared, and the fefractive index of each
solution was calculated from the refractive index data of
Kruis (33). A least squares treatment of Kruis's data gave
thé following relationship befween An, the difference between
refractive index of solvent and solﬁtion, and the NaCl
molality (m) |
An x 103 = 0,00281 + (10.6203)m - (0.817256)m? + (0.155446)m3
This expression was used to calculate the refréctive ;ndex
increment of the NaCl solutions prepared for the instrument
calibration. When élit image deflections (Ad) wefe measured
for these solutions, it was apparent that there was not the
strict proportional relationship between An and Ad that has
been claimed by the instrument designers (see Part II). A
least squares‘treatment of ﬁhe.experimental data gave this
‘relationship ‘

An = (9.9737 'x 10"%)ad - (1.230 x 1076)(ad)?

Temperature control for solutidns in the refractometer
is achieved by circulating water from a constaﬁt temperature
bath through the metal housing containing the sample cell.

After introducing solution into a cell compartmeht, from 6 to
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7 minutes is reguired for temperature equilibration; A
constant reading for the slit image_positién is not obtained
until egquilibration has beén achieved.

A problem that occurred persistently in the first
several series of compounds measured was flow of surfactant
solufion to the top of the refractometer cell. This appéared
to be happéning in the corners of the cell oompaftments, and
did not appear to be taking place in the comﬁartment contain-
ing solvenﬁ.. This solution flow see@ed to be cauéing concen—~
tration changes either through evaporation at the tob of thé
Icell, or b& ﬁixing with solventf When liquid was visible on
the top edges of the cell, deflection readings became erratic
and inconsistent with prior measurements. This problem Was
eliminated by removing the cell mounting from the instrument
and dipping the top of the cell in melted paraffin. Pressing
on the top.of the soft Wéx at the top of the cell with a
glass plate ﬁroduced a smooth flat surface which gave.a good
seal with the cell cover glass. ' The paraffiﬁ coating pre- .
vented solution from reaching.the top of the'cell.

Fach time fresh solution was added tb_one of the cell
compartmenté the compartment was rinsed sevéral times with
the solution to be used. - |

A Cary Model 14 Recording Spectfophotometer Was,used
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in measurements of dye solubilizatioh. The dye used was
Orange-OT (OOT), originally prepared by P.T. Jacobs for
other investigations (34). For determination of solubil- -
ization efficiency, solutions of surfactanf in 0.5 m NaBr
. were prepared as -in the light-scattering Wbrk. To these
solutions were added small amounts of OOT in excess of what
would ultiﬁatély bé solubilized. The solutions were sealed
in water—tight vials and shaken in a cohstant témperature
bath for five da&s at 250.‘_They were then allowed to settle
out for,twq day; in the water bath Without shaking. Samples
. for analysis were withdrawn with a hypodefmic syringe. Iﬁ
order tﬁét-ail absorption measurements would_fall on the |
same instrument scale,-solutions,of greater OOT concentration
were diluted Quantitatively. This was done with a 2%
solution of decylpyridinium brémide in 0.5 m NaBr to eﬁsure
that ali ooT originally solubiiized would remain in sdlution.
Spectral scans were made for all samples rﬁn, and a maximum
absorbance fbr OOT was found at 498 nm in all cases.

The extinction coefficient was determined for OOT in
2% solutions of various surfacfants in b.5-m NaBr. Small
measured amounts of 3.13 x 10~2 molar OOT iﬁ acetone were
added to Weighed amounts of surfactant solutions with'a

microliter syringe to give OOT solutions of known moldlity.
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Absorbances‘were measured at 498 nm, which again corres-
ponded to maximum absorbance for ;11 solutions measured.

The pH meaeurements were made on several sets Qf
solutions of different surfactants above the CMC. The
instrument used was a Radiometer PH Meter 4 d4 with glass and
calomel electrodes. Consistent and stabie readings were not
obtained with the surfactant selutions, possibly due to
adsorption of -surfactant on the membrane of the glass
electrode (see Part III). Another possible source of trouble
with these measurements might have been changes in the nature
of the'surfactant solution due to high chloride ion concen-
tration at_fhe interface‘with the KC1 solution of the calomel
electrode.

The compounds used in this study were in general
| pfepafed by.reacting equimolar amounts of n—decyl bromide
and the appropriate substituted pyridine to form substituted
decylpyridinium bromide.salts. ‘Starting materials that were
visibly colofed Wefe vacuum distilled before use. Initially
these syntheses were Carried out by refluxing the two
reacfants together under a nitrogen atmosphere for 10 to 20 -
minutes, This usually led to rapid and vigorous reactions
and the development of much datrk color in the :reaction mix-

ture. When the reactlon appeared to be complete the mlxture
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was cooled and impure product_solidified'as a hard waxy mass.
Complete solidification could occur in a few mihutes at room
temperature, overnight in the refrigerator, or could‘require
several weeks of refrigération. When reactions were carried
out in this manner, lower reactivities were apparent for
pyridine compouﬁds with substituents in the 2 position.

The produété were recrystallized from écetone,uethanol
or mixtures of_these two solvents. ©Refrigeration was usually’
required. In some cases addition of diethyl ether precip-
itated the product from solufion; in other cases additién of
éther caused the product to form a separatelliquid 1ayer:
Recrystalliéations were carried out untilvthere was no per-
ceptible color remaining in the product. An exceétion was
the derivative of 4-cyanopyridine, which was bright yeliow.
The sequence oj'recrystallizations for some-compounds
required from 2 to 3 months. The purified producfs We?e

4710°
markedly hygroscopic and subsequent handling of them was done

vacuum dried over P,O Several of the compounds were

'in a nitrogen filled -glove bag.

It Wés found that cleaner products éoﬁld be obtained‘
if the reactants were Qissolvéd in ethanol and refluxed under
.nitrogen for 3 to 5 days. After this period, ethanol and

excess reactants were removed by vacuum distillation and the
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product wasiéolidified by cooling. Further treatment of
product was carried out as before, but oply 5 or 6 recrys-
tallizatibns ﬁere usually required to give a colorless
product. 4

The decylpyridinium bromide monohydrate was from a
" lot prepared by P. T. Jacobs for a separate iﬁVestigation
(34). The cqmpounds with methanol groups at the 2, 3, and
4 positions of the pyridinium ring were 6rigina11y made by
M. O. Gunsch éﬁd were recrystallized and reanalyzed for‘this
investigation. The 3 and 4 methoxymethyl compounds were
prepared by P. T. Jacobs for this work.

Composition of the compounds Was checked by gravi-
metric analysis of the broﬁide content. A summary of.the
results is given in Table 1 along with a list of symbols
used to identify the various surfactants studied.

