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A VIBRATICNAL, SPECTROSCOPIC STUDY OF SOME SURFACTANT SYSTEMS
. VIBRAT = URI
WITOLD F. PACYNKO

ABSTRACT

Infra red and Raman spectroscopy has been used to study:
(1) the aggregation proccss of some polyoxyethylene surfactants
in apolar media,
(ii) the micrcenvironment of water at and near the micellar surface
in same cationic surfactants, and
(iii) the nature of the hydrocarbon core within cationic surfactant

micelles.

We have used the vS(C%H) stretching vibration of same polyoxyethylene

surfactants of the type C 5(OCH2CH2)n—OH [where n = O to 8] to quantify

122
the aggregation process in a variety of solvents. These have included
heptane, decane, benzene, carbon tetrachloride, deutero-chloroform and

decalin. In doing this we have gone same way in understanding the nature

and mechanism for aggregation in such systems.

Mid and far ir spectroscopy has enabled us to study the nature of water
at and near the micellar surface in dcdecyl and hexadecyl trimethyl ammonium
chloride mesophase systems. ' We have studied the decoupled vS(O-D) bhand
of HDO and the vA(HZO), the cambination mode of water in the mid ir. In

addition v, the intemmolecular translational mode of water, in the far ir

Tl
of these systems, has also been investigated. The results have been treated
collectively, and a generalized mcdel for the state of water has been pro—
posed. Spectra for dedecyltrimethyl ammonium bramide were also obtained

and campared with the corresponding chloride data.

Raman spectroscopy of the hydrocarbon core in cationic surfactant micelles
has shown that no abrupt changes occur in the gauche/trans equilibrium on
crossing a phase boundary, with the exception of the gel/lamellar phase (where
this is expected). However, examination of the C-ll gtretching region hag shown
that the anisotropic phases (7.c. Hl, Lu) display an increased lateral inter-
action. The isotropic phases (Z.e. Ll’ Il’ Vi), show less interaction while

the first intermediate phase in C,_TACl shows behaviour between the two.

16
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1.1 ZIntroduction

The commercial importance of surface active materials
extends to more than simply washing powders and detergents.
Their uses range from emulsifiers in paint, fabric conditioners
and cosmetic preparations to foaminj agents in beers. It is
not therefore surprising to find that industry spends millions
of pounds every year researching into their development and

application.

The more fundamental properties of surfactants such as
micelle formation have, in the past, been studied with re-
latively conventional instrumentation, 7Z.e. tensiometers,
conductivity bridges, etec. Though these methods still have
their uses, more modern techniques are now available giving'
more detailed results. In micellar systems light scattering
and vapour preséure osmometry (VPO) have proved to be valuable
tools in the detection of aggregates at low concentrations°
In the former not only critical micelle concentrations (the
concentration at which micelles are first formed, the "CMC")
are obtained but, also theif sizes and shape, Z.e. whether
sphere, rod or disc. At higher concentrations of surfactant
it is known that liquid crystals form. These are micelles
packed together in a regular array thus possessing 1ong range
order but also having fast molecular motion (rotational, trans-
lational). When such liquid crystals, or "mesophases" as they
are often called, occur by the influence of a solvent, they
are termed lyotropic (as opposed to thermotropic liquid crystals
-which occur under the influence of heat), and several structures
are poésible° Hexagonal and lamellar mesophases are the most

common with several cubic structures also postulated (refer to



Chapter Five for detailed description). The best methods

to study these systems have been by optical microscopy,134

X-ray diffraction99 and nuclear magnetic resonance techniques}oo
These techniques, especially the latter, have been able to
provide information on both surfactant mobility and orxdex.

In particular, the advent of multinuclear NMR has enabled the
counter ion, head group, hydrocarbon tail and solvent to be
investigated. From the data collected it is possible to
calculate diffusion coefficients, relaxation times and order
parameters which may then be correlated with surfactant order,
mobility, ete,loo Calorimetric methods have also proved uscful
since they are able to detect phase transitions and heats of

micelle formation,51

Vibrational spectroscopy is now also finding its place
in this field of research. The work of Snyder, Larsson,

Faiman and othersllg’lgzm128

has given some insight into alkyl
chain conformations in micellar and mesophase systems, | Infra
red spectroscopy has also made a significant contribution with
particular reference to the aggregation of, Z.e. alcohols and
amines in apolar media?o'46 In the past water has posed a
difficult problem to the i.r. spectroscopist because of its
high absorbing properties. However, the addition of small
amounts of deuterium oxide (D20) has allowed the study of the
Vs (0-D) band of HDO occurring at 2520 em . °  The advantages
of this procedure are to allow the study of a symmetric low

intensity water band in a relatively "clean" part of the i.r.

spectrum.

In the work described here we have studied various binary

systems using vibrational spectroscopy. Initially we have



observed the aggregation phenomenon of some polyoxyethylen@
surfactants of the type ClZHZS(OCHZCHZ)n”OH (abbreviated to

C En) in a seriles of solvents using infra red spectroscopy.

12
The area of most interest has been the 3200-3800 cmsl region
where one observes the vs(OmH) alcohol stretching vibrations
of these molecules. The spectra in general show several bands. .
These are the non hydroéen bonded species and the various
hydrogen bonded species at lower frequencies. Our aim was

to measure the monomer concentrations as a function of total
surfactant concentration. From these we have been able to
obtain average aggregation numbers from a thermodynamic model
and hence determine free energies of aggregation. Heptane
was the first solvent studied and the aggreéation properties
of polyoxyethylene surfactants ranging from CleO-to C12E8
have been investigated. Further data was then obtéined using
Cle4 in various nonpolar solvents, e.g. Benzene, Decane, Carbon
tetrachloride, ete. The work has not been entirely without
difficulties, the major problem being quantification of intra
molecularly hydrogen bonded species greater than 8 in ring size

(Z.e. occurring in C12E2=012E8) and their contribution to the

intermolecular hydrogen bonding absorbances.

The remainder of the time has been devoted to studying the
vihrational spectroscopy of two cationic surfactant/water
systems. The first of these, dodecyl trimethyl ammonium
chloride (ClzTACI) has a fairly well documented phase diagram.32
Three spectroscopic techniques have been used in this case;
Raman, far i.r. spectroscopy and mid i.r. spectroscopy. The

work has allowed us to study the microstructure of the watexr in.

various mesophases as well as hydrocarbon chain conformations.



The C,,TACl-water system shows four liguid crystalline regions;

12
two cubic phases, a hexagonal (middle) phase, and a lamellar
{neat) phaseo32 In this work we have attempted to identify
any spectroscopic changes which might occur when crossing a
phase boundary. In so doing we may be able to apply the
knowledge to a less well known system (i.e. ClGTAC1/watery see
Chapter Seven). In the mid i.r. we chose two bands, these

being vS(O=D)p the decoupled 0=D stretch of HDO and v (Hzo),

A
the combination mode of H20°5 For these two bands we measured
both the full width at half maximum intensity (band width) and
also the frequency maximum. Phase boundaries were crossed

isoplethally and isothermally and any changes in the above

parameters were investigated.

Far i.r. spectroscopy allowed a study of v the inter-

TI

molecular translational mode of water,5 and the spectra ob-

tained used to complement the mid i.r. observations. Several
C12TABr mesophase samples were also prepared and again the
results were compared in both regions of interest. Raman

spectroscopy was empldyed to investigate any changes in the

head group geometry and alkyl chain geometry.

Finally the third system examined, the hexadecyl tri-

methyl ammonium chloride, C ﬁ(CH c1°® (C16TAC1)/water

161133N (CH3) 3
system, displayed some very interesting features in its phase

behaviour,86 The phase diagram though not fully elucidated86

showed evidence for an "intermediate phase"82’85

two) with rectangular shaped micelles,80 In addition, several

(or possibly

phases present in the C12TACl system also appeared here, Z.e.
hexagonal, cubic and lamellar phases. A further point of

interest was the gel phase which existed at high concentrations



melting to the lamellar phase at elevated temperatures.

This gel phase is thought to be composed of interdigited
layers of surfactant molecules with "solid 1like" hydrocarbon
chainsoao Again water, surfactant chain and head grcup
spectra were obtained in the hope of observing any anomaious
features, particularly in the intermediate phase(s). Supple-=
mentary work using a polarizing microscope was also performed
as a check on concentration and surfactant purity. This
included use of the penetration techniques which allowed the
lower temperature boundaries of the various phases to be
determined§0'134 Briefly, a small amount of water is allowed
to permeate thrxough a thin layer of powdered surfactant mounted
on a microscope slide. After a time all the mesophases,
which occur at that particular tempcrature, form as a series

of bands. They form in order of concentration with phases

appearing and disappearing as the temperature 1s increased.

The work mentioned above has not just been of academic
interest. The process of "reverse" aggregation is now an
active field of research because of its application in catalysis
and oil recovery. Phase behaviour of surfactants is of con-
siderable interest in the detergent and soap industry, where
viscous mesophases are to be avoided during initial stages of
manufacture (lamellar phases are preferred because of their
favourable rheological characteristics), In addition, the
lamellar phases found in many surfactant/water systems can be

used as models for the study of biological membranes.



CHAPTER TWO

VIBRATIONAL SPECTROSCOPY,

THEORY AND INSTRUMENTATION



2.1 Introductlon

The majority of the work presented in this thesis
has been performed using the infra red (I.R.) region of
the electromagnetic spectrum. Although no fixed limits

are set on this region, it is generally accepted that it

1 1

extends between 1 (12 Jmolh% and 10,000 cm (120 kJ mol ).

Electromagnetic radiation of such enerqgy is of the same

S hold

magnitude as that OF /molecular or intermole-
cular vibrations. The regioﬁrié often divided into the

far I.R. (=1-400 cm_l), mid I.R. (=z400=4000 cm_l) and near
I.R. (=4000-10000 cmml) according to the type of vibrational

transition studied.

(i) Far Infra Red

The most common types of vibration studied in
this region are the molecular and lattice modes of molecules.,l
The former is of particular interest here, where one is abie
to observe hydrogen bonded interactions and also interionic

modes of the type RN(CH3);,MC1e (see Chapters Six and Seven).

(ii) The Mid I.R.

Often referred to as the "fingerprint" region,
vibrations at these frequencies correspond to the normal
internal modes of molecules. As well as its use for
qualitative analysis, the mid I.R. is often used for mole=
cular structure and bonding studies,l molecular dynami052

and alsoc quantitative analysis,l

(iii) The Near I.R.

Though not as extensively studied as the previous

regions, the near I.R. displays mainly the overtonce and



combination bands of molecules. It is most commonly used
in quantitative analysis. One particular application of
this region has been demonstrated using the‘%(O=H) overs=
tones of some nnalkanolsv3 Because the hydrogen bonded

and non-hydrogen bonded vibrations are so well separated in
this region, it is a relatively simple matter to spectrosco-=
pically distinguish between the various species (in the mid
I.R. there is often partial overlap of these bands and study

of one in particular is difficult).

2.2 Fundamental Principles of I.R. Spectroscopy

2.2.1 The Harmonic Oscillator

For a simple harmonic oscillator4 one can relate
the vibrational frequency (V) with a mass (uM) and a force

constant (K) such that:

Tlem 1) = —i_ X
viem 7) = 571G AJGUM) ...... (egn. 2.1)

However, since vibrational energies are quantized, the
allowed energies may be calculated from solutions of the

Schradinger equation.

1

E (cm =) = (V+ %V ...... (eqn. 2.2)

vib
Equation 2.2 shows that the vibrational energies, which

are equally spaced for a harmonic oscillator, depend on V

the vibrational quantum number.



1o

2.2.2 The Anharmonic Oscillator
Figure 2.1 below shows the energies involved
in extensions and compressions of bonds from their equili-
brium distance. For a simple harmonic oscillator these

FIGURE 2.1 Extension and Compression Energies for a
Diatomic Molecule

Harmonic
P | Oscillator

r cq i
equilibrium

Internuclear distance ==

gxtensions and compressions are el-astic and hence the energy
distribution is parabolic about the equilibriumi‘)ond-distance°
For an anharmonic oscillator the curve is more complex and
does not obey Hookes' Law (eguation 2.1). Extension of the

bond beyond a certain internuclear distance leads to dis-
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sociation. The full curve of Figure 2.1 may be described

by the so-=called morse function:

. 2
E = Dgll - expa(am(reqﬂr))] ceooane (egn. 2.3)

where a. is a constant dependent on the molecule and DE is
the dissociation energy which includes a contribution from
the zero point enexgy (%V). When the above expression
is used in the Schrodinger equation the allowed vibrational

energies may be expressed as:

E,p = (i), - (v+%)2xeve

vib
Av = 1, *2, *3, 4 . ,.... (egn. 2.4)

where Xy and Y, are anharmonicity constants and Ve is the
(hypothetical) wvibration frequency of negligible amplitude
about the equilibrium position. The third and higher terms
of equation 2.4 are usually ignored because of their dimin-
ishing magnitude allowing the fundamental vibrational fre-

quancy (the v=0 to v=1 transition) to be expressed as

AE(O,l) = Vg (1 = 2xe) co s e o (egqn. 2.5)

Transitions from v=0 to V¥ )l decrease in probability and

occur at approximately twice or three times the fundamental

frequency. They are often referred to as overtones4,
AE(opz) = 2\)e (l = 3Xe) o o 00600 (eqna 206)
AE(O,3) 3ve (1 - 4xe) ,,,,,, (ean. 2.7)

Transition from v=1 are also of low intensity since at normal

temperatures few molecules exist in this vibrational state.
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However 14 the temperature 1ls increased, transitcions do

occur and these "hot bands" increase in intensity.

As well as the selection rule mentioned in
equation 2.4, e.g. Av = 1, £2 ... onec other primary
selection rule exigsts. This is the precept that there
muét be a change in dipole moment along the normal co-=
ordinate of the vibration, that (ig%) # 0, Thus for a
homonuclear diatomic gas such as N,, no change in dipole
moment occurs and so no vibrational transitions are observed
v in this approximation. Howevexr, for heteronuclear diatomics
whicﬁ possess a permanent dipole, there is a change, and a

single fundamental is observed.

2.2.3 Vibrations of Polyatomic molecules

It is well known that the number of fundamentals
of a nonlinear polyatomic molecule may be calculated as 3N-6
. modes (3N-5 for a linear molecule), where N is the number

of atom_so4 The water molecule, having C symmetry, will

2V
thus exhibit three I.R. active fundamentals: there being
the symmetric and antisymmetric stretches, and the bending

1 1 1

mode, occurring at 3652 cm —, 3756 cm — and 1595 cm ,

respectively.4 Figure 2.2 shows the behaviour of the

molecule during these vibrations.

