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CHAPTER 1

INTRODUCTION

1.1. Introduction

The bulk of the work described in this thesis concerns a novel
application of the electron paramagnetic resonance (henceforth EPR)
technique to the study of micellar systems. The backgroun& of this
work lies im the diverse fields of magnetic resonance and colloid
chemistry, and in previous uses of the former to investigate the
latter. ' This chapter describes these various backgrounds, and
introduces the problem arising from them which the remainder of the.

thesis describes in detail,

1.2. Electron Paramagnetic Resonance

1.2.1. The Basic Phenomenon

Isolated electrons possess a magnetic momenﬁ, the magnitude of
which is }gB, where g is the Land€é factor and B the Bohr magneton, and
the sign of which may be either.positive or negative in the presence of
a magnetic fieldl. Most molecules contain an even number of electrons,
which are paired in orbitals containing one electron of spin +} and one
electron of spin ~3. The net electron magnetic moment of these molecules
is zero. Some molecules, however, contain one or more unpaired electrons,
each of which may have a magnetic moment of either +}gB or -—igB. The
net electron magnetic moment of these molecules.may be either positive or
negative in sign, and will have a magnitude which is an integral multiple
of 1gB.

An ensemble of molecules, each of which contains an integral number
N of unpaired electrons,.will contain molecules with N + 1 different net

magnetic moments. In the presence of an external magnetic field, the
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energies of these molecules will be given by1
H - gBH S_ (1.1)

where Ho is the strength of the external magnetic field, -gBSz is the
net electron magnetic moment of the molecule.concerned, and Sz’ the
component of the electron spin which is parallel to the magnetic field,
may be any integral multiple of +}, wup to and including IF/Z. If a .
process exists which allows the transfer of energy and spin angular
momentum from one molecule to another, then given enough time thermal
equilibrium will be established between the molecules in the ensemble.
When therﬁal equilibrium has been established, the number of spins in

each of the N + 1 spin states will be governed by Boltzmann's 1aw1,

-E

N,o= N e YT (1.2)

where Na is the number of spins in the ath spin state, ﬁo is the total

- number of spins in the ensemble, Ea is the energy of the ath spin state
given by equation 1.1,k is-Boltzmann's constant, and T is the temperature
in K. This requires that at finite temperatures there will be a
progressive excess of spins in the lower energy states,

For simplicity let us consider an ensemble of molecules, each of
which contains one unpaired electron. If this ensemble is placed in a
magnetic field, those molecules with an electron spin quantum number
Sz of +} will increase their énergy as the magnetic field increases,
while those molecules with S, = -4 will simultaneously decrease their
energy. This is shown schematically in Fig 1.1. At a given field
strength Hé, the energy difference between the two states will be
gBH;, as indicated in the figure. If theFmal equilibrium is allowed

to be established between the two spin states, then the number of spins

Na in the higher energy state will be related to the number of spins
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N, in the lower energy state by

8
N -gRH'
&= exp ° ket , (1.3)
]
(from equation 1.2). By supplying energy to the system at frequency
v so that
_ ) '
hv gBHO

where h is Planck's constant, one can induce spins to transfer from one
spin state to the other. Since the system at equilibrium has an excess
of electrons in the lower energy state, there will be more induced
transitions from the lower state to the uppér than vice vefsa, with a
resultant loss of energy from the incident r;diation. It is this loss
of energy from an applied microwave field which is amplified and recorded
as the signal in a conventional EPR spectrometer.

The transfer of spins from one spin state to the other induced by
the applied microwave field would soon.equalize the number of spins in
the two spin states, and thus halt the loss of eéergy from the applied
microwave field, were it not for the presence of those relaxation
processes which allowed the initial establishment of thermal equilibrium.
These provide for the non-radiative transfer of energy from the spin
system to the lattice, and thus allow the return of spins from the upper
to the lower energy state. The characteristic time for relaxation

through these processes is called T In the experiments described in

1°
this thesis the applied microwave power was kept low enough so that the
relaxation processes characterised by T1 were able to maintain the

thermal equilibrium number of spins in both the o and B spin states.

1.2.2. Hyperfine Structure

Unpaired electrons in molecules in solution interact isotropically

with nuclei in these molecules if the nuclei have a magnetic moment and
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if the orbitals of the unpaired electron aﬁd.the nuclei overlap.
The effect of this interaction on the EPR spectrum is called
hyperfine structure. Equation 1.1 expanded to include hyperfine

structure terms is

J{ = gBHoSz +§ai§i£i . | (1.5)
_ where li is the angular momentum vector in the ith nucleus and ai,the
hyperfine coupling constant, is a measure of the overlap of that nucleus
and the unpaired electron. An energy level diagram which shows the
effect of the hyperfine structure‘terms in the presencé of a fixed
magnetic field of strength Ho for a system conﬁaining one unpaired
electron (Sz = }), one nitrogen nucleus (Iz = 1) and two protons (each
with Iz = }) is shown in Fig 1.2. The dashed lines indicate the energy
separations between the states, and the solid lines iﬁdicate some of 'the
allowed EPR transitions (AmS =+1, AmI = 0).

It can be seen that the hyperfine coupling with the nitrogen nucelus
produces three lines of equal intensity, each of which is further split
into three lines of relative intensity 1:2:1 by the two protons. The
nitroxides studied in this work have ;imilar spectra, except that
there are either 16 or 18 protons instead of %wo as in the figure. Since
ay is about 15 Gauss and the aH are less than 0.5 Gauss, the experimental
spectra are triplets of equal intensity, which under certain experimental
coﬁditions show partially resolved proton hyperfine structure.

The nitrogen hyperfine coupling constaﬁts of nitroxides vary with
the solvent, being larger in polar than in ;polar medi#.' This is due

to the greater stabilisation by polar media of resonance form (I), which

contains the unpaired electron on the nitrogen atom, over resonance form II,



FIG.1-2. ENERGY LEVEL DIAGRAM FOR ONE
ELECTRON, ONE NITROGEN NUCLEUS, AND

TWO PROTONS
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in which the unpaired electron is located on the oxygen atom. The

Landé
C
0.' o0 e QC‘ .6
I G Rk
*w L] ) '.
C C
I I

g factor also changes with changes in the orbital occupied by 'the
unpaired electron, and increases slightly as the solvent becomes more

apolar. The resultant changes in a_ and g enable one to see separate

N
spectra for a nitroxide in water and in a hydrocarbon solvent, as shown
for di-tert-butylnitroxide in Fig 1132. The differences between the
environments are greatest for the m, = -1 peak. It is possibie to
determine the polarity of the nitroxide's environment from the measured

ay values, and this technique is generally used to determine the

environment of spin-probes.

1.2.3. Rotational Mobility of Nitroxides

In addition to the isotropic interaction between unpaired electrons
and nuclei mentioned in thé previous section, an anisotropié interaction
between the dipoles of the unpaired electron and any nucleus with a
dipole moment also exists3. This interaction causes the energy levels
of the system to vary as the orientation of the molecules comprising the
systems is changed relative to the applied magnetic field. The Lande”
g factor is also anisotropic, leading to further changes in the energy
levels of the system with changes in orientationB. For nitroxides, the
resultant variation in line position with orientation is greater for
the m, = -1 line than for the m = +1 and mi =0 lines4. Molecular

motion is much more rapid than the spread of possible line positions,

measured in hz. Since this spread of line positions is greater for the

{
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weiu,hf. I'he verfieal arrow indieafes =l.oo0ld.
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my =-1line, for a given rotational correlation time T, the m, = -1
line is often broader than the m, = 0 and m, = +1 lines, due to less
complete averaging in the m = =1 case,. ,

If one assumes isotropic molecular motion, no proton hyperfine
structure, and almost axially symmetric g and dipole tensors, then

-1
. . . . . 2
the width of a nitroxide line w1th»mI = M,§7:=§_ [?Z(M):I , can be

related to the rotational correlation time T, by5

-1
[120] =t | 30 b2 @70+ fyarm)? /3 + vy

(1.6)
1 1
-”Ebzuz(l—Uls) + %—bAz{HOM(4/3+U) ,

where A = 'h [?z - /2 (gx + gy) —l .
b o= 2.9 1 1, 1
. /3[_ A=l o 5 oa s 3 emo),
1
U =1+ w 2 T 2
o Cc o

Here h is Planck's constant divided by 27, w is the Larmor
frequency of the electron in the applied magnetic field Ho,vand A, B,
and C are the x,y, and z components of the dipole tensor. This type
of analysis is used to estimate the rotational correlation times of

nitroxide spin probes in various environments.

1.2.4. Exchange Phenomena

Some free radicals are capable of existing under different
conditions in states or sites thch give different EPR spectra. An
example of this would be the nitroxide partitioned between water and oil
environments shown in Fig'1.3.2, in which the nitroxide gives a separate
spectrum in each environment. If the individual nitroxide molecule

spends a time much greater than the inverse of the separation (in hertz)
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between the two sites in one or another of the sites, both of the sites
will be observed. However, if the time spent by a nitroxide molecule
in a site is much less than the inverse of the separation of the two’
sites, only one averaged spectrum will be observed. Thus the
frequency with which a paramagnetic molecule exchanges between two
environments can'greatly affect the observed EPR spectrum.

The effect of increasing the electron spin exchange frequency
P for the case of two equally populated sites is shown in Fig 1.4.6

When P is small compared with the frequency separations the measured

linewidth Tz_l is related to the linewidth in the absence of exchange

+ P, (1.7)

while if P is much greater than the separation‘of the initial
frequencies (wA-wB) the linewidth obeys the relationship6
2
-
£ f £, @rw)

. + (1.8)
2 2 A 2 B P, 8tBA

where fA and fB'are the fractions of spins in‘the A and B sites in the
absence of exchange. In these two cases the exchange frequencies can
be obtained from the measured linewidth if the linewidths in the
absence of exchange and, in the fast exchange caée, the fractional
populations and frequency separations of the two sites are known. The
application of this technique to the measurement of the monomer-micelle

exchange frequency will be described in a later sectionm.
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1.3. The Micellization of Surfactants

Surface active agents which micellize contain both an apolar part,
such as a.hydrocarbon chain, and a polar part, such as an anionic or
cationic headgroup or a headgroup consisting of several ethylene oxide
units. Aqueous solutions of these compounds exhibit discontinuities
in their conductance, surface tension, iight scattering, and dye
solubilization properties as the total surfactant.concentration is
increased through a region known as the critical micelle concentration,
or c.m.c.7. These discontinuities can best be explained by the
formation of surfactant aggregates, called micelles, at congentrations
greater than or equal to the c.m.c. At surfactant COncentratibns
up to several times the c.m.c., the micelle is generally spherical in
shape, with the apolar parts of tﬁe surfactant molecules clustered
together in the center of the micelle, and the polar parts of the
surfactant molecules dissolved in the surrounding-water. This model
of a micelle, developed by Hartley, is shown échematically for a
cationic micelle in Fig 1.5.7

The major driving force for the micellization process‘is not
thought to be the decreased enthalpy caused by the release of structured
water about the hydrocarbon chains of monomers when these monomers
enter a micelle. This inqrease in hydrogen-bonding is compensated
for,at least in ionic micelles, by the increase in enthalpy caused
by repulsion of the ionic micellar head groups, with the result that the
measured changes of enthalpy upon miceliizatién are small, and may be
either positive or negatiye, depending on the surfaétant and the

H

8 . .. . . , . .
temperature ., The major driving force for micellization is the 1ncrease

1 s

in the entropy of both the hydrocarbon chains and the water molecules

upon micellizatian. The entropy of the hydrocarbon chains is greater
T haae
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in a micellar environment because of‘their greater flexibility, while
the release of the structured water about the former monomers increases
the entrdpy of the aqueous ﬁhase as well; The decrease in the c.m.c.
with increasing hydrocarbon chain length7 qualitatively reflects these
principless, being caused mainly by the increased entropy of the
longer hydrocarbon chain in the micelle and the increase in both
entropy and hydrogen bonding of the larger amount of  structured water.
Attempts at explaining micellar formations more quantitatively

constitute much of the recent theoretical work in this fields.

1.4, Previous Applications of EPR to Colloid Chemistry

The electron paramagnetic resonance (EPR) technique had been used
in only a small number of investigations of micellar systems before 19711
The investigations were of two basic types, one using nitroxide molecules
to probe the interior and/or double layer of micelles in wﬁich they were
solubilized, the other studying the behaviour of paramagnetic counter-
ions. A few applications of EPR to colloidal emulsions and to soap
films had also been reported. A brief review of these investigations

is given below.

1.4.1. Nitroxide Probes in Micellar Solutions

Nitroxide probes have been used to give information about the
polarity of their enviromment (derived from tﬁe magnitude of the nitrogen
hyperfine splitting constant an) and about the vtiogity of th%s
environment (determined from the totational correlation time'rc of the
nitroxide group, which is calculated from the:relative widths of the
three nitrogen hyperfine lines). A S Waggoner, O H Griffith, and

CR Christensen9 solubilised probes I and II (see Figure 1.6) in
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10.
solutions of sodium dodécyl sulphate (henceforth SDS). fhe proton
nuclear magnetic resonance spectrum of an SDS solution considerably
above the Eritical mice11e>concentration (henceforth c,m,c.) was
broadened when probes I and II were present, indicating that the
probes were associating with the micelles. The magnitudes of the
nitrogen hyperfine coupling constants a of the probes in SDS solution
above the c.m.c. were intermgdiate in value between the a, values of the
same probes dissolved in aqueous and hydrocarbon media (see Table 1.1),

thus indicating that the probes were in an environment of intermediate

polarity.
TABLE 1.1
PROBE a_ Value in Gauss in

(see Fig 1.6.) Water Dodecane SDS (5%)
I 16.16 14.30 15.72
I1 16.97 15.15 16.60
III 16.80 15.20 16.40
v ‘ - 15.20 . 16.20

The rotational correlation times Te of the probes were found to
increase sharply at the c.m.c. (see Fig 1.7.), indicating that the
micellar environment was slightly more viscous than the aqueous one.

A Stokes law calculation eliminated the possibility that the‘probe

was held rigidly in a solid micelle, since the correlation time expected
for thé probe in this case is almost two ordérs of magnitude lower than
the observed corelation timelo{

The model of.a relatively fluid micelle, with é viscosity about an
order of magnitude greater than the viscosity of water, and an

environment intermediate in polarity between aqueous and hydrocarbon media,
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was further substantiated with probes IIIlO, IV10, and V11 (see
Fig 1.6). A review of this work has been published by two of the
authorsa. The model was further substantiated by Raboldlz, using
probes VI-IX, who showed in addition that the presence of either
hexane or lauryl alcohol increased the viscosity of the probe's
environment. Since the a_ value of the probe did not become
smaller as hexane was added to the SDS system, it was postulated that
the probe was localized near the surface of the micelle, which beqame
more ordered as the micellaf core was swollen with hexane., Rabold
also suggested that the probe molecules were partitioned between the
micellar environment and the "aqueous serum"a and that the observed
T, was a weighed average of the correlation times in the two
environments. This would require that the exchange of the probe between
the two environments be rapid on the EPR timescale, i.e. greater than
about 109 sec-l.

Goldfieldigg;g£13 used probes III and X-XII to investigate micellar
solutions of SDS and Tween 80 (a non-ionic detergent, sorbitanmono-oleate
polyethyleneglycol -(10) ether). The dynamic nature of the micelle Qas
again substantiated, especially in the region where only spherical
micelles were present. At very high Tween concentrations, competition
between ﬁhe Tween and the nitroxide prébes for water molecules was
observed. Only Povich et al14 and Lee et a11=5 dissented from the
concensus, showing that probe XIII was in a rigid hydrocarbonflike
environment in SDS and hexadecyltrimethyl ammonium bromide miceliesl4
and in micelles of cardiolipidls. In all of the studies mentioned above
the nitroxide probe concentrations were kept veryllow (much less than one

-probe per micelle) to avoid complications caused by probe-probe

interactions.
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Ohnishi et al16 studied the solubilization of the nitroxide
biradical XIV (see Fig 1.6) in SDS micelles. The biradical was
found to partition between the aqueous and micellar environments,
with the exchange between the two environméntslbeing 1ess,thén 107 sec_l,
the difference in J, the exchange interaction between the two inpaired
electrons, and a for the biradical. The motion of the biradical within
the micelle was relatively rapid, again indicating a fluid micellar
interior. If biradicals in excess of one probe per micelle were
present, the biradicals aggregated within the micelles, producing EPR
spectra consisting of one broad line, caused by biradical-biradical
interactions.

From the above a general picture of a micelle as having a fluid
interior arises, except as experienced by the bulky, hydrocarbons probe
XIII. The environment presented to most probes was. intermediate
between aqueous and apolar, probe XIII again being exceptional in that
its environment was similar to a frozen hydrocarbon matrix. Only on the

question of the rate of probe exchange between aqueous and micellar

environments was there no concensus,

1.4.2. Paramagnetic Counter—Ions in Micellar Solutions
Rotational correlation times can be determined from the linewidths

17,18 ﬁeasured the linewidths of

of paramagnetic ions. Hasegawa, et al
Mn'" ions in the presence of increasing amounts of SDS. The results are
shown in Figure 1.8. The increase in Te in the presence of SDS micelles
was interpreted as being caused by the formation of an outer sphere
'comblex between the Mntt counterion and the micelle. .Sodium decyl

sulphate micelles were also studied18, and fopnd to bind Mn'" less

tightly than SDS micelles, Added paramagnetic and diamagnetic salts
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slightly decreased the binding of 't to the micelle, with the
partial neutralization of the micellar surface charge by the added
salt suggested as a reason for the effect.

Zaev19 has compared the EPR of Cu (dodecyl-sulphate)2 with the
EPR of other Cu'’ salts. The results are sﬁown in Fig.1.9. | At -
the c.m.c. the exchange narrowed resonance due to concentrated Cu++
ions in solution narrowed still further, because of increased cut”
concentration at the micellar surface. Comparison -with the spectra
of other cu't salts showed that the counterion concentration at the
micellar surface was equivalent to 0.5 to 1.0 M Cu++ in solution.
The above results show that the.EPR of paramagnetic idns can be uéed
to give information about the strength and nature of counter-ion -

binding, and about the number of counter-ions bound to the micellar

surface.

1.4.3. Electron Paramagnetic Resonance Studies of Colloidal Emulsions
and Soap Films

Nitroxide free radicals have been used fo probe colloidal emulsions
and soap films. Bales and Baur2 used probe VI (see Fig 1.6) to study
coconut oil/water emulsions. The probe was found to partition between
the two phases, separate high and low field EPR lines being obtained
for each phase. The partion coefficient var%ed with temperatgre.

)

Barratt et a120 and Rottschaefer21 investigated phospholipid vesicles,
uéing probes I20 and V21. The addition of cholesterol was found to
decrease the motion of both probes. The motion of probe 120 increased
as the water content of the system increased up to aboutIZSZ water in the

system. These studies indicated that spin probes could give information

concerning correlation times in biological systems.
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Probe X has been used to study black (56—3008 thick) and silver
(500-12002 thick) soap film323. The probe showed a low correlation
time in both films indicating that it was in‘a\fluid environment.

In the black film, the nitroxide lines were sharper than in the silver
film or in bulk solution. Since thé lines in the bulk solution

and in the silver film were exchange’broadened, this result indicated
that the frequency with which one probe cdllided with anotﬁer was
reduced 'in the black fiim, althoﬁgh the tumbling rate of the probes
was not reduced. Adsorbing the thin film on a quartz rod increased
the correlafion time of the probe, while the reduced collision
frequency was maintéined.

A few studies of paramagnetic colloidal systems have been reported23_25.
King,et a123 observed the EPR of metallic sodium electraﬁs from the

24,25 studied

colloidal sodium in irradiated sodium azide. Smith, et al
the paramagnetic resonance of suspensions of Cu[?P(C6H5)3:k (0104)2 and
C4:0A3(06H5)£]4 (0104)2 in nitroephane. ~ They were able to determine
the mass of the small crystaline particles, and thus the molecular weight
of the colloids, from the field dependence of the magnetization process.
From the above, one can see that EPR can be used to determine molecular

weights and collision frequencies as well as correlation times,

environmental polarities, and the nature of the paramagnetic species.

1.5. The Frequency of Exchange Between Micelles and the Surrounding
Solution ‘ '

In the review of studies of nitroxide probes in micellar éolutions
(see 1.4.1. above) the lack of concensus concerning the frequency with
which the probes exchanged between the micellar and aqueous environments
was noted. Other experimental techniques designed to measure the
frequency with which probes (such as dye molecules) exchanged between

micellar and aqueous environments, or the related frequency with which
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surfactant molecules exchanged between micellar and aqueous
environments, also produced widely divergent results.

Nash26, in a study of cetyltrimethylammonium salts, found that
times on the order of tens of hours were needed for a micellar
solution to reach a new equilibrium after having been diluted. Peper
and Taylor27 obtained comparable results with iso—nonyioctadeéyl—'
dimethylammonium nitrate and bromide solutions, but fouﬁd rapid
equilibration with the chloride. Using a temperature-jump technique,
Kresheck et a128 found the dissociation rate of dodecylpyridinium
iodide micelles to be 50.sec_1 at room temperature. Bennion et a129’30
using a light-scattering temperature jump method, found dissociation
rate constants ranging from 4 sec-1 at 35°C for dodecylammonium
chloride and 17 sec_1 at 45°C for sodium dodecyl sulphonate up to
120 sec"1 at 35°C for dodecylpyridinium iodide.

Jaycock and Ottewill31 measured the dissociation of several
anionic and cationic surfactant micelles upon dilution, using a
stopped flow conductance apparatus. Most of the dissociation was
found to occur within the induction time of their apparatus, An
upper limit of 10 milliseconds for the half-life of the dissociation was
found. Mijnlieff and Ditmarsch32, using a pressure jump technique,
found a half-life for the dissociation of SDS micelles of 1 x 10_5 sec.
Nuclear Magnetic Resonance spectra of w-phenylalkyltrimethylammonium
bromides33 and of sodium 10, 10, 1O—trif1ur§caprat334 coﬂfained
peaks which shifted from one position to approach a limiting value as
surfactant céncentration was increased above the c.m.c. The shift
was interpreted to result from the spectrum being a weighed average of

the spectra due to monomeric and micellar surfactant. This requires
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that the exchange frequency between the two states be faéf on the
NMR timescale - i.e. greater than 104 exchanges per second. Muller
and Birkhahn34's work with the fluorocarbon surfactant.indiéated that
the environment experienced by the w-CF3 group in‘the micelle was
inte;mediate in polarity betweeﬁ aqueous and hydrocarbon media.
Ultrasonicvabsorption measurements35 of alkanéates of various short
chain lengths and with different counterions indicated that the
absorptions observed between 0.1 and 50 Mhz were probably dug to
surfactantg exchanging between a micellar and an aqueous eﬁvifonment,
rather than to counterions exchanging between free and bound environments.,
Development of a kinetic model from the ultrasonic absorption data-was
difficult?6 with a preliminary treatment indicating that micelleé‘might
be poly-dispgrse.