. There were several interesting failures among the
attempted syntheses. 'No reaction could be deteqted with
2~bromo, 2—cyano; or Z—ethoxypyridine. Reaction with
2-n-propylpyridine yielded a white crystalline product which
did not foam in water solution. Bromide analysis'and the
NMR spectrum suggest that this was 2—n—propy1pyridinium
hydrobromide.- Reaction occurred between decyl bromide and

.2-ethanolpyridine to produce a highly viscous maferial which’
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TABLE 1

. BROMIDE ANALYSIS OF SURFACTANTS

Decyl—4-ethanolpyridinium bromide

Surfactant Symbol %Br . %Br
Calculated Found
Decylpyridinium,bromide-ﬁzo. DPB 25.10 25.11
Decyl-2-methylpyridinium bromide 2M 25.42 25.41
Decyl-3-methylpyridinium bromide 3M 25.42 - 25.47
Decyl-4-methylpyridinium bromide .4M : 25.42 25.43
Decyl-2-ethylpyridinium bromide 2E 24 .34 24 .35
Decyl-3-ethylpyridinium bromide . - 3E 24,34 24.33
Decyl-4-ethylpyridinium broﬁide 4E 24.34 24.36
Decyl-2-methanolpyridinium bromide 2MOL 24.19 24.18
Decyl-3-methanolpyridinium bromide  3MOL 24.19 24.19
-becyl—4—methanolpyridinium bromide . 4MOL 24,19 24,00
Decyl—3—probanolpyridinium bromide 3POL - 22.30 22.28
Decyl~4-propanolpyridinium bromide 4POL 22.30 22.36
Decyl—3—methox&methylpyridinium 3MOM 23.21 23.20

, bromide _ '

Decyl-4-methoxymethylpyridinium 4MOM 23.21 -

x bromide (compound unstable)
Decyl-3-cyanopyridinium bromide 3CN 24,56 24.55
Decyl-4-cyanopyridinium bromide . 4CN 24 .56 24,52
Decyl-3-bromopyridinium bromide 3BR 21,07 21.10
Decyl—3-hydrpkypyridinium bromide 30H .25.26 25!22
Decyl-4~t-butylpyridinium bromide 4TB 22.42 22.40

4EOL 23.21 ~ 23.12
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resisted ali attempts at crystallization. Since direct
distillation of this pyridine compound can producé 2-vinyl-
pyridine (35), it is possible that polyvinylpyridihe wa.s

produced in the reaction. A reaction also occurred between

decyl bromide and 2-propanolpyridine. Bromide analysis and .

investigation by P. T. Jacobs indicated that the product

formed had the structufe,given in Figure 1.

Fig. 1.——Possible'Product'from 2-propanol Reaction

Reactions with 4-n-propylpyridine and 4-isopropyl-
pyridine appeared to give satisfactory yields of surfactaht,
but no means were found of recrystallizing and purifying

these products for further use.




DISCUSSION

Aggrégation numbers for the surfactants studied were
calculated from the equations of Anacker and Westwell for
surfactant solutions with added electrolyte (8, 22). Scat~-
terin data are treated in acéordénce with an equation which

can be written as

Kr'né/R90 = A + Bmé + REREE
where .
K = 272n2n)2V° /L%
A = 4N{(2N - fp)2 + pf2}-!
B = pA(2m3)‘1{(1 + p)N—1 - A} .
N = aggregation number
p = effective micellar charge
f = (an/8m3)mé / (an/Bmé)m3 |
mé‘= molality of micellar salt (total surfactant
, molality minus CMC)
R90 = Rayleigh ratio at 90° scattering angle (=31/16)

n = solution refractive index

n! = (ag/am'z)m3

m, = molality of supporting electrolyte

VO = volume of solution (cm3)'contining 1 kg Wéter
L = Avogadro number

A = wavelength (cm) in vacuo of light used
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T = turbidity of solution minus turbidity at CMC
. Primedlquantities'designate molalities in terms of monomer
units.

The first equation is based on these assumptions:
there is no depolarization of scattered light at 90°;
micelles are small compared to X (there is no dissymmetry);
Rg.0 represents scatfering in excess of‘that at the CMC; un-
aggregated surfactant (concentratibn assumed equal to CMC)
can be conéidered part of the supporting electrolyte.

Equatidns relating the scattering data to fhe eff-

ective micelle charge and the aggregation number are

p '{2fmsB + (SmsB)%}A—l(z ~ f£A)-1

N = p(p + 1)A(2m,B + pA%)-!

If p =0, N is not calculated from the second equatioh but
from the definition of A. The quantities A and B are deter-
mined exﬁerimentaliy as the‘interéept and slope resbectively
of a Kmé/Rgg vs. mé plot and are then used to calculate
values of pland N. A computer prdgram is avaiiable_for per-
forming these calculations. This program calculates the  CMC,
A-l, N and pﬁfor a 1east squares linear plot of Kmé/R90 vs.
m;. A'l_is an approximation (uncorrected for charge) of the

aggregation number.

It Was intended that all light scattering work be
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done with 0.5 m NaBr as solvent, however in some instances
chloride rather than bromide solutions were used. This was
done either because of insolubility .of a surfactant in 0.5 m
NaBr (30H, 4TB), or to allow comparison of aggregating abil-
ities of the bromide-insoluble cémpounds with those of some
of the other surfactants.

When the céﬁnterion of the added electrolyte was
chloride, thé changes of solvent and solute refractive
indices with;cqncentration were calculated as described by
Anacker and Ghose (8). When calculations were made for a
family of isomers the surfactant refractive index gradient
used was usually an average of those determined experiment-
ally for the individual compounds. An exception to this was
made for the case of the rather different isomers 3MOM and
4EOL where the measured gradients are not very cloée to the
same value., An average was not used for 3MOM and 4MOM since
data for 4MOM are not considered very reliable.

Calculated aggregation numbers are given in-Tableé 2
and 3 along with the CMC's determined from light scattering
and from dye solubilization. * A key to compound symbols has
been given ip Table 1. Aggregation numbers in paientheses
are not correctéd for charge. Iﬁ some cases only a value

uncorrected for charge (A-l) is available. This occurs when
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TABLE 2
AGGREGATION NUMBERS OF SURFACTANTS IN 0.5 m NaBr AT 25°

" Surfactant = Aggregation Nr. CMC x 103 CMC x 105
Scattering Solubilization
DPB 50 (47 #0.5)% 11.1 11.2
2M " 45 (43 £0.2) 16.2 10.2
3M 43 (42 +0.1) 8.9 9.2
4M 45 (43 £0.2) 8.6 9.3
2F | 40 (38, :0.3) 7.6 8.0
3E 44 (42 £0.2) 7.0 7.8
4F - 43 (42 +0.3) 6.9 7.6
2M0L_ 58 (57 0.3) 8.9 6.6
3MOL 51 (49 +0.5) 10.6 8.8
4MOL 52 (49 #0.2) 9.8 9.0
4EOL 47 (44 0.5) ‘ .10.2‘ 10.3
3POL 36. (35 +0.2) 9.0 9.4
 4POL 40 (38 £0.9) 8.8 8.6
3MOM 37 (36 £0.2) - 9.4 9.5
4MOM (38 £0.5) 2.0 -
3CN - (50 £0.5) 10.5 13.0
4CN (67 £0.7) 6.2 -
(95 +0.8) 11.6 -
3BR ' (56 +0.5) . 8.0 8.0