Both vy and v, are symmetric vibrations, the
term "symmetric" referring to whether or not the vibration
is symmetrical about the main symmetry axis (in the case of
H,0, the C, axis). As well as being antisymmetric, the
'dipble moment of V3 changes in a direction perpendicular to

the symmetry axis. It is hence called a "perpendicular modé"°
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Figure 2.2 Vibrational Modes of the Water Molecule
lreproduced from Banwell]®

f\ aN -\

O O N\

Vl’ symmetric stretch, parallel

YN
L

Vs symmetric bending, parallel

O/O\o éﬂ/)\% /O o

\Y antisymmetric stretch, perpendicular.

——— o E € -3 K v 3 =D D D —

Quite often coupling between vibrational modes
of the same symmetry and approximately the same energy is
observed. One particular example of this type of inter-
action is when two vibrations couple, exchange energy and
resonance OCCurs. The resulting interaction, being referred
to as Fermi resonance,4 céuses large intensity increases for
normally weak bands, e¢.g. overtones. Further complications
to the I.R. spectra of polyatomic molecules arise when funda-

mentals and overtones add and subtract from one another,
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termed combination and difference bands, respectively.

1

Water exhibits a combination band at =2150 cm ~ and this

is thought to arise from the bending mode occurring at

1

1645 cm’ (vz)p the librational mode extending between

1

300 and 900 cm (vL) and the translational mode (vT),

5

such that Viax corresponds to vy F Vi T Ve

2.2.4 Vibrations in the Far I.R.

The absorption of radiation at low frequencies
correspond to small vibrational energies, with bonds having
small force constants or high masses, c¢.f. equation 2.1.

This latter property is used in coordination chemistry to
observe ligand replacement and other reactionsol Donor-
acceptor interactions are another phenomenon much studied in
this region, in particular those acceptors of hydrogen bonded
species6° Such interactions may be more adequately de-=
scribed with the aid of an example. We shall use water

since it has relevance to the work undertaken here.

When two non linear molecules of Nl and N2 atoms
form hydrogen bonds, then [3(N1+N2)—6] modes become possible.
In the case of two water molecules, we observe six extra

intermolecular modes.

(a) The Intermolecular stretching mode (vT) is characterized
by the variation of centres of mass of partners of the com-
plex, or of the atoms most closely associated with the hydrogen

bond.

The band is usually situated in the 100-300 cmml

region typical of "weakly” bonded species.
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Figure 2.3(a) The Intermolecular stretching mode of water

(b) The Intermolecular bending modes (Intermolecular
librations) occur as two pairs, the degenerate rocking

modes (v, and va) and the bending modes (\)Y and vé).

B
These motions correspond to librations about the x- and
z-axis, respectively6 and occur as a broad band at approxim-

ately 600 cm ' in water.

Figure 2.3(b) The Librational Mode of Water

(c) The Torsional mode (va) is a low energy mode corres-
ponding to the torsional oscillation about the y-axis of
one molecule relative to another.

Figure 2.3(c) The Torsional Mode of Water
OéH veee. O —H
H // H//

In water this vibration occurs at about 50 cm—l (it is infra

red inactive but is observed in the Raman).
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2.2.5 Spectrxoscopy of Hydrogen Bonded Systems

As mentioned in the previous section hydrogen
bonding leads to the formation of new bands in the far i.r.
region. As well as observing these intermolecular modes,
certain changes are also evident in the fundamental region.
In particular, the VS(X—H) stretching mode which has been
the subject of much research in these systems. In water
this band is complicated by Fermi resonance between Vg
the symmetric stretch and the first overtone of the bending
mode vQ,S This coupling is usually removed by the addition
of small amounts of deuterium oxide. At equilibrium the
actual concentration of D,0 is small and the majority of

deuterons are associated with the HDO species. There are

several advantages of this isotopic: dilution:

(i) The Fermi resonance is removed since the symmetric
vS(O-D) stretch and the first bending mode overtone become

well separated in frequency.

(ii) Since only a small amount of DZO is involved, the
intensity of the vS(O—D) is small relative to the \)S(O—H)°
This is often an advantage because of the high absorbing

properties of water.

(iii) The position of the vS(O—D) band is such that it

is relatively free from most other overlapping fundamentals.5

It is generally accepted that the majority, if
not all the water molecules, are hydrogen bonded to each

othern8 Subsequently the v, (0-D) band mentioned above

S

corresponds to molecules having a reduced 0-D force constant
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and thereforec a lowew frequency maximum. Similaxily, any
molecule forming a complex of the type {-X-H...¥Y} will also
exhibit a broad vS(XmH) band (the spectrum of the acceptor,

Y, usually only show small changes). Examination of the
bending modes of the above species show only small increases
in frequency and intensity. Comparatively, the VS(XGH)
integrated intensity is greatly enhanced by this complexation
which suggests that electron redistribution occurs along

the X=H axis. In addition to these changes, the band shows
a considerable increase in width which may be influenced by
several processes. By far the most important of these
broadening mechanisms are those attributed to anharmonicity
and anharmonic coupling. For example, one particular model
which has been used for vS(X;H) broadenihg mechanisms is

that of Stepanov6’17° The theory postulates the intetaction
of two "adiabatically separable" vibrational states, Z.e. |
v, and v, such that sub levels of v

S T
upon the Vg energy levels. Sum and difference bands of the

T become superimposed

type vsian may occur by vertical Franck-Condon type tran-

sitions between the wvarious Vip levels. Since the lower

energy states tend to be more populated, the result is a
broad band sometimes showing structure. The model relies
on the fact that the two vibrational states are well separated

in energy. Such a model may also be used to explain the
vA(HZO)combination band mentioned in Section 2.2.3. Williams18

has postulated a combination of v which may couple in

+ -
s Vi Vr

a similar mechanism to that described above.
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The Mid I.R., Instrumentation

2.3.1 The Double Beam Ratio Recording Spectrophotometer

Double beam spectrophotometers have been in
existence for many years and are among the most reliable and
economic of instruments. Their operation relies on beam
division with one beam traversing the sample, the other
acting as a reference signal. The reference signal may be
attenuated to compensate for sample absorption (the attenuator
then being linked directly to the chart recorder) or as in
ratio recording instruments the sample signal being ratioed

with the reference signal by a ratiometer.

Figure 2.4 is a schecmatic diagram of a simple
double beam ratio recording i.r. spectrophotometer such as
the one used in this work. Broad band i.r. radiation emitted
from a source S (usually a glowbar) is split into two beams
by a chopper, Clo The sample beam is reflected by the
chopper while the reference is allowed to pass through the
sector. Having traversed the sample the transmitted radiation
passes through a second chopper, C2 in synchronization with
C, and on to the monochromator, (the reference is reflected
off the chopper). In such a way alternate and independent
pulses of sample and reference beams impinge on the entrance
slit of the monochromator. The diffraction grating, which
is usually synchronized with the scan motor, disperses the
beam through an exit slit, the width of which determining
the signal to noise and resolution of the spectrophotometer,
Before emerging at the detector, the dispersed beam passes

through a filter which subtracts unwanted stray frequencies.
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Schematic Diagram of a Ratio Recording Double Beam Spectrophotometer.
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The alternating signals from the detector are
amplified and separated into sample and reference signals.
These are ratioed and filtered by the signal processing

electronics giving a voltage signal which drives the recorder.

2.3.2 The Perkin Elmer 580B

Among the more conventional features, the
PE580B has a number of salient points worthy of further
mentiono9 Among these is the dual chopper assembly which
operates at 12.5Hz and compensates for re-radiation origin-
ating from the sample area. The combination of the two
choppers gives rise to a total of four regions in a single
chopper cycle. Figure 2.5 shows these regions which fall

on the monochromator successively from left to right.

FIGURE 2.5
g<s==one cycle —={
|
§ !
Energy q |
incident ! |
Monochrom= : {
ator ' !
S
+ +
Sol Rof~—3—
So Ro
t T
where S + S = total sample beam energy
R + R = total reference beam energy

R = re-radiation from reference area

S = re-radiation from sample area.

c O ©



The signal processing electronics is able to distinguish

between these signals and thus compensates for re-radiation.

The PE580 incorporates a mini computer which is
able to control the spectrometer and also perform additional.
manipulations and data analysis. Such functions include
repeated scans of low intensity spectra, solvent subtraction,
data smoothing, etc. some of which have been used in the work
described here (see Chapters Four, Six and Seven). For a
more detailed discussion of software capabilities the reader

is referred to the operators manual,9

2.4 Interferometric Spectroscopy

2.4.1 The Michelson Interferometer

Spectroscopy in the far I.R. may be performed
using both dispersive and non dispersive techniques. However
due to low source intensities and low detector sensitivity,
the part played by conventional dispersive spectrometers
is small. Under normal circumstances interferometers are
used, the most common design being that of the Michelson,

illustrated in Figure 2.6.

Chopper modulated radiation originating from
a source S (usually a mercury discharge lamp) is divided by
a beamsplitter. In the far I.R. the beamsplitter material
is mylar of a given thickness; the thickness conferring unique
reflection~transmission properties and different background
energies. Figurz 2.7 shows the transmission characteristics

of some idealised dielectric beamsplitters of varying thickness.
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The +thickness is usually chosen so that its first maximum
coincides with the frequency of interest. One arm of the
beam is incident on a minor (mz), set at a fixed distance,

X, from the beamsplitter. The reflected beam is directed
at a second mirror (ml)p which is able to move along the
beam axis. The two beams subsequently recombine at the
beamsplitter, with an interference pattern emerging at the
detector. If one plots the intensity of radiation against
the path difference of the two mirrors one obtains an inter—-

ferogram as shown in Figure 2.8.

Figure 2.8 An Amplitude Modulated Interferogram

!

) /\ / R
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X
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Path Difference =

At a distance X there is total constructive interference
of all the frequency components of the radiation and we see
a central maximum corresponding to zero path difference

(ZPD) .
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The above interferogram may be described mathematically

13
as:s
Y
2
I(x) = J I(V)I[1 + cos2mux]ldv (eqn. 2.9)
By
1
where I(x) = 1intensity at x path difference
I(V) = spectral intensity at frequency v

The modulated part of equation 2.9 will be superimposed on

a constant value shown as the left term of equation 2.10

2

I(v)cos(219x)dv (eqn. 2.10)

<l — <«

e
I(x) = J I(v)av +
_\31

The right term of equation 2.10 above can be recognised as
a Fourier term and will allow us to determine the intensity
at the desired frequencies I (V). This mathematical "soxrting"
is performed by Fourier analysis given by
X
max
I(v) = J I (x)cos(2mvx) .dx (egqn. 2.11)

0

If a non symmetric interferogram is used then it has both

real and imaginary parts as shown in equation 2.12.

max
(V) = J I(x)exp(-2mivx)dx (eqn. 2.12)

o]

(The sine component becomes zero if the interferogram is

symmetric, egn.2.1l).
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The detectoxr systems used in far I.R. spectro-
scopy have much advanced with the advent of far I.R. res-
ponsive semiconductor materials. Golay cells, however,
still find their use, operating on the princi@le of heat
detection from a radiation absorbing cavity. The detector
response is slow and so the chopper (or modulation) frequency
is therefore small, usually of the order of 12Hz. Signal
to noise ratios, however, are improved by orders of magnitude
with the use of semiconductor detectors such as the Germanium
Bolometers. A thermosensitive crystal of Germanium detects
incoming radiation and converts if directly to a small voltage
which is subsequently amplifiedolo The detector noise be=

comes very small when the crystal is cooled to beyond its A

point at 1.7K using liquid Helium.

The first step in determining the frequency 3éii,
spectrum is to record the background interferogram which w411 ::1ii
contain the instrumental frequency response, ¢.g. beamsplitter;fiif
lamp, detector characteristics. Fourier analysis of this back~-
ground interferogfam gives the energy profile of the instru-
ment as a function of frequency. A second interferogram is
then recorded with the sample in position (generally in front
of the detector). Fourier transformation and ratioing with
the above background spectrum (as shown in equation 2.13)

produces the absorption spectrum of the sample only.

Ty

- Zo
Ab - loge(I ) © 0 00 0o (eqno 2:-13)

and I are the background and samplg-

Ab is the absorbance, Io

background frequency spectra, respectively. To obtain the

absorption coefficient in Neper. cm~=l the absorbance data is
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divided by the pathlength of the sample (in cm) and its

concentration (mol,lml)°

2.4.2 The Modified Beckman RIIC FS720

The Beckman RIIC FS720 is a conventional'Michelsdn
interferometer of the type shown in Figure 2.9. Several
modifications have been performed to increase both the resol-
ution and the signal to noise ratio. In original form, the
FS720 employed a Moire grating drivelo to sample points at the
correct intexval. Though the system was more than adequate
for most experiments, the stepping motor displayed the exact
displacement from zero path difference. This feature was
important when the interferometer was used in the dispersive

mode (see reference 13, Page 192).

The second modification, that of installing
"phase modulation" also required additional hardware. Unlike
"amplitude modulation" where a chopper is used to modulate
the beam, the former superimposes a sinusoidal "jitter" on
to the detector signal. The jitter is generated by small
oscillations from a mirror mounted on a small loudspeaker
coil. The frequency and amplitude of thc modulation may be
controlled by a power oscillator which is able to optimise
the above conditions for a particular spectral range and
detector. The signal from the detector is by a lock-in
amplifier which discriminates between the noise and the spectral
information. There are several advantages of such a system,
the most obvious being an increase in energy throughput and

an absence of a dc level.
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The phasce modulated interferogram is quite
unlike that obtained using amplitude modulation (Fig.2.8).
Inspection of Figure 2.10 shows that it becomes the first

derivative of its amplitude modulated counterpart.

Figure 2.10 A Phase Modulated Interferogram

I

Path Difference ————o<=—s

Such behaviour may be rationalized if one considers that

the jitter causes a small phase delay. In the limit this
phase delay causes the interferogram to appear as the first
derivative, though even finite increments show this to be the
case. The mathematical background has been well documented
by Chamberlain13 and Chantry12 but in simple terms, Fourier
transformation of the time dependent components describing

the phase modulated flux turn out to be Bessel functions which
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are both amplitude and frequency dependent. The amplitude
of the oscillations thus, to some extent, control the energy

profile of the spectrum (for a particular beamsplitter).

Finally, modifications have been made to signal
electronics and data handling. A summary of the system as
it stands is illustrated schematically in Figure 2.11. The
stepping motor is triggered from a control box which also
drives the analogue to digital (A to D) converter. The
incoming analogue signal at that moment is then amplified
and digitised in ASCII and collected by means of a Cifer
microcomputer. Data is stored on disc and subsequent data
analysis (Z.e. Fourier transformation) becomes a relatively

simple task.

2.4.3 Some Important Considerations

In our theoretical discussion of Section 2.3.1
we mentioned Fourier transformation of a fundamentally contin-
uous function (equation 2.11). However, in reality two

problems arisell'lz'lB:

(i) The first is realised if one considers that points
must be sampled at finite sampling intervals. It is highly
unlikely that a point will fall on the grand maximum, thus

imposing a phase error on the data.