The data presented above suggest that a method which would measure
ekchange frequencies which are higher than the freqﬁencies»measured by
NMR and which would inherently indicate the species responsible for the
exchange might help resolve the problem, Since EPR is capable of
measuring éxcﬁange frequencies in this range6 (from~'105 to 4109 exchanges
per second), an EPR experiment was designed to investigate the monomér-

micelle exchange frequency problem. This experimént is-described Below.

1.6. An EPR Investigation of the Monomer-Micelle Exchange Frequency

EPR will measure the frequency with which a paramagnetic molecule
exchanges from one site to another if the sites are magnetically
different. A paramagnetic surfactant dissolved in'watér in~

concentrations above its c.m.c. will exist in two magnetic environments -
| . ;

the micellar environment being dominated by rapid electron spin exchange

: . o : ' .
between the paramagnetic surfactant molecules which constitute. the

y

micelle, the monomer environment being that of a single electron spin
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in an aqueous environment. If the paramagnétic surfactant is a
nitroxide, the expécted micellar signal will consist of one exchange
narrowed line, while the monomer signal will consist of the three
sharp lines characteristic of a nitroxide tumbling rapidly in an
aqueous medium. If the exchange of a nitroxide surfactant monomer
between the aqueous and the micellar environments is slow bn the EPR
timescale, the observed spectrum will be a superposition of the broad
micellar line and the three sharp monomer lines. If the exchange is
fast, the observed spectrum will be a weighed average of the spectra
expected from the monomeric and from éhe micellar sites. If the
exchange is intermediate, the exchange frequency can be determined
from the widths of the EPR lines.

The experiment proposedvabove differs from the experiments described
in Section 1.4.1. in one important aspect. The use of a nitroxide
surfactant analogue as the only surfactant present in the system ensures
that the micellar environment, in which the signal from a given nitroxide_
is altered radically by the close proximity of ﬁhe other nitroxide molecules
which consﬁitute the micelle, is distinctly djifferent from the monomer
environment. In contrast, the use of a low concentration of a nitroxide
as a probe in a micellar system leads to very similar maghetic
environments in the monomeric and micellar sites, as bbth sites contain
isolated spins with slightly differen; a, and g values, Resolution of
the spectré from the two sites would be difficult, due t§ the proximity

i : :
of the sigﬁals, if the frequency of pfobe exchange between monomeric
and micellar,énvironments were slow on the EPR timescale, The proposed

experiment with the paramagnetic surfactant avoids this difficulty.
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Two types of nitroxides which had been used as spin probes but
which should micellize and therefore be possible paramagnéfic
surfactants were known. One of these was ﬁhe sodium salt of the
acid formed by hydrolysis of Probe V11 (see Fig.1l.6), a soap
(anionic surfactant) analogue. The other, a cationic surfactant

analogue37, has the general formula

| "3 i
CH4(CHy) o 1: NO Br N =9, 11, 13
CH
CH3 3
CH3
e -

The preparation and characterization of these paramagnetic surfactants

is described below.
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CHAPTER 2

PREPARATION AND CHARACTERISATION OF SOME NITROXIDE SURFACTANTS

2.1, Preparation of CH3£g§2)§/C:E§3
0 N0
CHi‘——~*—CH3
CH3
The nitroxide CH3(CH2)§S:FH3 (henceforth I) was prepared in order to
<.
see 0 N-O
|
CH2 CH3
CH3

if the nitroxide moiety was polar enough to serve as a surfactant

headgroup. The preparation, adapted from the preparation of

CH3(CH2)5 C(CHZ)10 COCH3 by Waggoner, et alll, followed the reaction
I
f 0 0]
sequence ,
$H3 Xylene '
- — -~ 3 - k -
CH3(CH2)8f CH3 + CH3 ? th toluene pJ' CH3(CH2)8/§ CH3

CH2OH sulphonic 0 NH

acid ! I
CHi———+—CH3

CH,
0°c 3

diethyl ether

\ - N
n-chloroperoxy—' CH3(CH2)%/Q\SH3
benzoic acid K N6

CH ——‘—cn3
CH3

The reflux time of the first step was shortened from ten days

to six hours, after which the oxaéolidine product was isolated by
distillation under vacuum. The nitro#ide produced from the
oxazolidine was not purified by chromatographic means as in
reference 11, but was used directly. All other experimental

conditions were as described in reference 11.
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The nitroxide I was an orange oil, which did not dissolve in
water to an extent great enough for micelles to be formed. Since
the nitroxide moiety was not polar enough to serve as a surfactant
headgroup, it seemed necessary to incorporate a nitroxide-containing
group into a molecule which was itself a surfactant in order to obtain

a paramagnetic surfactant molecule.

2.2, Attempted Preparation of Paramagnetic Anionic Surfactants

The sodium salt of the acid formed by hydrolysis of the methyl

stearate nitroxide II, whose preparation is described in

IT
reference 11, should be a surfactant. It was decided to prepare
this sodium salt, which will henceforth be referred to as sodium
stearate nitroxide, and also the sodium salt oé the acid formed by
hydrolysis of the shorter chain length compound III, henceforth
sodium laurate nitroxide.

e

0 NO o

O0CH
III
Preparation of II was as described by Waggoner, et alll.

Nitroxide III was prepared from CH3(CH2)5 ﬁl(CHz)5 ﬁOCHB, which
0

was synthesized by Palmer Laboratories, Flintshire. The
procedure followed for III was analogous to that for II. In

each case about 2 g of product was obtained from about 15 g of

ketone precursor.
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Hydrolysis of both IT and III was attempted, using an 0.05M
solution of NaOH in methanol as described in Waggoner, et alll as
the first step towards the preparation of the acid of II. After
three days standing at 40°C, the methanol was removed by evaporation,
leaving a dry, yellowish solid. Attempted re-crystallization of
this material from a minimal amount of water did not succeed. The
aqueous solution was then extracted with ether, and an orange water-
insoluble o0il representing about 25% of the starting material was
recovered from the ether phase.  Further recrystallization of the
remaining material from water produced a whige diamagnetic powder,
which was probably NaéCO3 (produced from reaction of the NaOH with
co, obtained from the surrounding air). After repeated re-
crystallizations had exhausted the system's supply of Na2C03,
recrystallization of the sodium salts from an 80/20 ethanol/water
mixture was attempted. This recrystallization also failed.
Evaporation of the solvent produced an orange oil in the case of
sodium stearate nitroxide and a sticky oraﬁge solid in the case
of sodium laurate nitroxide. It was postulated that the presence
of the bulky nitroxide containing five-membered ring made it
difficult for these sodium salts to fit into the sodium stearate or
sodium laurate crystal structures.,

Another recrystallization of sodium laurate nitroxide was
attempted, this time from ethanol alone. This also failed, and
evaporation of the solvent yielded a small amount of a sticky,
orange, water soluble paramagnetic material. The EPR spectrum
of an aqueous solution of this material indicated that a nitroxide
surfactant had been formed, with the more concentrated solutions
exhibiting a broad central line, characteristic¢ of exchangé-narrowing

resonance produced by molecules associated in a micelle. However,
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the signal intensity of the solutions decreased with time, with

a half life of the order of a few weeks. Because of this
intensity decrease and because not enough of the compound had

been obtained to measure its surface chemical properties, further

work with the anionic surfactants was abandoned.

2.3. Preparation of Cationic Surfactants

Cationic surfactants of the general structure IV were

synthesized according to

p——

CH,4 (CH,) Br n = 0,9,11,13

a procedure kindly supplied by Dr Wayne L Hubbell of Stanford

. ... 3 . .
University . The reaction sequence 1is:

CH CH

3
CH CH : |
il - HCOOH 3 CH,(CH,) ~Br
e -——-—-————-—-—> - N
CH, 2 HCOH HN Y-ty 4
CH CH ‘
N 5y _ Ep, N i
CH,(CH,) "N H |[Br —=5——5 |CH,(CH,)) 'N- -0
372 Na, WO 3727
CH, H 2" CH, CH,
CH, \ CH,

The details of the preparation for the n = 11 compound (hehceforth

CIZTABNé) are given below, followed by any changes in the procedure

needed for the n = 0, n = 9, and n = 13 compounds (henceforth ClTABNé,

CldPABNO,'and 0141ABN0 respectively).,

2.3.1. Preparation of CizTABNé

Ten grams of 4-amino-2, 2, 6, 6-tetramethylpiperidine (available

from Aldrich Chemical Co) were added with cooling and répid stirring

1

Br
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to 15.2 g of 98% formic acid solution. After addition was
complete, 11.4 g of 377 aqueous solution of formaldehyde was added.
The solution was heated on a steam bath under reflux for 10 hours,
then cooled. Concentrated hydrochloric acid (7.3 g) was added,
and the formic acid and any excess formaldehyde were evaporated
under reduced pressure. The yellow residue (Hubbell's was
reddish-brown) was dissolved in water and the solution was made
strongly alkaline by the addition of solid sodium hydroxide.  The
solution separated into two layers; the yellow upper layer was
collected, dried over barium oxide and distilled under reduced
pressure. The clear distillate was used in the next step without
further purification, as the NMR spectrum indicated that N, N-
dimethyl-4-amino-2, 2, 6, 6-tetramethylpiperidine had been obtained.
The yield was 3.84 g.

The 3.84 g of the dimethyl amine obtained above were mixed
with 6,0 g of l-bromododecane and heated in the dark to 60°C for
15 hours. The clear product was then stirred rapidly and cooled
to 40°C, at thch point white crystals began to precipitate from
solution. The yield was increased by 1eaving the solution at 40°C
for 4 hours. At the end of this time, diethyl ether was added,
and the white crystals were collected by filtration and washed |
exhaustively with diethyl ether. Alternatively, the mixture of
dimethyl amine and l-bromododecane was heated in the dark at 40°C
for 15 hours. The resulting white mass was titurated with diethyl
ether, and the crystals formed were collected and washed és_above.
The yield was increased by femoving the ether from the filtrate and
repeating the reaction. The yield from the first procedure was
about 2 g. The compound obtained above was dissolved in 75 ml

of water containing 0.5 g of sodium tungstate and 0.5 g of disodium
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EDTA. Then 10 ml of 307 hydrogen peroxide were added, and the
reaction was allowed to stand for 12 hours. At this stage the
solution was basic, with a pH of about 9. The water was then
reméved under reduced pressure, and the sticky, orange residue
was dissolved in excess hot benzene and filtered. The benzene
was removed from the filtrate under reduced pressure, leaving an
orange solid.

If the product is still sticky at this stage, it should be
re-dissolved in benzene, and the process repeaéed. This solid
was then recrystallized from hot benzene. The érystalline material
was dissolved in the minimum amount of water aﬁd chromatographed on
50 g of AG 2- x 8 anion exchange resin in the bromide form tBio-Rad
Laboratories), eluting with distilled water. The water was then
removed by freeze-drying. At this stage, Hubbell suggests a final
recrystallisation from hot water, However, the yield in this case
was so small (+~1 g) that this could not be performed. Instead,
the compound was extracted for two weeké with 30°-40°¢C petroleum
ether, and stored in a vacuum desiccator. In later preparations
fhe final recrystallisation from hot water was employed, and was

found to give a purer product,

2.3.2. - Preparation of Cl’ Clo_§nd C14TABNO

TABNO and C14TABN6 were analogous to

The preparations of C10

the preparation of ClzTABNb given above, with ease of purification
increasing with the hydrocarbon chain length. In one instance it
was difficult to dissolve the crude ClOTABNé in benzene, and it was

necessary to dissolve it in chloroform instead. A dry solid was

obtained upon evaporation of the chloroform.
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The preparation of the N = 0 compound ?as complicated by the

fact that, although both the CH,Br and the (CH H

3 372N
were chilled in an ice bath before being mixed together, the

ensuing reaction was rather violent. After the reaction ceased,

a white compound whose NMR spectrum corresponded with that of
+

(CH NH Br was scraped from the sides of

3738

the flask and oxidized according to Hubbell's procedure. Purification
with benzene was very slow, but to date a better procedure has not
been developed. The nitroxide, which is hydroscopic, has not yet

been obtained in a crystalline state.

2.4. Characterization of the Cationic Surfactant Nitroxides

012 and ClaTABNO whose preparation

is described above were characterized according to several different

The cationic surfactants ClO’
procedures. The critical micelle concentration (cmc) of each
compound at room temperature was meaSured b§ tﬁe depression of surface
tension method, which also indicates the purity of the compound.

A conductivity method was used to measure the cmc of each compound

as a function of temperature. Finally the number of spins per
molecule was measured by comparing the EPR spectra of each nitroxide
surfactant with the spectra obtained from CuSO4.5H20. The results

of these experiments are described below.

2.4.1. Determination of the cmc from Surface Tension Measurements

The adsorption of surfactant molecules into Fﬁe.air—water
interface causes a decrease in the surface tension of the interface.
This decreése will continue with increasing surfactant concentration
until the cmc, after which both the surface tensjon and the monomer

concentration remain essentially constant7’39. The point at which
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i

the surface tension becomes constant is taken to be the cmc.

The presence of surface active impurities suhh as long chain alcohols
will lower the surface tension étill furthef, below the cmc, but
above the cmc the surface tension will risé to the value determined
by surfactant monomer adsorption in the air-water ipterface as the
surface active impurities are adsorbed into the micelles38. Thus
the presence of surface active impurities causes a minimum in the
surface tension vs concentration curve.

1, @nd C;,TABNO were

measured as a function of surfactant concentration with a du Nolly

tensiometer39. The result for ClATABNd is shown in Fig 2.1. All

of the compounds prepared contained minima in the surface tension

The surface tensions of solutions of C C

10°

vs concentration curves even after repeated ether extractions and
recrystallizations. The depths of the minima range from 0.4

dynes per centimeter for ClATABNé to 3.4 dynes per centimeter for
ClOTABNd to 5 dynes/cm for the initial preparation of ClzTABN6 which
was not recrystallized. The most probable contaminant is the alkyl
bromide from which the compounds were prepared. If the contaminant
is the alkyl bromide, previous experience witﬁ diamagnetic alkyl~-
trimethylammonium bromide salts indicates that about 57 contaminant

S L ‘
is present in the case of C,,TABNO, and less in the other cases.

12
The measured values of the cmc were inaccurate because of the

presence of the minima, but were close to the values obtained by

the conductivity method described below.

2.4.2. Determination of the cmc by a Conductivity Method

The cmc of a surfactant solution can be determined from
measurements of the electrical conductance of the solution as a
function of surfactant concentration. Since the mobility of

the surfactant ions when present in monomer form differs markedly

i
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from the mobility of the saﬁe surfactant ions in aggregated or
micellar form, there is an abrupt change in equivalent conductance

at the cmc17. The cmc is then determined from the intercept of

the line drawn thréugh the points on the conductance vs concentration
graph obtained at low concentrations with the line drawn through

the points obtained at high concentrations. A conductance vs

concentration plot for C TABNO is shown in Fig 2.2,

12

Experimentally, the resistances of surfactant solutions at
known concentrations were measured with a Wheatstone bridge. The
conductivity cell which was one arm of the bridge could operate with
a minimum of 0.5 ml of solution, and was immersed in a water bath

at the temperature desired for the measurement. The resulting

C and

profiles of the cmc as a function of temperature for ClO’ 12

C14TABN6 are shown in Fig 2.3. It was not possible to extend
the temperature range above about 60°C, due to rapid evaporation

of water from the solution in the conductivity cell.

2.4.3. Determination of the Number of Spins per Surfactant Molecule

The number of nitroxide groups present in a known weight of CIO’

C12 and 014

solid state nitroxide surfactants with the spectra of freshly grown

TABNO was determined by comparing the EPR spectra of the

CuSO4.5H20 single crystals. The double integral of an EPR first
derivative absorption curve is equal to 2n2v02H12 §£§%%l Nongz,
where Vo is the resonance frequency of the paramagnetic sample, H1
the microwave field at the sample, No the total number of Spins,

k Boltzman's constant, g the Landé g factor and B the Bohr magnetonao.
By keeping instrumental settings constant, ensuring that the samples
to be compared are of the same general size and shape and occupy

identical positions within the microwave cavity, and correcting for

differences in the g factors, one may compare the number of spins in
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a standard sample with the number of spins in an unknown sample.

Two samples each of C OTABNé, C TABNé, and C,, TABNO powder

1 12 14

were packed into small capillaries and their weights determined.
The Spectfa of these samples were compared with the spectra of
four similarly sized CuSO4.SH20 crystals recorded in a similar

position in the EPR cavity. The double integrals of the spectra

were measured by a nomogranlmethod41. " After corrections for the

g factor difference had been made, it was found that relative to

one spin per CuSO4.5H20 molecule, C TABNdvand C,,TABNO had 1.00

10 14

spins per molecule, while C TABNO had 0.95 spins per molecule.

12

Since the accuracy of the method of comparison is + 2% at best,

these results indicate that C10 and C14

C12 is 95 + 27 pure. Since the probable errors in the system

TABNO are >987 pure, while

tend to increase the intensity per gm of CuSO4.5H20 (by evaporation
of water) and to decrease the intensity per gm of the nitroxide
surfactants (due to the presence of diamagnetic impurities), the
CuS0, . 5H,0, C;

all pure enough to be used as secondary intensity standards.

0TABNd, and C14TABN6 used in this work were probably
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CHAPTER 3

EARLY EXPERTMENTAL WORK WITH C.,, TABNO

3.1. Experimental Results

The compound C,,TABNO was the first of the cationic surfactant

12
analogues described in Chapter 2 to be prepared and characterized.
This compound was used in the experiments described below. -

The EPR results were obtained with a Varian E-3 specﬁrometer,
which was very kindly made available by Liverbool University.
Variable temperature results were obtained using the Varian V-4540
vériable temperature control unit. Temperatﬁres were measured
using a copper—-constantan thermocouple just above the cavity.

It is estimated that these temperatures were known and controlled

[o] .
to + 1°C. None of the solutions used were degassed.

3.1.1. Room Temperature Spectra

" The EPR spectra were recorded for increasing concentrations
of CIZTABNb in aqueous solution (see Figure 3.1). Below the cmc,
the spectrum consists of three narrow lines, with a hyperfine
coupling constant of 16.6 Gauss. This is consistent with a
nitroxide in aqueous solutiong. As the concentration of C12TABN6
is increased, the height of the EPR lines increases, while the
widths remain almost the same, within experimental error. When
the cmc is reached, the increase in height of the monomer spectrum
ceases. At twice the cmc, the spectrum is that shown in
Figure 3.1.B. The broad line has a width of 15.9 + 0.1 Gauss, as

determined from Figure 3.1.D, while the width of the central sharp

component is 1.65 + 0.05 Gauss. If it is assumed that the broad
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line is micellar in origin, while the sharp lines are due to
monomers, then if the line shapes aré Lorentzian, the intensity
I will be proportional to the height, h, times thg squére of the
width. At twice the cmc the total intensities of the two sfecies
should be equal, and the relative amplitudes of the two peaks
can be calculated as follows:
31f = IM
3(hy) (1.65)% = b (15.9)7
he

h_
m

= 31

Thus, it is reasonable that the micelle peak should still be too
small to be seen. By 1.8 x 10_2M, however, a broad peak underlying
the sharp three lined spectrum is detectable(j}g = 20), and at
5 x 10_2M, the spectrum is that shown in'Figurem3.1.C.

Increasing the concentration to 2.5 x 10-1M gave the spectrum
shown in Figure 3.1.D. The 5 x 10_2M sample was centrifuged to
remove any possible colloidal particles or oil droplets; the
spectrum obtained from the centrifuged sample was identical with
that from the uncentrifuged sample, suggesting that the exchange
narrowed line is not due to undissolved radical aggregates. Thus
it is seen that separate EPR signals are observed from the
monomer and micellar species, and that therefbre;the monomer—

micelle exchange frequency is in the slow region.
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3.1.2. .Dilution of the Paramagnetic Surfactant with a Diamagnetic

Analogue
The centrifuged sample of 0.05M C12TABN6 was diluted with
varying amounts of 0.05M cetyltrimethylammonium bromide (C

16
4M at 25°C42. The

TAB),
a diamagnetic surfactant with a cmc of 8 x 10

results are shown in Figure 3.2. At relatively low C._TAB levels,

16
the height of the micelle signal begins to decrease relative to

the height of the monomer. At higher C, TAB concentrations this

16
becomes more apparent. ‘This is the expected behaviour upon
dilution of a paramagnetic micelle, for as the paramagnetic head
groups are moved further apart by the intruding diamagnetic
molecules, the electron exchange frequency wé will decrease. This
will cause the micelle spectrum to become broader6, and hence of

smaller amplitude. As the relative amount of C, TAB is increased

16
still further, three broad shoulders can be seen about the monomer
lines. This is consistent with a diamagnetic micelle containing
two or three paramagnetic molecules, where the paramagnetic
molecules exhibit a hyperfine coupling constant somewhat smaller
than that in waterg. The resonances are brogd because of spin-
exchange effects due to the other paramagnetic molecules in the
same micelle.

As dilution is increased still further, the broad lines sharpen,
until in Figure 3.2.D. the height of the micellar nitroxide signal
is greater than that of the aqueous nitroxide. Because of differences
in the g and a values of the nitroxide radical in aqueous and

micellar environmentsa, this change is most clearly visible on the

high field peak of the spectrum,
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Since distinct signals are observed from the ClZTABNé in

aqueous solution and the C,,TABNO solubilized in a C,,TAB micelle,

12 16
the spectra require that the frequency with which a ClzTABNO
molecule solubilized in a C16TAB micelle exchanges between micellar

and aqueous environment be slow. This work thus confirms the
biradical results of Ohnishi, et a116. The spectra observed by

work'ersg’lo’12

using nitroxide spin probes have subsequently
been explained43 as arising froﬁ two sets of overlapping spectra,
one set due to probe molecules in the micéllé, the other due fo_
probe molecules in solution. The exchange frequency of Alprobe

molecule between aqueous and micellar environments is thus slow

on the EPR timescale,as is the monomer-micelle exchange frequency.

3.1.3. Temperature Dependence of C TABNO Spectra

12
Variable temperature studies have been carried out for

several concentrations of CIZTABNé. Below the cmc, the variation

in line width with T/n is small; it is shown for two concentrations

in Figure 3.3. Here n is the viscosity of the solution. ’The

intensity dependence obeys the Curie Law6, in that as the temperature

increases, the intensity x" of the sample decreases ;ccording to

232

S (S+1)

”"n —
xx = N 3RT

(3.1)

where N is the total number of spins present, g is the Landé factor,
B the Bohr mégneton, S the electron spin quantuym number (} in this

case), k is Boltzmann's constant and T is temperature (K).
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This is the temperature dependence expected for a free
radical which is not in a thermally activated state. The
behaviour of the compound above the cmc is shown qualitatively
by the spectra in Figure 3.4. With increasing temperature the
micellar spectrum sharpens, while the monomer spectrum broadens.
The effect in Figure 3.4 is exaggerated somewhat by overlapping
lines - in the spectra used for rate determination this overlap
effect was not present, as the concentrations were between the

cmc and the point of first observability of the micellar line.