. % Values in parentheses are uncorrected for charge. Uncer-
tainties are for least squares determination of A-1!,
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TABLE 3
AGGREGATION NUMBERS OF SURFACTANTS IN VARIOUS SOLVENTS AT 25°

" Surfactant Aggregation Number CMC x 103 (Scattering)

Solvent = 0.5 m NaCl

4MOL (37 =0.1)* 15.4
3BR (33 £0.0) 4.6
4CN © . 13 (11 £0.3) 36.0
4TB ‘ 36 (34 +0.4) 7.9

30H - B0 (48 +0.8) 6.7

Solvent = 0.5 m HBr

3E 45 (44 +0.2) .. 8.2
3MOL 49 (47 +0.4) : 13.5
3POL © 35 (34 0.4) : 12.2

Solvent = 0.5 m HC1

30H o (44 +0.4) 9.8

- *¥ Values in parentheses are uncorrected for charge. Uncer-

tainties are for least squares determination of A~!,
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‘the plot of scattering intensity vs. surfactant concentration
shows concave*upward curvature above theACMC, an effect which
is generally believed to result from polydispersify in
micelle size and/or an increase in size with concentration
(6, 8, ld, 24). The charge-uncorrected values represent
lower limits for aggregation numbers, and in most dases
where charge-corrected values are available for‘comparison
the uncorrected values are only one or two‘units lower. A
summary ofuéxperimental data, and typical data plots, are
given in appendix B.

The véry different aggregation numbers calculated for
two separate determinations of 4CN in 0.5 m NaBr arise from
the anomaious behavior of this compound. in a concentration
range that appears to start at the CMC, samples of this
compound gavé markedly higher scatteriné than was consistént
with most of the data for 4CN. Consecutiﬁe samples of a
single solution in this range , after filtration into the
scattering cell, did not produce the same scatfering. After
two or three'different solutions gave these erratic results,
subsequent solutions showed the regular and uniform increase
of scattering with concentrétion that is expected for a
scattering curve. Unfiltered portions of the oddly behaving

solutions showed no anomalies when refractive indices were
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determined. The pheﬂomenon is specific for 4CN sincé it
occurs with no other compound sfudied and was very evident
in both determinafions of 4CN in 0.5 m NaBr, and to a lesser
- extent in an.attempt to determine the aggregation number of
4CN in 0.5 m NaCl. Since the materiél is known to be ad-
- sorbed onto the filter (see Part III), ﬁ possible explaﬁ—
ation of this behavior is that with solutions'abové the cMC
some of thevadsofbed surfactant may be attracted back into
solution in ﬁicellaf form. The disparity in thé two aggre—l
gation numbers determined for this compound in.O.5 m NaBr
can be attributed to the 1ack of reliable scattering data in
the neighborhood of the CMC. It is safe to séy only that
micelles of 4CN dre probably large compared to the rest éf
those studied in 0.5 m NaBr. ‘

The- instability in air of 4MOM and the lack of con-
sistent bromide analyses put the resﬁlts for fhis compound
in queétion.. There is nothing apparently unusual in'the
aggregation-ﬁumber, but the value determiﬁed for the CMC is
notably 1ower'than that for any other compound in the series.

When solutions of 4MOL and 4EOL were prepared, a
small amount of insoluble material was visible-in the samples
of both comppunds. 'After filtration the solutions were

clear and the low scattering from samples below the CcMC
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indicated that no colloidal or larger particles were present.
This implies that the true surfaétant concentrations in
these solutions were lower than the calculated values because
of an insoluble impurity in the compounds. Calculations for
4FEOL on the éssumption that true concentrations were 1.0%
less than those originally calculated fevised the aggregation
number from 47 to 42, The 10% assumption is a cohsiderable
exaggeration of the amount of impurity, and a more accﬁfate
adjustment of concentrations would probably not‘reduce_the
calculated aggregation number by a significant amount. The
bromide analyses of the two compounds in question are low,
and the differences between the analytical and the calculated
brecents are iarger,than for any of the other compounds |
studied (Table 1). If the analytical results are éccurate
measures of the amounts of surfacfént in these préparatidns;
the percent of impurity would be 0.4% and. 0.8% reépécfively
for 4EQOL and 4MOL.

The sﬁall differences inlaggregation numbers accom—
panying the substitution of different groups on the ring
show that the various effects suggested in the Introduction
- can play only a small role at most in determining micelle
size for the compounds studied. This is in contrast to other

influences that have been studied by light scattering such as
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choice and'dépcentration of éounterion, length of‘hydrocarbqn
tail, and iarge variations in‘pblér head structure.

The influence of counterion has been investigated by
Anacker and Ghose in a sfudy of hexadecylpyridinium bfomide
(8). TFor 0.2 m sodium salts of 103, F-, Cl-, BrOj and Br-
as supporting electrolytes, the aggregation.numbers were 101,
117, 129, 130 and 2140 respectively. ‘In thé presenf work
the dependeﬁqe upon counterion identity can be seen in the
lower aggreéation numbers found for 4MOL and 3BR when deter-
mined in d.5 m NaCl as compared to the values for 0.5 m NaBr.

Anacker has shown (5) that the aggregation number of
hexadecylpyridinium chlpride-increases Withtéhloride concen-
tration from a. value of 95 in 0.0175‘M NaCl to 135 in
0.730 M NaCl. |

Aggregation numbers were determined by Jacobs, Geer
. and Anackef‘(34) for a series of alkyl pyridinium surfact—‘

ants with chains of 9 to 14 carbon atoms. The -aggregation
numbers were 35, 49, 64, 77, 98 and 136 respectively in NaBr
solutions.’

The extent to which variation in.polar head structure
can influence micellization cén-be seen in some of the
results of.Géér, Eylar and Anacker'(26) from decylammonium

bromide and some of its derivatives. With no éubStitution
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on the ammonium group, the aggregétion number in'O.étm NaBr
is 1100, Aggregation numbers for different substitutiqns
were found to be: 670 (methyl), 69 (dimethyl), 48 (tri-
methyl), 65 (diethyl) and 37 (triethyl). |

' In compafison to these other results, the differencés
in micelle éize that appear in this study are minute and
must be interpreted with caution. It is evident that 30H
has superior,aggregating ability compared tO‘the‘other~com—,
. pounds. Althoﬁgh this compound is not soluble in Q.5 m NaBr,
the aggregafion number for 30H in 0.5 m NaCl is.substant—‘
ially larger than that for the compounds thaﬁ were determined
in both solvents. It also seems clear that the presence of
an alkyl group‘leéds fo a small decrease in size, although
it is not clear whether or not the micelle size depends upon
the size of the group in going from methyi to ethyl. -Thére
is no evidence thét the position of such a group on the ring.
has én effect on aggregation'numberf' The only cases‘where
. ring position'seems important are with 2MOL which shows a
'markedly lafger éize than 3MOL and 4MOL, and with 3CN and
4CN.. This 1atter compound has proved to be highly anomalous
in its behaVibr and is not feliable'for making comparisons.’