(ii) Artificial truncation of the interferogram at
X ax has the unfortunate effect of generating a spike in the
data and causes spurious features in the spectrum.

Generally two methods are used to overcome (i),

the first employing a technique referred to as "autocorrelation".
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Data points are collected equally on both sides of ZPD and
then self-convoluted thus symmetrising the interferogram. The
second method, "phase correction", only requires a few points

past 4PD and assumes that the data has a finite but constant

phase error. It is corrected using various computational

methods which have been adequately described elseWhere,l3

The truncation of (ii) is overcome by a process termed
'“apodization", The method applies a "smoothing" function

which gradually reduces the intensity such that it is zero

at x o
max

The choice of sampling interval is an important
consideration when spectral data at high frequencies is re-
'quired. Sampling theory imposes an upper frequency limit

which is dependent on the sampling interval by the expression14
1

X<
~2v
max

Mg L., (egqn. 2.14)

Thus a 10U sampling interval will have an upper frequency
limit of 500 cmal° The problem is due to "folding” of the
spectrum on itself and is known as "aliasing". It is usually

overcome by either reducing the sampling interval or by the

use of filters to block the high frequency components.

The resolution obtained by an intcrferometric

method is a function of the time delay between the interfering

beams and is thus dependent on the path difference. It can
be shown that the theoretical resolution is given by:l3
. 1
Resolution = Tx ceeeees (egn. 2.15)
max

Apodization is known to reduce the resolution, usually by a

factor of about Zfappmx).



32

2.4.4 Advantages of Interferometric Spectroscopy

Interferometry is usually linked with two well
known advantages, the Fellgett (multiplex) advantage and the
Jacguinot (throughput) advantage. Both lead to an increase
in the signal to noise ratio. The Fellgett advantage arises
from the fact that all spectral elements are analysed at the
same time, whereas in dispersive spectrometers they are exam~
ined sequentially. The consequence of this is that the
detector noise is relatively small compared to the size of
the signal. Thus for a detector noise limited interferogram
there is an improvement of signal to noise by a factor of
/—Ne' where Ne is the number of spectral elements equal to
- Vmax " Gmin/éﬁ L

Since no slits are used in the interferometer
high energy throughputs are obtained and again the background
energy from the detector is small compared to the signal.

The improvement of signal to noise ratio in this way is re-

ferred to as the Jacquinot advantage,

2.5 Raman Spectroscopy

2.5.1 The Classical Theory of the Raman Effect15

Light incident upon a macroscopic system can be
reflected, refracted, transmitted and scattered or absorbed.
In this discussion we are more concerned with the scattering
of light for which there are two theoretical approaches. The
first, the classical theory while not wholly adequate leads
to an understanding of a concept basic to this form of spectro-

scopy, the polarizability of a molecule.
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When a molecule is placed in an electric field
it suffers some distortion, its electron cloud is displaced
relative to the nuclei. This generates an induced electric
dipole moment (uD) within the molecule, the magnitude oi
which is a function of the applied field and the "ease of

distortion" = the polarizability (a):
= a.F  iiieecen (egn. 2.16)

When a sample of molecules is subjected to a beam of
radiation of frequency v the electric field experienced by

each of the molecules oscillates according to cquation 2.17
F = Focos 2tvt e eeeo (egn. 2.17)

and the induced dipole also undergoes oscillation of

frequency

u = Q.F = aFOcos 2mvt .s0. (egn. 2,18)

Such an oscillating dipole emits radiation of the same
oscillation frequency. This interaction is termed Rayleigh
Scattering. If, in addition, the molecule undergoes a
vibration which changes the polarizability periodically, then
the oscillating dipole will have superimposed upon it vibrat-

ional oscillation. If g is a coordinate along the vibrat-

vib
ional axis and is described by

dyib q,cos 2mv 4t eeen (egn. 2.19)

at time t, then the polarizability will be

t]e3 )

ceos (eqn. 2.20)
aqvib

= +
o 0, (

qvib

substituting for 9yip in equation 2.20 gives
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o = 0 + (%L,_
vib

o ) 94 cos 2ﬁvv. -t (@qnozgzl)

ib

substituting in equation 2.18

_ 0
= aoFocos 2nvt + (a

U ) F g cos 2nv_,, t,cos 2nvt
P vib oo vib

(egn. 2.22)
If we then expand this expression and simplify trigonometric-=
ally we get

_ 90
= aoFocos 2Vt + 5(8

Mg )%iicos 2n(v=vvib)t+cos Zﬁ(v+¥ib)t]

vib
(egqn. 2.23)
Thus the oscillating dipole has frequency componenfs vivvib
as well as the exciting frequency, these components are the
Raman scattering frequencies. The above equation shows °
that if there is no change in polarizability during the
vibration, Z.e. (aa/BqVib) = 0, then the last two terms

become zero and we observe cnly the Rayleigh scattering

By = aoFocos 2mvt oo oo (egn. 2.24)

This is the primary selection rule for Raman scattering =
"In ordexr to be Raman active a molecular vibration must
‘cause some change in the component of the molecular polariza-

bility".

2.5.2 Quantum Theory and the Raman Effect

We consider the molecule in a stationary state
as an unperturbed system, and investigate theoretically what
happens when it is perturbed by an electric field that varies

with time.
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As in the classical treatment we use the polar-
izability of a particle, the distortion of the electron cloud.,
However, quantum mechanically this distortion is regarded as
a perturbation of the electronic wave function. The groundf
state molecule is perturbed to a "virtual level"” which corres-
ponds to the original wave functions in addition to small
contributions from all the other possible wave functions.

This level does not really exist, it merely acts in perturbiﬁg

the existing state.

If we consider the molecule in the vibrational
ground state, the collision of a photon with energy hv, pro-
motes the molecule to this virtual state. The molecule may
then relax back down to the ground state or to a higher
vibrational state, Z.e. v, the vibrational quantum number
=1,2,3 ete., with the release of a photon of appropriate
energy. For example, relaxation to the first vibrational

state results in the emission of a photon with frequency

(Y =1_v=0 (eqn. 2.25

Relaxation back to the ground state results in Rayleigh
scattering while the above process yields "Stokes" scattering.
At temperatures where kT (kJ mol-l) is greater than the ener-
gies of higher vibrational states, relaxation occurs to states
lower in energy, so that the emitted photon has a frequency
greater than £he exciting frequency. This is "anti-Stokes"
scatter, and its intensity at room temperature is very small
since XT is smaller than the energy of the first vibrational

level.
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Figure 2.12 Diagram showing the Quantum Mechanical
Formulation of Raman Scattering
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2.5.3 The Raman Tensor

We have seen that the quantum mechanical formul-
ation of the Raman effect 1s analogous to the classical
approach in that both lead to the idea of polarizability.

Raman Theory eventually leadsto the "Raman Tensor" and

as a tensor property it must have the same symmetry properties
as Ba/aqvib - it is this Raman tensor which controls the
scattering of a molecule since it is governed by the selection

rules.
= oF ' cese.  (egn. 2.26)

Since My and F are vectors they must have directional pro-

perties, however, they are not necesgsarlly in the same direction,
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In order to define the induced dipole correctly, we must
specify the direction in three dimensional space. This
gives three simultaneous equations which specify the two

vectors in cartesian coordinate space, Z.e.

= F .
Mo axxFX + axyFw + o, Fy soo (egn. 2.27)
uy = G,YXFX + (nyFy + GYZFZ o0 o (eqn., 2=28)
M, = aZXFx + aZyFy + uzze T e e (egn. 2.29)

These three simultaneous equations may be written as a

matrix product:

u o o Q. F

X XX XY X2 b
Hy 171 %yx Yyy %yz y .. (egn. 2.30)
U o o o F

z ZX ZY ZZ Z

The matrix involving the nine polarizability terms is the
polarizability tensor. It is a second Rank tensor, that
is, it has magnitude and nine components describing it in
three directions. The above three matrices may be written

as a matrix equation

L = oF oo (eqn. 2.31)

Usually we find that Oy = so there are only

o, .

J J1

six independent components and all may be assigned to irreduc-
ible representations in the character table of a molecular

point group.

If a particular vibration is Raman active it
will change one of the components of the polarizability tensor,

one which has the same symmetry as the vibration. Irreducible
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repregentations of the polarizability tensoxs (Rij) are
listed in character tables and may be obtained by performing .

each of the group opsrationg on the uij°s as a basisSQk:

2.5.4 Polarization and the Raman Effect

In liquids we have an almost random orientation
of molecules implying that the tensor description is constantly
changing as well. However two properties of the tensor

which remain constant are the "mean value" given the symbol

o, and the "anisotropy" - y(a). They may be defined as
o = % (axx + dyy + azz) and co (egqn. 2.32)
Yz(u) = %[(axx=ayy)2 + (ayy=azz)2 + (azz=axx)2 + 6(a2xy+a2xz+a2yzi]
(egn. 2.33)

If we assume that molecules in the liquid state are randomly
orientated, then because of the symmetric nature of the tensor
the scattered light will have directional properties described

by the "average scattering tensor", <.c.

=2 _ =2 _ =2 _=2 _ 1,72 2
%33 T 0Lzz ayy %y 45[45a + 4y ()] coe (eqn. 2.34)
and

-2 _ =2 _ =2 _=2 I

%57 %y T %2 %z = 157 () ... (egn. 2.35)

For convenience sake a set of orthogonal "laboratory axis"
are chosen since the scattered light will have directional
properties governed by the "average molecule". There will
be two scattering geometries with respect to these laboratory

axis:
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(i) The TIsotropic Scattering, originating from dipoles -
orientated in the same direction as the electric vector of

the exciting light and given by the aii components.

(ii) The Anisotropic Scattering, originating from dipoles
orientated at 90° to the electric vectors of the exciting light

and given by the Efj components.

Generally vertically polarized light is used
(FZ # 0) with both components (IZ and IX) being collected

at 90°

Figure 2.13 Diagram illustrating the Scattering Geometry

e N

Since intensity is proportional to the square of amplitude,

then

I = o .F "k o (eqn. 2.36)

and
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I. = of .F_ .k o (eqn. 2.37)

where k is the proportionality constant.

The extent of polarization of Rayleigh and Raman
light is usually expressed in terms of the "depolarization
ratio"”. For Raman light scattered at 90° to the incident

radiation this is given by:

Ix ai.2
0, = T = &T%Z oo (egn. 2.38)
11
(1/15)v2 (a)
Y —— (egn. 2.39)
(1/45) (450°+1° (o)
2
- 3Y~§a) 5 ... (egn. 2.40)
4507 + 4y (u)

For non totally symmetric vibrations, Z.e. of E or T
symmetry 52 = 0, so that the depolarization ratio is equal
to 3/4. However for totally symmetric vibrations of Al
symmetry 62 # 0 and the depolarization varies between two

extremes, .e.

0 &< p<gj _ “e (egn. 2.41)
Thus the depolarization ratio is a useful parameter in that
it is able to distinguish between totally symmetric or other

vibrations. fhe g and Y terms used in equations 2.38-2.40 refer to

polarizability derivativeS.

2.5.5 Instrumentation, the Cary 82

As with most Raman spectrometers, the Cary 82
may be divided into its radiation source, its optics and its
signal processing. In this section we will describe briefly

these aspects used in the above instrument.l6

The radiation source in this case was a Spectra
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Physics Axgon ion lasexr operating on the "Green Line"”

(514.8nm) . The laser was able to generate about 1.0 watt

of power providing between 200 and 350 mW at the sample.

The radiation is directed towards the sample by a series of
mirrors, prisms and lenses. The first of these prisms (close
to their Brewster angles) disperse the radiation thus separ-=
ating the existing line from other unwanted plasma emissions
{this feature was not necessary with the above laser). The
beam is then collimated, and subsequently focussed on to the

sample.

The scattered energy is collected at 90° from
the sample and enters a triple monochromator system. Figure
2.14 shows a schematic diagram of the optical arrangement
within the spectrometer..16 The monochromator system employs
three diffraction gratings and four slits. The entrance
~and third slits actually definc the operating conditions (7.c.
the spectral slitwidth,ete.) with the second and fourth being
set slightly broader and merely acting as stray light baffles.
All four slits are coupled together by a common drive system
as are the diffraction gratings. The analysed radiation,in

the form of a 1Omm image of the slit,is focussed on to the

cathode of a photomultiplier tube.

The phototubes used in Raman are generally charact-
erized by a wide spectral response, high gains, fast rise
times and are often cooled to reduce their dark counts. The
pulses are amplified by field ecffect transistors and are
controlled from the front panel by the "sensitivity" switch.
A discriminator sets a threshold voltage below which a signal
is ignored, typically about 0.4V (with an average signal

voltage of =1v). The pen period control (time constant) is
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linked to the recorder, as is the scan speed thus synchron-

izing signal pulses with the monochromator assembly.

Figure 2.14 Schematic Diagram of the Optical arrangement
of the Cary 82 Raman Spectrometer

16)

(reproduced from ref.
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CHAPTER THREE

AGGREGATION BEHAVIOUR OF AMPHIPHILLIC MOLECULES

IN POLAR AND APOLAR SOLVENTS.

THE FORMATION OF NORMAIL AND REVERSE MICELLES

43
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3.1 Introduction

Molecules or ions which are said to be amphiphillic are
usually made up of two parts, a hydrophillic or "water
attracting” part, and a hydkophobic or "water repelling"

part. This dual character confers unique properties on

Figure 3.1 Schematic Diagram of a Simple Amphiphile
Molecule

"hydrophillic" portion

——q——

"hydrophobic® portion

such molecules, particularly when they are dissolved in a
solvent such as water. The hydrophobic portion of the mole-
cules will seek an environment where water contact is at a
minimuml? This environment may be an interface, or a self
aggregated group of molecules known as a micelle. Figure 3.2
illustrates amphiphile behaviour at the air-water interface,
the hydrophobic hydrocarbon chains being directed away from
the solvent, while Figure 3.3 depicts one of the first notions
of micellar structure as envisaged by Hartley almost fifty

years ago.20
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Figure 3.2 Behaviour of Amphiphiles at the Air-water Interface
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Figure 3.3 The "Hartley" Micelle
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Tt is the micellar behavioux of these amphiphiles, or
surfactants as they are often called, which concerns us in
this chapter. The formation of micelles occurs over a narrow
concentration range termed the critical micelle concentration
(CMC) . The value of the CMC is a function of many variables
such as hydrocarbon chain length, head group dimensions,
counter ion, ete., and so one finds each surfactant has its
own unique value. Amphiphiles are classified according to
the charge (if one exists) of the head group. Cationic and
anionic surfactants have positively and negatively charged
head groups, respectively, while those having no charge are
termed nonionic. For an amphiphile possessing a dodecyl
chain the above ionic surfactants have CMCs of the order of

Omz - lOm3 molok-l while nonionics have lower values, Z.e.