3.2. Discussion

3.2.1. Establishment of the Species Responsible for the

Observed Spectra

It is necessary to establish that the observed spectra are
actually due to micelles and monomers. The sharp three-lined
spectrum is assigned to a nitroxide tumbling fairly rapidly in
aqueous solution and hence can be equated with the monomer,
since uncharged nitroxides such as I should have been removed

when the C12TABN6 was chromatographed

(CH3)2N

during preparation, while the presence of more than 17 of a
charged nitroxide such as II would lead to a detectable increase
in the apparent monomer concentration above the cmc, which was

not observed. _ :
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A broad line such as that attributed to the micelle could
have other origins. The solution was centrifuged to eliminate
the possibility of colloidal particles, microscopic solids, or
0il droplets being present in solution. The variable temperature
behaviour of the broad line is consistent with that of an
exchange-narrowed aggregate; and inconsistent with that of a
spin broadened by a dipolar mechanism, which should follow
Curie Law behaviour. The behaviour upon dilution with a diamagnetic
detergent is easily explicable if the system contains paramagnetic
micelles with exchange narrowed signals. The appearance of thé
micellar EPR signal at a suitable interval after surface-tension
and conductivity measurements have shown that micelles are present
supports the assumption that the broad line is micellar in origin.
Therefore, it is concluded that the broad component of the spectrum
above the cmc is due to micelles, and the sharplcomponent due to

monomer detergent molecules.

3.2.2. Determination of Exchange Frequencies and Activation Energies

The discussion of exchange frequencies given here is a
simplified analysis which was used in the early monomer-micelle
exchange work. A more complete analysis of the monomer-micelle
exchange problem which was developed 1atervcan be found in

Chapter 5.
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Since the frequency with which a paramagnetic surfactant molecule
exchanges between aqueous and micellar environments is slow, i.e.
much less than the hyperfine coupling qonstant6, the observed
EPR spectrum above the cmc consists of a broad line due to the
micelles, upon which are supefimposed three sharp lines due to the
monomers. Since the hyperfine coupling constant of CIZTABNé in
water is about 16 Gauss, the exchange frequency must be much
less than 4.5 x 107 sec—1 to give two sharp, superimposéd spectra.
If the monomer-micelle exchange frequency had been fast, i.e. much
greater than the hyperfine coupling constant, then the observed

spectrum would have been a weighted average of the monomer and

micellar signals. In the intermediate exchange region, as the exchange

. . 6,44
increases then the monomer lines will broaden according to
1 1
— = —— + P (3'2)
T2 T2 FM
o

1 . J3 . . . .

where T 18 '3 times the observed peak to peak first derivative

2

line width,

E;—- is % times the first derivative peak to peak line width
2
(e}

in the absence of exchange, and PFM is the monomer-micelle exchange
frequency.

The micellar signal would not be expected to broaden as the
monomer-micelle exchange frequency increaséd, és it is alreédy
exchange narrowed due to electron spin exéhagge between the
different head groups. Unless the monomer-micelle exchange
frequency approached the electron spin exchange frequency in order

of magnitude, the effect of monomer exchange upon the micellar

signal should be negligible.
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In the slow exchange region, the intensity of the monomer
spectrum obeys the Curie Law. In addition to this, in the
intermediate exchange region increasing the temperature should
increase the rate of monomer exchange with fhe micelles, thus
causing the increased broadening of the monomer spectrum (see
equation 3.2). The micellar spectrum becomes narrower as the
temperature is increased, due to the increase in the frequency
of electron spin exchange within the mice11e6.

If the system is in the intermediate ex;hange region,
equation 3.2. can be applied to the monomer spectrum to determine
the frequency at which the monomer is exchanging with some other
environment. It has been assumed that this other environment is
the micelle, although the possibility of the existence of some
sort of pre-micellar aggregate, with which the monomer might
exchange with a similar effect upon its spectrum, cannot be
ruled out. The small temperature dependence of the monomer
linewidths below the cmc indicates that this other environment
is present only above the cmc, however.

Before using the measured linewidth increases to calculate
a monomer—miceile exchange frequency, it is necessary to account
for any other contributions to the linewidth. In a system as
concentrated as 10-2M free radicals, EPR signals will be
broadened by Heisenberg spin exchangeAS. This broadening is
concentration dependent as well as showing dependence upon T/n.

Broadening due to spin-rotational relaxation46 may also be present,
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but this does not appear to be concentration dependent46. The
total broadening of the monomer spectrum with increasing
temperature will thus be due to Heisenberg spin exchange between
the monomers, spin—rota;ional relaxation of the monomers and
exchange between the monomer and some other environment,
presumably the micelle.
For the monomer spectrum in the presence of micelles:
L R o e e (3.3)
2 m—mic 2 2H 25-R 2 EXCH

(o]

where 1/T2m-mic is the observed 1/T2 of the monomer in the

presence of micelles, 2 1/T2 is the line width of the monomer

V3 o L
due to unresolved proton hyperfine couplings, /T2H is the

contribution to the observed 1/T2 due to Heisenberg spin exchange,

1

/T2~S__R is the contribution to the observed 1/T2 due to the spin-

. . . 1 . . .
rotational interaction, and /T2 exch 1s the contribution to the

observed 1/T2 due to exchange. For the monomer spectfum in the

absence of micelles,

i;;- = El— + Tl_ t 7 L (3.4)
2M 20 2H 25-R

where T2M is the observed transverse relaxation time of the monomer

in the absence of micelles. It is necessary to show that 1/T2H

and l/TZS-R in equations 3.3 and 3.4 are equal, in order to write
I S
2 EXCH 2 m-mic 2M

In order to estimate the effects of monomerrmonomér
Héisenberg spin exchange and spin-rotational relaxation, the
spectra of a 5 x 10-3M (below the cmc) aqueous solution of
C, .-TABNO were taken at various temperatures. Thgse spectra

12

should show Heisenberg spin exchange and spin-rotational
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relaxation but not monomer-micelle exchange. Since spin-
fotational relaxation is not concentration dependent, its effect
should be the same at 1.4 x 10—2M, the concentration at which the
monomer-micelle exchange frequency was measured. Heisenberg spin
exchangé is concentration dependent; but the following observations
indicate that this concentration dependence is small in the region
concerned.

1. At 24°C, the 5 x 10_3 and 1.4 x 10—2M C., ., TABNO spectral lines

12

have the same width, within the experimental error of + 0.03
Gauss. Thus the concéntration dependence of Heisenberg spin
exchange at 24°C does not exceed the experimental error.

2, Between 24°C and 68°C,.5 X 10-3M and 6 x 10-3M CIZTABNé
have the same linewidth, within experimental error. Thus
the concentration dependence in this region is too small to
be measured. | |

3. The high field and low field lines of 1.4 x 10 °M and

2

1.8 x 10 “M C..TABNO have the same widths, within experimental

12
error. (The centre field line of 1.8 x 10-2M shows the influence
of the underlying micellar peak.) Thus in this region the monomer
linewidth is independent of concentrations within experimental error.

4, A graph of linewidth vs. T/n for the 1.4 x 10-2M CIZTABNé spectrum
is shown in Figure 3.5. Below it is shown a typical graph of
the same variables for Heisenberg spin exchange45, with the
observed deviation for increased concentrétions shown as a dashed

45

line ~, It can be seen that the observed graph is not what would

be expected for Heisenberg spin exchange.
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On the basié of the above, it was concluded that the
concentration dependence of the Heisenberg spin—exchange
contribution to the line width had a maximuﬁ value of the
experimental error. Thus, in the calculations which follow,

it has been assumed that only T contributes effectively

2 EXCH
to the temperature dependence of the monomer line width.

Using the results at 5 x 10 3y C12TABN6 and 1.4 x 10

TABN6 the frequency of an exchange procesé, assumed to be

2M
C12
monomer-micelle exchange, was calculated as a function of

temperature, using equations 3.2 and 3.5. The results are

shown in Table 1.

Table 1 - Monomer-micelle exchange rate as a function

of temperature

Average value of width at Exchange

1.4 x 10-2M minus width of Frequency

Temp OC'i 1% 5 x 10 C,,TABNO in Gauss  x 107 sec”!
24 , 0.06 + 0.06 | 1.5+ 1.5
30 0.09 + 0.06 2.2 + 1.5
39 0.16 + 0.06 4.0 + 1.5
49 0.30 + 0.06 7.3+ 1.5
59 0.44 + 0.06 10.6 + 1.5
68 0.69 + 0.06 16.7 + 1.5

The data given in Table 1 were used to obtain a rough
estimate of the enthalpy barrier to the miceile—monomer
exchange process. From an Arrhenius plot, as seen in
Figure 3.6, an enthalpy of activation for the exchange process
of between 8.1 and 11.6 k cal/mole was determined. The.thfee
most accurate (high temperature) points determined an activation

enthalpy of 9.5 k cal/mole.
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The exchange frequencies and activation enthalpy given
above were assumed to be due to the exchange of paramagnetic
surfactant molecules between an aqueous and a micellar
environment47. Further work has, however, thrown considerable
doubt upbn the assumption that the measured frequencies are

due to monomer-micelle exchange. This work will be described

in the chapters which follow.
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CHAPTER 4

FURTHER EXPERIMENTS WITH THE CATIONIC NITROXIDE SURFACTANTS

The initial purpose of the experiments described in this chapter
was to measure the monomer-micelle exchange frequencies of ClOTABNé
and C14TABN6 as functions of both temperature and surfactant concen-
tration. It was hoped that the information obtained would, when taken

in conjunction with the C, TABNO data described in Chapter 3, allow

12
one to determine the energetics of the micellisation process. However;
the results of these experiments seemed to indicate that micellisation
was not the only kinetic process occurring in these systems, and that

any analysis of the energetics of micellisation would be premature.

The experiments and the results obtained are described below.

4.1. Determination of the Energy of Actlvatlon of the Micellisation
Process for ClATABNdf
Solutions of CIATABNé in water were prepared at 1.62 x 10_3M
-3

(below the cmc) and at 4.05 x 10 "M, 8.23 x 10-3M, and 1.60 x 10-2M
(above the cmc). EPR spectra were recorded for each solﬁtion at
temperatures ranging from 21°c to 98°C, using a Varian E-4 EPR
spectrometer located at Unilever Research Laboratory, Port Sunlight.
This spectrometer was used for the remainder of the EPR work described
in this thesis. The temperatures were measured using a copper-
constantan thermopile composed of four thermocouples in series, which
was attached to a digitalivoltmeter which waé sensitive enough to record
twelve or thirteen digits per degree in the temperature range of
interest. The thermopile was calibrated against a quartz thermometer.
It is estimated that the temperatures recorded are known to + 0.1 c®
relative to each other and to *+ 1.0 c® absolutely. The temperatures
were measured by placing the thermopile in the center of the EPR
cavity before and after the spectra had been recorded. As the

temperatures measured before and after running the earlier samples

agreed within i_O.loC, assuming at least two minutes were allowed for
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the thermopile to reach equilibrium, one of the temperature

measurements was often omitted for the later samples.

The spectra of the solution below the cmc showed a temperature
independent linewidth for éach peak, within the experimental error.
The linewidths observed, 1.67 + 0.02 G for the high field (mI = -1),
1.63 + 0.02 G for the centre (mI = 0), and 1.64 + 0.02 G for the low

(m. = 1) field peaks, wcre dominated by the proton hyperfine structure

I

envelope, as will be discussed later. The spectra of the solutions
above the cmc exhibited the three sharp monomer lines and the broad
micellar line which characterised the micellar ClgABNb ‘solutions.
This showed that the monomer-micelle—exchange'frequency for CIEABNb
was slow on the EPR timescale. The linewidths remained constant as the

temperature was increased up to about 70°C, after which the linewidths

. . . . . -3
began to increase with increasing temperature. Since the 1.6 x 10 "M

Cl4TABN6 solution showed no such incréase, it was assumed that the
increased linewidth was due to the effect of monomer—micelle—exchange.
Exchange frequencies were calculated as in Chapter 3, using equation

3.2 (4.1).

1 1 ,
= == +P__ 4 .1)
T, T,, FM ,

1 . . . . .
Here T 1s the transverse relaxation time determined from the measured
2
linewidth in the presence of exchange, %‘ the transverse relaxation time
20

in the absence of exchange, and P the frequency with which a monomer

F-M
enters a micelle. The calculated exchange frequencies PF-M were used to

obtain the Arrhenius plots shown in figure 4.1. The activation enthalpies
for the micellisation process which were obtained from these Arrhenius

plots are shown in Table 4.1.
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Table 4.1. Activation Enthalpies for the Micellisation Process for

Several Concentrations of ClLTABW
Concentration Activation Energy
glzTABNO,M in kcal/mole
4.05 x 1073 20.2 + 2.2
8.23 x 107> 18.0 + 2.2
1.60 x 10 2 15.3 + 3.0

From Table 4.1 it is seen that the activation enthalpy needed
for the micellisation process decreases as the concentration of
surfactant increases. This result is in itself not unreasonable,
as there could be models for the micellisation process with which it
could be reconciled. The exchange frequency data from.which the
activation enthalpies were defived exhibit some strange behaviour,

however, At the lower temperatures (higher the spectra of the

D,
more concentrated solutions have the broader lines, but as the
temperature increases, the spectra of the 8.23 x 10—3M solution
broaden more than the spectra of the 1.6 x IO_ZM solution, until at
the highest temperature recorded the linewidths are within the
experimental error (+ 0.05 G) of each other. _‘This either implies

a limiting value of the monomer-micelle excbange frequency at high
temperatures, or suggests that at high temperatures the dependence

of the monomer-micelle exchange frequency on the micelle concentration
is reversed from the dependence at lower ﬁemperagures. The spectra
obtained by increasing the temperature to 98°C were reproduced when
the temperature was decreased from 98°C so decomposition of the

surfactant was not involved. None of the samples were de-gassed,

however,
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Since the temperature region 75°¢-100°C was clearly of interest,

4TABNé at these temperatures.

attempts were made to measure the cmc of C1

The conductivity cell described in Chapter 2 was immersed in an oil
bath at 80°C and 93°C, and cmc values of 2.8 + 0.2 x 10_3M and

3.6 + 0.3 x 10—3M were obtained at 80°C and 9390 respectively. These
values are uncertain, since at the high temperétpres involved the
rate of watér evaporation from the sample was quite rapid. The cme

value obtained previously for C14TABN6 at 609C was 2.6 + 0.1 x IO_BM.

If this variation in the cmc is taken into account, the measured
exchange frequencies seem even stranger. Since the results in the
70°c-80°¢ region indicate that the exchange frequency increases with
increasing micelle concentration one would expect the higher cme at
higher temperatures to depress the exchange frequency. One would
expect this depression of the exchange frequency and the resultant
curvature of the Arrhenius plot to be greatest for ;he 4.05 x 10_3M
solution (36% micellar surfactant at 60°C, 117 micellar surfactant
at 93°C) and smallest for the 1.6 x 10 °M surfactant (84% and 78%
micellar surfactant at 60°C and 93°C respectively). Yet none of this
is observed. These results, taken in conjunction with the anomalous

"broadening of the most concentrated solution at high temperature,
indicate that either the kinetics and energetics of the micellisation

process are more complex than anticipated, or that the measured spectra

are dominated by something other than the micellisation process.
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4.2, Experiments with CIC?ABNO
Aqueous solutions of ClOTABNO were prepared at concentrations of
3.8 x 10-2M (just below the cmec, which ranges from 4.1 x 10—2M at 20°C

to 4.7 x 107°M at 60°C), 4.6 x 10 M and 5.35 x 10 M. These solutions
were not de-gassed. EPR spectra were obtained for these solutions at
several temperatures between 25°C and 75°C. The spectra all exhibited
the three lines due to monomeric ClOTABNé which were broadened to
widths of between 3 and 6 G, the width increasing with surfactant
concentration and with the temperature of the solution. Thé widths

obtained for the 4.6 x 10—2M sample are shown as a function of

temperature in Table 4.2. It is noted that

Table 4.2 Widths of the MI =1, MI

= 0, and MI = =] lines of
4.6 x 10_2M C, TABNO as a Function of Temperature

10—
Width of MI =1 Width of MI =0 Width of MI = -1
T,OC Line in Gauss Line in Gauss Line in Gauss
27.5 3.4 + 0.1 3.2 + 0.1~ 3.4 + 0.1
35.8 3.7 " 3.6 " ‘ 3.6 "
4.4 4.3 v 41 v 42
55.0 5.0 " 4.8 " 5.0 "
65.6 5.6 " 5.5 " 5.6 "
74.4 5.8 " 6.1 " 5.9 "
at lower temperatures the MI = + 1 lines are broader than the MI = 0

line, while at the highest temperature.this effect is reversed. These
linewidth effects are at least partially due to the effect of over-
lapping lines, as is illustrated in Figure 4.2. Figure 4.2. contains
lines of Lorentzian lineshape, which are more intense iq the Wings than

the experimental lines, which have a lineshape intermediate between
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Gaussian and Lorentzian. Therefore the changes in the figure due to
overlap will be larger than the changes observed experimentally.
The results obtained from overlapping Lorentzian lines thus represent

an upper limit for the experimental case.

‘Figure 4.2-A shows the effects of overlap on three Lorentzian
lines 6.0 Gauss wide and 16.9 Gauss apart. Overlap with fhe other two
lines causes the measured peak to peak width of the centre line to
decrease by 0.33 G, while the outer lines decrease by 0.18 G in width
due to overlap with the central péak. For three Lorentzian lines 16.9
Gauss apart and 3.0 G wide, however, the centfe line decreases in width
by only 0.01 G due to overlap, while the decrease in the width of the
outer two lines is too small to be measured. Thus the overlap of the
three monomer lines with each other becomes increasingly important as
the monomer linewidth increases from 3.0 Gauss to 6.0 Gauss, and results
in a decrease in the observed width of all of the lides, with the centre

line being decreased preferentially.

The effect of superimposing upon the three 6.0 G wide lines a

10.0 G wide line concentric with the M_ = O monomer line and of intensity

I

equal to it 1is shown in Figure 4.2-B. The overlap with the broad line
causes the observed width of the centre lime to increasevby 0.63 G,
while causing the outer lines to decrease in width by 0.18 G. If the
overlap of the three monomer lines is considered as well, the net
effect of overlap is to increase the central linewidth and to decrease
the outer linewidth by about 0.3 Gauss. At lawer temperatures the
micellar spectrum is better approximated by a Lorentzian line 16.0
Gauss wide. The overlap of this line with three Lorentzian lines

3.0 Gauss wide and 16.9 Gauss apart broadens the central monomer line
by 0.02 Gauss, the effect on the outer monomer lines being negligible.

Thus at low temperatures and smaller monomer lineyidths the effect of

overlap is small.
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The data in Table 4.2 show the effects of overlap in the high
temperature region. In the low temperature region, however, the
outer lines are consistently wider than the central line. This effect
is the opposite of that expected for overlap with a micellar line,
and is an order of magnitude larger than the effect expected from the
overlap of the three monomer lines.> Thus the observed preferential
broadening of the outer lines cannot be due to o?erlapping spectra.

Possible éxplanations for this effect will be given in Chapter 5.

The spectra of the 5.35 x 10-2M solution showed the effect of the

underlying micellar peak at all temperatures, with the M_ = O peak

I
being broader and seemingly more intense than the other two peaks.
Because of the width of the lines, direct observation of the micellar

signal was not possible.

An attempt was made to calculate a monomer-micelle exchange
frequency from the différence in the linewidths of the 3.8 x 10_2M
and 4.6 x 10~2M CldTABNé solutions. Since this difference did not
change, within the experimenfal error, as the temperature of the
solutions increased, it appeared that any monomer-micelle exchange present
was being masked by the effects of Heisenberg spin exchange between the
monomers. In an attempt to measure the activation energy of the
Heisenberg spin exchange process, 2.0l x 10_2M and 7.58 x 10—3M
solutions of CldTABNb were prepared and their EPR spectra rgcorded.
The linewidth determined by the proton hyperfine envelope (1.7 G) was
‘subtracted from the measured linewidth for these two solutions, and
also for the 3.8 x 10_2M and 4.6 x 10_2M CldLABNb solutions. The

results are shown in an Arrhenius plot in Figure 4.3. The slopes,

and hence the activation energies, are seen to decrease as the
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concentration of surfactant_increases, the activation energies falling
from about 13 kcal'to about 4.5 kcal over the four concentrations
shown. If Heisenberg spin exchange were the only process being
monitored here, and if Heisenberg spin exchange is diffusion controlled,
as has been assumed 45 » then one woﬁld expect a constant activation
energy at all concentrations of surfactant, of magnitude similar to
the 5.3 kecal activation emergy for the self-diffusion of water 48 .
The 4.5 kcal activation energies observed just above and just below
the cmc might be due to this process (note the megligible effect of
the cmc upon the observed activation energy) but the activation
energies at lower concentrations are too high to be accounted for by
this process.

4.3, Addition of Inorganic Salts to the Cationic Nitroxide
Surfactant Systems

The presence of inorganic salt lowers the cmc of ionic surfactants,
the magnitude of the effect being dependent upon the charge of the ion
whose charge is opposite in sign to the charge on the surfactant
molecule 49'. For a given added salt, the cmc at first decreases
rapidly with increasing salt concentration, and then at higher salt
concentrations reaches a constant value 49 . The maximum amount that
the cmc can be lowered with a given inorganic salt increases with the
length of the hydrocarbon chain of the surfactant 49'. Thus 0.1 M
NaCl lowers the cmc of both dodecyltrimethylammonium bromide (CIZTAB)
and tetradecyltrimethylammonium bromide (ClaTAB) almost to the.conétant
value, the lowering at 23°%¢ being by a factor of three in the first case
and by a factor of four in the secondﬂ50 . Ié was hoped that; by
increasing the number of micelles present in g paramagnetic cationic
surfactant solution by adding inorganic salt, the effects of Heisenberg
spin exchange due to increasing paramagnetic surfactant concentration could

'

be minimised.
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Inorganic anions and cations have an effect on the structure
of the water in which they dissolve, some enhancing this structure
(structure making ions) and some disrupting it (structure breaking
, 51,52 ' . .
ions) . Another purpose of these experiments was to investigate
the effect of water structure on the activation energy required for
the micellisation process by using inorganic salts of varying

structure making or structure breaking abilities to lower the cmc

of the cationic nitroxide surfactant.

A solution 1 x 10 ~3u in CIATABNO whose cme ranges from
2.1 x 10 3M at 25°C to 2.7 x 10 3M at 60° C, and 2.3 x 10 1M in NaCl
was prepared. By analogy with CMTAB5 s one would expect the salt
addition to have lowered the cmc to the lowest value attainaBle,.and
that the magnitude of the cmc would be reduced by apﬁroximately a
factor of four. Thus at room témperature about half_of‘the surfactant
present in this solution should be in micellar form. The EPR spectrum
of this solution contained a broad line, as well as three sharp linés
attributed to monomeric ClATABNé. Thus micelles were present in the
solution. The three sharp lines showed proton hyperfine structure,
which slowly disappeared as the sample was heated to 98°C. The proton
hyperfine lines were not broadened enough to broaden their resultant
envelope, however. These results mean that the monomerfmicelle
exchange frequency in this system is more than an order of magnitude
slower than that observed in more concentrated ClATABNO solutions in
the absence of NaCl. Two possible explanations for this are elther
that NaCl, a slight net structure maker 51 » has somehow greatly raised
the activation energy needed for the micellisation process, or that

the process which causes the line broadening at higher C14¢ABN6

concentrations is not monomer-micelle exchange.