There appears to be a definite trend in aggregation

number acco?ding to the size of substituents coptainingH-OH

N




29
groups. If one considers the series 30H; 2-, 3-, and 4MOL;
4EQOL; and 3- and 4POL there is a consistent decrease in’
aggregating ability. Another relationship that appears
associated with the -OH group is seen when comparisons are
made betweén groups of close to the same size. Cohsidering

the -OH group to be approximately the same size as -CH one

3
can compare hydroxy vs. methyl, and methanol vs. ethyl. In
both.cases the compounds with -OH éréups have the larger
micelles. There is also the comparison of 4EQL with its
isomers, 3MOM and 4MOM. Again the compound with the hydroéy
group 1is the larger.

There are not enough data from other types of groups
to detect trends. A cyano group at the 3 position does not
appear to change the aggregation number, while a bromine at
this‘point séems to cause a slight increase. Insolubility
of 4TB in 0.5 m NaBr prevents a direct comparison with the
other alkyl substituted compounds. Since the aggregation
number of 4TB in 0.5 m NaCl is much the same as férIBBR and
4MOL, it appears'that this compound is not exceptional in
its aggregating ability. The very low and very unreliable
aggregation number for 4CN in NaCl solution'is énother in-

stance of the odd behavior of this compound.

From the determinations of micelle size it is possible
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to conclude that hydrophobic bonds or Van der Waals forces
due to alkyl.side chains do not fécilitate micelle formation
with the compounds studied. Because of the general insensi-
tivity of micelle size to the position of a particular group
.on the ring, it also appeafs that stéric hindrance of
éounterion approach is not taking place. The near equality
of aggregation numbers for compounds with a group at the 3
or the 4 position indicates that differences in charée de-
localization are not great enough to affect micellization of
these compounds. Ifhe possibilities of polar head neutral—'
ization by iohization aré discuésed below in connection with
pPH measurements. Of the effe¢fs on micelle formation that
were suggested in the Introduction, there remains the ﬁossi—
bility of hydrogen bonding between -OH gfoups on adjacent
pblar heads.

It is tempting to ascribe the relative tendency to
iarge size for hydroxy-containing compounds to this cause.
It is difficult, however, fo éee why this wéuld be more
effective £or 2MOL than for 3MOL, and why it could be as
effective for 4MOL as for 3MOL unless polar heads can easily
"incline towgrd one another. ‘The high aggrégating ability of
30H would démand a rather close approach of polar heads if

it is dependent upon hydrogen bonding. Hydrogen bonding
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cannot be ruled out as a factor in the resqlts of this in-
vestigation, but it could onl& aqcouﬁt for the tendency to
larger size noted, and not for thé decrease in size that is
connected with the length of the hydrocarbon part of the
attached groups. |

The extinction coefficient for 00T was found from the
slope of a Beer's Law plot for OOT dissolved in 2% solutions
of various surfactants.in 0.5 m NaBr. The results of these
measurements are plotted in Figure 2, and With the exception
‘of the data for 4MOL, all points fall close to a single .
straight line. A least squares calculation gives the slope
of this line as 1.77 x 10" kg/mole cm. This is identical to
the extinction coefficient determined by Jacobs and Anacker
for OOT in a series of decyl surfactants with various non-
pyridinium cationic heads (36). The coefficient for 00T in
4MOL solution was found to be 1.57 x 10% kg/mole cm. Mea-
surements were made of the absorbance of OOT in several
series of surfactant—NaBr solutions saturated with the.dye.
OOT molalities were calculated with the extinction coeffic-
ient values.repofted_above. The slope of a dye molalify vs.
surfactant molality curve is thé solubilization efficiency
.in terms of moles of dye solubilized per mole of sﬁrfaétant

monomer. These curves appeared linear within experimental
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Absorbance

2 4

I (| L 1 1

OOT molality x 10°

O = 2MOL
] = 4MOL
A = 2M
Y = 2E
O = 3p

Fig. 2.--Beer's Law Plot of OOT in Different Surfactants
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efror for most of the series measured. A drop in solubil-
iéation efficiency at the higheét éurfactant concentrations
used appeared to occur for 3POL, 4POL and perhaps for 4EOL
és_well. Slopes were determined by least squares for all
surfactants, with the aberrant points for the above .compounds
éxcluded from the calculations of best-straight-lines. |
Intercepts'of tﬁese'curves with the surfactant concentration
axis are the CMC values reported in Table 2.

Jaédbsvand Anacker have shown that solubilization of
the dye OOT depends in large part on the size of micelles |
‘formed by a series of ammonium-type sUrfactahts (36). 1In
addition, increased amount of hydrocarbon character on the
polar heads was.corrélated with‘increased solubilization
efficiency. Since the micelles were much.fhe samelsize for
the compouhds investigated in this study, dye solubilization
measurements were made td see the effeéts of the variation
in polar heads. There is some confirmation of increased
éolubilizatibn accompanying the ingreaée in hydrocarbon
nature of some of the pyridinium heads. From Table 4 it is
seen that fhe highest solubilization efficiencies were ob-
tained for‘thé.polar heads with alkyl groups in the 2 posi-
tion. This.effect does not extend to the case in which

there is a methanol group at this pointf Since groups at
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'TABLE 4
SOLUBILIZATION EFFICIENCIES OF SURFACTANTS IN 0.5 m NaBr

Surfactant "Solubilization Efficiency x 103
(moles OOT/mole surfactant monomer)

DPB ' | 5.2
oM
3M
am

2E

I

3E
"4E

OMOL

a o &6 O N & O N

3MOL
-4MOL
3POL

' 4POL

© B OBh D O R oW

. 3CN

o o &6 U W

3BR

w

 3MOM | 5.,

0]

4EOL 5.8
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the 2 positiéh of the ring are close to the hydrocarbon core
of the micelle, these results support the idea that dye solu-
bilization occurs principally within the core or near its
" surface rather than in the outer region‘of the polar heads.‘
Since alkyl groups at the 3 and 4 positions do not contribute
notably to solubilization efficiency, there is also some
support for a model of_the'micelle in which the pyridinium
rings are oriented at nearly right angles to the core bound-
ary.

The slight indication that solubilization efficiency
may drop off with ingreased concentration for SfOL, 4PQL and
4EOL is a éubject for further investigatioh. The case of
4MOL cannot at this point\be accounted for, Solubilization
of 00T is'muCh lTess in solutions of this compound, and the
dye showed abouf a 12% lower extinction coefficient than it
did in solutions of the other surfactants used.