1 21

1

10" mol.2”

Determination of the CMC usually relies on some physical
method which is able to detect the appearance of micelles,
for example due to thelr size or to the change in the number
of solute species (colligative properties). Figure 3.4 shows

the behaviour of some physical properties at and around the

CMC.,22 Surfactant aggregates tend also to show similar

behaviour in their size distribution curves. The concentration
of aggregates (of Size A) is plotted against aggregation number,

N as shown in Figure 3.5. Typically the maximum occurs

AV

between values of 50 and 200 for N but in general, in aqueous

AI
media, the longer the hydrocarbon chain the greater the aggreg-

ation number°21

When studying micellar systems it is important to work

above a temperature known as the Krafft point.,23 It is the
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Figure 3.4 The Behaviour of Some Physical Properties
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temperature below which micelles cannot form due to limited
surfactant solubility. The Krafft point may be extended
across the whole concentration range to form a Krafft bound-
ary. The more common nonionic surfactants, those of the
polyoxyethylene type, usually show even more interesting
behaviour at a temperature called the "cloud point". As
the name suggests, surfactant solutions show an opalescence
at this point which, like the Krafft point, may also be ex-
tended over the concentrations range to form a "consolute
boundary". The boundary may be convex as shown by tetra-

85

oxyethylene octyl ether (C8E4) in water, in which case it

is called a lower consolute boundary.

Our understanding of micelles has much advanced since
the days of Hartley,zo It is now thought that as well as
spherical micelles several other shapes are possible. These
include rod and disc micelles. In addition some surfactants
form reverse micelles particularly when the amphiphile
possesses two alkyl chains and /or a small head groupgj, (see
Figure 3.7). Properties such as micelle size and shape may
be considered in terms of head group interactions and chain

packing considerations. The topic will be discussed further

in Section 5.3.

3.2 Thermodynamics of Micelle Formation

In order to understand micellar behaviour one must con-
sider all the forces and interactions between the surfactants
themselves and their environment, When water is used as the
solvent, it is the "antagonistic" balance between hydrophillic

and hydrophobic effects which controls micelle formation.19
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Figure 3.6 The Phase Diagram fox C8EO4 (reproduced from Ref.24).
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We may begin to understand, quantitatively, micellar behav-
iour 1f we consider the above effects in terms of a number

of intensive variables, the most important of which being

the surfactant chemical potential (u). In particular, it

is the change in chemical potential of the surfactant mole-
cules, on going from a water environment to that of an aggreg-

ated one:

Ap = - Egn. 3.1
H Hagg ~ Maq (Egqn. 3.1)

There are four thermodynamical models to describe sur-
factant aggregation:27 there being the phase separation model,
the mass action model, the multiple equilibrium model and the
small systems model. The first two approaches are approxim-
ations, the phase separation model assumes the micelle to be
a separate phase while the mass action model assumes a single

27

aggregation number., The multiple equilibrium and small

system models are entirely rigorous, though the former is most

28

widely used for its simplicity. The small system model

has not been discussed here, the interested reader is directed

to the review by Hall and Rethica,29

3.2.1 The Phase Separation Model

If one considers the micelle as a separate phase,
then one may distinguish between the chemical potentials of

and u res-

surfactant in monomer and micellar form, u MIC

AQ
pectively. At low concentrations of surfactant, below the

CMC, one may write the standard relation:

0

UAQ = UAQ + KTIn(f.x) (eqn. 3.2)
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where £ and x are the activity coefficientand mole fraction
of the monomer. However at the CMC the chemical potential

of the two phases are equal such that

5]

Mao = Hurc (egqn. 3.3)
and one may write
N 8 CMC
Uyt © UAQ + KTlnfx (egn. 3.4)

Such a treatment does not however allow for micelle size
and shape changes and assumes that the concentration of

non-micelldr molecules is constant above the CMC.27

3.2.2 The Mass Action Model

The model identifies the micelle as having a
fixed aggregation number, NA’ such that one may write the

equilibrium relationship:

AMl —_— (Ml)A (egn. 3.5)
and thus
(f.x_)
KA = —-————————A A o (ana 3»6)
(f.x,)
171

The treatment assumes a single aggregate size and that the

activity coefficients are concentration independent,27

3.2.3 The Multiple Equilibrium Model

The model first proposed by Corkill et a128 is

probably the most used in surfactant chemistry. It is exact
and allows one to obtain monomer concentrations from measure-

ment of a single colligative property. Unlike the mass actlon



5]
[3®)

model this treatment assumes a distribution of aggregates

from which an average may be calculated%8

If we define x_, as the colligative mole fraction
t.2. a measure of the total number of particles, then

¢

A
e = X+ ZXA (egn. 3.7)

A=2

where X is the monomer mole fraction and Xy is the mole
fraction of Ath aggregated species. Using the standard

relation we may write

S

oy = Mo + KTlnxm (egn. 3.8)

b= 1.9 4 RTinx (egn. 3.9)

A A A :
for the aggregated and unaggregated molecules. Now at

equilibrium all molecules in either monomeric or aggregated

states lave equal chemical potential, such that:

NaW. = My (egn. 3.10)
. . th .
where NA is the aggregation number of the A species.
Substituting for Mo and Ma in equation 3.10
N, (1 ® + KTlnx ) = p. 0 + KTln ( 3.11)
a My nx ) = M, X eqn. 3.

If we make x, the subject of the equation then 3.11 becomes

A

In x, =(N_.u

0
A A ) /KT + N lnx (eqn. 3.12)

m -“A
Differentiation of the above expression with respect fo lnxm

deletes the first term on the right since it is a constant.

dlnxA = N
N\ -
= 3T5x A (egn. 3.13)

m




Rl

Egquation 3.13 may be written as

dx
A 1
o2 —_ =) N o 2 4
dlnx X A (eqn 14)
m A
dx _
> A = N..x (egn. 3.15)
—_— . A°TA
dlnxm

If we multiply equation 3.15 by NAk (where k is

a positive integer) and sum with respect X then

A~ A~
k _ k+1
ay N, ox, = 3 N Tex, (egn. 3.16)
A=2 A=2
dlnx
m

A” is the largest aggregate.

Differentiation of equation 3.7 with respect to lnxm'gives

-~

A
d d
e - o + ) (egqn. 3.17)
dlnx dlnx A=2 . 3.
m m =
dinx
m
since
dxm dxm
dinx.  dx_ " *m (egqn. 3.18)
m m A K
d Z Nye %,
ituti = i = ; ion 3.16
and substituting for A=2 (with k= 0) of equation 3.16,
1
equation 3.17 becomes; d R
A¢
dxC
T - *m t L Naxy (eqn. 3.19)
m

A=2

The right hand side of equation 3.19 is equal to the total

surfactant concentration which we shall call xt;

= x (egn. 3.20)
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-

) -1
— =1 -
> inxm J X, °dxc° (egn. 3.21)

Thus the area under the curve of a plot of X against

xtul will give lnxm, the log of the monomer mole fraction.

Equation 3.21 is in the form often used when
colligative properties bf surfactant systems are measured
to obtain monomer concentrations. Since the data obtained
by i.r. spectroscopy already provides monomer levels as a
function of total concentration, we require a relationship
linking these parameters with the aggregation number (the
Corkill model28 uses the colligative and monomer mole fract-
ions directly). Such a relationship has been derived by

Aveyard et aZ:3O

For the equilibrium below

AMl — ] (Ml)A

we may write

! (

? ? A
x = N, .X = x + YN, LK, o .(x) (eqn. 3.22)
k. AZ1 A°TA m AZ) A°1,A m

is the equilibrium-

constant describing the above equilibrium, <.c. Kl A=xA/(xm)A
4

where the notation is as before and K] A
-7

If we now simplify 3.22 by assuming a single
averadge aggregation number, ﬁ& (¢.f. Mass action model) we

may write

(xm) (egqn. 3.23)

= Xt T Xy = ﬁA°K1,A°(Xm) A (egqn. 3.24)
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Taking logs,

1n(xt~x ) = NAlnxm + lnNAaK (egqn. 3.25)

m 1,A

Thus the slope of a plot of ln(xt-xm) against lnxm gives

NA the average aggregation number, 7.e.

aln(ﬁ-‘;xm) = N (eqn. 3.26)
aldim' A eqn. 3.

The above equation has been used to determine the average
aggregation numbers of polyoxyethylene surfactants in some

apolar solvents (see Chapter Four).

3.3 Factors Influencing the CMC and Micelle Size

3.3.1 The Head Group

The CMC behaviour of nonionic surfactants is
gquite different to that found in ionic amphiphiles. The
former lack the electrostatic repulsions of their ionic
counterparts, consequently CMC values for nonionic surfactants
(and zwitterionics) tend to be one to two orders of magnitude
lower, An increase in the number of hydrophillic groups or
moving one down the alkyl chain increases the CMC. With
typical nonionic surfactants, such as those of the polyoxy-
ethylene type, a decrease in the number of oxyethylene units
results in a decrease of the CMC. The above effect is
thought to arise from a decrease in the amphiphile hydrophillic

character,2l

The micellar size, most easily determined by
light scattering,19 tend to follow the same pattern as the

CMCs. In general the greater the dissimilarity between the
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amphiphile and the solvent, the larger the aggregation number.
The actual distribution of micelles, z.e. the polydispersity,
increases as the aggregation number increases. Thus very
large micelles have very broad size distributions functions

(see Figure 3.5).

3.3.2 The Hydrophobic Chain

Since the phenomenon of micelle formation is
largely dependent on the hydrophobic effect, it is not sur-=
prising to find that the hydrocarbon tail of a surfactant
strongly affects the CMC. Under normal circumstances of a
straight chained saturated aliphatic hydrocarbon chain, an
increase in length is associated with a decrease in the CMC.
Figure 3.8 below shows the weight average micelle aggregation

numbers (ﬁw), as determined by light scatteringo19

Unsaturation and substitution of polar groups,
¢.g. oxygen in the chain, increases the CMC while replacement
of alkyl hydrogens with fluorine (perfluoro surfactants) de-
creases the CMC. Chain branching is thought to approximately
double the CMC compared to a straight chained analogue with

the same number of carbons,21
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Figure 3.8 Aggregation Behaviour of Some Amphiphiles as a
Function of Chain Length

(reproduced from reference 19).

+ -
10000 -~ R-N(CH3)3,Br

(0.5M

NaBr soln)

v

1000

EFQ

100 +

R—N~(Cﬁ3)2—CH2—COO

20

Iy -l
A\l ¥

[

L l
T 1

8 10 12 14 16 18

Carbon atoms in alkyl chain, nc

3.3.3 The Counter Ion

The behaviour of surfactant counter ions is a
complex subject and only a brief resumé will be given here,
(see Section 5.4 for a more detailed account of counter ion
binding). However , if we make the generalization that in-
creased counter ion binding is accompanied with a decrease
in the CMC, then this latter property will be a function of
the polarizability, hydration radius and valency.,21 Gener-=
ally speaking it has been reported that the polarizability and
valency increase the binding while an increased hydration

radius has the opposite effect.21 For aqueous solutions of



58

alkyl sulphates Rosen21 has proposed the following series

in order of decreasing CMC,

oe 24 Grepler

Li>Na >R >es TN (CH 5) N (e, et Mgt - ading.

3) 4
and for the cation dodecyl trimethylammonium,

F >Cl >Br >I .

3.3.4 Added Electrolyte and Temperature

It is reasonably well known that the effect of
added electrolyte on nonionic surfactants is small.27 However
the behaviour of ionic amphiphiles is quite different with

27 The effect is

large decreases in the CMC being observed.
thought to arise from a reduction of electrostatic repulsion
at the head group (which tend to be smaller in nonionic sur-
factants) . Some care in interpretation is needed when the
added electrolyte does not share the same ion as that of the
surfactant. In these cases the results may be affected by

changes in counter ion binding, as mentioned in the previous
paragraph. Figure 3.9 shows the behaviour of two structur-

ally similar ionic amphiphiles at 30°C with the addition of

sodium chloride (surfactant concentration kept constant).

Both curves show an increase in micellar size
(and a decrease in CMC), but the ammonium head group shows a
greater dependence. One possible explanation for this
behaviour may be due to the smaller size of the head group
allowing easier shape changes,e.g. such as sphere to rod

(see Chapter Five).
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Figure 3.9 The Effect of Added Electrolyte on Micellar
Aggregation at 30°C

(reproduced from reference 19)
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The effect of temperature on ionic amphiphiles
is small. Nonionic surfactants however show a much larger
temperature dependence. Of particular interest is the cloud
point behaviour exhibited by many polyoxyethylene alkyl ethers?4
These molecules often display a lower consulate boundary which
is thought to be related to a dehydration of the head group
as the temperature is increased. Zwitterionic surfactants
have also been known to show cloud point behaviour. In the

case of the ammonium decyl dimethyl ethyl sulphate-water

system an upper consclute boundary is observed.
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3.4 The Kinetics of Micelle Formation

One may define a slow kinetic process as occurring
with a relaxation time of 71>1ls. The rate of attainment
of equilibrium in micellar systems is often considered in
terms of two independent kinetic processes. This treatment,
that of Anianson and Wall, distinguishes a fast and slow
34,35

process. The fast process may be described as the

association and dissociation of monomers from/to the micelle

M + M I M (egqn. 3.27)

The second process is generally much slower and corresponds
to the formation and dissociation of micelles leading to a

change in the total number of aggregates, /...

mMn —— an n,m # 1 (egqn. 3.28)

The theory makes two assumptions, firstly that the former
process is much faster than the latter, and secondly that

the concentration of oligomers (Z.e. small aggregates, dimers,
trimers, ete.) is low. The rate of the second process may
be rationalized if one recollects the minimum in the size
distribution curve of Figure 3.5. The diagram shows that
the concentration of the oligomers is small and so attainment

of true equilibrium will be slow.

Relaxation times for the fast process are gener-

ally obtained using a technique which has an observation

2

window of around 10 © - 1Oa8s or less. Thus for larger



amphiphiles, Cn3>140 where the relaxation time is relatively
large (210h4s)p ultrasonic relaxation has proved to be a
useful technique. Az wcll as being used for the fast pro-
cess, temperature and pressure jump techniques are generallyf
used for measurement of slow process. In addition to the |
rates of reaction, further information may be obtained
directly from the Aniansson and Wall treatment‘.34“'35
Particular emphasis is drawn to the calculation of the rate

of monomér dissociation (KN“) and also the width of the micelle
distribution (0) which may be calculated from equation

3°29°27

v, =k /0 + RN, (eqn. 3.29)

T is the relaxation time for the fast process, a is the
deviation from equilibrium and ﬁA is the average aggregation
number calculated using some other technique such as light

scattering. For further details of the Aniansson and Wall

treatment the interested reader should consult the respective

references,34’35
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3.5 Invexse Micelles and Reverse Aggregation

3.5.1 Introduction

Until fairly recently widespread interest in
surfactant systems has been limited to agueous environments.
The study of surfactant behaviour in non aqueous systems has
increased due to the potential application of such knowledge
to catalysis, the mimicking of biological membranes, oil

recovery and also for their use as solubilizing agents.