50.

The effect of added inorganic salt on the observed linewidths

of C12TABN6 solutions between 25°C and 98°C is shown in Figure 4.4,

12TABSO, the cmc should be decreased by a
3

factor of about three from its normal value of around 9 x 10_‘M,

By analogy with C

and should not decrease greatly with increasing inorganic salt
concentration, since the salt concentrations used are at or above

0.1 M. Micellar signals were observed in thel.2 x 10-1M_NaC1/

7.8 x 107 clzTABNd, 1.2 x 10”1M NaC1/9.75 x 10™M C, ,TABNO,
and 1 x 10°Y LiF/1 x 1072M C, .TABNO solutions, and in the 1.47 x 10 2M

12

ClzTABNé- solution used for comparison.

The line broadening was calculated by subtracting the line widths

3M C12 TABNO solution containing 1.2 x 10-1M
NaCl or 1.0 x 10—1M LiF, or a 5 x 10-3

observed in either 2 x 10~
M CléTABNO solution, as
appropriate, from the line widths observed in the more concentrated

solution. None of the solutions were de-gassed.

The monomer lines broadened as the temperature increased, but
at temperatures above 70°C the rate of broadening decreased in most
cases, resulting in a lower slope in ;he Arrhenius plots. This
indicates that either the activation energy for the micellisation
process changes abruptly at 70°C, or that at least two processes with.
different activation energies are occurring in the solution, with one
process being dominant at lower temperatures and the other becoming
dominant at higher temperatures. The slopes observed at low
temperature range between 9.6 and 10.7 kcal moleul, while the lowest
high temperature slope gives an activation energy of 5.9 kcal mole—l.
Heisenberg spin exchange may be the process responsible for at least
one of the activation energies, and is probably responsible for the
general increase in linewidth with increase in total surfactant

concentration.
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Figure 4.4 shows that LiF, which is a strong structure maker >0 ,

has increased the linewidth of 1 x 10_2M ClzTAENé solutions over the
linewidth observed in the presence of a simiia; concentration of NaCl.
From the CIATABNé results in the presence of NaCl, one would have
expected the stronger structure maker LiF to have depressed the
monomer-micelle exchange frequency from that observed with NaCl,
if the structure making properties of the sait were responsible for.
the apparent increase in the activation energy for monomer-micelle
exchange. Thus these results make it more pr;bable that the high

14

concentration results observed with C. ,TABNO are not due to monomer-

micelle exchange.

Another way to change the monomer to micelle ratio of a para-
magnetic surfactant solution is to add a diamagnetic surfactant to that
solution. If the fraction of paramagnetic surfactantpresent is still
relatively large, enough paramagnetic molecQIes will be present in
each micelle to give a broad micellar signal, ahd to make the micellar
environment distinctly magnetically différent from the monomer
environment. A solution of C.,,TABNO containiﬁg the amine precursor

12

to the nitroxide C.,TABNH should be suitable for this type of study,

12

as the values of the cmc of each of these surfactants should be similar
The main effect of the addition of C12TABNH. should be to increase the
total number of mixed micelles, while decreasing the proportion of

paramagnetic monomers in both micellar and aqueous environments.
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TABNG and 2.82 x 10 A

A solution containing 1.28 x 10~2M C12

CléTABNH was prepared. The EPR spectra of this solution contained

a micellar peak. Spectra of the ClzTABNé in this solution were

recorded at temperatures ranging from 25°C to 98°C. The samples were

not de-gassed. The amount of broadening in excess of that found in a

3M ClzTABNé. solution was calculated, and used to compile an

Arrhenius plot, which is included in Figure 4.4, Although the

5% 10

activation energy, 10.0 kcal mole-l, is approximately the same as that
found at lower temperatures for the other solutions involved in the

figure, the total amount of broadening is significantly less. A less

3M c. TABNO

12
1.4 x 10—2M C12TABNH was also prepared, but the EPR spectra of this
3

concentrated solution which contained 6.4 x 10

M C. .TABNO.

solution were almost the same as the spectra of 5 x 10~ 12

The linewidth difference increased to 0.12 C‘at 98°C, which represents
an exchange frequency of 2.5 x 105 sec_l. Although micelles would be
expected to be present in this solution their spectrum was not intense
enough to be detectable by EPR. Thus, if micelles are not present in
this solution, the small increased broadening may represent the
difference in the Heisenberg spin exchange frequencies in the two
solutions. The result in the more concentrated solution is hafder to
explain, for it seems that CléTABNH‘ eithgr reduces the monomer-micelle
exchange frequency, the Heisenberg spin exchénge present in the systém,
or the effectiveness of monomer-micelle exchange in prbducing line

broadening. It was decided to examine the Heisenberg spin exchange in

the systems under study to see if this could help resolve the problem.
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4.4, Heisenberg Spin Exchange in the Cationic Nitroxide Systems

In order to observe Heisenberg spin exchange uncomplicated by the
presence of monomer-micelle exchange, solutions of C]iABNé, which does
not micellise, were prepared at various concentrations. Since the solid
ClTABNé was hygroscopic, the concentratioﬁ of\ﬁitroxide was determined
by comparison with a 1 x 10—2M ClcFABNé solution, using EPR intensity
data. CiLABNd should have the same dependence of Heisenberg spin
exchange on concentration as the longer chaiﬁ nitroxides, since the
magnitude and location of the positive charge and the molecular geometry
near the nitroxide group are the same in both cases. |

The Heisenberg spin exchange process is assumed to be diffusion

41

controlled . For such a process the rate constant kl for the reaction
in which two monomers collide to form a dimer will be given by: 45
k, = 4ndDf (4.2)

1
where d is the "interaction distance" for the exchange, f is a factor which
contains the effects of like electric charges upén the collision frequency,

and D is the diffusion coefficient. In a Stokes—Einstein model_D is

'

given by:
P (4.3)

where a is the molecular radius, T the temperature in K, the solvent
viscosity, and k is Boltzmann's constant. By substituting equation 4.3
into equation 4.2 one finds that:

2k T
1 =35 (;) o | (4.4)

i

Since the exchange frequency Pep for a diffysion controlled process.is

given by:

PFF = klc (4.5)
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where C is the concentration of monomer radicals, by eéuation 4.1 the
observed line broaéening will be proportional to kl’ and hence to

% - Thus for a given concentration of radicals undergoing Heisenberg
spin exchange, a plot of the observed linewidth vs %- sﬁould yield

a straight line.

Figures 4.5 to 4.20 contain experimental linewidth wvs %-graphs
for some CliABNé; ClzTABNd, and ClATABNd solutions discussed earlier

in this chapter. The CiTABNb solutions shown in Figures 4.5 to 4.8
show the expected linear behaviour in the linewidth vs %—plots; with
some deviation at low %—in the lower concentration samples due to the
presence of proton hyperfine structure. The épectra for the more
concentrated samples at higher temperatures show slight deviations

from linearity, with the M_ = * 1 lines behaving differently from the

I
M =0 line. This will be discussed further in Chapter 5.

The CU}ABNé, solutions in Figures 4.9 to 4.12 show the expected
linear behaviour in the linewidth vs %- plot;,except for the effect of
proton hyperfine structure at low'%. The high %- points in Figure 4.12
show deviations from linearity in the general directions expected from
overlap with a broad micellar line, but otherwise the presence of

micelles is not indicated, and no evidence of monomer-micelle exchange

is seen.

Figures 4.13 to 4.18 give the linewidth vs-% data for‘ClgABNb
solutions, including solutions in the presence of. either inorganic’
salts or the amine precursor of the nitroxide, C12TABNH . The graph

for 1.47 x IO-ZM C1 TABNd, Figure 4.13, exhihits a marked departure

2

from linearity in the central portion of the graph, unlike previous

Figures. Similar non-linear behaviour is also seen in Figures 4.14 to
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4.18, although in the solutions of lower surfactant concentration
shown in Figures 4.14 and 4.17 some of the curvature may be due to
proton hyperfine structure. The effect of proton hyperfine structure
on the measured linewidth will be discussed in more detail in

Chapter 6.

The ClaTABNé‘ solutions, whose linewidths vs %— graphs also
exhibit curvature, are shown in Figures 4.19 and 4.20. Here also part
of the observed curvature may be due to the effect of proton hyperfine

structure on the observed linewidth.

The results given above indicate that something more than simple
Heisenberg spin exchange is taking place in C12TABN6 and C14TABN6
solutions above the cmc. Since some of the Arrhenius plots for these
compounds showed changes in the activation energy at high temperatures,
it was decided that two processes, one of which was Heisenberg spin
exchange, might be occurring in these solutions. The results of this
line of reasoning are presented below.

T

4.5, Expected Arrhenius Plots and Linewidth vs n Graphs for a System
Undergoing Two Rate Processes

Assume that two processes with different activation energies are
taking place in solution. The lifetime of the monomer in the unperturbed
state will be shortened by each of the two processes. For the ensemble

of monomer spins, the average exchange frequency cko will be given by:

ck =Pk, + Pk, . ' (4.6)
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where ¢ is the total monomer concentration, k1

and k2 are the rate
constants for the high and low activation energy processes respectively,
and P1 and P2 are concentration dependent parameters which can regulate

the number of spins allowed to undergo each process. First assume

that P1 and P2 are independent of temperature. In general,

48,
ko _ EI e A Eact
h RT

where k is the Boltzmann constant, h is Planck's constant, T is the
temperature in K, and AE act is the activation energy of the process

under consideration.

. _kT -E_/RT _ kT -E /kT (4.8)
Then: kl =% e 1 = ¥h e 1 v
kKT -E,/RT _ kT _~E,/kT
TS — = —— 2
k2 h e 2 b e
Hence: ~E. /KT “E_ /KT \
Kk =X (Be "1 + Be 2
o Nh c c (4.9)

Let the second rate process be diffusion controlled, since from
the experimental data the activation energies are approaching the
experimental activation energy for the self-diffusion of water of

5.3 kcal/mole.48 Then E, will be the same as the energy of activation

2

for the diffusion proéess. The coefficient of viscosity n is given by:48

o = DN B, /KT (4.10)
v .

where v is the molar volume and N is Avogadro's number. Then,

substituting 4.10 into 4.9:

k Ik .111 e_—(—E—l:—E-Zl+ 2.2 (4.11)
(o] n v C kT C
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Since observed values of E1 are at least 22 kcal/mole, (El-Ez)
will be about 17 kcal/mole. As the temperature increases from 300K
to 370K, the first term in the bracket in equation 4.11 will increase

from 4 x 10 13 %1 to 9 x 10 1L

g&, an increase of 220 times the
initial value. If only one exchange process is operative:in the
system, i.e. if P, =0, the slope of a linewidth §s %- graph will
increase by a factor of 220 as the temperature is increased from
300K to 370K, assuming that the difference in the activation energies
between micellisation and diffusion is about 17 kcal/mole. If a
diffusion controlled process is present as well, the change in slope
will be less, and will depend upon the relativé values of Py and P,.
If P2 is preseht in any appreciable amount, say P2 >1 x 10f8P1, the
éffect of the change in P1 on the linewidth vs %— graph will become
negligible. If P2 is on the order of 1 x 10_8P1, the effect of P1

upon the Arrhenius plot will be negligible since the logarithm of

equation 4.9 becomes

-El/kT + P e_EZ/kT (4.12)

NkT
log ko = log e + log [Ple 2 ]

with the value of the turn in brackets being [fl 5 x 19'17) +1x 1078

P (4.3 x 10_4)] at room temperature. Only if{.P2 ;10-12 P, will the
effects of both exchange processes be seen on the Arrhenius Plots and on
the linewidth vs %-graphs. However, the effect upon thé Arrhenius Plots
will be in the opposite direction from that observed, as a higher slope
will be present at high temperatures, rather than at low temperatures

as observed. Thus the observed results are not due to the simple

superposition of two rate processes.
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Alternative explanations for the observed phenomena, involving
one or more temperature-dependent activation-energies and/or
temperature-dependent concentration factors Pi’ which are not subject
to the constraint ? Pi = C, could be attemptéd. Instead, it ﬁas degided
to investigate mor; thoroughly the theoretfcal basis of both Heisenberg
spin exchange and monomer-micelle exchange, to see if anything would
emerge which would explain the observed behaviour of the cationic
nitroxide surfactant systems. It was also decided to investigate the
effect of proton hyperfiné structure upon the observed broadening,
to see what proportion of the observed effects were at_least in part

due to its presence. The results of these investigations are given

in the two chapters which follow.
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CHAPTER 5

THEORETICAL BASIS OF THE EXCHANGE EQUATIONS

Several types of exchange are possible in a solution consisting
of paramagnetic micelles and paramagnetic surfactant monomers.
Collisions between the monomers, whether at low concentrations in
solution or at high concentrations in a micelle, are described by

. . . 53
the equations for Heisenberg spin exchange as developed by Sack™~.
Equations describing the results of collisions between monomers and
micelles require a different formulation. This chapter explores

these two different types of exchange and their effects on the

observed EPR spectra.

5.1. Equations for Monomer—Monomer Interactions

5.1.1. Heisenberg Spin Exchange

When two nitroxide molecules collide with each other, the
electron spin magnetic moments of the two molecules may be exchanged.
Each electron will have been coupled to a nitrogen nucleus
(mI = +1,0, or -1) before the exchange, and, if the small Boltzmann
differences in the populations of the three nuclear spin states are’
ignored, will have an equal chance of being coupled to a nitrogen
nucleus in each of the three nitrogen nuclear spin states after the
exchange. The observed electron paramagnetic resonance spectrum will
depend upon the exchange frequency, with the three nitrogen hyperfine
lines broadening, coalescing, and the coalesced line narrowing as
the exchange frequency increases from much less than to much greater

than the hyperfine separation.
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Using the method of Kubo56 (also used by Zimmerman and

53

Brittin - see 5.2.3. below) Sack has found that, for the case

of a symmetric triplet with equal probabilities P of exchange
between the three sites, the spectral intensity I (w) will be
given by

P(aN2 + 27P2 + 3w2)

wz(aNz - 05?4 4P2aN4 - 6P2aN2w2 + 8lw?Pt + 18m4?2

I(w) ~

(5.1)

The three nitrogen hyperfine lines, in the absence of exchange, are
located at frequences + aN,O, and - ay

If one sets the second derivative of equation (5.1) equal to

zero the resulting equation

0 = wls (60P)
+ w0 (42E + 114PA)
+ o™ (72pA% + 24PB + 96 AE)
12 2 3
+ 0% (12PAB - 90PC + 74A°E + 58BE + 18PA°)
+ 00 (=216PAC - 36PB + 88ABE + 12CE + 12PA%B + 20A°E)
8 2 2 2 2
+ w8 (-12acE + 22B%E - 78pA%C - 6PABZ +38ABE - 204PBC)
+w ® (-8A%CE + 24ABZE - 16BCE - 96PABC - 144PC)
(5.2)
+w % (4ABCE + 6EB> - 66PAC® - 18PB2C - 30C°E)
+w 2 (4B2cE - 12PBC? - 12C%AE)
+ 0 9 (-2Bc%E + 6PCO)
where A = 18P2 - ZaNz
4 2 2 4
B = aN 6P aN + 81P
2 4
C = 4P aN
2 3
E = PaN 27P
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relates the peak to peak width(s) of the first derivative EPR
line(s) to the exchange frequency P for any given ayg- In the
fast exchange region there will be two solutions, equidistant from
w = 0; in the slow exchange region there will be two pairs of

additional solutions, one pair equidistant from +a_, the other

N’
pair equidistant from —ay- Plachy and Kivelson57 have calculated

the widths of the three lines as a function of the exchange frequency
in the slow exchange region, using a method similar to that used

above. The results relative to the hyperfine coupling constant éN

are shown in Fig. 5.1. At values of P/aN > 0.2 the widths of the
three lines deviate from the width expected for a Lorentzian line,

with the m; = 0 line differing in width from the m

I =+1 lines as

I

indicated in the figure. For ay = 16.9 Gauss, as it is for the

cationic nitroxide surfactants in aqueous solution, the value of
P/aN = 0.2 is exceeded for lines of width greater than 3.4G.

The m =+ 1 lines will be broader than the m = 0 line until the
three lines reach a width of 7.1G. For widths greater than 7.1G
the mI = 0 line will be broader than the m_ = + 1 lines, which‘will

I

actually decrease in width with increasing exchange frequency.

5.1.2. The Micellar Line

The method described above can bé used to calculate the frequency
with which micellar surfactant molecules collide with each.other.
By substituting the value of the nitrogen hyperfine coupling
constant ay observed in aqueous non-micellar solutions bf nitroxide

surfactant molecules into equation 5.2, one obtains
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0 = w’ (-9.038x10'%8p° - 3.634x10%*P7 + 1.460x10%%P% - 1.768x10%0p1h)

+ w? (+4.516x10'%%3 - 6.02x107%p° + 5.919x10%%7 - 1.663x10%%p?
~2.228x10° 1Pt + 1.562x103%p13)

+ ot (1.693x101%% - 6.50x1073p° + 5.36x10%%P° - 4.71x10%6p7
-1.28x10° 127 + 1.01x10%7p!! - 1.51x10%%p13 4+ 9.46x10%P17)

+ 0% (-6.048x107%p + 1.67x107%3 - 6.97x10%°P3 - 6.33x10°p’
+3.84x10%%0% - 1.41x10%%p' 1+ 8.410x10%17) 6

+ 0% (1.047x107%P - 3.608x10%%p3 - 3.393x10°%P° + 3.146x10°%p’
~1.543x10%%p? + 2.740x10'P1})

w10 (-8.145x10%%p - 1.187x10%%p3 + 5.907x107°P° - 3.280x10%1p’
+6.921x10%7)

+w'? (2.088x10*%p1 + 3.896x10%%P3 - 3.623x102°P° + 8.973x10°P7)

w0l (+6.014x103%P - 1.967x1017P3 + 7.193x10%P%)

+w16 (-4.165x1017P + 3.186x103P3)

w'® (60p)

which relates the linewidth parameter to the exchange frequency P

for these particular nitroxide surfactant systems.

The observed micellar line narrows as the temperature of the
micelle-containing solution is increased, since with an increase in
temperature the collision frequency P between the nitroxide molecules
incorporated in a given micelle is increased. At a temperature of
90°C the micellar linewidth is about 10G. Since the micellar
linewidth is (+w) - (~w) in the reference frame of equation (5.2),
one can substitute W = 5G into equation (5.3) and solve for the
exchange frequency P. It is found that P = 5.08x107 exchanges per
second. At room temperature, the micellar linewidth is7about

16G and the exchange frequency P is 3.70x107 sec_l.
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As will be shown in the next chapter, the monomer lines which
at high exchange frequencies coalesce to form the micellar line have
an initial width of about half a gauss. If the lineshape is
Lorentzian this corresponds to a transverse relaxation time T2 of
8)(10«5 sec, which means that the electron has‘a half-life of
8)(10—5 sec in a given state. As exchange between states becomes
greater than 8)':10_5 seconds, an electron will become more likely
to leave a state through exchange processes than through other
forms of relaxation. In a nitroxide micelle at room temperature,
the lifetime of a molecule in a given micellar state will be
determined almost completely by the exchange freqﬁency P. The
half-life of an electron in a given micellar state will be‘P_l, or
2.7x10_8 seconds. At a temperature of 90°C the half-life of an
electron in a given micellar state will be even shorter — about
2x10_8 seconds. It is this half-life of an electron in a given
micellar state which is important in calculating the effect of

exchange between the monomeric and the micellar states - in effect

the micellar T2 is equal to the inverse of the exchange ffequency P.

5.2. Exchange between Monomeric and Micellar Sites

A nitroxide surfactant monomer in solution will have its
unpaired electron coupled to a nitrogen nucleus in either the

m, =+ 1, m. =0, orm

I = - 1 spin state. When an electron spin

I I

transition occurs, those molecules with nitrogen spin mo= 4+ 1 will

give rise to the EPR line located at W a0, while those moleccules

with nitrogen spin m = 0 and mp o= - 1 will give rise to the EPR

lines at Wy and w, *oay respectivély. If this nitroxide surfactant

monomer becomes incorporated in a micelle of similar nitroxide

surfactants, rapid electron spin exchange will result in an EPR

.. . 53
spectrum containing one broad line centred at CI
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Monomer-Micelle exchange will result in exchange between the
broad micellar line centred at 0 and the sharp monomer line

centred at wy o+ oay of the monomer nitrogen nucleus 1is in the

mp o= - 1 spin state. If the monomer nitrogen nucleus is in the

m, = 0 spin state, the exchange is between the sharp and broad
lines centred at W If the monomer nitrogen nucleus has
m; = + 1, exchange is between the broad line at wo and the sharp

monomer line at W, Taye Thus for m o=+ 1, exchange is between two

lines with different T2's separated by a frequency difference ays

while for m_ = O exchange is between two lines with different T

\
1 2 S

but with the same resonance frequency w

5.2.1. Exchange Equations for the Central Line

The effect of exchange between the two sites for the cases

m, = O can be described by a modified set of Bloch equations ’

If A and B represent the monomer and micellar sites respectively,

and MA and MB represent the total magnetic moment of electrons in

each of the sites, then in the presence of a strong magnetic field

HO perpendicular to a weak magnetic field H

1 the electrons will

relax according to the Bloch equations:

,

dM
A . ~ . S . .

Et—- + 1 (wA - U.)) MA = IXHIMOA (5'4)
A A A o

dMB + 1 (mB - w) MB = 1XH1M0B (5.5)

A A
Here M is the complex magnetic moment M = u + 1 v, Mo is the

equilibrium magnetic moment, ¥ the gyromagnetic ratio of the electron,

and &o the complex frequency Go =@ - 1/ If in addition the

T,
o 20
electron in site A has a time proportional transition probability

. . . ¢
PAB(St that it will transfer to site B during the time interval d t,

and the electron in site B has a similar time-proportional
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-
transition probability P_, O t of transferring to site A, then

BA

the change in magnetization due to electron transfer is described

by the equations

Fay
dMA “ R 6
—:;— = PABMA + PBAMB , (5.6)
t
ady
A A '
= - PBAM'B + PABMA . (5.7)
dt
Since in an equilibrium situation there will be fA = Ppa
P _+P
electrons in site A and f, = LAB . AB BA
B R electrons in site B, the
AB BA

Bloch equations modified for chemical exchange can be written

PAY ~ EN Al A
dMA =i fA (&HIMO) -1 (wA w) MA PABMA + PBAMB , (5.8)
dt
dﬁB A A AL .
. . A
I =1ify (.’lemo) i (g - w) My PoaMp *+ PupM, . (5.9)

The steady state solutions to these equations,

~ A . : _ . oS - — X .
M, [w-6,) +ip,] i Py,M, = —f, (M) , (5.10)
o ~ . . . > {

My [(w—wB) + 1 PBAJ - i P M =-f, (fHM) (5.11)

can be used to calculate the total magnetic moment M MA + MB' The

result is
£, w=ny) + £, w=w,) +i (P, +P_,)
A
M= -dhw 2B P A A D4 (5.12)
“ . \ .
[@w,) + iy J[=up) + i Py, T+ PygPyy
Since the mI = 0 monomer state and the micellar state have the same
resonance frequency, w, =wg ;(DR; and equation (5.12) becomes
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i i .
A Y HM [fA wup + /Ty) + fp g * /Ty)) + 1 (B ¥ PBAﬂ

i . i )
QU(UR + /T2A +1 PAB) Qu(uR + /T2B +1i PBA) +P,p Poy (5.13)

The intensity of the resonance absorption will be proportional to

the imaginary part of M. One can solve for the width of the first
derivative of an absorption peak by setting the second derivative

of the absorption peak equal to zero and solving for w - the width

will be 2 (w—wR).