The results of pH measurementé, as mentioned in the
E%perimeﬁtalzsection, we?e generally inconclusive. Surf-
aqtants.tested in 0.5 m NaBr solution were: 2MOL, 3MOL,
4MOL, 2M, 3M, 2E, 3MOM, 3POL, 3CN and 3BR. Solutiohs of
30H, 4MOL and 3BR were measured in 0.5 m NaCl. Some consis-
tency was obtained with the solutions of 30H in NaCl. Solu-

tions of this compound above the CMC showed pH values of 3.5,
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3.4 and 3.3'with incfeasing surfactant concentration com-
pared to 0.5 m NaCl solvent which measured 5.8. The other
surfactant solﬁtions were too similar to the solvent to
prevent any pH difference from being obscured by fluctuatiéns
in the'instrument readings. These fluctuations did not allow
conclusions'abodt the possibilitf of proton loss from alkyl
side chains or -0OH groups on polar heads except in the case
of the definifély acidic 3OH. Anothex attempt to detect
such an effecf was made be determining the aggregation
numbers of 3E, 3MOL and 3POL in 0.5 m HBr as well as in
0.5 m NaBr. If proton loss were making a significant contri-
bution to micellization, aggregation numbers should be
smaller in the acid solution. No significant differences
were found for these compounds in the two solvents. When
micelle size was determined for 30H in 0.5 m HC1l there
appeared to be at least a small drop in the aégregatioﬁ
number from 50 in NaCl to about 44 in HCl. This indicates
that self neutralization of a pyridinium polar héad can play
a role in defermining micelle size.

_ Hﬁdkei molecular orbital (HMO) calculations were
performed to discover how the positive charge might be dis—
tributed on the six atom ring which is'the'pyridinium polar

head. The effect of substitution at various positions was‘
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included by assumiﬁg an inductive effect at each of the

different ring carbons in turn. It was assumed that the

nitrogen atom in the ring was also subject

effect from the attached decyl chain

calculaﬁiohs the effect of the decyl chain

to that of,é methyl group. In addition to

. For

to an ‘inductive

purposes of these

was assumed equal

the calculations

based on the inductive model for a substituent, HMO hetero-

atom treatments were performed for -OH and -Br attached to

the 3'position'of the ring. Both of these groups were

treated as atoms contributing two pi electrons to the seven

atom syétem. Numerical values. for the parameters used in

both sets of,calculatiéns.are given in Table 5.

TABLE 5

HMO PARAMETERS

'Cohlbmb’Ihtegrél Bond Integral
hﬁ+ = 2.0 Koy = i.O
kog = 1.0
'/hBr = 1.5 kC-Br =.d.3
’hOH =.0.6 kC—OH = 0.7
hC = -0.5% Ko pe =-O*
hy. = +0.5% kd-X = 0%
* inductive model
auxiliary inductive parameters: hC'= 0.1h

0.05hy,

O'OShBr,*

+?




38

. ". C_X’
Téble 5 are taken from Streitwieser (37). The -OH values

Except iof h, k hyy and kC;OH‘the values of
are from Yonezawa, Nagata, Kato, Imamura and Morakuma as
given by Mchynn, Vanquickenborne, Kinoshita and Carroll (38).
The hy and kC_X'values are for an inductive effect assumed
equal in magnitude to thét of the methyl group but opposite
in direction. . |

Results of the calculations are given in Figures 3 and
4, The numbers given represent the calculated charges asso-
ciated with'eaqh ring atom and heteroatom substituent. 1In
all caseS‘R represents the decyl chain. Not included are
the results of othér‘calculations with the inductive mddél
for a range of hC aﬁd hX values. The same general effects of
. .substitution were obtained as those illustrated in Figure 3,
with the méghitudes of the effegts varying -with the magni-
tudes of hC and hX'

The results of the HMO inductive model calculations
indicate that about half of the poéitive charge rémains on
the nitfoggn.régafdless of the substituent or its position
~on the ring. The rest of the éharée ié'disfributed soméwhét
differently depending upon the type of sﬁbstituent.group.

For an electron donating gfoup the charge tends fo'acéumulate

at the point of attachment to the ring, for an electron
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Fig. 3.--Calculated Polar Head Charges: 1Inductive Model

Fig. 4.--Calculated Polar Head Charges: Heteroatom Model
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Withdrawing'group the charge is more evenly distributed
about the ring. |

The heteroatom models for 30H and 3BR show charge
distributions on the rings which are not greatly-aifferent
from that on the'unsubstituted ring, although 30H and 3BR
show a distinct difference in aggregating ability (Table 3).
It does not appear that charge distribution effects of the
magnitude of those predicted by these calculations are im-
portant in determining micelle sizé for the compounds studied.
If chérge delocalizatipn is importapt in promoting close
.approach bf poiarlheads,tit is probably at smailer distances
than thdselﬁetween heads in the micelles of thié study. A
more important factor is probably the closehess-of apprpéch
of countériohs to the charge center.

A simple model of the small micelles formed by the
compouﬁds sfudied can be constructed by assuming that a
épherical hydrocarbon core, equivalenf fb a small drop of
decane, is formed by the decyl chains of the surfactant mon-
6ﬁers. For an agéregatibn number of 45.apd a density for
decane of 0.73 g/cm3, the core radius is'fouﬁd to be 15 K.
This corresponds reasonably well to a calculated length of
13.2 Klfor,an‘extended decyl chain. If the 45 polar heéds

are distributed uniformly over the surface of the shere, the
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nitrogen atoms of adjacent polar heads wbuld be at a distance
of about 8.5 & from each other. This suggests that for the
size of micelle encountered in this study close approach of
polar heads is peither likely nor required, and effects due
to close'approéch should not have great significance. It is
still possible that delocalization of charge and bonding
between hYdrocarboﬁ side chains might show detectable effects
if large non-sherical micelles were studiéd such és those
formed'by hexadecyipyridinium bromide in NaBr (8).

This éimple picture of thé micelle indicates that
polar heads could easily adopt an orientation that would
alldw hydrogen bonding between methanol groups on adjacent
heads for ZMOL and 3MOL, although it does not seem that 2M6L
would be especially favored. If the polar heads cah be in-
clined_away from alperpendicular orientation to the core
surface by only about 300, the methanol group of 4MOL could
achieve practically the same poéition as that on a 3MOL head
that ié not'inclined. Hydrogen bonding would seem to be a
possibility for alllthree methanol-substituted compounds.
Because 6f the apparent distance between polar heads,
hydrogen Bonding does not seem a factor 1ikeiy to contribute
to the aggregating ability of 30H, which was the greatesf of

the compounds studied. The role of hydrogen bonding.betweeh
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polar héads can hot be determined from the evidence at hand.