Although the majority of this chapter has been
devoted to the understanding of basic principles of aggreg-
ation in aqueous systems, it is this section which is of
direct relevance to the work carried out in Chapter Four.

As mentioned in the introduction to this chapter it is im-
portant to establish the similarities and differences between
the two systems. In this section we will thus elaborate
on the physiochemical principles leading to aggregation in

non agueous systems.

3.5.2 Surfactant Association in Non Polar Media

Earlier in this chapter we found that micelle
formation in agqueous systems is almost entirely due to the
hydrophobic effect.,19 The formation of micelles (or not) in
organic solvents, termed "inverse micelles", proceeds by a
qualitatively different mechanism. For example, solvent-
solute interactions tend to be smaller. In general, the
driving force for aggregation of surfactants in apolar sol-

vents is mutual attraction for the head groups. Though the

solubility of ionic surfactants in apolar solvents is low,
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dissolved amphiphiles will exist as ion pairs and exert
strong dipolar attractions for each other. The addition

of water to these systems causces gradual hydration and tends
to draw the molecules together in an effort to minimise

head group/water-solvent contact. For nonionic polyoxy-
ethylene surfactants, such as those studied in Chapter Four,
the mechanism of association is slightly different and the
association process relies on other interactions. There may.
be dispersion interactions, dipole-induced dipole, ete.
Further complications arise when one considers "coiling" of
the head group (particularly with polyoxyethylene surfactants)
thus generating an extra entropy term in the system thermo-

dynamics.

When one particular physiochemical property of
these systems is studied, e.g. light scattering, vapour pressure
osmometry, a gradual change with concentration is often ob-
served as opposed to an abrupt change which occurs at the
CMC in aqueous systems. Figure 3.10 shows the behaviour
of monomer concentration as a function of total amphiphile
for some hypothetical surfactants. The diagram shows that
it is difficult to define a CMC, and since workers have de-
37

tected small aggregates as low as 10—6 moles per litre,

association must therefore follow some stepwise mechanism.

Aggregates in these systems tend to be small.
Generally the size varies between 2 and 10-mers with a gradual

increase in N, (the average aggregation number) as the con-

A
centration is raised. With such small aggregates the deter-
mination of shape becomes difficult using techniques such as

light scattering,
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Figure 3.10 Monomer Levels expected with surfactants

showing Gradual and Micellar Association

Ideality
gradual
association
Monomer
concn.
micellar
association
concentration ——
Water can often be incorporated into these systems,
often without a phase change.27 At low water concentrations,

ionic surfactants experience partial hydration of the ion
pairs, while nonionics show some head group interaction, e.g.
hydrogen bonding,71 As the concentration is increased the
aggregation number increases accompanied with swelling and

the formation of water pools. When large amounts of water
are added to form a stable and clear phase the result is
termed a microemulsion. Alcohols tend to encourage the form-
ation of these reverse micelles and microemulsions which are
of much use in catalysis. In addition, since oil and water

mix spontaneously, they are of considerable importance in
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in tertiary oil recovery.

3.5.3 Aggregate Size and Shape in Apolar
Surfactant Solutions

As with aqueous surfactant systems, aggregate shape
is to some extent dependent on steric considerations of the
amphiphiles. But a much greater dependence is observed on
solvent polarity. The simplified notion of "like with like"
is correct to some extent and it is often observed that the
mutual attraction of head groups decreases with the polarity
of the solvent. The average aggregation number can be related
with either the dipole moment or the dielectric constant,
but most success has been obtained using the Hildebrand
solubility parametera98 It is defined as "the square root
of the cohesive energy density" and is most directly obtained

from the Heat of evaporation as shown in equation 3.30 belowo132

AE D (AH,=-RT) } %
- Vs ~y
§ = | 7 ) = [ T ] (egn. 3.30)
where § = solubility parameterx
D = density
M = molecular weight
AHV = Heat of vaporization.

Some of the data reviewed by Eicke98 show a remarkahle linear
dependence on this parameter using dinonyl naphthalene sul-
phonate surfactants. With non polar solvents such as
heptane, cyclohexane, etc. hydrophillic portions of the sur-
factant aggregates are shielded from the environment. However
in the case of liquids such as benzene and carbon tetra-

chloride, specific interactions may occur with the head group
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dipoles. In the former an interaction with the 7 electrons
of benzene may exist while in the easily polarizable CCl,
molecules, strong dipole-induced dipole interactions may

occur,

The critical balance between the enthalpic and
entropic contributions in aggregate systems leads to a com-
plex temperature dependence. Though the behaviour varies
between surfactants, it is generally accepted that the effect
of temperature on solubility is important. Some workers
believe the existence of a Krafft boundary, as found in

98
agqueous systems.



CHAPTER FOUR

THE AGGREGATION OF POLYOXYETHYLENE SURFACTANTS

IN APOLAR SOLVENTS

67
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4.1 Introduction

The association process of amphiphillic molecules in
apolar solvents is, at the moment, a subject of much researchr
interest. In the simplest case one may chose an aliphatic
alcohol (or amine) and study its aggregation phenomena in a
relatively inexrt solvent such as carbon tetrachloride. With
such systems, where hydrogen bonding provides the strongest
attractive interaction, one may study the association equili-

3,30,39-40,43-47 We have

brium using infra red spectroscopy.
mentioned in Chapter Two that the 4000-3000 cmml region is
particularly sensitive to hydrogen bonding and one may study
the aggregation process by monitoring monomer concentrations
as a function of total amphiphile concentration. Application

38 then allows the determin-

of a particular equilibrium model
ation of an average aggregation number(s) and hence calculation

of the free energy change for the process:

NRXH z=—===  (RXH) n

The lack of understanding with "reverse aggregation" in
general largely stems from the fact that aggregates tend to be
small, and therefore difficult to measure at very low concen-
trations. The current literature on the subject suggests
that association occurs at low concentrations in apolar sol-
vents, C<0.001 mol,SZ.—l for ionic surfactants50 and generally

>1,53-57,71 Plots of physical

higher for nonionic surfactants.
properties of these systems as a function of total amphiphile
concentration reveal curves showlng only a gradual change, qulte
unlike the sharp micellar transitions occurring in agqueous

5
systems.
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As with simple aliphatic alcohols30 the association
process in apolar solvents may be guantified spectroscopic-
ally for polyoxyethylene surfactants of the type

(OCH CHZ)N=OH (where N =0, 1, 2, 3, 4, 5, 8) in

C1aHy5(0CH,
apolar solvents. These oxyethylene glycol dodecyl ethers

(abbreviated to C ) have a hydroxyl group which allows a

125
study of hydrogen bonding equilibria using i.r. spectroscopy.
However, their association behaviour is far more complex than

that found in ordinary aliphatic alcohols.

Commercial polyoxyethylene surfactants tend to be
distributions of varying oxyethylene chain length. However,
those used here are pure and may be characterized by a

22 1his

"hydrophillic=1lipophillic balance" value (the HLB).
parameter, which is simply a measure of the relative amount
of oxyethylene units per hydrocarbon chain, may be used as a

gualitative measure of the surfactants prOperties°49J46

The study of aggregation as a function of additional
oxyethylene units poses an interesting spectroscopic problem
when one considers that the molecules may also form intra-
molecular hydrogen bonds. Figure 4.1 shows a schematic
diagram of some of the possible species. The interest arises
with Cle2 and higher oxyethylene homologues where eight,
eleven, etc. membered rings form. These hydrogen bonds have
enthalpies of formation close to the values found for inter-

genesilly
molecular (aggregated) species and thusAgbsorb i.r. radiation
at approximately the same wavelength. Quantitatively, this
means one cannot distinguish between some of the monomers and

aggregated molecules. As well as overcoming the above problems

we have been able to apply our methods to study the aggregation
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behaviour of C1?E4 in a number of apolar solvents. In
particular we chose decane, decalin, benzene, carbon tetra-

chloride, and deuterochloroform.

These data will thus provide interesting information
concerning the effects of solvent on the nature and magnitude

of aggregation by polyoxyethylene surfactants.

4.2 Experimental

4.2.1 Sample Preparation

Infra red spectroscopy, particularly of samples
at low concentrations, necessitates the usc of high grade
materials and also careful sample handling. The solvents
used, supplied by either BDH or Koch light laboratories, were
generally of "AnalaR"grade and dried over zeolite before use.
The surfactants themselves, consisting of a series of polyoxy-
ethylene glycol dodecyl ethers, obtained from the Nikkol
Company, Japan, were of at least 98% purity. They were stored
in a refrigerator when not in use. Surfactant solutions were
prepared by weight, with compositions varying between fractions

of a per cent to greater than 16% w/w.

A Beckmann RIIC liquid cell was used for the
measurements with either calcium fluoride or potassium bromide
windows. Pathlengths of between 200 and 1500 microns were
determined accurately using either interference fringe358 or

a micrometer (for pathlengths greater than 1 = 500yu).

The cells once filled were fitted into a variable

temperature housing, water circulating through the housing thus
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ensured thermal eguilibrium. For higher temperatures
(K2323) a Beckman RIIC temperature controller was used.
The temperature stability was thought to be no more than

+1X for both methods.

4.2.2 GSpectroscopy and Data Handling

Before any use of the instrument, a phase correction
was performed as well as an ordinate calibration over the wave-
number range investigated. Spectra were recorded for both
solvent and solution at each pathlength, between 4000 and

generally 3000 cm=l° The slit width, scan speed, and time

l, 380 cm—lo min—l, and 0.3s res-

constant were set at 2 cm
pectively, combined as an integrated scan mode of 4. The
PES5B0 data station recorded data in a digital form which sub-

sequently allowed solvent subtraction.

Initially a "solvent normalization" factor is cal-
culated which allows for a reduction of solvent bands in
solution spectra. One chooses a region of the solution
spectrum where no solute contribution is observed. The
spectra are then converted into absorbance units and an average
value is calculated over the chosen region. The normalization
factor is then merely a ratio of these values for solution
and solvent spectra, respectively. The procedure is then to
multiply the solvent spectrum by the normalization factor and
thence to subtract one spectra from the other. Figure 4.2
shows the normalization region for C

12
3900-3700 cm—l)° The solvent subtracted absorbance spectra

E8 in n-heptane (taken as

were then stored on disc for subsequent data analysis.
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For reasons which shall be discussed in the next
section the absorbance of the band centered at 3610 cm“l
(3635 cmml in dodccanol) was required, (see Figure 4.2).
Three methods of calculating the integrated area of this band
were initially reseaxrched. The first method involved transfer
of data to a main frame computer where band fitting facilities
were available. The deconvolution of the band envelope con-
sisted of two sections, both written by Pitha and Jones.,59
Initially a series of input parameters describing each of the
component band shapes making up the spectrum, are inserted
into a "parameter" file. These parameters include frequency
maxima, Lorentzian/Gaussian contribution, absorbance half
width, ete. The first program then draws the spectral
envelope and compares it to the actual data (in another file).
An iterative procedure of changing the above parameters then
commences which minimizes the difference (statistically)
between the calculated, and actual spectrum. The second part
of the proéedure is then to generate the deconvoluted compon-
ents (or their sums) using the newly calculated parameters.
It is then a simpie matter of determining the integrated ab-
sorbance of the band in question using a Simpsons rule type

calculation on the computer .This program has been named "BAREA".

The statistical optimization above was performed

with four spectral components, initially centred at 3610 cm_l,

3500 cm™ Y, 3405 cm~ ' and 3348 cm L.

The results obtained from
one however showed various inconsistencies from one spectrum

to another. In particular, contributions from the lower fre-
guency bands to the absorbance of the 3610 cm—'l hand were some-

what variable. The problem was more marked at high concen~

trations where interference with the C-H stretching modes were
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obsgsexved. This had the effect of increasing the base line at
the low frequency end of the spectrum such that the base line
as a whole was no longer horizontal. Since the optimization
program above could not properly treat sioping base line data,
the effect resulted in artificial broadening of the low fre--
quency band (originally at 3348 cm“l) to such an extent that

it caused overlap with the 3610 cm“1 band of interest as shown
in Figure 4.3, In addition the band areas for monomer were
determined at several concentrations. The results shown below

highlighted the inconsistency of this particular method.

TABLE 4.1 Monomer Absorbances as calculated from Band Fitting

Wt. % Cle4 Surfactant Monomer Absorbance cm—l
5.17 6
7.00 6
8.45 17
10.11 22
12.11 21

e e o o 5 E s v £ K o e Cme = T Eew T A £ £ TR W O £33 e G b vt e

For these reasons and the scattered values for the monomer
absorbances when these were calculated, the idea of bkangd

fitting was abandoned.

The second meéhod involved the use of a Dupont
Curve Resolver and an Apple microcomputer with its graphics
tablet. The curve resolver was able to give an immediate
visual display of each component or their sums. The position,
width and intensity of each band could be adjusted as could the
band shape, 7.¢. whether Gaussian, Lorentzian or a convolution

of both. The difference between these various convolutions

occurs in the wings, with a greater Lorentzian character giving
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A greater arca in the wings. A Gaussian band shape was

chosen for the current investigations and was found to give
satisfactoxy fits to the spectra. The 3610 cmul band was

then drawn on to the chart paper for subsequent area determin-
ation using the Apple Graphics tablet software. This was done
by simply placing the chart paper on the graphics tablet and
tracing over the band using a pen interfaced to the computer.
The software then merely calculated the area using Simpsons
rule between the first and last points. This procedure was

repeated five times and an average value calculated.

Finally a third method of area determination was
investigated. This again involved the use of the curve re-
solver above, but calculation of the area was performed by
measuring the width at half maximum height and multiplying by

the height.

Of the three methods investigated the latter two
provided the most consistent results, with the triangulation
method proving to be the most successful of all. In some cases

1 and 3500 em™* bands (see Figure 4.3) overlapped

the 3610 cm~
to such an extent that the half width could not be measured
directly. When this occurred the half width was assumed to
be invariant of concentration (demonstrated to be correct at

lower concentrations) and the value of the previous sample was

used.

4.3 The Spectroscopy of ClZEN Solutions in n-Heptane at 30°¢

4.3.1 The Determination of Monomer Concentration

To be able to quantify the aggregation process in

the various systems studied, we require a knowledge of monomer
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behaviour as a function of total surfactant concentration.
For dodecanol, which can be thought of as being the simplest
of the chEN gsurfactants (N=0), this is a fairly straight-
forward process. The area of the band at 3635 cmu1 (see
Figure 4.4) assigned as the non-hydrogen bonded stretching

30 . o
band, is measured at low concentration where no association

is observed. Simple use of the Beer—-Lambert law (equation 4.1)
A = ¢.C.L (egn. 4.1)
allows the calculation of an absorption coefficient. Subseq-

uent area determination at higher concentrations, where assoc-
iation is observed, and application of the previously calculated
absorption coefficient yields the corresponding monomer concen-

tration.