For the special case of equal populations in the micellar

state and in the monomer m, = 0 state, fA = fB =1, PAB=PAB=P, and
A
the absorption spectrum, or the imaginary part of M, is
2
LN +b’ﬂlM0 [ ‘”R) T, Tp (T, + Tp) + RQ ]
- 4 22 2 2 (5.14)
2[(w'wR) T, Tg *+ (w-wp)™S + R ]

where S = T,2 + T.2 + 2P T,T. (2PT,T, + T. + T,)

A"B B A

A B A'B

R

1+P(TA+TB)

Q TA + TB + 4P TATB

Setting the second derivative of the absorption spectrum equal to

zero, one obtains
8 - 5.5 -
(wmwp)” [+ 3T,°T;” (T, + Tp)]

6 AA 3.3
+(w=wg) [+ 10T, "T,"RQ - ST,"T (T, + TB)]
4 2. 2 2.3.3
+(umwp) [+ 9SRQT,“T," - 12R°T,"T °(T, + T

A Ip ) (5.15)

B
2 .- 2 2 _ ndam 2m 2 -
+(w‘wR) [_+ 3QRS™ - 3R STATB (TA + T,B) 6R QTA Ty ]
4 _ andn _

+Rt|?ATB (TA+TB) SR°'Q =0

The linewidth will be Z(m-wR). If the monomer line has a width of

1.6 Gauss in the absence of exchange, the micellar line a width of
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10 Gauss, and the exchange frequency P is 1 x 106 sec_l, then
the width of the monomer line in the presence of exchange, calculated
by means of equation (5.15), is 2.005 Gauss.

The above calculation is tedious, and becomes even more so

for the general case fA # fB, Another approach, based

Pap * Ppac
on work by Zimmerman and Brittin55, which involves less lengthy

calculations is described in the next section.

5.2.2. Exchange Equations for the Central Line-Method of Zimmerman
& Brittin

The system considered by Zimmerman and Brittin55 consists of
a finite number of phases, in all of which a spin has the same
resonance frequency W, Each phase is characterised by a single
relaxation time T2i’ which will be different for different phases.
Spins are able to transfer between phases, with the probability of
a given transfer being independent of the previous history of the
spin. |

In the presence of a magnetic field, a spin in the ith phase
will relax with a transverse relaxation time T2i described by

the equation

dM. : M
Sy il

—-—

dt T

(5.16)
2i

where gL is the magnetic moment of the sample in the plane
perpendicular to the magnetic field. A spin-echo experiment will
measure the average value of the transverse magnetization of an

ensemble of spins, M, (t). If T (t) is a random variable taking

4

on the values T as the spin jumps from phase to phase, then

2i
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t
w6 = Mloe-fodt/'l‘(t) . (5.17)

where ML (t) = Ml_o at t = 0. The relaxation process is described

by the average value of the integral

t, :
I () = e_fodt/T(t) (5.18)"

where the average is taken over all possible initial states.

To obtain the average value I (t) of I (t), let Iij (t) be
the average value of I (t) on the condition that the spin is
initially in the ith phase and at time t is in the jth phase.

Let Pi be the probability that the spin be found initially in the
ith phase. Then
2

I (t) = T Pi Iij (t) (5.19)
The change Iij (t) with time will depend on tﬁe rate c, at which
spins leave the ith state for some other state, on the rate at
which spins enter the jth state from all the other states, and on
the probability of the spin relaxing while in the jth state.
If p1j is the conditional probability that if a spin leaves

th . .th
the 1 state, 1t transfers to the j state then

dIij(t) ' i 2 '
—_— = - 1.. .+ L) o+ ; t)c,P..
dt Ilj(t) (CJ /TZJ) 1 Iil( )cl 13 (5.20)
If we let
1 oo .
Fig 0= 85 (e + /Ty ¢y Py (5.21)
then using matrix notation F =[ Flj] , I = _Iij (t)|, and equation

(5.20) can be written
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dl = -IF
(5.22)
dt
The solution to equation (5.22), subject to the boundary conditions
I (0) =1 (i.e. at t = 0, the system is initially in the i“*”* phase),
IS
I =e (5.23)

The average I (t) will then be expressed as (compare equation (5.19))

I (t) = £ e"s” € (5.24)

where * and @ = |PAP273 ees Ay] (5.25)

Ft
Since F is a finite, say N x N matrix, e = can be expressed as

a polynomial in F. Hence

-Ft
e = Bml (5.26)
m = o
If F has distinct eigenvalues u® ... u”, then representations of
F and e in the basis set of eigenvectors of F are given by

and



70.

respectively. Hence

N-1
-u. .t m (5.27)
e N = E gmuK.
m=Q
If one sets
— - _ -
oTupt .
e(t) = : ;8= .0
et
B ] Bn-1

"ll k—l

and - =Eﬁik:]= |(ui) , i,k =1, ....N, then equation (5.27)

may be expressed as the matrix equation

e (t) = -8 (5.28)

which has the solution

g = e(r) (5.29)

In a system consisting of only two phases, the above equations are

simple to apply. Since PAB is 1, the matrix F will be given by
— 1 -
N [Ty, —c,
F = ' (5.30)
B 1
°p °g * /Typ
_ i
whose eigenvalues u, and up are -
1 1 1, .2 !
=1 - -
uy =4 (cA+cB+ [Typ+ 1Typ) = [(epmept /Typ = T/TH 0" + 4cAcB] } (5.31)
1 1 1 2
=1 - - 2
up = b { (eyregt /Ty /Typ) + [(egmey# /Ty = H/Ty )" + beye ]

Equation (5.26) becomes

e I8 = g (0L + g (OF O (5.32)
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where, from equation (5.29),

u e_uAt -u e_uBt
B A
g, (t) = — (5.33)
B A *
gl(t) = e—uBt - e-uAt
uB - u,
The relaxation integral, I (t), will be given by
= -u,t _ -u,t ,
I(t) aje A a,e B
where
up _ l/TAV
a, = (5.34)
up < U,
1
u /T
az = -A——_:___AY. . (5.35)
ug= u,
and
P P
1 _ A/ B
Mayy = " Ton + /Ty

Thus the spin—echo NMR experiment will be described by the equation

Ml (t) = gl o [ale_uAt - aze—uBt] (5.36)

Equation (5.36) describes the relaxation of an exchangeless system

containing fraction a, of its spins with relaxation time U, and

1

fraction (—az) of its spins with relaxation time u The apparent

B

populations a, and (-az) and the apparent relaxation times U, and

1
up can, assuming an appropriate (Gaussian or Lorentzian) lineshape
function, be used to calculate first derivative EPR spectra. In the
case of equal populations in the my = O monomer state and the
micellar state, with a monomer linewidth 1.6G in the absence of
exchange and a micellar linewidth of 10G, an exchange frequency

of 1 x 106 sec_1 increases the monomer linewidth to 2.004G -

essentially the same result as that obtained with the modified

Bloch equations.
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5.2.3. Exchange Equations for the Outer Lines

The exchange equations of Zimmerman and Brittin55 have been
extended by Woeésner44 to the case where the two exchanging species
ﬁave unequal resonance frequencies. Woessner has solved the Bloch
Equations (Equations 5.8 and 5.9) to obtain the time-dependent
behaviour of the nuclear magnetization. He finds that, if the
nuclear spin system was at thermal equilibrium at the beginning of
the pulse, the in phase component of the total nuclear magnetization,
u=u, +u

and the out of phase component, v = v, + Vo evaluated

A" B A
at = } (wy + wp), are
U=-M sine (F_[d] ™ + 7 [dt]e"" Pt (5.37)
and
V=-M sin® {F_[dt + ﬁ/g]e"Ct + F_ [de - “/2]}e'?t ~ (5.38)

Here the subscripts A and B refer to the two exchanging species,
and Mo Sin © is an amplitude factor composed of the totalA
magnetization Mo and thg fraction of that magnetization transferred
into the transverse plane by the pulse, represented by sin 6.
F+[f] and F_ [f] are functions of the factor T given by
F,[1]
F_[1]

where T = dt, dt + Tr/2, or dt - "/2 as required by equations 5.37

- fcosT=- (1-g) sin T

- fcost T+ gsinT

and 5.38.

1

1 .
b =4 (c, +cy+ /Ty, + T,y | (5.39)

£ o=t fe@ - B,) (uy -0 + @, - 2 (Toa-t/Ty)

2 2
+CA+CB}/(c +d°) s



73.

g =4 -k c[(® - ) (/Ty, - /1,00 + ¢, + ]
4 (B =B Gy mw) /(e +dD
c=[x2+vdr s gt /5 | (5.40)
and
a=[a+¥hH-xF/ E ,
where X = (1/1,, - 1/, + ¢, - % = (u, ~u)? + 4C,0p (5.41)
and Y = -2(w, - w) (/1,, - M/ v c, - . (5.42)

In these equations P, and PB are the fractional populations

A
of the A and B states respectively. The algebraic sign of d is
always positive, and the sign of c is positive except for
negative Y values.

One could fourier transform equations (5.37) and (5.38) to
obtain the absorption spectrum as a function of frequency58

However, from equations (5.37) and (5.38) one can see that both

U and V are the sum of two exponential curves, each with different

initial amplitudes. One curve decays as e_(¢fc)t, the other as
-(¢-o)t . . . s 1
e . Thus the two relaxation times will be T2A = $—:7;

7 1 . . . .
and T2B = arjfz- which can be computed for dlfferlng values

of Ws s 1/T2i’ and Ci using equations (5.39) to (5.42).

5.3. The Effect of the Relative Numbers of Monomers and
Micelles on the Observed Monomer Linewidth

In sections 5.2.2. and 5.2.3. it was shown that the monomer
linewidth observed in the presence of exchange depended upon the
transverse relaxation times of both the monomer and the micelle

in the absence of exchange, the frequencies with which the
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surfactant molecule left both the monomeric and the micellar
states, and upon the difference in the resonancé frequencies
of the two states. The relationship between these factors
has been shown in equations (5.31) and (5.39) to (5.42).  If
an equilib;ium exists between monomeric and micellar surfactant,

then

P,C, = PpCp (5.43)

where PA’ the probability of a spin being initially in state A,

is proportional‘to the population of state A. Similar
relationships hold for state B. Since for a surfactant system

at a given concentration PA and PB are known, the ratio of

CA to CB can be determined from equation (5.43). One can then
P

substitute s C, for C
PA B

|
and, knowing the TZi’ solve for the Ui as a function of CB (or CA)'

A in equation (5.31) or (5.39) to (5.42),

Suppose that one now adds more surfactant to the system
considered previously. This will increase the populatién of the
micellar state, while the population of the monomer state Qill
remain the same. Equation (5.43) will still hold, assuming that

the new system has reached equilibrium. From equation (5.43).

(5.44)

Thus the change in the ratio of PA to PB causes a change in the

ratio of CB to C One cannot say a priorl whether this 1s

A"

accomplished by a change in C

) OF @ change in C

B ©°F by changes
in both. A reasonable assumption might be that the frequency

with which a surfactant molecule leaves a micelle remains almost

constant as the total surfactant concentration is increased, at
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least for.concentrations at which the micelle size and shape remain
constant. This would require that the frequency with which a
surfactant molecule leaves the monomer state increases with
increasing surfactant concentration, a result consistent with
the increasing chance of a monomer finding a micelle. Alternatively
one might assume that the frequency with which a monomer enters a
micelle remains constant as the surfactant concentration is increased,
and that the frequency with which a surfactant moleéule leaves a
micelle decreases with increasing surfactant concentration.

Figures 5.2 and 5.3 show the variations in the widths of the
MI = 0 and Mi = +1 lines as a fﬁnction of the ratio of the micellar
population to the population of the monomer state (mI = +1, -1, or 0)
concerned. In Fig 5.2 the frequency with which a monomer leaves the
micellar state has been fixed at 1 x 106 sec-l, and the frequency
with which a monomer enters a micelle varied as required by
equation (5.44). 1In Figure 5.3. the frequency with which a
monomer enters a micelle has been fixed at 1 x 106 sec—l; and
the frequency with which a monomer leaves a micelle varied

correspondingly. The micellar relaxation time is 2.96 x 10”8

sec 1, corresponding to a line 10G wide, while the monomer
linewidth in the absence of exéhange is 0.5G.

The major effect seen in Fig. 5.2. is the increase in
monomer linewidth with increasing frequency of leaving the
monomer state. The widths of the m = + 1 lines are slighly

I

greater than the width of the m_ = O line,with the difference

I

exceeding the experimental error for micelle to monomer ratios greater

than two.
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Figure 5.3. shows the effect of changing the frequency of
leaving the micellar state on the monomer linewidth. At the low
micelle to monomer ratios the linewidth is depressed from its.
value at higher micelle to monomer ratios, with the linewidth
of the m, = 0 line being smaller than that of the m = + 1 lines
by more than twice the experimental error.

This effect is detectable for concentrations up to half the
CMC, assuming initial linewidths and exchange frequencies as used
in the figure. |

Figures 5.2 and 5.3 represent limifing cases. The observed
behaviour could be anywhere between these limits, in the absence of
a specific model for the micellization process. However,
observation of behaviour similar to that shown in either of the
two figures would indicate that the micellization process was
limited either by the frequency with which a monomer collides with
a micelle (Fig 5.2), or by the energy required for a monomer to
penetrate a micelle (Fig 5.3), and would thus help to define the
micellization process.

In section 5.1.1. it was shown that Heisenberg spin exchange
broadens the m, = + 1 lines more than the m, = 0 line for iinewidths
in excess of 3.4G. Figure 5.3 shows that, if a micellization
mechanism which holds the frequency with which a monomer entérs

a micelle constant is operative, the m_ = + 1 lines may be broadened

I

more than the m, = O line at linewidths of less than 1G, assuming

a suitable magnitude of the monomer-micelle exchange frequency and
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a small micelle to monomer population ratio. Figure 5.2. shows that
this linewidth effect may also be observable at linewidths less than
3.4G if the frequency with which a monomer leaves a micellé is held
constant. Thus it may be possible td distinguish between Heisenberg
spin exchange and monomer-micelle exchange by observing the differences
in width of the m_. = + 1 and m_ = 0 lines as a function of surfactant

I I

concentration.
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CHAPTER 6

DETERMINATION OF THE WIDTH OF THE PROTON HYPERFINE LINES

The various line-broadening mechanisms discussed in
Chapter 5 broaden each of the proton hyperfine components of
the nitroxide line. Experimentally, one records the
superposition of these proton hyperfine lines. This chapter
is concerned with extracting the width of.the proton hyperfine
lines from the spectrum obtained experimentally. In order to
do this it is necessary to know the magnitude of the individual
proton hyperfine splittings. Once the magnitude of these
splittings is known, one can coﬁputer—simulate EPR spectra with
these splittings, using linewidth as a variable parameter, and
accept as the true linewidth that width which gives the best
fit to the experimental spectrum under consideration. The
methods used to determine the proton hyperfine splittings and
the computer simulations performed with these splittings are

described below.

6.1. NMR Measurements of Hyperfine Coupling Constants

6.1.1. The Theory of the Determination of Small Hyperfine

Coupling Constants by NMR

If a nuclear magnetic moment I is coupled to an electron
magnetic moment S in the presence of a strong magnetic field H,
the spin energy levels of the system tumblingifreely in solution
will be given by59
M = epHs, - g8 AL, + aLs, (6.1)
where g and gy are the electronic and nuclear g factors respectively,
B and BN the Bohr and nuclear magnetons, and a the isotropic

hyperfine constant for the coupling between the
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nuclear and the electron spins. The part of the energy which is
dependent on the nuclear spin orientation can be written as:
as
B _ _ _ z
)'(“ eyfnlz \H gy
as

gyPy

unpaired electron at the nucleus. The magnitude of the total

(6.2)
N

where - is the effective local field produced by the

field, (fl-—ff%%— » will depend upon the sign of SZ if the
electron spin re?axation time is long compared with the isotropic
hyperfine coupling constant. However, if the electron spin
relaxation time is short compared with the isotrbpic hyperfine
coupling constant, the nucleus will see an average value of SZ
which is weighted by the populations in each electron spin state.
For a Boltzmann distribution of the electron spin populations

and a temperature high enough that %%? << 1, the weighted average

value of S_, <S_>, is given by

z’ Z

s = - E%%IE—TS-‘:L) (6.3)

where k is the Boltzmann constant, T the temperature in Kelvins,
and S the electron spin quantum number. Thus, for an electrom spin
relaxation time much shorter than the isotropic hyperfine coupling

constant, (6.2) becomes59
. aghs(s+l) ‘
Vl{ = —gNBNIZH 1 + 3gNBNkT (6.4)

Compared with the nuclear resonance of a similar nucleus in a

diamagnetic compound, the nuclear resonance peak of the paramaghetic

gB aS(S+1)
BN * 3kT

compound is shifted downfield by an amount if a is
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positive, and upfield by the same amount if a is negative. From
the observed shift the sign and magnitude of the isotropic
hyperfine coupling constant can be determined if S and T are

known6o—67.

6.1.2. The Pseudo-contact Interaction

Another type of interaction which can cause the resonance
of a paramagnetic compound to shift from the position observed
with a diamagnetic compound is called the pseudo-contact
interaction. This shift is caused by the combined action of an
anisotropic g tensor and a dipolar hyperfine coupling} For a
paramagnetic ion with axial symmetry which is tumbling in
solution, shift due to the pseudo-contact interaction is given
by68,

H [Blz S(S5+1)(3 coszx—l)g (g,,-8,)
0 11 °1

AH = - 3 (6.5)
9 kT r

where x is the angle between the vector r, connecting the nucleus
and the unpaired electron, and the symmetry axis of the molecule,
r is the magnitude of r and 811 and g, are the parallel and
perpendicular components of the anisotropic g tensor respectively.
If one assumes that |r| for the nitroxide in question is 1%, and
that the molecular geometry allows cos x to be 1, the pseudo-
contact shift observed on a 220 Mhz NMR spectrometer will be
about 10 hz - which is less than the experimental error. Since
formulations of equation (6.5) for other molecular geometries

and other electron orbital occupation schemes give results of

. 6 : . .
the same order of magnitude 9, the pseudo-contract contribution
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to the shift observed in the NMR spectra of paramagnetic
nitroxides is negligible. For this reason the pseudo-contact
interaction has not been considered by others who have
determined the isotropic hyperfine coupling constant from the
60—67.

shift observed in the NMR spectr

6.1.3. Determination of the Isotropic Proton Hyperfine

Coupling Constants of the Paramagnetic Surfactants

In order to use equation (6.4) to determine the isotropic
proton hyperfine coupling constants, one must ensure that the
electron spin relaxation time T, is much less than the inverse
of the coupling constant to be determined. Since the condition
for observation of hyperfine splitting in the EPR spectrum is
the converse of this, i.e. that T.3; >> 1, one must increase
the electron spin relaxation time of a paramagnetic compound
whose EPR splitting is less than the EPR line-width considerably
in order to observe the shifted NMR spectrum. This is usually
done by increasing the radical concentration to the point where
hyperfine structure is lost, since To becomes increasingly
determined by the radical-radical collision frequency and thﬁs
becomes less than 1/ai as the concentration, and thus the

60-62,64-67

collision frequency, increase . 'An alternative method

is to dissolve the radical in a paramagnetic solvent such as

di~tert—buty1nitroxide63.

The paramagnetic surfactant C TABNO was dissolved in a

12

minimum amount of D20 at 60°C. The sample was then heated to

97 + 2°C, as measured from the temperature-dependent splitting
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of a standard ethylene glycol sample, and the NMR spectrum
recorded on the 220 Mhz spectrometer operated by TNO, Delft,

the Netherlands. The spectrum obtained is shown in Figure 6.1.
The resonances marked A, B and C are identified as broadened
diamagnetic lines arising from HOD, (E3C)3N, and the hydrocarbon
chain protons respectively. The resonances at D and E decreased

as the sample was diluted with DO, and hence are due to

2
protons coupled with an unpaired electron. From intensity
considerations the high field line was assigned to the twelve
methyl protons, and the shoulder to lower field to.the four
methylene protons. The spectrum wés scanned 20,000 Mhz up—-field
and down-field of the diamagnetic resonances, but no other
paramagnetically shifted peaks were observed. This is not
surprising, in view of the low intensity of the observed
paramagnetically shifted peaks.

The NMR spectrum of the diamagnetic precursor to C TABNé,

12

C12TABNH, is shown in Fig. 6.2.A. Figure 6.2.B. shows the NMR

CH
y 3

spectrum of the head-group N NH These spectra were
)

CH3 'f
obtained on a Perkin-Elmer T-60 NMR spectrometer located at
Unilever Research Port Sunlight Laboratory. By comparing the
spectra it can be seen that the positions of the methylene
protons, the methyl protons, and the hydrocarbon chain protons
are similar, at least within the accuracy required for the
determination of the isotropic hyperfine coupling constant from
NMR data. Therefore the diamagnetic hydrocarbon peak in Fig. 6.1

was taken as the diamagnétic position from which the methyl and

methylene peaks had been shifted. Using the measured value of
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. o
these shifts and the measured temperature of 97 + 2°C, the
isotropic hyperfine coupling constants were calculated, using

equation (6.4), to be a = - 0.425 + 0.012 G,

CH = - 0.030

a
3 CH,

+ 0.03 G.
Since the signals from which these coupling constants
were obtained were quite weak, it was thought that more

reliable results might be obtained from C TABNO, which should

1

be easier to solubilize in Dzé. The NMR spectrum of a

saturated solution of ClTABNé in D0 is shown in Fig. 6.3. This

2
spectrum was obtained from the oscilloscope of the 220 Mhz NMR
spectrometer at Delft. The large peaks at the left of the
spectrum are the first sidebandsof the diamagnetic peaks (the
normally recorded spectrum).. The central peaks are the para-
magnetic peaks, and the right hand peaks the second sidebands
of the diamagnetic peaks, shifted from the first sidebands by
10,000 hz. There is a possible paramagnetic peak to the left
of the first sidebandsof the diamagnetic peaks, which 1is much
lower in intensity than the other paramagnetic peaks but

might be caused by the proton at the y position. The coupling
constants obtained from the shift from the diamagnetic hydro-

carbon peak are aCH3 = = 0.44 + 0.02 G, aCH2 = ~-0.31 + 0.02 G,

and perhaps oy =t 0.14 G + 0.02 G.