There is no direct indication that the relatively
small variations in aggregation number apparent in this study
are due to interactions between polar heads. It is also
possible that'the determining factors in&olve polar heads
and solvent instead. |

An attractive explanation of the action of side chains
in reducing micelle size involves tﬁe amount of solvent
structure ("icebergs“) tﬁat can form around hydrocarbbn
groups in water solution.. It has béén argued that the
process of ﬁiceliization is promoted by'the entropy increase
obtained when water structure is disrupted by hydrocarbon
chains leaving their solvent environment to form micelles
(41, 42). .Anacker and Ghose (8) have correlated the aggre-
gating abilities of aﬁions in hexadecylpyridinium and do-
decyltriméthylammonium surfactant solutions to their abil-
ities to disrupt water structure. On this basis it seems
likely that‘anything-that would contribute to the fqrmation
of "icebergs" ét the surface of the micelle would also in-
‘hibit miceile formation. Alkyl sidé chains on polar heéds
might promofé this effeCt.. Such a poésibility may be related
to the facf thathcompounds prepared with alkyl groups on the

ring tended to-be,hYgroscopic and the ethyl ¢ompouﬁds were
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markedly more hygroscopic than the methyl ones.

Appart from the ionization effect, it is difficult to
see how thé'presehce of an hydroxy group could promote aggre-
gation by inferactibn with solvent. The most likely inter-
action would'seem to be hydrogen bonding with Wéter with a
concomitant increase‘in water structure. Unleés this struc-
ture were m&re susceptible to being broken in micellizatioﬂ
- than that around an alkyl side chain,'there unld be no
special reasén for the greater aggregéting ability of the

cdmpounds with hydroxy side chains.




SUMMARY

Aggregation numbers of twenty different decylﬁyri—
dinium surfactants showed only minor variations. Two trends
appear in the'results. The presence of an aikyl side chain
on the pyfidinium ring seems to lower the aggregation number,
and the présenée of an hydroxy group appears fo Oppose-this
trend. |

Theré were no general effects on aggregation numbers
that were traceable to the position of éubstituent groups
on the pyridinium ring. Perhaps because of the small size
of.the micelles encountered, there was no deteétable.contri-
bution to micéilization from bonding betﬁeen alkyl groups on
the heads orireduced repulsion between heads from charge
. delocalization. Such effects might become significant with
larger non-spherical micelles in which polar headé would be
forced closer together. There is evidence that ionization
of polar heads can be a factor in determining micelle size.

The opposing trends noticed in the series o% compbunds
studied may be due on the 6ne hand to increased water struc-
turg around alkyl side chains on the fing, which could
iﬁhibit miéeilization. On the other hand, the tendency to-

" ward increased aggregation number that is associated with
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the presence of ~OH groups might be due in part to hydrogen
bonding between polar heads or to some type of interaction of
~-OH groups with solvent, including ionization.

Soluﬁilization determinations of the dye OOT with a
number of the surfactants indicated a Speciai role is played
' by alkyl substituents at the 2 position of the ring. This
is probably due to the proximity of these groups either to
.the charge center on the nitrogen, or to the hydrocarbon

interior of'the micelle, or to both.




PART II

Differential Refractometer:

Optical Characteristics




INTRODUCTION

An important empirical quantity necessary for the
calculation by 1light scattering of micelle aggregation num-
beré is the refractive index incremeﬁt dn/dec. The refractive
index of the éolution is n, and the total surfactant con-
centration minus the critical micelle concentration.(CMC) is
c. in actual bractice, the slope is calcﬁlated at the CMC
for a An vs. surfactant concentration curve and this quantity
is used for dn/dcf To a first approximation the aggregation
number is in&ersely proportional to the square of this term;
hence it is important to have the best possible values for
Ithis quantify;_eSpecially when small differences in aégre—
gation numberé are bging compared as in Part I

The instrument used to obtain refractive index data
for the light scattering work discussed in the preceding part
is a Brice—Phoenix Differential Refractomefer, Model BP- -
2000-V. A.diaéram of the obtical system éf this‘instrumept
is given ip Figure 5. Light from a mercﬁry vapor lamp (L)
passes through.a monochromatié filter (F)_and'illuminates a
slit (8). .Light from the slit passes through the twd—
-compartment differential cell (C) and then is focused'by a

fixed projector lens (P) and a movable microscope
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Fig. 5.--Optical System

Mercury vapor lamp
Monochromatic filter
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Two compartment cell
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Microscope objective
Eyepiece scale (fixed to M)

of Brice-Phoenix Refractometer--Top View
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objective.(M). Moving the microscépe assembly along the
axis of the instrument allows a slit image to be focused
on a 10 mm eyepiece scale (E) with a movable crosshair whose
position can bé read to 0.001 mm. The differential cell is
mounted on ‘a holder which can be rétated 180°.

The instfument is used to find refractive index diff-
erences between sblutions and solvenﬁ by correlating the
refractive .index difference An with én instrument deflection
Ad. With solvent in both compartments of the cell, a slit
' image is produced near the center of the eyepiece scale
(undeflected image). When in one of the cell compartments
solvent is replaced by the solution to be measured, a de-
flected image is.produced to one side of the first position.
When the cell iﬁ rotated 180° (i.e. when solvent and solution
are iﬁterchanged) an image appears.on the other side of the
undéflected imaée position. The difference befween the
positions of these two deflected images, as observed on the
eyepiece scale, is Ad. A relationship bétween Ad and An is.
then requifed; : | | |

Brice énd Halwer; the refractoﬁeter.designers, make
the folloWing statement in their discussion of the instrument:

It will be shown that the différence in refractive index

between solution and solvent is strictly proportional
to Ad: ‘
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An = kAd,

and that k can be evaluated either geometrically or
by means of solutions of known refractive index. (39)

The‘particular'instrument used in this laboratory has always
~ been calibrated in the latter fashion and it has been found
that the relationship of An to Ad is better represented by
_An = kAd + 2(Ad)?

than by the.strict proportionality claimed by Brice and
Halwer. When the instrument was calibrafed with NaCl solu-
tions for the work described in Part I the ratio An/Ad showéd
a definite decrease in value with increasing An (Figure 6).
The éffect‘is not iarge——the drop is only about 1%--but it
ié measurable and is in contradiction to the assertion of
Brice and Halwer.

| It is not difficult to see in general why An/Ad might
not be constant. The procedure for obtaining Ad adds
together defléétions acquired in two very different opticali
situations. The refractometer ceil is not symmetric across
the optical axis of the instrﬁméntﬁ and with solvent and -
solution in the two compartments a 180° rotation of the cell
should not be expected to give equivalent deflections.
Adding together nonequivalent.deflections for a series of An
,valués migﬁt ﬁhén account for variations in An/Ad. The fact

that the microscope assembly must be moved to'bring the new
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Fig. 6.--Data From Refractometer Calibration With NaCl
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image into.  focus after rotation of the celllis experimental
evidence for the nonequivalence. This effect is particu-
larly noticeable with solutions showing large deflections.