With ClZEl

analysis becomes more difficult due to complications arising

and higher oxyethylene homologues, the

from intramolecular hydrogen bonding between ether oxygens and
the terminal -OH group (see Figure 4.1). Examination of some

low concentration spectra of ClZEl (C<0.0038 mf) in Figure 4.5,

indicate the presence of a band at 3607 cm“l with a shoulder at
3635 cm_lo Similarly, spectra of Cle2 at comparable concen-
trations (Figure 4.6) show three bands (the ratio

of these band heights remain constant at these low concentrations).
Comparison of Figures 4.4, 4.5 and 4.6 thus gives rise to the
conclusion that the bands at 3635, 3607 and 3485 cm_l corres-=
pond to the non-hydrogen bonded monomer (MNB), the intramole-

cularly hydrogen bonded five and eight membered rings (MIS'MIB)'

respectively. A series of papers by Prabhumirashi et a161"64,

and also Kuhn and Wires,65 have spectroscopically examined

gimilar compounds (c.q. quvnz—(OCH,CH

5 ). 2~Hnin solutions of

b

2



FIGURE &4 DIAGRAM SHOWING THE V¢[0-H) ABSORBANCE SPECTRUNM
OF DODECANOL IN NORMAL HEPTANE AT 30°C OVER A
SERIES OF CONCENTRATIONS.
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carbon tetrachloride. Their work, though in a different
solvent, gualitatively support the existence of the above

hydrogen bonded species.

In order to calculate monomer concentrations for
C12E1’ we must first determine the ratio of the two species
present., This is not a simple procedure since the two bands
are closer together making deconvolution an ambiguous exercise.
However, an attempt to determine the MNB area using the dodecanol
absorption coefficient (thus assuming negligible inductive

66 leads to a concentration of species which is no

effects),
greater than 10% of the total. With this result in mind one
may thén simplify the calculation by assuming the total monomer
concentration to be proportional to the MIS.absorbance° Since
no noticeable change in MNB relative absorbance at higher
concentrations is observed, in agreement with the work of

61 we feel that the above statement is

Prabhumirashi et al,
justified. Calculation of the monomer concentration then
simply follows the procedure of measuring the absorbance of the

3607 cm_1 band to obtain a pseudo absorption coefficient and

hence subsequently, monomer concentrations.

The band at 3485 cm—l in Figure 4.6 has been pre-
viously assigned as the vS(O—H) stretch of the Mg hydrogen
bonded species.62 Similarly Figures 4.7, 4.8, 4.9 and 4.10
show spectra of C12E3, C12E4, C12E5 and C12E8’ respectively
and demonstrate that larger ring sizes (MIll’ MI14’ ete.) also
absorb in this region. The difficulty in calculating monomer
concentrations is realised when one finds that the intermolecular
1

hydrogen bonded species also has its maximum in the 3500 cm_

region. The determination of monomer levels thus requires a
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more sophisticated approach. At low concentrations, where

the relative proportion of all species is constant, one may
relate the molar concentrations of the spectroscopically

distinguishable species as shown in equation 4.2.

N=9
Mror < Myp * Mps * NZ3 Mian-1)1 (egn. 4.2)
From an earlier assumption we may write
N=9
Mror = Mup+zs * NZB Mian-1)1 (egn. 4.3)

i.e. MNB ~ constant

MI5 may be determined from the spectra and from the absorption
N=9

coefficient calculated from Cl2El’ leaving NZ3M3N_1 as the

only unknown. Intramolecularly hydrogen bonded rings of eight
and greater are thus treated collectively since they are
spectroscopically indistinguishable. For this treatment,
therefore, we must assume that either the concentration of
higher ring size species is small or they have equal chemical
potentials. A further discussion will be reserved for the

next section. Now that we have the concentrations of all

species we may express equation 4.3 as

M(3N—l)I = Mp - MNB+T5 (egn. 4.4)

dividing by MNB+IS gives the ratio of M(3N—l)I aggregated

species

N=9

Lo Migno1yg

N=3 Mp - M

(Mt~ "wit1s)

v (eqn. 4.5)
MNB+T3 NI3+ IS
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At high concentrations we may write

N=9
= + o .
Cp = Cypsrs * N£3 Cian-11 * Ca (eqn. 4.6)
where CA and CT are the associated and total surfactant con-

centrations above the point where association is scen to proceed,

respectively.

If we divide equation 4.6 by CNB+IS then we get
N=9

Cq N£3 Con-n1 c,
—c—————— = 1 + C + -C—--— (eqn, 4«7)
NB+I5 NB+I5 NB+I5

At this point we must make the assumption that the ratio of
the various intramolecularly hydrogen bonded species remains
constant through the whole concentration range (valid under ideal

solution theory).
This may be written as:

N=9

N=9
Clan-1)1 NZ3 Mian-1)1
c = (egn. 4.8)
NB+I5 MyB+15

e~

N=3

Substituting for the left hand term of equation 4.8 we get
N=9

M
C & (3N-1)1I C
T - 1 4+ 123 TR (eqn. 4.9)

CNB+I5 MyB+15 CNB+T5

Further substitution and rearrangement gives:

P/]r \—'M
c = c + (L2 TNB+IS

T NB+IS NB+I5 “M;E:;g““) + C (eqn. 4.10)

A

Of course CT—CA is simply the monomer concentration so:

M_

T "NB+I5
c, = C +C o (2T 22 (eqn. 4.11)
M NB+I5 NB+I5 MNB+IS
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Ecuation 4.11 allows us to calculate monomer concentrations
MT“MNB+IS)

NB+I5 MNB+15
In practice this constant is determined from the linear portion

from a knowledge of C and the constant, (
of the absorbance versus concentration plot, Z.e. at low molar
concentrations so that an average is calculated. The procedure

is adopted individually for each C surfactant, since the

125y
equilibria vary slightly due to changes in the number of intra-
molecular species. For C12E4 in the wvarious solvents the process
can be simply repeated once the absorption coefficient of the

five membered ring species has been determined. Again this is
done by simply measuring for concentration absorbances of ClZEl

in the chosen medium.

The analysis described above rests on the assumption
that all intramolecular hydrogen bonding equilibria are effected
in equal proportion. In chemical terms the equilibria which

are of most interest to us shown below should have similar

A(ClZEN) 51 e (ClZEN)A (eqn. 4°12)

K
A(C 1 ,Ey)gr =——= (C12Ex) A (egn. 4.13)
equilibrium constants. Differences in these equilibrium con-=

stants will manifest themselves in erxrrors to the monomer concen=
tration at high surfactant concentrations. Quantitatively, the
error will result in an underestimation of monomer concentration.
Figures 4.18 and 4.20 show monomer curwves as a function of total
surfactant concentration determined for C12E4 and C12E8’ res-
pectively. The Figure shows data obtained using I.R. spectro=
scopy and also data obtained by wvapour pressure osmOmetrye67

The data in these figures demonstrate that our approximations

are valid over the concentration range studied here.
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4.3.2 The Hydrogen Bonded vS(OmH) Band

The amount of quantitative information obtainable
from the vS(OmH) band envelope centred at =3500 cmﬂl is limited.
However, much information may be extracted if one considers that
the species involved in these hydrogen bonds have very large
absorption coefficients. The consequence of this is that

subtle perturbations in the hydrogen bonded equilibria result

in large spectroscopic changes,

In order to be able to interpret these spectra one
must distinguish between high and low concentration spectra.
The latter referring to concentrations where no visible assoc-
iation occurs and the intramolecularly hydrogen bonded equili-
brium remains intact. The spectra at these low concentrations
will therefore demonstrate the coexistence of several species.
As well as the MNB and MIS species, the low concentration
spectra of C,,E, contains a symmetrical band at 3485 cm™
(Figure 4.6). It is noticeably sharper than its higher homo-
logues which suggests a narrower distribution of hydrogen bonded
species. As the concentration is increased, asymmetry is
observed towards the lower frequency side of this band which
must be attributed to the associated species. With further
addition of surfactant the asymmetry is increased thus presenting
a method of qualitatively studying the aggregation process.

One suggestion has been to calculate an "asymmetry factor" (AF)
from the ratio of half widths at a quarter height, as shown in
Figure 4.11. The asymmetry is more pronounced at a quarter
heiéht and gives a more sensitive method of detecting aggreg-

ation. Figure 4.12 shows the results of such determination
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for C12E2 in heptane at 30°%¢. The diagram demonstrates that
association, albeit small, is first observed at =3% W/W

(0.0110 mf). Though AF=1.0 at low concentrations (Z.e. the
band is symmetrical about its maximum), one would not expect
higher homologues to behave likewise. In these cases larger
ring sizes cause asymmetry even at low concentrations and tends
to obscure "structure" due to association. Under such circum-
stances a second method, of simply measuring the integrated
absorbance relative to the MIS band, is more sensitive. Figure

4,13 shows the behaviour of the ) versus concen-

(3500723605
tration curve for C12E8 in heptane. The graph exhibits an
abrupt changé which signifies the concentration at which aggreg-=
ation begins. For C12E8' under the specified conditions, the
aggregation concentration turns out to be 0.0075 mf. For the
remaining oxyethylenes the changes are less well pronounced
since aggregation proceeds in a more stepwise manner.

Further examination of some low concentration spectra

1

of C ete. (Figures 4.7-4.10) shows the 3485 cm

12837 C1oE40
band move to 3505 cm-'l with an increased full width at half

maximum intensity. The details are shown in Table 4.2 below.

TABLE 4.2 The Behaviour of Voax and width at half height for

some Cy,Ey surfactants-*
Surfactant \Y (cm—l) Av, (cm—l)
max /2
Cle2 3485+5 80+5
Cle3 3505+5 110+5
Cle5 3505+5 105+5
C12E5 3505+5 110+5
C12E8 3505+5 l;OtS

* A1l data obtained below 0.0050 mf.
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The M species is shown to have a maximum at

8I

1 while the presence of other intramolecularly H-

3485 cm
bonded species, possibly the eleven membered ring peak at
3505 cmmlo One would expect these species to absorb at

l, the fact that they do not suggests

frequencies below 3485 cm
the enthalpy of formation of the eleven membered ring may
possibly be higher than that of the MBI species and that its
concentration is relatively high. In addition, examination

of Figure 4.8 (spectra of Cle4 in heptane) shows a noticeable
shoulder at approximately 3400 cma1 which may well be due to
the intramolecular H-bonded fourteen membered ring. Though
these bands are visible,the behaviour of their frequency
maximum as function of enthalpy will be complex and not necess-
arily monotonic in behaviour. Also since the absorption co-
efficient of the various species (ring sizes greater than MSI)
are unknown, calculation of their concentration is not possible

(band fitting procedures are of little use since there is con-

siderable overlap).
The high concentration spectra of ClZEl in heptane
(Figure 4.5) show a third band to appear at 3505 cm_l° This

peak is due to intermolecularly associated species.

For higher ClZEN homologues, the associated band
also seems to appear at this frequency since it is this part
of the spectrum which increases in intensity with concentration.
Dodecanol (Figure 4.4) shows the most interesting behaviour,
since it has two well defined hydrogen bonded bands (both inte;w
molecular) at 3545 and 3350 cm—l° These bands have been
assigned in the literature as the dimer and tetramer, respect-

0]

ively.,3 In addition the concentration of the dimeric specics
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is relatively small at higher dodecanol mole fractions.
Comparison of the frequency maximum for the tetrameric species
and that of the associated bands in ClZEN surfactants suggests
that hydrogen bonding in the former is much stronger.,68

Also, the breadth of this band suggests a greater distribution

of multimeric specieso6

4.4 Aggregation Phenomena in CleN—Heptane Systems

4.4.1 The Behaviour of ClZEN Monomers with Total

Concentration

The procedure which has been used to calculate
monomer levels is described in Section 4.3.1. In this section
we will discuss the results obtained, their sources of error

and also possible implications.

As far as the error is concerned, one may distinguish

between the following sources:

(a) Sample handling and preparation generates a small but
finite error. The major contribution arises fro& sample pre-
paration since only gram quantities are used. = The error is
*0,0001g in weighing out the surfactant sample, thus for a 1%
solution the maximum discrepancy is 2%. The inaccuracy will
decrease as the concentration is increased.

(b) The effects of moisture has been a subject of some con-
troversy in the past.,71 It is known that this water competes,
with the terminal -OH group, for the ether oxygens on the oxy-
ethylene chain,71 This will alter the intramolecular H-

bonding equilibrium which is expected, from ideal solution

theory, to have a small effect on the association properties.
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spectra of Figure 4.35 show evidence for this.

The C E4/CC1

‘12 4
Though the samples contain varying amounts of water c¢f. band
at =3700 cm'=l of Figure 4035,72 the behaviour of the monomer

is little affected and a smooth curve is obtained, see

Figure 4.40.

(c) Probably the largest source of error comes from estimating
the monomer absorbance using the deconvolution method described
in Section 4.3.1. The error increases with concentration,
particularly with the higher ClZEN homologues. The error
originates from measuring the monomer absorbance where it over-
laps with the bound band. By taking maximum and minimum values
we have calculated this contribution to be no more than 5% and

10% for dodecanol and ClelnCleg, respectively.

(d) In our calculation of monomer concentration we have made
the assumption that monomer levels may be estimated from ab-
sorbances of the MI5 species. In thermodynamic terms this
means that the equilibrium constants for this and the other
major species (MIB) with that of the associated molecule is
equal. Ideal solution theory assumes that at low concentrations,
the interaction of molecules with each other is small and that
their chemical potentials will be equal. At higher concen-
tration where association is observed one may therefore assume
that all species will be effected to the same extent. A com=
parison of our i.r. data with that obtained by VPO67 (Figures
4,18 and 4.20) show reasonable agreement, thus qualifying our

assumption (the VPO technique measures the numher of solute

particles, therefore MIS' MIS’ ete, are treated collectively).

Figure 4.14 shows a typical curve of monomer versus-

total concentration of surfactant from dodecanol. The diagram
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illustrates that at low mole fractions the behaviour follows
ideality and no association is observed. As the concentration
is increased aggregation begins and the curve deviates from
linearity. The extent of this deviation is thus directly pro-=
portional to the magnitude of the aggregation process. For
dodecanol the deviation becomes visible (from the monomer curve)
at approximately 0.0050 mole fraction (0.035 M) though some
association (as the dimer) is detected at 0,003l mf (0.021M).

30

This value is in agreement with that obtained by Aveyard et al

using a similar technique.