The coupling constants obtained for C TABNO are in

1

reasonable agreement with those obtained for ClzTABNé. The

coupling constants found in the literature for several

compounds, shown in Fig. 6.4, which are similar ‘to ClTABNd and

C12TABN6, are shown in Table 6.1.
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Table 6.1, — The Isotropic Hyperfine Coupling Constants

of Several Nitroxides

Reference Radical aCH3,G aCHZ’G “CH’G
65 I - 0.11 - 0.01
66 I - 0.12 - 0.02
65 11 - 0.43 - 0.29 + 0.09
66 11 - 0.45 - 0.34 + 0.07
65 III - 0.41 - 0.29 + 0.09
66 III - 0.43 - 0.31 + 0.08
66 v - 0.41 - 0.32 + 0.06
66 v - 0.40 - 0.27 0
65 VI - 0.22 - 0.39 +0.18

66 VI - 0.23 - 0.39 + 0.18

From Table 6.1 one can see that the coupling constants

1TABNé and ClZTABNé are in reasonable agreement

with those which have been found for other similar nitroxides.

assigned to C

Studies of radicals I, II, III and VI have shown65 that
the temperature dependence of the coupling constants is small,
especially at temperatures above 35°C. However, the
variation in the magnitude of the coupling constants with
concentration cannot be measured. It is thought that this
may be the cause of small differences, of the order of 5-107,
between the values of the hyperfine coupling determined by NMR
and the values of the hyperfine coupling constants necessary
to reproduce the observed EPR spectrum61’62’64’67. For this
reason the hyperfine coupling constants determined for C12TABN6
were varied by up to 10%Z of their magnitude in order to obtain
a better fit between the observed EPR spectra and the computer

simulated spectra. The computer-simulation of the EPR spectra

is described in the next section.
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6.2. Computer-Simulation of Nitroxide Spectra

6.2.1. Description of the Program used to Computer-Simulate

EPR Spectra

The program used to computer—simulate EPR spectra was
written by C S Johnson, Jnr.7o. It has been modified by
M K Ahn, Stirling Chemistry Laboratory, Yale University and
by M A Turpin and Mrs J C Savage, Unilever Research
Port Sunlight Laboratory. The program as modified is
available from the Computer Sciences Section at
Unilever Research Port Sunlight Laboratory, upon request.

The program calculates line positions and intensities
from assumed hyperfine coupling constants, and then
calculates and plots the resultant spectrum. The
individﬁal lines can have either Gaussian or Lorentzian
lineshapes, and the spectrum can be calculated in either the
adsorption mode or in the first or second derivatives thereof.
The program assumes that each of the hyperfine lines has the
same linewidth. The calculated spectra are first order
approximations, and are strict superpositions of their
components - i.e. any possible exchange between components

is not taken into account.

6.2.2. Computer-Simulated Nitroxide-Surfactant Spectra

The program described above was used, in conjunctioq
with the proton hyperfine coupling constants determined
from NMR spectroscopy, to calculate simulated EPR spectra.
It was assumed that only four methylene protons and twelve
methyl protons contributed to the spectrum. When the

experimentally determined coupling constants were used, it
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was found that the experimental spectrum was not
reproduced by the program. For an appropriately low line-
width (about 0.38 G),65 Lorentzian lines formed by splitting
13 lines of binomial intensity separated by 0.425 G
each into 5 lines of ‘binomial intensity
separated by 0.300 G gave a first-derivative spectrum similar
to that shown in Fig. 6.5. An experimental specﬁrum of the
MI = 0 line, obtained at low modulation amplitude (0.032 G)
from a de-oxygenated sample in order to avoid extraneous
line broadening, is shown in Fig. 6.6 for comparison. It
can be seen that the feature numbered 1 on the simulated
spectrum is too sharp, while the features numbered 3 and 4
are not sharp enough. If one keeps the linewidth narrow
enough to allow the features of the line, determined by fhe
proton hyperfine structure, to be observable, then the
general shape of the line will be determined by the ratio of
the proton hyperfine coupling constants, while the absolute
distances such as the distance of any feature from the centre
of the spectrum can be fixed by adjusting the magnitudes of
the coupling constants after their ratio has been determined.
It was decided to allow the magnitudes of the proton hyperfine
coupling constants to vary through the experimental error in
an attempt to improve the spectral simulation. The methyl
coupling was fixed at 0.455 G and the methylene coupling'
constant in fact allowed to range from 0.200 G to 0.455 G,.in
steps of 0.001 G. No significant improvement was observed.
Since experimental lineshapes are intermediate between

Lortenzian and Gaussian, the computer-simulations were




FIG.65. A TYPICAL COMPUTER-SIMULATED
C{oTABNO SPECTRUM

acy, = O-458 G
acp, =0O-325G
LINEWIDTH =0.40G
LORENTZIAN LINESHAPE



87.

repeated, using Gaussién instead of Lortenzian lines. The
best result of this simulation is shown in Fig, 6.6. One
can see that the feature numbered 1 is still too sharp,
while the feature numbered 4 is not sharp enough.

Since the Gaussian character of EPR lines is often due
to the presence of unresolved hyperfine structure, it was
thought that a small coupling due to the proton in the ¥y
position might be causing both the Gaussian lineshape and
the lack of agreement between the computed and the
experimental spectra. To check this assumption, each.of the
65 lines in the simulated spectrum was split into two lines
of equal intensity, separated by coupling constants ranging
from 0.0001 G to 0.002 G in steps of 0.0001 G, from 0.002 G
to 0.020 G in steps of 0.002 G and from 0.020 G to 0.150 G
in steps of 0.005 G. The lineshapes in these simulations
were Lorentzian. The best simulation increased the ratio
of the height of peak 3 to the height of peak 2 from 0.939
in the absence of coupling to 0.940, while the worst simulations
erased peak 3 completely. The agreement of features 1 and 4
with experiment was not significantly improved by the presence
of the third coupling. Thus it was concluded that the
possible Gaussian character of the lineshape was not due. to
the presence of a small hyperfine splitting due to the y proton.

In a study of Heisenberg spin exchange45, Freed and co-
workers have shown that, when the strongest nuclear spin-
dependent relaxation processes are due to exchange, in the
slow exchange region the width of each hyperfine line depends

upon the degeneracy of that line, according to equation 6.6.
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N-2DM

[6M - 8, (0)] - \/—:2;_- W - (6.6)

In equation 6.6, [6M - éM(O)] is the increase, in hz, in the

width of the line of spectral index number M and degeneracy
DM caused by Heisenberg spin exchange at frequency WHE' Here
N is the total number of transitions. Since different
nitroxide proton hyperfine lines will have different
degeneracies, if exchange is present the widths of the lines
will not be the same.

In Figure 6.7.A.a stick diagram is shown which contains
the more intense (107 of the most intense line or greater)
proton hyperfine lines. The encircled numbers above some of
the lines are the nuclear magnetic moments of the methyl
protons - for all of these lines the methylene proton magnetic
moment is O. Dashed lines connect these lines to other lines
with the same methyl proton coupling but different methylene
proton couplings. Of the lines shown here the one labelled
by the encircled zero is the most degenerate, containing 6
out of 16 possible methylene states and 924 out of 4,096
possible methyl states for a total degeneraéy of 5,544 out of
65,536. For this line the degeneracy factor (N-ZDM)/N will
be 0.83. Thus this line will have 0.83 of the width of a
similar but non-degenerate line, if 6M (0) is zero and the
linewidth is determined entirely by Heisenberg spin exchange.
If the inherent linewidth is greater than zero, the reduction
in linewidth and accompanying increase in the height of the
line will be less, with the ﬁaximum possible peak height being

1.45 times the height of a similar but non-degenerate peak.
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Figure 6.7.B. shows some first derivative maxima and
minima obtained from some of the lines in the stick diagram.
Only the most intense line is indicated by a Lorentzian
curve; for the other lines a diagonal connécting the
maximum and the minimum is used to indicate the Lorentzian
lineshape. The degeneracies of the lines labelled A to E

and the degeneracy factors (N—ZDM)/N are given in Table 6.2

below:
Table 6.2 — Number of States and Degeneracy Factors for
some Nitroxide Lines
Line MCH MCH No of States (N—ZDM)/N
3. 2
A +1 0 4,752 0.855
B 0 +1 3,696 0.887
C +1 -1 3,168 0.903
D 0 0 ' 5,544 0.831
E -3 -1 880 0.973

It is seen that, if exchange were present, the effect
would be to sharpen the central lines more than the outer
lines of the spectrum, since the central lines are more
degenerate.

Figure 6.7.C, shows the top half of a spectrum simulated
from the stick diagram, assuming all lines are Lorentzian
and are of equal width. If one looks at the first derivatives
in Fig; 6.7.B, which combines to form feature 4, one can see
that a narrowing of peaks in the order D > A > B » C > E would
raise the peak of feature. 4 (dominated by the positive half of
line D), and ipcrease the depression between that feature aﬁd.

feature 3 (dominated by the negative half of line A). Since
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in general peaks (3) and (4) would be sharpened relative
to peaks (1) and (2), the general effect of this mechanism
would be to increase the correspondence between simulations
such as that shown in Fig. 6.5 and the observed spectrum.

The experimental system used was designed to minimize
Heisenberg spin exchange. The nitroxide concentration was
kept low (2.0 x 10-5M) and the system was de-oxygenated in
order to éliminate exchange or any other sort of broadening
from the system. That this attempt was not successful is
consistent with data for 2.8 x 10-5M di-t-butyl nitroxide45
which indicate that at room temperature the linewidth in
di-methoxyethane is constant at 0.6 G, and that therefore
the Heisenberg spin exchange contribution to the linewidth
was less than 0.6 G. By comparison with this system, a
Heisenberg spin exchange mechanism accounting for 0.1 G to

5

0.4 G of the linewidth observed in the 2 x 10 °M C.,TABNO

12

system is not unreasonable - if one assumes the Heisenberg
spin exchange frequency to be proportional to the radical

concentration, the di-t-butyl nitroxide in dimethoxyethane

data (reproduced in Fig. 3.5.B) indicate that 2 x IO-SM

ClzTABNé should have a Heisenberg spin exchange dominated
linewidth of 0.36 G, which is in reasonable agreement with
the observed linewidth. Thus it is reasonable to say that
Heisenberg spin exchange is present in the 2 x 10—5M
ClzTABNé system, and that because of this the widths of the
hyperfine lines are not the same, but will be given by

equation 6.6, in which GM (0) may be zero and must be less

than (5M .
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The computer-simulation procedure produced other
evidence that exchange is probably present in the system.
If one ignores the probable variation in the widths of the
proton hyperfine lines and assumes that the computed
spectrum shown in Fig. 6.6 adequately represents the
experimental spectrum, then by increasing the width of the
individual lines one can computer-simulate a series of
spectra whose envelope linewidth can be correlated with the
individual hyperfine linewidth by means of a graph similar
to Fig. 6.8 55 The points shown in Fig. 6.8 do not follow a
smooth curve, especially in the region of lowlhyperfine
component linewidth. The computer simulation program had
a vertical sensitivity of one part in 108, however, and it
was felt that one could only measure the maximum of an
experimental spectrum to about one part in 102. An apparent
maximum, defined as the mean on the horizontal scale of all
points within 1% of the magnitude of the true maximum, was
therefore calculated and its values used to define the solid
line shown in Fig. 6.8. The real and apparent maxima for
several linewilidths are shown in more detail in Fig. 6.9.
The horizontal sensitivity of the calculation is + 0.010 G,
which is about half the experimental error. These two
figures show that the scatter of points allows one to
correlate a measﬁred envelope linewidth of 1.85 G or greater
with a width of the component proton hyperfine 1iﬁes to
within + 0.02 G, which is the experimental error, but.that
for envelope linewidths below 1.85 G the correlation can be

qualitative only.
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In Fig. 6.10, the points obtained for a similar graph
using Lorentzian component linewidths are shown. It is
seen that the points obtained define a much smoother curve
than that obtained with Gaussian lineshapes, and that the
resultant envelope linewidphs are larger for Lorentzian than
for Gaussian component lines. One would therefore expec£ a
lineshape intermediate between Lorentzian and Gaussian to
yield widths intermediate between the widths shown here.

Fig. 6.11 shows experimental linewidths obtained as a
function of temperature from a de-oxygenated solution of
3 3

M C,.TABNO in the presence of 1.5 x 10 °M C. TABNH.

5.5 x 10 12 12

As the temperature is increased, the number of collisions
between paramagnetic molecules should increase, thus increasing
the Heisenberg spin exchange broadening of the nitroxide lines.
Thus Fig. 6.11 should be roughly equivalent to Figures 6.8-6.10.
Since the nitroxide lines are mot of equal height, the fast-
tumbling limit has not been reached and it is conceivable that
increasing the temperature could cause a linewidth decrease,
especially to the high field line. The behaviour of the
solutions at the higher temperatures show that Heisenberg

spin exchange broadening dominates the linewidth behaviour

in that region. The minimum linewidth obtained for the three
lines is 1.65 G + 0.02 G for MI =0, 1.67 G + 0.02 G for MI =1
and 1.72 + 0.02 G for M_ = -1. Experimental spectra of

I

C12TABN6 with lower linewidths have been observed — a de-

oxygenated sample whose concentration was lower than

1.4 x 103

M, which on heating loses the hyperfine structure
on the central peak between 86°C and 96OC, has a width of
1.35 + 0.05 G at 96°C. This indicates that broadening due to

the slower tumbling rate probably dominates the lower temperature

region of Fig. 6.11,
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The computer-simulated spectra show hyperfine
structure at envelope linewidths below 1.73 G for a
Gaussian lineshape and 1.97 G for a Lorentzian lineshape.
They clearly do not approach the experimentally observed
width of around 1.35 G. However, spectra have been
simulated with coupling constants of smaller magnitude
but in the same ratio - the result of one of these
simulations is shown in Fig. 6.12. The methyl and methylene
coupling constants have been reduced from 0.458 to 0.430 and
from 0.325 to 0.305 respectively, and the minimuﬁ envelope
linewidth reduced from 1.73 G to 1.67 G. Clearly a much
greater reduction in the coupling ﬁonstants is needed to
reduce the minimum to the experimentally observed value.

A reduction in the observed value of the proton
hyperfine coupling constants is consistent with the
presence of exchange between the proton hyperfine lines,
since an exchange frequency of the order of magnitude of
the separation of the hyperfine lines would cause the-
lines to move toward each other, thus reducing the
apparent hyperfine coupling constants. Since the hyperfine
coupling constants are of the same order of magnitude as
the individual linewidths, which seem to be dominated by
an exchange-broadening component, this hypothesis is not
improbable.

Although it would be possible to correct the
siﬁﬁlated spectra by modifying the program to give each

hyperfine component a width determined by equation 6.6, it
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was decided that a complete solution to the problem of
65 exchanging lines, either by means of a Sack
calculation53 or by density-matrix methods45, was too
complicated to be attempted. One would need to have the
full solution in order to obtain the exchange frequéncy
from the observed envelope linewidth. However, the
results obtained in this chapter are useful in a
qualitative way in determining the exchange frequency

which causes an observed envelope line broadening.
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CHAPTER 7

PRE-MICELLAR ASSOCIATION

7.1. INTRODUCT ION

In Chapter 5, exchange between a monomer and a micelle, or other
aggregate giving'one broad EPR line, was mentioned as a possible
cause of the observed anomalou; linewidth effects mentioned in
Chapter 4. This chapter discusses the possible existence below the
. cme of dimers or other pre-micellar aggregates, in order to establish
whether the anomalous linewidth effects are indicative of micelle formation.
The possible existence of pre-micellar aggregates has been
discussed in the chemical literature for several year58’7l_78. Arguments
favouring tﬁe existence of pre-micellar association have been collected
in a review by Mukerjee8. In many instances the experimental errors of
the techniques employed and the experimental results have been of the
same order of magnitude. Sodium dodecyl sulphate has been studied by

several authors and methods71’75’76’78

and found, from conductivity
. . . . 71 .
measurements, to undergo pre-micellar dimerization, = with an

equilibrium constant KD for the dimerization reaction (7.1) of about

250. It has also been found,

- - =
DS + DS {:::ﬂ (DS)2 (7.1)

from conductivity measurements75, to behave as a completely disassociated
electrolyte below the cmc. EMF measurements76 yielded a maximum KD of

10 (12% dimer at the cmc), with the suggestion that with theoretical
modifications no dimers need be invoked, while measurements of solution

density78 resulted in a KD of about 100.
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Results from several series of surfactants are available
which indicate that pre-micellar dimerization increases with increasing
hydrocarbon chain length72_74’79; A conductivity method has been used
to show that sodium n-alkyl sulphonates do not dimerize for hydrocarbon
chain lengths ranging from two to twelve, but that for the sodium
n-tetradecyl sulphonate the experimental data are best explained by a
K, of 34074. Alkyl trimethyl ammonium bromide salts have been found to
undergo similar behaviour73, a conductivity method indicating the
18TAB but not in C12 and Cl4TAB.

Partition ratios for fatty acids between heptane and an aqueous buffer

presence of dimerization in C16 and C

(pH 7.45)79 have been interpreted72 as showing that dimerization of the
anion of the fatty acid takes place in the aqueous phase, with KD

ranging from 40 for the décanoate anion to 1.3 x 107 for the stearate
anion. However, no dimerization was detected by light—scattering.methods77
in a series of zwitterionics whose hydrocarbon chain lengths ranged between
ten and sixteen. In all cases where dimerization was found, the driving
force of the reaction was considered to be the increase in stability

. - . 8
obtained by the association of two hydrocarbon chains

7.2, Measurements with ClzTABNé

It is possible to use EPR methods to measure the amount of
nitroxide which gives a sharp, three lined spectrum in solution. The
intensity of this spectrum can be measured to + 2% relative to a
standard sample if care is taken in obtaining the EPR spectra. Thus, if
a solution contains both a sharp, three lined signal and a broad signal
such as has been observed from a micelle, one can measure éhe amount
of the sharp component present and thus determine parameters such as

the monomer to micelle ratio.
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A series of measurements was carried out with CIZTABNé to
determine the amount of monomeric surfactant present as the total
surfactant concentration was increased through the cmc. A standard
solution of 2 x 10-2M ClzTABNé was prepared, and samples at other
concentrations were prepared from this by dilution, using Agla syringes
to measure both the volume of stock solution and the volume of water
added. The concentrations thus obtained were known to be better than
+1lx 10—4M. The samples, which were not de-oxygenated, were placed
in a Varian Room Temperature Aqueous cell, which was adjusted in the
EPR cavity until the maximum possible signal (+ 0.5%) was obtained
from the sample. The EPR spectra of the samples were obtained under
identical conditions, excepting changes in the magnitude of the
receiver gain control necessitated by the changing intensities. These
changes were corrected for.

The intensities of the EPR spectra thus obtained were measured using
a nomogram method described by Tolkachev and Mikhailov41. The method
gave intensities for the three nitroxide peaks which were within + 37
of the average value for the three peaks. The standard error (687 of
the time, measurements of the mean will lie within one standard error
of the true mean, while 957 of the time they will lie within two
standard errors of the true mean)so, averagéd 1.257 and did not exceed
2.3%7. The monomer concentrations were obtained from the measured
intensities, using the 3 x 10—3M peak as a standard. In Figure 7.1,
the monomer concentrations thus obtained, enclosed by i_ZZ error bars,
are plotted as a function of the total surfactant concentration.

Figure 7.2 shows a conductivity plot of the same compound, used to

determine the cmc. In both figures there is a small deviation from
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the expected behaviour in the region between about half the cmc and

the cmc.

and the conductivity is decreased somewhat as well.
due to the formation of dimers below the cmc, or to the formation of

a small number of micelles below the cmc. If one assumes that the
deviations are caused by dimer formation, the data plotted in Figure 7.1

can be used to calculate an equilibrium constant KD for the dimerization

process.

Table 7.1.

98.

Slightly less monomer than expected seems to be present,

Several values of KD and their error limits are shown in

The data at concentrations up to 8 x 10-3M are consistent

Table 7.1 Dimerization constant K. for Cl;TABNO
p © &

This could be

Rl el e B N
;on§e§8§;tion, Concentration, T -ZD (T+0.1)-0)-2.2D) (T—O.l)—(D+2.02D)
’ D, x 103M D (D-0.02D) (D+0.02D)
5 4.72 12.5 23.8 2.12
6 5.52 15.7 - 24.0 7.83
7 6.70 6.7 12.8 1.07
8 7.52 8.5 13.0 4.28
9 7.97 16.2 21.4 11.3
10 8.27 25.0 30.5 20.3

with a dimerization constant of about 10, but above that concentration

an increasingly larger KD is required, a result in fact due to the

onset of micellization.

The data are not accurate enough to establish

beyond doubt that the decrease in monomer intensity below the cmc is

due to dimerization rather than micelle formation, although they tend

to support that view.
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The intensities measured above the cmc are subject to an
increasing error due to the presence of the underlying micellar
line, which adds to the observed intensity of the MI = 0 linme and
subtracts a smaller amount from the ﬁI =+ 1 lines. Computer
simulations assuming Lorentzian lineshapes for both monomer and
micellar lines, a monomer linewidth of 1.8G, a micellar linewidth of
16.0G and a hyperfine splitting constant ay of 16.9G showed that the

true monomer intensity X was related to the observed intensity

I M) by

X+Y=1 (0)

} (7.2)
X - 0.25Y = I (+1) :
where Y is the amount of micellar signal underlying the MI = 0 monomer
line and M is the spectral index number of the line concerned. However,
micellar intensities obtained by this method were a magnitude lower than
expected from cmc measurements. If the micellar line is 9G wide instead
of 16, and is of Lorentzian lineshape, the micellar concentrations known

to be present will have the observed effect on the spectra, and monomer

intensities can be calculated using equations 7.3.

X+Y=1 (0) _ ,
} - o (7.3)
X-0.1Y = I (+1)

Both sets of equations decrease the values of the monomer concentration,
with the decrease becoming larger as the total surfactant concentration
increases. Deviations of the lineéhape towards the Gaussian lineshape
would also tend to decrease the true monomer concentration. At present
the most meaningful statement seems to be that the intensity measured
above the cmc will be higher than the true intensity, which will lie

somewhere between the intensity determined from the MI = +1 lines alone
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and the average intensity. The dotted line in Figure 7.1 corrects the
measured average intensity according to equation 7.2, while the crosses
represent the average intensities from the MI = + 1 peaks only. The
resultant apparent decrease in monomer intensity above the cmc is

. . . . . . 81
consistent with the mass action approach to micellization ~, as
explained briefly below.

If M is a micellar species at concentration CM and D is a monomer

species at concentration C_, where N molecules of D constitute a

D!
micelle and (1-u)N counterions are associated with the micelle, then

micellization can be described by
(1 w)NC+ N == M _ (7.4)

where C is the counterion. Equation 7.4 will have an associated

equilibrium constant KD’ where

N(l-a) N
KD - CC CD (7.5)

Cy

Since mass balance requires that

c- M ' (7.6)

if no excess counterions are added to the system, Equation 7.6 can be

substituted into Equation 7.5, yielding

CN(l—a) N
K = : —— (7.7)
¢, - ¢, .