Brice and Halwer develéped an expression for calcu-
lating the présumed constant k in their relationship for
An/Ad. Their characterization of the opfical.propertiéé of
the system is based upon tracing rays through the differ-
ential cell. Several approximationé are made inclqding the
neglect of small terms and differences, and the neglect of
the cell pértition thickness. One of the factors that is
used in their equations is the magnification that is achieved
'by the instfument from the slit to the eyepiece image. The
maghification is a.quantity which thelauthdrs héve determined
empirically for individual instruments. In the course of
their dévelopment,'expressions are obtained for locating the
virtual slit image formed by the 1ighf rays which leavé the
cell after several refractions. -According to Brice and
Halwer the magnitude of_the lateral'displacemenﬁ frém the
oﬁtical axié'of the virtual slit image (SH) is givenibyz

SH:= (d, - dz)/m |

where

(o))
It

,scéle-reading‘with solvent in both-compartmenfé

d =.sca1e readihg with solﬁtion in_one compartment
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m =.maghification
The longitudinal position of the virtual slit image is calcu-
lated by traéing a slightly‘divergent ray from the slit
through thé cell and extrapolating the emergent ray back to
its intersection with the optical axis. The assumptions are
made that the cell partition can be ignored and that. the
other portions of the cell (solvent, solution, windows) can
be considered as plane parallel plates. The equation
obtained fdrjthe_longitudinal distance (0OS) of the wvirtual
image from the slit is |

0s =,(5/2)(no—1)/nO + (b/2)(n -1)/n + 2t(nw—1)/nW

where
b = distance between cell windows
t = thickness of.cell windows
n = refractive index éf glass

n = refractive index of solvent

n = refractive index of solution
The same equation is obtained by this method regardless of
the relati#é bositions of solvent and solution in the cell.
In other words, this oversimplified model of the cell has
removed any nonequivalence there might be in the longitudinal
position of the virtual slit image before and after_rotation

of the cell. That there is an actual difference in these
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images is subsequently acknowledged by the aufhors in con-
nection With“determining magnifications. 'They state that -
refocusing of the microscope is required when the cell is
" rotated and that this results in slightly different mag-
nifications for the fwo positions. Their empirical data
lead them to state that the average of these two magnifi-
cations is experimentally equal to the magnification obtainéd
with solvent in both cell compartments. This approximation
holds quite wéll for their data, but represents another
instance in which the basic asymmetry of the optical system
is being suppressed. |

The'expression for k which is ultimately derived'by
. Brice and Halwer is
k = (cot i)/2m0(a + b/2nO + t/nw)

where

i acute angle between partition and cell wall

m
(o]

a = distance'from slit to cell window

magnification with solvent in both compartments

Since calibration experiments on the“instrument in
this laboratory yielded results different from fhose pre-
dicted by the designers (An/Ad decreased with increasing n _
instead of remaining constaﬁt), and .since there was reason’

to questidn the validity of the approximations in the
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derivation‘of the equation for k, it was decided to test the.
conclusions of Brice and Halwer theoretically. This was
done by consfructihg a computer program that Would.simulate
the performanée of a real refractometer. This program
explicitly calculates, for a séries'of refractive iﬂdices,
the positions of virtual slit image points and the positions
of the focuséd real images both before and after rotation of
thé refract6métér cell. Values of An/Ad are also calculated
for the refractive index series, and the magnification for
each cell pésition and pair of refractive indices being com-
pared can be determined from the calculated image coordinétes.
No approximations are introduced ipto the calculations. The
program allows changes to be made in the various refracfometer
dimensions and_parameters and also pérmits calculatioﬁé‘to
be made for two -types of cell misalignment which might.
easily be fouﬁd in a real instrument. The effect dn image
posifion can:be determined for éases in which the cell center
is not located on the rotational axis of the céll holder,
when the entry face of the cell is not horizontéll& péf-
pendicular to the obticél axis, or for both' situations

combined. The computer. program is presented in Appeﬁdix A,




EXPERIMENTAL

The experimental Work of this part consisted of
developihg and using a computer program that would simulate
the behavidr of a real Brice-Phoenix refractométer. The “
calculatiopé.were based on straighfforward trigonometry,
analytical geometry, Snell'é Law and the simple lens equa-
.tions without simplifying assumptions about,the cell geo-
metry. Résults ére given to.five significant figures.’
Variables and parameters in'the calculations were declared
as double prebision. An inadvertent omission to do this
with some of.the quantities in éne edition of the program
showed small differences in resﬁlts compared to the same
calculations with double precision throughout.

The progfam establishes an x,y coordinafe system-at
the center of the slit position. The directions of positive
X and y are indicated in Figure 5.. Two-rays symmetric#lly
divergent frbm.the X axis at angles plus and minus alpha are
traced .from an image point on the y axis through the cell; |
The assumption is made initially that there is solution in
the cell compartment nearer the sourée, and solvent in the
other compartment. Coordinates ofAthe exit points and the

slopes of the two emergent rays are then used to célculate
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the point from Which‘thése emergent begms appear to
originate, i.e., the virtual image of thé original péint.
This calculation can be made for points on the y axis'other
than y = O; so it is possible to construct the appearance
of an image_of finite width after refraction throﬁgh the
cell. This aliows a theoretical determination of the mag-~
nification of the-simulated instrument. When the virtual
image position has been calculated it is used as a real
source for fhe.fixed projector lens and the movable objéctive.,
The coordinétes aré'then calculated for a real image produced
at the focél plane of the objedtive by adjusting the position
of this lens. At this point, the program exchanges réffact—
‘ive indices in the cell compartments and repeats the calcu-
lations. This gives the results of a 180° rotation of the
cell. Each pair of calculations is performed for eleven
values of solution refractive index. Assuming that the
first of the,eieven values is the refractive index of solvent,
the program also calculates a series'of An/Ad values for the -
other ten refractive indices.- | |

Each series of calculéti&ns requires Vélues for
solvent refractive indéx, the angle alpha, énd the poSition
of the source image point oﬁ the y axis, in addition to the

eleven refra¢five indices for solution. In general the
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solvent‘refréctive index was chosen as 1,3400 (water at 25 C.
for 435.8 ﬁm light). The solution values were 1.3400
(solvent in Eoth compartments) up to 1.3500 in steps of
0.0010. This gdve a reange of 0.01 refractive indexlunits,
Which'corresﬁonds to the maximum range of the real réffacto—
meter.

Since the differential cell is not actually a lens,
the coordiﬁates of the virtual images show a small depend-
ence on the value of alpha. This variation with aﬁgle
becomes insignificant if alpha is chosen small enough, and
for this reason an alpha value of 1 x 10~° radian was uéed.
This amounts to putting a second slit in front of the cell
to produce very sharp images.