Analogous curves obtained for the oxyethylene sur-=
factants are shown in Figures 4.15 to 4.20. All the curves
exhibit the familiar deviation, but to slightly differing extents.
In particular ClZEl—Cle5 all show similar behaviour to each
other with a gradual decrease in the slope of the curve, How~
ever, for CleS (Figure 4.20) the graph shows a more abrupt de-
viation from ideality. In addition the curve levels out to a
plateau with the monomer concentration staying almost constant.

We can draw a number of conclusions from this behaviour. Firstly

that association is a gradual process and generally stronger for

the larger oxyethylene chain length.

If we compare the curves of Figures 4.14 to 4.20
(Figure 4.21) we see a surprising result in that dodecanol shows
behaviour between Cle4 and C12E8° This indicates that hydrogen
bonding cannot be the major driving force for aggregation in
these surfactants, This conclusion may be reached if one real-
ises that a reduced H-bonded interaction (probably due to in-
ductive effects) will occur for all the C, E s (more so for

127N

C12E8' it has the most oxyethylene units) and dodecanol should
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therefore aggregate more strongly than C12E8° The obvious con-
clusion is that other interactions must also be involved. Con-
sideration of the molecular structure of an oxyethylene head

group leads to several other possibilities:93

(i) The interaction energy between a permanent dipole
and a dipole induced by it in another molecule. This dipole-
induced dipole interaction is dependent on the inverse sixth
power of the intermolecular separation (R) and is thcrefore
considered as a short range effect. It depends on the polariza-

bility of the affected molecule.

(ii) The energy of interaction between permanent dipoles

which are again short range and dependent on Rn6°

(iii) The dispersion interaction between electrically
neutral atoms or molecules such as that found in the inert gases.

As with (i) and (ii), Londons dispersion forces are dependent

6

on Rfd and thus relatively short range acting over several Rs,

Figure 4.22 below shows the form of the potential which two
surfactant molecules may experience.7O

Figure 4.22 Intermolecular Potential Diagram for aTypical Molecule
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It is likely that the intermolecular potential energy
diagram will be comprised of contributions from all the above
interactions. Though we may only speculate here,it would
seem likely that the major influences will originate from
dipole-dipole and H-bonded interactions. For example there

are several permutations for these interactions.

Figure 4.23 Some Possible Interactions Experienced by
Oxyethylene Surfactants
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Figure 4.23 shows some of the possibilities available. It

is obvious that as the headgroup increases in size then so does
the number of different ways the molecules may interact- It
seems likely that the magnitude of (iii) also becomes increas-
ingly important in these systems. The overall contribution may
be thought of as a "stickiness" of the head groups, acting over
microscopic distances. One must realise that entropy conslder-

ations have been omitted in the above discussion. In gcneral,
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the greater the molecular freedom allowed by a particular
intcraction the greater likelihood of it occurring (for a
given enthalpic attraction). Finally in addition to the
above contributions, there will be a short range closed shell

>

repulsion term for when the head groups approach too closely.

In summary, therefore, one can say that polyoxyethylene
surfactants form aggregates as a result of a number of possible
contributions including, H-bonding, dipole-dipole, dipole-
induced dipole and London's dispersion interactions. As
the length of the oxyethylene chain increases then so does
the magnitude of the above contributions. Association in
dodecanol follows an entirely different mechanism with hydrogen
bonding being the only likely interaction. The strength of

the interaction follows the order,

C1 2B 8C ) 5B 58C) HE4SCy B ,=C 5E5<Cq 9EG<Cy oEg

with hydrogen bonding being approximately equivalent to the

interaction of six oxyethylene units.

The heats of solution of these compounds51 show interesting
behaviour in that a discontinuity is observed at low concen-

trations, of the order of 10 ° mol. & 1.

They have assigned
this discontinuity to the formation of micelles. We believe
this data to be incorrect since our own findings show that the

monomer behaviour follows ideality to concentrations several

orders of magnitude higher.
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4,4,2 The Determination of Aggregation Numbers

As mentioned in Chapter Three one can relate
the total and monomer surfactant concentration with the number

average aggregation number, NA as:

B[ln(xT=xM)]

NA = 3 {in XM) (egn. 4.18)

Thus the slope of a plot of ln(xTaxM) versus 1ln Xy will give
the aggregation number. Though ﬁA may be calculated at any
point, we have chosen 0.03mf since there will he some aggreg-

ation occurring at this concentration.

Figure 4.24 shows a typical plot for dodecanol at 30°.
At low concentration, where ln(xT—xM) approaches large values
the slope of the curve approaches 1. As the mole fraction
increases the slope increases gradually up to what seems a
constant value. This increase in slope and hence aggregation
number up to a value of 4.8*1.0 (at 0.03mf) agrees with what
is generally accepted in the literature as being the tetramer,30
Though the dimer is known to exist it is prescnt in such small
concentrations that it is not detected by this method of,

C§2%,3O The curve at higher concentrations then has a con-

stant slope and hence a constant aggregation number. Similar
results have been previously determined for both dodecanol and
octanol.,30 The error in the data and that of the subsequent C12EN
curves have been calculated from minimum and maximum slopes at
~0.03 m.£f. The scatter in the data originates from the 5-10%

error in monomer concentration calculated at high mole fractions.

The bhehaviour of the CioEy surfactants ls ;not surprisingly,

gquite different to that of dodecanol. Fror Clzml'to Cyoly the
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aggregation numbers seem to be constant at approximately 3
(at 0.03 mf). Table 4.4 shows the values while Figures

4,24-=4,30 illustrate the curves from which the aggregation
numbers were calculated. The first thing to note is that

for C.,E the curves are very similar but the slopes

‘1281 7 C12Bs
not as sharp as that for dodecanol.

TABLE 4.4 Aggregation Numbers for some Oxyethylene
Surfactants at 30°C

Surfactant ﬁA (at 0.03 mf) Literature
C1,E 48 + 1.0 g (30)
ClZEl 3.5 + 0.6 =
Cl2E2 2.8 £+ 1.0 -

C12E3 3.7 £ 1.0 - (53)
Cy,E, 2.9 + 0.3 6 (20°C)
C12E5 3.9 + 1.0 -

C12E8 8 + 4 8 (67)

Unfortunately the data does not extend high enough in concen-
tration to be able to say whether the aggregation number

remains constant. The data of C12E8 is quite difficult to
interpret since the scatter is quite large. However inspection
of the slope at high concentrations suggests that aggregates

are larger than in the other amphiphiles. Data obtained using
vapour pressure osmometry and light scattering give the same
value of ﬁA = 8 for C12E8.67 For the other surfactants there

seems to be a reasonable agreement with the values obtained

using other techniques. The work of Ravey et a153 shows that
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FIGURE 427 DETERMINATION OF AGGREGATION
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the aggregation number only increases slowly once the assoc~
iation hags begun. It is interesting to note that their
technique (small angle neutron scattering) is able to disting-
uish between two aggregate types, the lamella and the Hank-

like aggregate depicted below in Figure 4.31.

Figure 4.31 Two Types of Aggregate Geometry found in

- Systems 53

C,,E
12°N (reproduced from reference™ ")
Disc-shaped aggregates are thought to be preferred since this

Lamella Hank-1like

. ——————— —— — ——— > —

geometry maximises the various interaction energies. In
addition their work gives important information concerning
aggregation in the different solvents but this will be dis-

cussed in the next section.

Since aggregation numbers have been calculated it is
possible to determine the average free energy of aggregation

GY for the equilibrium:
K
A(ClZEG) == (Cy,E), (egn. 4.19)

using the standard relationship:

rc® = -RTInk (egn.4.20)



116

Table 4.5 gives the results of these calculations.

TABLE 4.5 Free Energy of Aggregation for some Cl?EN

Surfactants in Heptane at 30°C

Surfactant © ﬁA | pGo (KJ mOI—l)
C1,Fg 5% 1 ~24 + 6
Cq,E 3.5 + 0.6 —9 t 3
Cq,E, 2.8 + 1.0 -9 £ 5
Cy,E, 3.7 + 1.0 -14 * 5
CyoE, 2,9 £ 0.3 ~-10 + 2
C1,Es 3.9 + 1.6 -17 + 6
Cq,Eq 8 + 4.0 -59 + 32

®
All values calculated at =~0.03 mf.

e 00 - e - O O £ S . i ——

The average standard free energies of aggregation cal-
culated above show that at 0.0300 mole fraction the association
is a spontaneous process (in the thermodynamic sense). The
errors of the above values largely arise from the prior deter-

mination of the aggregation numbers.

4.5 Aggregation Phenomena of Cle4 in various Solvents

4.5.1 The Spectroscopy of C12E1 and Cle4 in Apohﬂ:Sohmmts

As well as enabling us to determine monomer concen-
trations, spectra of C12E1 at low mole fractions provide a
wealth of qualitative .information. The spectra obtained show

significant changes in both spectroscopic properties and the.

'
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internal monomer equilibrium. Table 4.6 below shows these

parameters for the MIS band of C12El as a function of solwvent.

TABLE 4.6 Spectroscopic Properties of Cl?El in some

Apolaxr Solvents

Solvent [ggliie ) vmax(fi5) Avl/{TIS) é¥kMEi) 1
(cm” . mol ) cm cm 2.mol “.cm
Heptane 147 3607 + 2 18 + 2 1050 10
Decane 195 3607 = 2 18 + 2 1030 + 10
Decalin 156 3605 + 2 20 + 2 1190 + 40
CCJ.4 97 3600 + 2 35 + 2 1680 + 60
Benzene 89 3595 + 2 38 + 2 2680 « 350
CDCl3 80 3600 + 2 58 » 2 2570 + 30
*At 30°¢ +B is the integrated molar absorption coefficient.

P L R o e

Of the solvents studied, the aliphatic hydrocarbons show little
change relative to each other. A slight increase in the ab-
sorption coefficient (B), width at half maximum intensity and
frequency maximum is however observed for decalin as the sol-
veht. Such a change would not be entirely unexpected from
consideratioh of differences in the molecular geometry. Though
the molar volumes of decane and decalin are 195 and 156 cm3,nml_l,
respectively, the value of 147 cm?’.,mol'-1 for heptane suggests
that some other affect is observed. However, further examin=
ation of Table 4.6 shows that there is some gross relationship
between the molar volume and the above spectroscopic properties.
From such behaviour one may anticipate differences in the
fluctional head group equilibrium (MNB = MIS)' thus possibly

_altering the magnitude of some vibrational relaxation mechanisms,
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Figures 4.32,a,b and ¢ show the low concentration Clel
spectra in heptane, decane and decalin. The spectrum
obtained in CCl4 is significantly different from those in
the above hydrocarbons yet it, too, is also a relatively
"inert" solvent. In this case the perturbations are likely
to arise from a combination of molar volume (97 cm3,mol—l)
and surrounding electric fields. This latter contribution
will have an effect on the electron distribution and hence on

duy| 2 75
laq

°

The behaviour of the M hydrogen bonded bands in

IS5
benzene and deuterochloroform are more complex. It is known
that strong interactions exist between the ether oxygen and

these molecules.53’7l’76

The MNB band is more noticeable in
deuterochloroform and its increased relative intensity (see
Figure 4.32f) suggests that there is some stabilization of
this species. The corresponding band in benzene is less
noticeable, probably because the MNB and MIS species absorb

at approximately the same frequencies. This result suggests
that intramolecular H-bonded interactions in benzene are small

(e.g. due to solvent polarity) and would explain the large

absorption coefficients which occur for these two solvents.

Inspection of the low concentration spectra of

Cle4 in these solvents (Figures 4.33-37) reveal little con-

cerning the intramolecular‘equilibria° In general all the
spectra at low concentrations show the MI8 band at 3505 cm-l
with the néatable exception of CDC13, Also the width of this
band increases in the order ileptane =2 DecmmzéDeaﬂjn::<7ﬂ4<agnmmmzx
CDCl3gvarying from 55 to 90 cm—l° It is not possible to draw

conclusions concerning the internal equilibria with higher ring
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FIGURE 437 SPECTRA OF C)oF, BETWEEN 3800-3400ck

IN_SOME APOLAR SOLYENTS.
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FIGURE &35 SPECTRA OF Cyolky TN GGLy:
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FIGURE 437 SPECTRA OF CioE, IN CDCLs3.
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sizes because of the changes in width cbserved in the Mpg band previously.
It was thought that similar perturbations would be experienced
by these higher analogues. The spectra at higher concentrations
showed a shift of =15 cm—l for Cle4 in all solvents indicating

stronger hydrogen bonded interactions.

4.5.2 The Behaviour of Cle4 Monomers in Apolar Solvents

Earlier in this chapter we discussed the possible
driving forces for surfactant association in apolar systems.
In this section we present further evidence to support our earlier
conclusions by studying the association process in various sol-
vents. In addition to C12E4 in heptane (at 30°C) we have
studied this ampliphile in n-decane, decalin, carbon tetrachloride,
benzene and deuterochloroform. The experimental procedure
adopted in this section is identical to that used in the earlier
work (see Section 4.2) thbugh the temperature used was 35°C and
special care was taken to reduce the water in these systems.
In some cases (deuterochloroform) a slightly different normalizing
region was chosen for solvent subtraction. In all cases low
concentration of spectra ClZEl were recorded so as to calculate
the absorption coefficient for the M15 species. The half widths
determined in these spectra were applied in the determination of

the M absorbance. The significance of this procedure re-

15
quires only the height to be determined in the Cle4 spectra
(the half width seems to remain constant with increasing concen-

tration). Also, the assumptions discussed in Section 4.3.1 have

also been used here.

The monomer curves for Cle4 in the various solvents

have been plotted individually in Figures 4.38-4.42, A comparison
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is shown in Figure 4.43. The most obvious feature of this
graph is the curve for C;,E, in benzene which shows only a
small deviation from linearity. This indicates that assoc-~
iation in this system is small as compared with, e¢.g. decane.
The result is not entirely unexpected since it is known that
benzene rings solvate thé ether oxygens?6 As far as the
association process is concerned this "shielding” will result
in a decreased intermolecular interaction. The same conclusions
have been obtained recently by Ravey et a153 using small angle
neutron scattering. As well as the curve shown in I'igure 4.41
the aggregation number has been calculated and is shown in

Table 4.7 below.