Taking the logarithm of 7.7 and re-arranging, one finds that

_log _ _ 1 _ _
log CD = KD (1-a) log CC + 5 [}og (CC CD) log N-] (7.8)
N



101.

For a given system, the number of monomers per micelle and the
degree of dissociation o will be fixed. Since CC is also the total

surfactant concentration, at high surfactant concentrations (CC>> CD)

log CD =g/ - (1-<r1/N) log C (7.9)

C

where K7 = log KD - log N . Thus in the limiting region of high total
N
surfactant concentration the slope of a log C

vs log C,. plot will be

D C

. . 1 .
negative, with a value (1-o"/N). At lower total surfactant concentrations
the slope will be larger in magnitude, but in the same direction. This

is qualitatively the type of behaviour exhibited by C,, TABNO, as shown

12

in Figure 7.1.

7.3. Measurements with ClTABNd

In order to see whether or not the pre-micellar association observed

with ClzTABNé was induced by the nitroxide head group, measurements of

the intensity of ClTABNO as a function of concentration were made.
ClTABNé solutions were prepared by dilution from a standard ClTABNO

solution whose concentration was not known exactly, both because of

difficulties encountered in purifying the C.TABNO  sample and because

1
the ClTABNd was hydroscopic. Absolute intensities were determined
by comparison of the intensities of the four least concentrated CiTABNd
3

samples with the intensity of a 4.78 x 10 °M CiOTABNb sample, which

was assumed not to dimerize. The intensity measurements were made using
the nomogram method41 used for the C12TABN6 samples, except that only
the MI = 0 peak was used in the measurement. Because of this, and
because of probable errors involved in the standardization procedure,

the error in the intensities determined is estimated at +57.
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The resultant blot of measured monomer concentration versus total
concentration‘is.shownvin Figure 7.3. At concentrations greater than
6 x 10—3M a decrease in the measured monomer percentage is qbserved.
If it is assumed that this decrease is due td,dimer formation, one can
calculatevan equilibrium constant KD for the dimerization reaction,

as was done for C,,TABNO in the previous section. The results for

12
'ClTABNd are shown in Table 7.2.
TABLE 7.2
Total CEABNé Measured K, = K; = K; =
concentgation, gogﬂgig- _ : ) ‘ _'
T, % 10°M 1 T - M| (T+0.1)~(M-0.05M)| (T-0.1)- (M+0.05M)
ﬁ?n:e?gﬁﬁti°n’ w? | -0.05m)% | (14+0.05M) > |

5.92 5.63 9.15 19.9 . 0.29

7.40 6.80 13.0 22.8 4.89

9.78 8.70 14.3 22.3 7.67

14.80 11.60 23.8 31.2 17.7

As can be seen from Table 7.2, the results fo; CiTABNé are not
accurate enough to indicate whether or not dimeriéation is the only
process occurring in the system. The calculated results cquld_be
explained by a dimerization constant of about 18, or by a dimerization
constant of about 10 and the presence of larger aggregateé at higher
concentrationé of total surfactant. It is certain, however, that some
1oss of expected monomer intensity is occurring in the system.

The results for ClTABN(S indicate that the monomer intensity loss

observed for C., TABNO does not have to be due to hydrocarbon-chain

12

induced pre-micellar dimerization. It is likely that the interaction

which causes C,TABNO to associate is also operative in the ClzTABNO
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case, and that the association of C TABNO molecules below the cmc

12

is caused by interactions between the paramagnetic head groups. The
presence of an on-line computer would make. it possible to reduce
considerably the error margins in these experiments, allowing more

accurate values of KD to be obtained for ClTABNb and for C,.TABNO.

12

Comparison of these more accurate KD values should allow one to
determine whether dimer formation or pre—cmc micelle formation is

important for C

12

TABNd, and whether the ClTABNé association and the

CliTABNb association are caused by the same mechanism.

7.4, Variable Temperature Measurements with C CIABNé

1

Data from CloTABNé samples have been obtained which indicate that

the number of monomers present in CloTABNO below the cmc increases
as the temperature increases from 25°C to about 60°C. The spectra were

TABNO solution,

obtained from both a 6 x 10_3M and a 1 x 10_2M C10

neither of which had been de-gassed. The solutions were placed in a
Varian Variable Temperature Aqueous Cell, to which silicone rubber

strips had been glued to ensure that the cell fitted tightly into the
quartz dewar thch was inserted in the EPR cavity. The dewar was
fastened firmly in the cavity with similar strips. It was found that,
using the standard Varian variable temperature apparatus modified in this
way and measuring the intensities by the nomogram method41 described
earlier, it was possible to obtain intensities reproducible to +37%.

The temperatures were measured with the copper-constantan thermopilé

described in Chapter 4.
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The measured intensities were corrected for the decrease in
intensity with increasing temperature due to the progressive
equalization of the number of spins in the m, = +} and m =-£.spin
states (Boltzmann factor)sz, and for the decreasing intensity with
increasing temperature due to the expansion of the solution83 (the
corrections used were those applicable to pure water). Eriors due
to the presence of air bubbles, which often form in solutions at
higher temperatures (sometimes being visible in solutions at
temperatures as low as EOOC) were not corrected for, and would cause
a decrease in intensity at higher temperatures.

If one assumes that no air bubbles were present in any of the
solutions, and that at the highest two temperatures recorded each of
the solutions contained only monomeric CldTABNés then by setting the
average intensity at these two highest temperatures equal to 1 the
relative monomer intensities at the other temperatures can be
obtained. The results are shown in Figure 7.4 - the error bars represent
a +37 deviation in the measured intensity of the solution concerned.
Figure 7.4 shows that there is some loss of intensity in the solutions
at lower temperatures, and that there is probably a greater loss of
intensity in the more concentrated solution. This is consistgnt with
the formation of dimers which are more stable at‘the lower temperatures,
and which would disassociate at higher temperatures to cause the observed
increase in the number of monomers present. The decrease in intensity
at the highest temperature is probably due to the formation of air
bubbles, whose presence at other temperatures may have ca#sed the

percentage of monomers present at the lower temperatures to be less

than that indicated on the figure. No calculations of dimerization

constants were attempted, since the uncertainty in the data, coupled
with the lack of accurate knowledge of the monomer intensity at high

temperatures and the uncertainty that at high temperatures the solution



oI
___o¢ 09 or O ob
. N >_Ol X |
—o— We Ol X9 | 1=

106

* | Lmo...

[ . ]
—

| ~ 3YNLVY3dANIL 'SA YOS B
YINONOW NI IN3STHd ONgVIC'D J0 NOILOVHd L Old

ﬁ . oot
i °°

lso

~ IN3534d HINONOW 40 NOILOWYS



105.
contained no associated cations, would make the results éf the
calculations meaningless. However, the data do show that the number
of monomers in a ClOTABNé solution decreases with temperature in the
range 70°c-25°C, and thus imply that some sort of pre-micellar
association is taking place at the lower temperature.

7.5, An Attempted Detection of Pre-Micellar Association Using the
Freezing Point Depression Method

Mr J H Boyd of the Department of Chemical Engineering at Birkenhead
College of Technology has developed an apparatus which is accurate
enéugh to detect dimerization with a KD of 10 by the freezing point
depression method®?. Mr Boyd kindly agreed to test several ClgMBNé
solutions to see if any evidence of dimerization at about 0°C could be
found. Since the freezing point depression apparatus required about
500 ml of solution for each run, it was possible, due to the limited
supply of CH;ABNé available, to do only one run consisting of six
different concentrations. Thus the accuracy of the technique was not
as great as it would have been if data from the usual thirty or so
points had been available.

The freezing point depression 6 (in degrees centigrade) is related
to the molality m of a solution of an ionic salt in which the cations

may associate by

 /m = K, |2 - &m (1-u)2] | | (7.10)

where KD is the dimerization constant for the cation association, ¢ is
the degree of association, and Kf, the molal freezing point depression

constant, has a value of 1.86- If there is no cationic association,

a plot of e/m versus m will be a straight line with zero slope and
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intercept 2Kf. Association will cause the plot to have a negative
slope, which will have the magnitude KfKD at small o and will decrease
as o increases. Figure 7.5 shows a plot of ® /2Kfm versus m which contains
the theoretical lines for KD = 0 and RD = 10 as weil as the experimental
points. The.experimental points are closer to KD = 0 than to KD = 10,
and indicate that dimerization of the extent observed at room temperature

o
does not occur at temperatures around O C.

7.6. The Influence of Added Salt on the Pre-Micellar Association of

C. TABNO
1o

The addition of inorganic salt is known to decrease the cmc of ionic

surfactants 49. In order to see if the addition of inorganic salt had
any effect on the pre-micellar association observed in ClOTABN6
solutions at room temperature, 1 x 10_2M NaBr was added to a 1 x 10—2M
CloTABNé solution and the EPR spectrum was recorded. For comparison
the spectrum of a 1 x 10—2M ClOTABNé solution was recorded as well.
Intensities of the nitroxide monomer were measured by the nomogram .
method in both cases, and after the volume effect of the added salt had
been corrected for, it was fouﬁd that the monomer intensity in the
solution containing NaBr was more than 37 less than that in the solution
without NaBr. This is slightly outside the experimental error of the
nomogram method of intensity measurement. The quantity of salt added was
not enough to have lowered the cmc of the surfactant appreciably.

The slightly increased aggregate formation in the presence of NaBr
could be explained by the additional stability given to associated hydro-
carbon chains by the increased ionic strength of the solgtion. Altern-—
atively, it wés felt that the Br- ion might stabilise the two cationic

head groups which might associate to form a dimer. It was thought that,

if the latter explanation were correct, there would be an effect on the
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spin-spin and spin lattice relaxation times of the Br ion caused by
its incorporation in a complex with paramagnetic head groups. The
changes in the quadrupole interaction due to changes in the electric

field at the & Br nucleus, the dipole-dipole interaction between the

. 7 - . .
unpaired electron and the ? Br nucleus, and the contact interaction

between the unpaired electron and the nucleus would cause T, to decrease,

2

while the first would decrease T1 as well, Thus one would expect the

addition of CloTABNé to a NaBr solution to broaden the Br resonances
if a complex between Br and the surfactant headgroup were formed, and
if fast exchange of the Br ion between complex and soiution were taking
place.

The experiment described above was attempted on the Bruker 90 Pulse
NMR Spectrometer located at Unilever Research Port Sunlight Laboratory.
Unfortunately, the low sensitivity of the79 Br nucleus made it necessary
to work with a 2.5 M NaBr solution, whose ionic strength caused the

3

added ClOTABNb to precipitate out at concentrations above 1 x 10 M.

Thus no information about the structure of the ClOTABNO dimer was

obtained by this method.

7.7. Conclusions

The data obtained by EPR methods indicate that, at room temperature, some
sort of aggregate is present in pre-micellar solutions of ClTABNd, C10
TABNé and C12TABN6 The fact that CITABNé solutions exhibit this
behaviour makes it unlikely that the association is caused by the
surfactant hydrocarbon chains. If one assumes that the aggregate is a

dimer, the data can be explained by a dimerization constant KD of about

10. EPR data indicate that the number of aggregated molecules decreases
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as the temperature is increased, while freezing point depression
data indicate that aggregates are not present at 0°C to the same
extent that they are present at 25°C. Thus the aggregates probably
exhibit a minimum in the free energy of formation versus temperature
curve similar to that found for many micellar species above the cmc.
The influence of the pre-micellar species upon the EPR spectra

observed above the cmc will be discussed in the next chapter.
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CHAPTER 8

CONCLUDING EXPERIMENTS WITH THE CATIONIC NITROXIDE SURFACTANTS

8.1. Introduction

The three previous chapters have indicated several things that
should be considered when interpreting the EPR spectra of the cationic
nitroxide surfactants. In chapter five it was shown that, under certain
conditions, one can distinguish between Heisenberg spin exchange and
exchange between a monomer and an aggregate by a differential 1ine;

broadening effect, in which the W, = +1 lines broaden more than the

m; = 0 line for monomer-aggregate exchange, at exchange frequencies

for which Heisenberg spin exchange causes all three lines to broaden
equally. However, chapter seven showed that at room temperature

there were two types of aggregate present in solution, micelles above
the cmc and a pre-micellar aggregate, which may be a dimer,below the
cme and presumably, if a dimer, above it. The smali magnitude of the
linewidth effects énd the complications caused by three possible
interactions in solution made it desirable to remove a fourth type of -
interaction, that of the various components of the system with dissolved
oxygen, from the system. For this reason oxygen was removed from the
systems studied in this chapter. Even with the removal of dissolved
oxygen, however, the measured linewidths of the monomeric nitroxide
surfactant can not be quantitatively related to the exchange frequency
of the monomeric nitroxide surfactant with some other environment
since, as indicated in chapter six, the calculations necessary to do
this are too complicated. Thus only qualitati?e information about the
exchange frequency has been obtained from the measured linewidths. The
qualitative information obtained from further experiments with the

cationic nitroxide surfactant systems is described below.
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8.2, De-oxygenation of the Surfactant Solutions

Dissolved oxygen was removed from most of the samples studied in
this chapter using a glove-box filled with nitrogen, from which any
oxygen present had been removed by bubbling through three consecutive
traps containing a solution of alkaline pyrogallolss. The nitrogen
stream then passed through two traps containing wéter, and thence into
the glove box. A valve was available which allowed part of the
nitrogen to be diverted through a tapered tube into the sample, and
open solutions of alkaline fyrogallol were present in the glove box
to adsorb any oxygen given off by the saméle. A schematic drawing of
the de-oxygenation apparatus is shown in Figure 8.1.

It was found that it was not possible to de-oxygenate the samples
successfully by passing the nitrogen stream through the sample, as’the
loss of bubbles containing excess surfactant made the resultant
concentrations highly unreliable. Therefore the samples were prepared
inside the glove box by adding water which was de-oxygenated by the
nitrogen stream to flasks containing weighed amounts of powdered
surfactant. The powdered surfactant was allowéd to stand in the
nitrogen atmosphere for several hours before measured amounts of the
de-oxygenated water were added with an Agla syringe. The samples were
then left for several hours, to ensure complete dissolution. The EPR
tube, generally the Varian variable temperature aqueous cell, was
filled with sample inside the glove box, and sealed at the bottom with
a rubber stopper and at the top with an ordinary pipetté teat. The EPR
spectra from sampleé prepared in this way were reproducible, and the
sealed EPR cell did not admit a detectable amount of oxygen for at
least forty-eight hours. The glove box was used for‘storage of de-
oxygenated stock solutions as well as for sample preparation and

transfer.



JO J_J< uoa\/@ wz V « V = I

o

Sew«w oV O LVYN3

XOlw ia]

ft=]

<O

g5

to

UJ
8

CD

UL



111.

8.3. Experiments with CléTABNé-

Although earlier work (see chapter four) had shown that the

monomer-micelle exchange frequency in C,, TABNO solutions was very

14
small, it was thought that, using de-oxygenated solutions, some change
in the EPR spectra which might be attributable to monomer-micelle

14

8 x 10-3M in Cl4TABNH was prepared, the total surfactant concentration

exchange might be detected. A solution 2 x 10—3M in C, TABNO and

being more than twice the cmc of the mixed surfactant. Oxygen was
then removed from the solution by passing de-oxygenated nitrogen gas
through it - a procedure which would have removed some surfactant
from the solutions. The resulting de—oxygenated solution was above
the cmc of the mixed surfactant, as inciated by'the presence of
micellar peaks in the EPR spectrum descr;bed below. The C14TABN6

concentration was kept low, to minimise the formation of Cl4TABN0/

C,, TABNO dimers, and C 4TABNH was added in order to micellize

14 1

the mixed surfactant. The low ClaTABNé concentration was also
intended to minimize Heisenberg spiﬁ exchange effects.

The EPR spectra obtained from this sample at room temperature
is shown in Figure 8.2. The micellar signal consists of three broad
lines, since the micellar nitroxide spin exchange frequency is reduced
by the intervening C14TABNH molecules. The nitroxide monomer signals
show proton hyperfine structure. Even if monomer-micelle exchange
were present in this system it would be moré difficult to deteét than
in the case where the micelle gives one broad EPR line, as the exchange
in the present case would be between two lines at the same fféquency with

T2's differing by a factor of less than 10.55 "By increasing the

temperature to 70°C, one has increased the frequency of inter-micellar
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exchange, so that many of the micelles give the micellar spectrum
consisting of one broad, exchange-narrowing line. The monomer
spectrum consists of three sharp lines with increased proton hyperfine
structure resolution. The most probable cause of the increased
resolution is the narrowing of the linewidth due to the increased
tumbling rate of the molecule at the higher temperature - the monomer-
micelle exchange frequency is therefore not large enough to overcome
this effect. Thus the monomer-micelle exchange frequency in the
C14TABN6/014TABNH system studied here, and by inference in C.  TABNO

14

systems in general, is too low to be detected by this EPR technique.

8.4. Experiments with C TABNO

12

A series of experiments was performed with CléTABNO solutions

in an attempt to measure the monomer-micelle exchange frequency. The

first of these involved 7 x 10_3M C12TABN6 solutions in the presence

and absence of 0.1M NaCl. The solutions were de-oxygenated as described
in section 8.2. The NaCl decreased the cmc of the NaCl containing

solution so that micelles were present in it throughout the temperature

3M CIZTABNé solution should not have

contained micelles, and certainly would not have done so at temperatures

range studied. The 7 x 10~

above 35°C.

The widths of the MI = 0 lines of C12TABN6 in the presence and
absence of 0.I1M NaCl are shown as a function of temperature in Figure 8.3.
It is seen that at the higher temperatures the 1ineé in the NaCl
containing solution are broader than those in the system containing C12
TABNé alone, while at intermediate temperatures the position is perhaps
reversed (the difference in linewidths being just outsidé.the combined
experimental errors). Figure 8.4 shows the widths of all three nitroxide
lines for the solution containing NaCl, while Figure 8.5 contains similar

information for the solutions without NaCl. It is seen that in both

solutions at higher temperatures there is a tendency for the mo=+1
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lines to be broader than the m, = O line, and that this effect is

apparent at lower temperatures in the solution without NaCl.

A possible explanation for Figure 8.3 is that the incréased
broadening at high temperatures in the presence of NaCl is due to
monomer-micelle exchange, while the slightly reduced broadening at
lower temperatures is caused by a reduction in either Heisenberg spin
exchange or monomer-dimer exchange, due to the presence of a smaller
number of monomers (and therefore dimers) in solution. The slightly

greater width of the my = + 1 lines of the solution without NaCl

in this temperature region would indicate monomer-dimer exchange, while
the absence of the effect in the micellar soiution would be due to the
smaller number of monomers and dimers present there. Further
experiments have shown tﬁis explanation to be only partially correct,
however.

Further experiments were performed with samples containing less C12

TABNO. A series of variable temperature experiments was performed with

3

de-oxygenated 5.5 x 10 °M C,.TABNO with and without 0.1M NaCl, and with

12
both of these systems also containing 1.5 x 10—3M C12TABNH. An
analogous series of experiments was performed using 4.0 x 10—3M

clerBNé, 2 x 10 M C,,TABNH, and 0.1M NaCl. Only the results of this

latter series will be reported in detail - the results of the former
series were similar, except that the linewidths were somewhat broader

throughout.

3M CIZTABNb solutions are shown in

Figure 8.6 A-D. All four of the solutions exhibit slightly greater

The results with the 4 x 10

broadening of the MI = + 1 lines over that exhibited by thé m, = 0 line.
The two solutions containing NaCl had identical linewidths, within the

experimental error of + 0.02 G, as did the two solutions not containing

NaCl.
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Rough intensity measurements were taken, by the method of assuming
the lineshapes to be Lorentzian and equating the intensity with the
product of the height and the sqﬁare of the width of each peak, which
estimated the number of monomers in each solution. Since at lower
temperatures the linewidths in all four solutions were within the
experimental error of each other, this method was more accurate than in
the usual case of different linewidths. The measurements showed that
at room temperature the solution containing ClzTABNé only and the
solution containing C, . TABNH as well had the same intensity, while

12
the solution containing C TABNO and 0.1M NaCl showed about 77% of the

12
monomer intensity of the other two solutions. The monomer intensity of
the solution containing all three compounds was only 63Z of the intensity
in the abseﬂce of NaCl. As the temperature increased up to 60°C the
intensities in each solution stayed almost constant. Accurate intensity
measurement in the region above 60°C was not possible due to the formation
of vapour bubbles in the solutions.

The above results were consistent with the presence of micelles in
the solutions containing NaCl, and the presence of monomer-micelle
exchange causing the increased broadening observed theré.. However, it
was thought prudent to check that the observed broadening was not a
property of the NaCl alone, to ensure that it was due to the presence
of the micelles caused by the NaCl.

Accordingly de-oxygenated solutions 4 x 10_3M in ClOTABNé
in the presence and absence of 0.1M NaCl were prepared.  Neither of
these solutions contained micelles. The broadening caused by the

3

presence of NaCl was the same as that observed with the 4 x 10 M

C,.TABNO solutions both with and without C

12 TABNH, The intensity

12
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loss in the CldLABNé solution containing NaCl was 157, as compared

with the 237 intensity drop observed with the CléEABNé solutions.

In the CldLABNé case the intensity drop is probably due to increased
dimer formation with added salt, while in the ClzTABNé case both
micelle and dimer formation may be involved. The increased linewidth
in the presence of NaCl could reflect monomer-dimer exchange, or it
could reflect increased Heisenberg spin exchange for the monomers that
are left in éolution, the increased ionic strength of the solution
making it easier for two cationic nitroxides to approach each other in

solution. The observed, but smail, increase in broadening of the

= + 1 lines over the m. = O line in all the solutions observed

m I

I
argues for the former explanation.

If the presence of NaCl causes increased monomer—dimer exchange,
perhaps due to the presence of more dimers, then the high temperature
line broadening shown in Figure 8.3 for the solufion containing NaCl
could reflect the creation of more dimers due to micellar breakdown
at high temperature. If this caused the solution containing NaCl
to contain more dimers than the solution without NaCl, the excess
broadening in that solution would be explained.