Focai_lengths and cell diménsions for the cbmputer
model were taken from the instrument description by Brice
and Halwer.(BQ). bther dimensions were made to correspond
with those of the instrument used.in the light scattering
studies of Part I. |

When.the program was modified to calculate for a cell
displaced from the center of‘rofatiOn'and turned out‘of‘
strict alignmenf, a slit image point was transferred to a
new coordinate sysfem. This system is located on a line

perpendicular to the‘enfry face of the cell and passing
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fhrough the éell center. When the slit imagelpoint is
located in these’new coordinates the calculation of the
virtual image is carried out as in"the original program.
The location o6f the wvirtual image point is transformed
back to the oiiginal coordinate system, and the focused
real image is then found exactly as before. The 180O cell
rotation is accomplished by adjusting the x and y coor-
dinates of the ce11 center in addition to exchanging the

refractive indices in the two cell compartments.




DISCUSSION

The - first result apparent from the computer calcu-
lations is that an experiment performedjwith a ﬁerfectly
aligned and constrﬁcted instrument should show an iﬁcrease
in An/Ad When it is plotted againét An, rather than_the
decrease obtained in calibration of the insfrument in thié
laboratory or the constant value predicted by Brice and
Halwer. Figure 7 éhows An/Ad vs. An, and also shows the k
value calculaféd for the simulated instrument from the
equation of Brice and Halwer. The'overall change in An/Ad
is small, being a rise of only about 0.4% in a 0.01 refrac-
tive index range corresponding to‘the maximum range of the
actual instrument. The way in which the asymmetry of the'
instfument creates this result can be seen in Figure 8. For
convénience in making comparisons Ad/An rather than An/Ad is
plotted vs. An. Curve A shows the curve that is obtained
if calculations are made without rotating thé cell, and With
solution'in'the'compartment closer to the slit. Curve B is
obtainedufdr-the series of calculations:in which solvent is
in the first qompartment; It is apparent that the departures
of Ad/An from a constant value in'the two curves are not

symmetric'and will not cancel out. The determination Qf
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deflections'by'rotating the cell to get a larger net value
of Ad, as in actual 6peratioh of the refractdmeter, produces
a new curve (C) which is the sum of curves A and B.

By cbﬁsidering image points at x = O; y = +1 and -1
mm, one can calculate the magnification of this instrument
with the cell .in each of the two different positions. This-
‘Iquantity is equal to the width of the focused image divided
by the width of the slit (2mm). There is a small‘dependehce'
of the magﬁifiéation upon the refractive index of solution.
This is illuétrated in Table 6 which shows the magnification
" calculated fof‘diffefent solutions before (m) and after (m')

rotation of the cell.

TABLE 6

MAGNIFICATIONS DETERMINED FOR SIMULATED INSTRﬁMENT

Solution Refractive Index m m' Mean of m & m'
1.3400 2.0286 2.0286 2.0286 (=m_)

1.3420: 2.0283 2.0286 2.0284 -

- 1.3450 2.0285 = 2.0315  2.0300

1.3500 - o 2.0312 2.0368 2.0338
m = magnification with solution toward slit
m'= magnification with solvent toward slit
solvent refractive index = 1.3400

The'assumption of Brice and Halwer that m_ can be

used as the average of m and m' is sound for solutions
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differing only slightly in refractive index from solvent,
but is slightly less accurate for higher conceptrations.

| It ié‘particulafly interesting to look at the posi-
tions of virtual slit images as calculated by the computer
program and cbmpared to the values predicted by the equa-
‘tions of Brice and Halwer. The computer program allows
calculation‘of the image position of a slit of finite width,
wﬁile fhe other approach only estimates the position of the
image of the center point of the slit. As mentioned aboﬁe,
Brice and Halwer use separate approximations to find the
lateral and longitudinal positions'df the virtual slit image
center péintf The latter method is insensitive to the rota-
btion of the cell. The comparison in aﬁproaches is illus-
‘trated in Figure 9 which is drawn to scale. Arrow A repre-
sents a- 2mm wide slit bisected by the optical axis of the
instrument. B is the computer calcuiated virtual image of
this slit after tracing rays through the cell with solvent
of refractive index 1.3400 in both compartments. With solu;
tibn of refradﬁiﬁé index i.3420 in fhe compartment neérer
the slit, the virtual image is C. Upon.rotatioh of the cell
the image becoméé C'. The correéponding images for a'solu—
tion with reffactive index 1.3450 are D and D'. Point b is

‘the center of the slit image for solvent vs. solvent
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. calculated by the methods of Brice and halwer. Their'abprox—
imations for the eenter points of C and C' are ¢ and c' |
respectively. The same relationship.helds for D and D' com-
pared to d'and d'. The values for the x coordinates of the
peints b, c & c', and d & d' are practically constant, being
5.3112, 5.3196 and 5.3320 mm respectively. These results
demonstrate quite clearly the basic asymmetry in the oper-
ation of this tyee of refractometex and account for the
necessity of refocdsing the instrument after rotation of
the cell.

| | The degree to which the abpfoximations made by the
designers are valid in characterizing their instrument was
‘pevealed b& the compufer model, There was still the question
of:What caused the instrument in. this laboratory to give
decreasiné An/Ad values for increasing An--a result at odds
with the caicﬁlations_for a perfect instrument. It Wes
thought thet the effect might be due to improper positioning
and alignment'of thelcell. To test this possibiiity.the
computer program was modified to calculate. on tﬁe baSis’ef
the cell center being displaced from the center of rotation
either along the X axis, the y direction, or both. ' Allowance
was also {ﬁcluded for a'cell thaf wes rotated.out of strict

alignment by an angle beta (cloekwise = positive).
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Measurementé'made on the actual instrument used indicated
that the cell was off center by about +0.3 mm in the x
direction and about -0.2 mm in the y.

The calculated effects of separate x and y displace-
ments of an otherwise aligned cell are shown in Figures 10
and 11. The cﬁrve for a perfectly alignéd cell is included
for éompariédﬁ; The x and vy displacemenfs of 2.0 mm would
be consideréd large for an actual instrument, but it is
obvious that the character of the An/Ad curve is not'appre-
ciably affecfed by even such largeldisplacements. Smaller
displacements than these produce curves that lie within the
ranges thaf afe plotted. The positions of these curves with
respect to the;vertical axis ére seﬁsifive to instrument
dimeﬁsions. As an example, if the distance of fhe projector
lens from the slit is changed from 442 mm to 433 mm, the
initial point on the curve for complete cell alignmeﬁt drops
from a value of 7.173 x 10-* (as in Figure 10) to 6.930 x 10"
(és in Figufe 7). Other‘points are'simiiérly changed and the
natﬁre of the curve is not affected."Sets of curves pre-
sented for direct comparison are all Based upon the same
instrument conStants, which closely appro%imate those of the .

actual refractometer,

The results of calculations made with different
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Fig. 10.--Effects of x Displacement of Cell


































































































