Figure 8.7 shows the changes in the width of the my =0 line of
3

two solutions, one containing 5.5 x 10 °M CléTABNé, the other

containing in addition 1.5 x 10-3M CléIABNH. If one assumes that dimers
will be formed in both of these solutions, with a KD of 10 for the
dimerization process, and that ClérABNd and CléTABNH behave alike

as far as the dimerization reaction is concerned, then one can
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calculate that the sample without CléTABNH should contain 1.25 x 10_3M
nitroxide dimers, while the sample with C, TABNH should contain

12
1.50 x 10-3M nitroxide dimers. The broadening pattern is similar for
the two samples except in the region around 75°C, where the broadening
of the sample containing ClZTABNH is greater. If the cause of

brdadening were a general salt effgct due to the presence of the C12
TABNH, one would expect to see small differencés at all temperatures,
The broadening pattern shown in Figure 8.7 can be explained if one
invokes both an increasing monomer—dimer exchange frequency with
increasing temperature and a decreasing KD with increasing temperature;
the latter being consistent with data presentedlin chapter seven.
Accurate measurements of the monomer intensity, and also of the
micelle and dimer intensities, in these solutions would provide the
information necessary to decide what is happening in these systems.
Unfortunately the interesting temperature region is that in which the
EPR intensity measurements, which might yield accurate monomer
intensities, are of doubtful value, due to the presence of vapour
bubbles in the solutions. Other techniques such as conductivity
are also doubtful due to rapid evaporation of solution. Thus it
seems that for the present only indireét evidence of the type
presented above is available to aid in discerning the process which
are taking place in these systems.
In order to avoid the complications caused by the use of NaCl to
induce mjcellisation it was decided to use the diamagnetic nitroxide-

analogue C »TABNH to increase the total surfactant concentration to

1
above the cmc. A solution 7 x 10_3M in ClzTABNb and 8 x 10—3M C12TABNH
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was prepared, de-oxygenation being performed as described in section 8.2.
The EPR spectra of this sample showed one broad micellar peak at
temperatures ranging between 44°C and 93°C, as well as the usual three-
lined monomer spectrum. The width of the m, = O line as a function of
temperature is shown in Figure 8.8, where the width of the m = 0

3M C,.TABNO in the absence of added surfactant is shown

line of 7 x 10 12

for comparison. It is seen that the linewidths of the two systems are
similar, with the width in the non-micellar system exceeding the width
in the micellar system by about three times the experimental error in
the region around 64°C. The major effect of the addition of micelles
to this system seems to be the removal of paramagnetic monoﬁers from
solution, and the concomittant reduction in ¢ither monomer-dimer or
Heisenberg spin exchange. At 64°C and below the linewidth behaviour
in both systems indicates the presence of Heisenberg spin exchange
only, while above that temperature the m_ = +1 line begins to approach

I

the m, = -1 line in width. Thus at the higher temperatures monomer-
dimer exchange could be important in both systems.

The experiments described above show that monomer-micelle exchange
does not effect the linewidths observed in C12TABNd solutions. The
major linewidth effects can be explained if Heisenberg spin exchange
is taken into account, although in certain solutions and at ceftain

temperatures linewidth effects suggest that monomer-dimer exchange

may contribute to the observed linewidth as well.

.5. i i ABNO
8.5 Experiments with C1 TAB

In order to see if monomer-micelle exchange could be detected

in ClOTABNd solutions, two solutions each 1.8 x IO—ZM in CloTABNO

were prepared. One solution was also 5.8 x IO_ZM in CloTABNH, which
increased the total surfactant concentration to above the combined cmc

for the surfactant mixture. The other solutipn contained C, . TABNO only,

10

and was thus below the cmec.
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Spectra of both solutions obtained at 76.7°C consisted of three

broad lines. In the sample containing C oTABNH the mI=O line was more

intense relative to the my = + 1 lines than the my = O line in the other

sample, a result which is consistent with the presence of an underlying
micellar peak in the first saﬁple. This effect, although diminished
in magnitude, was still present at 54.8°C. Thus the sample containing
CldTABNH . contained micelles at both temperatures studied, although
the micellar signal was sharper at the higher temperature, due to
increased inter-micellar exchange.

The linewidths obtained from the samples at both temperatures are

shown in Table 8.1.

Table 8.1 Linewidths of ClCTABN6 Samples

Width of Width of Width of
Sample °c | B =t mp =0 mp = -l
line, line, line,
1.8 x 10 M C, TABNO | 54.8 | 3.82 + 0.05 3.65 + 0.05 | 3.85 + 0.05
1.8 x 10 M G, TABNO | 76.7 | 5.00 + 0.05 | 4.65 + 0.05 | 5.05 + 0.05

1.8 x 10”2 C, TABNO

-2
5.8 x 10 M ClOTABNH

54.8 | 2.98 + 0.05| 2.98 + 0.05 | 3.05 + 0.05

1.8 x 10 A C, oTABNO

_ 76.7 | 4.10 + 0.05| 3.98 + 0.05 | 4.15 + 0.05
5.8 x 107 C, o TABNH

At both temperatures the widths of the lines in the solutions
containing micelles are less than the widths of the lines in the non-
micellar solutions. Thus the major effect of creating micelles is not

the introduction of monomer-micelle exchange, but the removal from
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the solution of monomers and/or dimers which had undergone either
monomer—dimer or Heisenberg spin exchange in the non-micellar
solution. Monomer-micelle exchange may be present in this system,
but if so its magnitude is not great enough to compensate for the
loss of monomer-dimer and/or Heisenberg spin exchange.

In both solutions at 76.7°C and in the hon-micellar solution
at 54.8°C the widths of the w, = + 1 lines are longer than the widths
of the m, = 0 lines. At total linewidths of these magnitudes, however,
Heisenberg spin exchange will have this effect on the linewidth557,
so monomer-dimer exchange is not necessarily occurring here. Analogy
with the other nitroxide surfactant systems makes its presence likely,
however. |

Unfortunately it was not possible, because of the high ecmc and
the independent effects of inorganic salts on the observed linewidths,
to study the micellization of C]LFABNé atba lower total nifroxide
concentration, for which the effects of He{senberg spin exchange would
have been reduced. However, the present experiments allow one to put

an upper limit of about 0.2G on the linewidth increment that would be

possible for monomer-micelle exchange, and thus to estimate that monomer-

micelle exchange in the ClOTABNd systems should be less than 5 x 105
-1

sec .

8.6. Conclusion

The results presented above show that monomer-micelle exchange is
not detectable by EPR methods in the ClOTABNO’ ClzTABNé, and 014TABNO
surfactant systems. The major effects observable in these systems are

caused by Heisenberg spin exchange, while monomer-dimer exchange may
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affect the observed spectra at certain temperatures and concentrations
of surfactant. The effects which have been described in chapters
three and four which were originally attributed to monomer-micelle
exchange can be adequately explained by monomer-dimer exchange and
Heisenberg spin exchange if the variations in both the cmc and the
dimerization constant Ky with temperature are taken into account.
However, it has beeﬁ possible to show that in the three surfactant
systems studied monomer-micelle exchange is slow on the EPR timescale,
TABNO in particular the monomer-micelle exchange

frequency is less than 5 x 104 sec_l. Thus EPR is one of the many

and that for C14

techniques which yield an upper limit to the monomer-micelle exchange

frequency, but are unable to measure that frequency accurately.
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APPENDIX I

SOIL REMOVAL STUDIES INVOLVING A PARAMAGNETIC SOIL

In addition to the EPR investigation of monomer-micelle
exchange described above, certain EPR experiments of a more applied
nature were also performed. These experiments investigated the
applicability of the EPR technique to practical problems such as
the determination of detergency mechanisms and the measurement
of soil removal and soil re-deposition. The results of these

experiments are described below.

A-1.1. Introduction

The electron paramagnetic resonance spectrum of a nitroxide
probe contains information concerning the probe's environment.
From the EPR spectrum one can determine whether the probe is in
the solid state or in solution, and if in solution whether the
solvent is hydrophobic or hydrophilic.

The distance between paramagnetic molecules can be determined
qualitatively from the EPR spectra as well. If tﬁe nitroxide
probe is also a model oily soil, then the EPR spectré can yield
information concerning the state of that soil both on fabric and
in detergent solution. In the present study, the paramagﬁetic

nitroxide_(I)11 has been used as a model oily soil. The

ok

physical state of this model oily soil in other soils and on fabrics,
its removal from fabrics and its redeposition onto nylon are described

below.
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A-1.2. The Paramagnetic Probe as a Component of Other Soils

Dilute solutions (less than 10_3M) of I in both methyl oleate
and sebum—H, a synthetic sebum prepared by Dr M Hull at the
Unilever Research, Port Sunlight Laboratory and kindly dondted by him,
were prepared. . Dr Hull also provided test cloths of unfinished cotton,
rayon, and nylon, from which threads were unravelled and coated with
the labelled soils.

EPR spectra were recorded onrthe apparatus located at Unilever
Research, Port Sunlight Laboratory which is described in Chapter 4.
In all cases the EPR spectra of (I) with fabric present were identical
to spectra of (I) in the given soil, and indicated that (I) was in
the liquid state, tumbling rapidly in a hydrocarbon environment
(aN = 14.5G). The spectra were obtained at room temperature for
methyl-oleate, and at 65 i_loc for Sebum-H. Thus these experiments
indicated that the average soil molecule in a thick layer of soil
on fabrics sees only other soil molecules, and does not itself interact

with the fabric.

A-1.3. Dilute Paramagnetic Probe as the Only Soil Present

In order to detect the physical state of the model soil on the
fabric itself, unsoiled threads were pulled through a dilute solution
of (I) in acetone, and allowed to dry. The aéetone solution was
diluted until spin-exchange effects did not dominate the EPR spectra
of the dried samples, indicating that the probe molecules were
associating with the fabric, and not with each other. It was found
that, in order to obtain reproducible spectra, the samples must not
be touched by the preparer - otherwise spectra of (I) in varying
amounts of human sebum were obtained. The spectra obtained from
untouched samples are shown in Fig A-1-1. The motion of the probe

is slower on cotton than on nylon, as shown by the sharper spectral
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lines in the nylon case. The motion in both cases is slower than

that of the probe in an oily environment such as methyl-oleate.

A-1.4., Removal of Soils From Fabrics

The soiled threads were washed both with water and with
9 x 10_3M sodium dodecylsulphate in a capillary washing chamber which
fits inside the Varian E-4 EPR spectrometer. A description of the
capillary washing chamber may be found in Appendix II. Several
threads were packed into the capillary at one time, to enhance the
observed signal, and also to increase the Reynolds number86 of the
system to the point of turbulent.flow. Turbulent flow is indicated
by a Reynolds number of 2100 or greater87 - with an average spacing
between threads of 0.1 mm and a pumping frequgncy of 2 cycles per second,
the Reynolds number of the system was 12,000. This, combined with the
machine's rapid reciprocal pumping action, ensures that the capillary
washing machine is an effective washing machine simulator88. The
removal of soil will be described in two sections, one pertaining to

soil films, and the other to individually deposited soil molecules.

A-1.4.1. Removal of Soil Films

Threads previously coated with either probe-contaiﬁing Sebum-H
or probe—containing methyl-oleate were washed with water at room
temperature and at 65°C. In each case the spectrum was identical to
the spectrum of the probe in the soil concerned. The spectrum of
individual probe molecules in an aqueous environment was not detected,
even though this spectrum is easily detected in a sample containing
only pure (I)‘and water. Thus, it seems that (I) has a lower chemical
potential in Sebum~H and in methyl-oleate than it has as a pure liquid.
It was noted visually that agitation removed much of the soil from the

fabric, although no change was discernible in the EPR spectrum.
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Threads previously coated with probe-containing Sebum-H were
washed in 9 x 10_3M sodium dodecylsulphate (SDS) at 65°C. Again,
no change was observed in the spectrum, the hyperfine coupling constant
remaining at 14.5G. The threads were removed from the washing chamber
and the clear wash liquor was examined, giving a spectrum identical to
those obtained before. Thus the nitroxide group is present in a
hydrophobic environment, and not in a more polar environment such as
that found near the surface of a micelle. Again, no aqueous probe
was observed, indicating that essentially all of the soil in the wash

liquor is contained in large hydrophobic domains.

A-1.4.2. Removal of Individual Soil Molecules

Nylon and cotton threads soiled with dilute paramagnetic probe
deposited from an acetone film were washed in water at 65°C. With
nylon, the spectrum was similar to that obtained in the absence of
water, but with cotton, the spectrum of aqueous nitroxide molecules
was also detected (see Fig A-1-2.). The relative intensity of the
aqueous component of this spectrum is similar to that of a sample
containing only (I) and water. Thus, the model oily soil shows an
affinity for nylon, but no affinity for cotton.

The model oily soil also shows different behaviour on cotton and
on nylon threads in the presence of 9 x 10-3M SDS at 65°C. Although
the cmc of pure SDS is about 1.1 x 10_2M at this temperaturesg, oily
soils lower the cmc to below 9 x 10—3M, as evidenced by Fig A-1-3B
(see below). After a 5 minute washing, the spectrum of (I) on nylon
had become somewhat sharper (see Fig A-1-3A.). The ay value was.
unchanged, indicating that (I) was still in a hydrophobic environment.
Examination of the wash liquor without the nylon revealed the presence

of a weak spectrum with a slightly greater ay value (aN = 14.8G). At



d31vM NI
NOLL1OD NO 3JdIXOYLlIN 3J1vyv3als <¢C1'voOld

<N

°H

' o 0§ 1
JAIXOYLIN
ma_omsoé H




125,

present the origin of this spectrum is unknown - (I) dissolved in
micellar SDS has ay = 15.2G, so in this case (i) is in an environment
more hydrophobic than the micellar one. Possible explanations are
(I) in miniscule nylon bits which have been broken off by agitation,
or (I) in some sort of oil which, unknown to us, has contaminated
the pylon. The mére intense spectrum with ay = 14.5G is associated
with the nylon and not with the solution, indicating that it is due
to (I) still located on or in the nylon fibre. Since the increase
in spectral sharpness w#s accompanied by an iﬁcrease in the centre
peak to high field peak height ratio, the major effect of 9 x 10~3M
SDS is to reduce the intramolecular electron spin exchange,
accompanied by a probable slight reduction in the molecular motion
of the nitroxide associated with the nylon.

The spectrum of (I) on cotton after a 1 minute washing with
9 x 10-3M SDS at 65°C is shown in Fig. A-1-3B. The sharp three lined
component of the spectrum has ay = 15.2G, as does the three lined
spectrum obtained from (I) solubilised in SDS, presumably in the micelle.
((I) in water has ag = 16.0G.) Thus, this component of the spectrum is
due to (I) which has become solubilised in micellar SDS. The assymetry
of the spectrum indicates the presence of an underlying solid state
signal, due to (I) still remaining on the cotton. There may also be a
broad underlying line, indicative of several molecules of (I)
solubilized in‘a given SDS micelle - if so, its magnitude is similar
to the experimental error. Removal of (I) from the cotton can
be measured by comparing the intensities of‘the micellar and solid

state spectra - loss of assymetry would indicate high removal.



SAs We_OIX6 NI NOTAN NO 3AIXOY1lIN 3Fivdv3ls 'v-€°1'V Oid



SAS We Ol X6 NI NOL10D NO 3dIXOYLIN 31vdv3als '8-€1'vold

O 0OS




126.

A-1.5. Redeposition of (I) onto Nylon from SDS Solution

The model oily soil (I) was added to a 5 x 10-2M SDS solution
until the EPR spectra indicated that several molecules of (I) were present
in each micelle. Clean nylon threads were plgced in the capillary
washing chamber, and were washed with the soiled detergent solution at
room temperature. The EPR spectra of the nylon-containing sample
contained a broad peak due to partially immobilized (I), as well as the
three broad peaks'due to micellar (I). When the nylon was removed
from the sample, the signal due to partially immobilized (I) disappeared.
The nylon threads were washed several times with distilled water and
then placed in a clean capillary. The EPR spectrum of the rinsed
threads showed only the partially immobilized signal; no signal due to
micellar (I) was detectable. Thus, EPR is ;n effective method for
monitoring simultaneously the immobilized soil associated wi;h the fabric

and the soil incorporated in micelles in solution.

A-1.6. Conclusions

The experiments described above illustrate some of the types of
information that can be obtained from an EPR study of a paramagnetic
oily soil. Using this technique, it has been shown that under normal
washing conditions removed oily soil is not solubilized in micelles, but
instead exists in oily drops with surfactant probably adsorbed at the
oil-water interface. The EPR spectra also reflect the greater
affinity of oily soil for nylon rather than for cotton, and give
information about the molecular motion of the oily soil adsorbed on
each substrate. It is possible, using EPR, to measure ;edeposition
uncomplicated by uncertainties introduced in the rinsing process, since
one can observe the spectrum of the adsorbed soil in the presence of
soil in the solution. These results show that EPR can be used to obtain

useful information about detergency processes and mechanisms.
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APPENDIX II

A SIMULATED WASHING MACHINE EPR SAMPLE CELL

A-I1I.1., Introduction

In order to investigate the removal of a paramagnetic
model oily soil from fabrics under normal washing conditionms,
an EPR sample cell in which these washing conditions can be
approximated is required. This cell must be .small enough fo
fit into the cavity of the EPR spectrometer with the
variable temperature accessory in position, and must be shaped
and positioned so that dielectric absorption of the water
molecules does not repress the EPR signal. Also it must be
possible to insert and remove fabric from the cell with
comparative ease. An EPR sample cell which meets these

requirements is described below.

A-1I.2. Cell Description

The basis of the Simulated Washing Machine EPR Sample
Cell is the capillary washing chamber, a glass capillary less
than 1 mm inner diameter which is open at both ends. One or
more threads of the fabric to be washed are inserted at the:
lower end of this chamber, to which is then attached a
flexible silicone rubber tube whose other end is stoppered
by a glass bead. This tube expands or contracts to compensate
for the movement of a syringe, which is attached to the upper
end of the capillary washing chamber, thus allowing the
washing solution contained in the syringe to be pumped back

and forth over the threads of fabric in the washing chamber.
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The cell is assembled as shown in Figure A-II.1.A., Short
lengths of silicone rubber tubing (1 mm inner diameter) are
slipped over each end of the capillary washing chamber, making
a water-tight junction with the 3 mm outer diameter silicone
rubber tubing which is next slipped over each end of the
capillary. The lower piece of silicone tubing, about 22 mm in
length, is stoppered at the end opposite the d%pillary by a
glass bead, about which is a ring of 1 mm silicone tubing to
water-proof the junction. The upper, short piece of silicone
tubing serves to water-proof the junctién between the capillary
and the teflon tubing (3 mm inner diameter, 15 mm long) into
which the upper part of a disposable syringe has been inserted.

The position of the cell in the Varian E-4 EPR spectrometer
is shown in Figure A-II.1.B. The variable temperature insert
dewaf is positioned with the glass dimples about 30 mm below the
resonant part of the cavity, so that signals are obtained from
the contents of the capillary washing chamber. A teflon adaptor
which positions the capillary in the centre of the dewar to
ensure maximum sensitivity is shown in Figure A-II.2. This
adaptor was made by cutting wedges in a short length of the
6 mm outer diameter teflon tubing. One cut breaks the tubing,
to enable the adaptor to fit easily around the capillary; the
other wedges allow the nitrogen gas to pass through the variable

temperature assembly.

A-II.3. Discussion
The cell is filled by removing the bladder assembly and
inserting one or more soiled threads into the capillary. The

washing solution is placed in the syringe, which is then pressed



CAPTION TO FIGURES

Figure A-II.1.A. Assembly of washing machine cell.

1

2

Glass bead

A, B and C. Silicone rubbér tubing approximately 3 mm long,
1 mm outside diameter.

Silicone rubber tubing approximately 22 mm long, 3 mm outside

diameter.

Capillary less than 1 mm inside diameter,-suitable for EPR

use with aqueous solutions.

Silicon rubber tubing approximately 4 mm long, 3 mm outside

diameter.

Teflon tubing 3 mm inner diameter, ~ 15 mm in length.

Disposable syringe from which needle has been removed.

Figure A-I1.1.B. Assembled cell in variable temperature dewar.

1

2

Temperature control coils.

Variable temperature dewar.

Glass dimples.

Silicone rubber expansion tube.

Region which is inside EPR cavity during operation.
Fabric.

Adaptor.

Syringe.
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until the washing solution fills most of the capillary. The
bladder assembly is evacuated by pressing it with one's fingers,
and is then re-joined to the capillary. When the bladder is
released the washing solution is drawn into the remaining part
of the capillary. The cell is then placed in the variable
temperature apparatus in the EPR cavity, which has been set at
the desired wash temperature. Agitation is effected by gently
moving the plunger of the syringe.

In practice, it is possible to agitate while reéording
a spectrum, but the more usual procedure is to agitate the
sample between recordings. The cell has been found to be
completely water—tight, and there is no loss in sensitivity
over that of an ordinary capillary. Sample changing is
facilitated by using several washing chambers, one for each

sample, and by using a new disposable syringe for each solution.

A-11.4, Conclusiong

The "Simulated Washing Machine" EPR sample cell enables
one to study both paramagnetic soils and paramagnetic
surfactants under simulated washing conditions. The

construction and use of the cell are described above.
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MAGNETIC RESONANCE OF MICELLAR SYSTEMS

Abstraét

The frequency §ith which a_surfaétant monomer enters and leaves a
sﬁrfaétant micelle'has heen‘theAéubjéct of much discussion. It is
possible, using EPR, to measure the frequency with which a paramagnetic

molecule changeé to a magnéticaliy different environment if that

frequency is between 105 and 109 sec_l, or alternatively to state whether

the exchange frequency is faster or slover than these limits. If the

paramagnetic molecule were also a surfactant, this technique would give
information about the exchange frequency between monomer and micelle,

since these have magnetically different environments.

A series of paramagnetic surfactants (I) was prepéré&lhtrThé;EPR
spectra of micellar solutions of these surfactants consisted of one

broad line_due to

CH3(CH2)n' Br -n = 9,11,13

. ®
the micelles, superimposed upon three sharp lines due to the monomeric’
nitroxide surfactant. This showed that the monomer-_micelie exchange
frequency was in the slow fegion. Increasing the temperature increased
the width of the monomer lihes, and it was initially th@ught that this
‘was indicafive'of measurable monoﬁer—micelle exchangé. : Further |

experiments produced inconsistent results. In an attempt to understand



2.
these results, a theoretical investigation of the linewidth behaviour
expected fo? monoﬁer-aggregate exchange was mede, which indicated that
under certain conditions the m, = + 1 nitroxide lines might broaden

more than the m, = 0 line. This would enable omne to distinguish-

monqmer-éggregate exchange from Heisenberg spin exchange. Since
these linewidth effects were small, an atteﬁpt ﬁas made, by computer-
_simulatioﬁ, to take iﬁtb.account the effect of proton ﬁypeffine'
structure on the observed linewidth. Tﬁis attempt was not succeseful

as the proton hyperfine coupling constants were found to decrease with

increasing exchange frequency in the region of interest. The problem
was further complicated by the presence of pre-micellar aggregatés, which

seem to be caused by the nitroxide head group and not by'the hydrocarbon

R s e————— s s e e e

chaiﬁs>of‘;ﬂewsﬁ;fectant. A final series of experimentedshoﬁedufhaﬁvzﬁe
‘observed linewidth increases were not due to_ﬁondmer—mieelle exchange,
but to a combihation‘of monomer—-dimer excﬁaﬁge and Heisenberg spin exchange.
Thus this EPR technique yields only the inforﬁetien that the monomer-micelle
exchange frequency is slower than 105 sec-l.

Other EPR experiments involving the nitroxide analogue of in oily
soil are described; The ?hysical state of the paramagnetic soil on
fabric, the removal of the soil under different conditions, and the re-
deposition of tﬁe soil are described, as is the censtruction of a
capillary washing chamber, an effective weshing¥machine simulator which

operates in the cavity of an EPR spectrometer and in which these

experiments were performed.