TABLE 4.7 Average Aggregaticn Number and Average Free Energy
of Aggregation for C12§4 in various Solvents at
0.04 mf. and 35°C

Solvent ﬁA ﬁA from ref. 53 -ée (kJ molnl)
%

Heptane 2.9+0.3 . 5 (20°C) -10+2

Decane 4+1 9 (20°c) ~13:t5
Decalin 3t1 3 (Cyclohexane) -8+4

at 20°c :
ccl, 3.0+0.5 - ~541
Benzene 1.6+0.4 1 (20°C) +1.3+1.1
CDC1, 2.5+0.3 1 (20°) _
* At 30°%

The value of 1.6 calculated implies that the molecule exists
as the monomer with a small concentration of dimers. In
additicn the free energy change for the process is unfavourable,

the only positive value among the systems studiod,
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The curves foxr decane, decalin and carbon tetra-
chloride are all similar and all give aggregation numbers of
about 3 (trimers) at 0.04 mole fraction (Figures 4.38 - 4.40
and 4.43). The results for heptane were recorded at 30°C and
were expected to show similar behaviour to decane (to within
the error). The aggregation numbers calculated agree favour-
ably with those of Ravey and coworkers53 except in the cases
of decane and deuterochloroform. The high value observed by
Ravey for Cle4 in decane was obtained at a lower temperature
though no simple explanation for the behaviour of Cle4 in
deuterochloroform is immediately available. With the exception
of deuterochloroform our results indicate that an increase
in solvent polarity has an affect of reducing the aggregation
process in these systems. This observation supports our
earlier ideas as to the cause of the association process since
the solvent in effect reduces the "stickiness" of the head
group,?.e. dielectric constants for benzene and, e¢.g. decane

are 2.28 and 1.99 reSpectively.132

The most unexpected result is obtained for Cle4
in deuterochloroform. This solvent, as with-benzene, is known
to solvate the ethexr oxygens. Indeed the spectrum of C12El
in CDCl3 (Figure 4.32f), shows a relative increase in the MNB

species as compared with M Examination of Figqures 4.42 and

I5°
4.43 show a considerable deviation from linearity, normally
associated with relatively strong aggregation. In addition
the deviation is noticeable at quite low concentrations
(C<€0.0050 mole fraction). Ravey and coworkers53 have estab-

lished that no aggregation occurs in chloroform implying that

moisture may be present in our system. Though this is known
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to be the case (the spectra show a small peak at =3680 cmnl

known to be due to water) the quantities are small (less than
a fraction of a per cent) and vary with little or no effect on

the v (MIS) spectra. It is difficult to understand the

s
behaviour of Cl?E4 in CDCl3 and further experiments with this

system are required.

In Section 3.5.3 we noted the linear relationship
of aggregation number with the Hildebrand solubility para-
meter (§) for some ionic surfactants. No such dependenee is
observed for C12E4 with the solvents used here though the
spread of § values is small. One would cxpect a more complex
dependence and it seems doubtful that one single parameter
can quantitatively account for all the possible solute solvent

and aggregate-monomer interactions.

4.6 Conclusions

Though vibrational spectroscopy has long been used as
a tool for quantitative analysis it has never found applic-
ation in complex amphiphile systems such as thosc studied here.
The results show that the technique has been successful in |
quantifying the aggregation process of polyoxyethylene sur-
factants in non aqueous solvents. In doing so we have estab-
lished that hydrogen bonding, dipole-dipole, dipole-induced
dipole and dispersion interactions have large favourable con-
tributions to the free energy of aggregation. Thus one finds
that association increases in the order:

C.,E,>C, ,E >C12E

12887C1280 2019420 9E33C By 5C ) Hl

57-1274 271
The above sequence demonstrates that the larger the oxyethylene

head group, the greater the "stickiness" between molecules,



which become equal in magnitude to hydrogen bonding at

about C12E6n

In addition to oxyethylene chain length we have found
that solvent has a profound effect on the aggregation process.
In particular, that benzene solvates the ether oxygens thus
effectively shielding them from neighbouring molecules. This
results in a much reduced interaction and decreases the assoc-
iation of these molecules. A study of the intermolecular

1

vS(O=H) association bands in these solvents (=3500 cm ~) has

shown that aggregation, particularly with small oxyethylene

chaing, is a graduvual process and begins at low mole fractions.
Indeed, the absorption coefficient of the above species is such
that it may be detected at concentrations lower than by other

techniques such as vapour pressure osmometry and light scattering.

Though the association process is of most interest, we have

observed the presence of intramolecular H-bonded monomer

species.
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CHAPTER FIVE

THE BEHAVIOUR OF SURFACTANT-WATER SYSTEMS

AT HIGH AMPHIPHILE CONCENTRATIONS.

THE FORMATION OF LIQUID CRYSTALS




135

5.1 Introduction

The term "liquid crystal" is often used to describe
systems which possess both solid and liquid properties.
In general the molecules in such systems have long range
order of‘crystalline materials yet also displaying some
rotational and translational mobility. They may be formed
by simply heating, in which case they are termed "thermo-
tropic", or secondly, by the addition of a liquid. Tt is
this latter class of liquid crystalline systemswhich interests
us here. They are referred to as "lyotropic liquid crys-

tals",

In Chapter Three we saw that the hydrophobic effect was
responsible for the formation of surfactant aggregates in
water known as micelles, The addition of further surfactant,
such that the hydrated micellar volume fraction exceeds a

critical value, causes a transition to a liquid crystalline

phase. For cylindrical micelles the transition is always
to a hexagonal mesophase, with the rods in parallel and
arranged in a hexagonal array (see Figure 5.2). Similarly

spherical micelles usually form isotropic mesophases with a
cubic structure (see Section 5.2). Further increases in
concentration, or the addition of a third component, may cause
the formation of other types of liquid crystals. The mech-
anism thought to describe such phase transitions is discussed

in Section 5.3.

The phase behaviour of surfactants and watcer as a function
of concentration and temperature is most conveniently ox-
pressed in the form of a phase diagram, Flyurce H.1 shows

one such diagram of the C E8/water system,87 The lines re-

12
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Figure 5.1 The Phase Diagram of the C /Water System

1258
over the temperature range 0~100°c

(reproduced from ref.87)
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present phase boundaries, which as the diagram shows, are
sensitive to temperature and concentration. Similarly
tertiary systems may be expressed on triangular phase
diagrams, but only at a single temperature. The represent-
ation of phase behaviour in such a manner is of great import=
ance in the detergent industry where certain phases are to

be avoided kw their viscosity.

The law governing such heterogeneous equilibria, first
applied by Gibbs many years ago, relates the number of com~-
ponents (C), the number of degrees of freedom (F) and the

number of phases (P) as:
F+P=C+ 2 (egn. 5.1)
The above relationship is known as the Gibbs Phase rule.

The degrees of freedom are intensive variables and
under normal conditions may be one or more of the quantities;
temperature, pressure or composition. The phase rule assumes
that the influence of other variables such as maynetic and
electrical fields are negligible. If such influences do
affect the equilibrium they are simply included as another
degree of freedom. The phase rule is of much use when diag-
rams similar to the one illustrated in Figure 5.1 are deter-
mined. They help to make sense of sometimes complicated
phase boundaries and tell us where to expect regions of co-
existing phases. Such areas arise where two or more phases
are in equilibrium with each other, and occur between micro-
scopically homogeneous phase boundaries. Indeed for a phase
transition to be first order one usually observes a co-

existing region between them.
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5.2 The Structure of Liquid Crystalline Phases

Above the Krafft boundary (see Chapter Three) at high
surfactant concentrations one finds that micelles order
themselves in a fixed array. The structure of this micelle
array or "'mesophase" depends on the concentration and on
the surfactant itself. Various structures have been deter-

mined, some of them equivocal and many well established.

5.2.1 The Hexagonal Phase

79 that there are two

It is generally believed
mesophases with a hexagonal structure found in lyotropic
systems There are the "normal" and "reversed" hexagonal
phases, which according to the nomenclaturc of Tiddyao have
been designated as Hl and H2, respectively. The ll1 phase
is composed of normal cylindrical micelles packed in a hexa-
gonal array within a water continuum as shown in Figure 5.2.
Generally speaking the diameter of the rods is between 10%
and 30% less than twice the surfactant length, with a water
separation of 8-508 depending on the concentration.79 The
phase is quite common and because of,ahﬁoﬁﬂrg is birefringent
when observed between crossed polars. Under the polarizing
microscope it often exhibits an'"angular" or "fanlike" texture.sl

A Photomicrograph of the hexagonal phase found in hexadecyl-

trimethyl ammonium chloride (C16TAC1) is shown in Chapter Seven.

The reversed hexagonal structure, though not as
common, generally occursat high amphiphile concentrations,
particularly with surfactants having two alkyl chains on a
small head group. Unlike the Hy phase the hydrocarbon "tails"

are directed towards the sides of the cylinders as shown in



Figure 5.2 The "Normal' Hexagonal Phase

Figure 5.3 The "Reversed" Hexagonal Phase
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Figure 5.3. 7f water is used as the solvent, the water
cylinder diameter is generally between 10 and 208,79 The
H2 phase shows similar texture to the "normal" structure
under the‘polarizing microscope. The viscosity is also
similar, typical values of between 20-45P (a stiff gel) are

observedl,"i7

A third hexagonal phase, though not as well
established as the previous structures, is the deformed hexa-
gonal, Hld phase82 shown in Figure 5.4. T'"his phase, which
occurs in sodium dodecyl sulphate, is thought to arise from
a "structuring" of water as the concentration of surfactant
is increased. The result is a minor change in cylinder

position of alternate layers.

Though other more equivocal hexagonal phases may
exist such as the complex hexagonal HC of Ekwall,77 the

structures have not been well established.

Figure 5.4 The Deformed Hexagonal Phase

(reproduced from ref.82).
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5.2.2 The_Lamellar oxr Neat Phase

This megophase is probably the most common and
well known because of its similarities with biological memb-
raneso80 Typically in binary aqueous systems the lamellar
phase occurs at high concentration, generally between 70-90%
surfactant. In a few cases the lamellar phase (Lu) may
form without water, but this is rare and normally a certain
minimum amount is required. For anionic surfactants the value
is quite large and is believed to be due to the prerequisite
of counter-ion hydration (for Na, K soaps),77 (2-6 moles of
water per mole of amphiphile). For cationics however much
less water is required, 0.88 moles for dodecyl trimethyl

chloride at 60°C.77

The nature of water in these systems
is not well understood, though some discussion of this subject

‘will be reserved for Chapters Six and Seven.

Figure 5.5 shows a schematic diagram of the neat
phase illustrating the alternating bilayers with intercalated
water sheets. The dimensions of the phase may vary signific-
antly but generally the water thickness is between 8 and >1008
with bilayers 10-50% thinner than two all trans chain 1engths.79
Like the hexagonal phase, the La phase is ahisotropic thus
exhibiting birefringence when observed between crossed polars.
Under the polarizing microscope it is described as having a
"mosaic" or "oily streaks" texture81 coupled with its very low

77

viscosity (1-10P), and its microscopy, this phase is gener-

.ally easily identified (see Chapter Seven).
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Isotropic Liquid Crystalline Phases

According to the current literature, there are

believed to be four different types of isotropic mesophase. From

these mesophases have a cubic

83

X-ray diffraction studies,

structure and again as with the hexagonal phase may be further

"reversed".

and

"normal"

divided into

The first type of cubic mesophasc is the Il form

which often occurs bhetween micellar solution and Hl phase

It is made up of spherical micelles

(see Figure 6.1).

packed together in a face centered or body centered cubic
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array (Figure 5.6,a). Again at high concentrations the

cubic structure may occur with reverse micelles as shown

in Figure 5.6,b. This latter phase is designated the 12
phase according to the Tiddy nomenclature,80 The dimensions
of the micelles are similar to those found in solution with
water spacings between them varying from 10 to 208 (equivalent

to that in the Hy phase).,79

The second class of isotropic mesophases are
often referred to as the "bicontinuous" cubics (Vl, Vz) and
consist of surfactant and water continuous recgions. Al-
though their structure has not been well establishced, one
of the possible geometries is shown in Figure 5.7. No
differences are observed between the Il and V1 under normal
light conditions or when viewed between crossed polars, Z.e.
both completely transparent and showing no birefringence.
‘"However, the Vl may be distinguished by N.M.R. since it has
faster translational diffusion.84 Both cubic phases are
extremely viscous which reflects on the relative difficulty
of displacing individual micelles. In general they are far

more viscous than either lamellar or hexagonal phascs.

5.2.4 The Gel Phase

In some systems there is a complication at the
Krafft boundary due to the formation of a "gel phase".
Usually this occurs at high concentrations where lamellar
phase is known to exist, but on cooling the gel phase appears
before the crystalline surfactant. The structure is inter-

mediate to that of the neat and crystalline phase. Tt is
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Figure 5.6 Face Centered Cubic Stxuctures of the I. and I
Phase. L ?

(a) (b)

Figure 5.7 The Viscous Isotropic Phase (reproduced from ref.52)
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thought to be composed of mt@rd@ﬂted surfactant molecules
with rigid all-trans hydrocarbon chains as shown in

Figure 5.8. Watexr is found between the monolayers, but

in some cases between bylayers (c¢.f. Figure 5.8,b). As
with the lamellar phase the anisotropy causes gel phase
samples to be birefringent. “late 7.4 shows a photomicro-
graph of the gel phase found in the fiGTAClmwater system,

(see Chapter Seven).

Figure 5.8 Two Possible Structures of the Gel Phase

T

(a)
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5.2.5 "Intermediate" Phases

Until fairly recently the nature of "intermediate"

82,85 It is now

phases was a matter of much discussion.
fairly well established that these phases occur between normal
hexagonal and lamellar phase regions, where one would expect
to observe the V1 cubic. In general amiphphiles of small
hydrocarbon chain (C, ¢10) form the vy phases, while the
higher homologues tend to formthese new structures. In two

82,85 (SDS/water and Na

anionic systems studied by Tiddy
alkanoate/water) the deformed hexagonal phase mentioned in
Section 5.2.1 is formed. It has a parallelogram as the
repeat unit in the hexagonal rods distorted by interstitial
watero82 However in the sodium laurate/water system a second
intermediate phase is believed to be formed having a structure

akin to the lamellar phase with thin bilayers.85

Cationic surfactants show similar behaviour in
their formation of such phases. It is interesting to note
however that this effect is observed with higher alkyl
homologues than that in the anionics. For example alkyl
trimethyl ammonium chlorides show only a vy phase with Cn=12
whereas C,=16 homologue shows two intermediate phases.86
This higher crossover point at Cn=l4, ¢.f. anionics anlo,
coupled with the fact that nonionics and zwitterionics do
not form such phases, may be interpreted in terms of inter-

25,26 (see Section 5.3). A point

and intramicellar forces
worthy of mention concerns one of the intermediate phases of
cetyl trimethyl ammonium chloride, ClGTAC1. T Is thought

that the gstructure of the first Intermodiate 1s thal ol o
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"rectangular phase” as shown in Figure 509077 However
further discussion of this subject will be postponed until
Chapter Seven.
These intermediate phases are birefringent with
a texture not far removed from that of the hexagonal phase.
They do differ, however, in their .rheological properties,

the former for example showing a higher viscosity.

Figure 5.9 The Rectangular Phase

(reproduced from referenceBO)
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5.3 The Interactions Responsible for Mesophase Formation

The formation of micelles and liquid crystals in water
is a cooperative process between the hydrophobic effect and
other electrostatic and steric interactions. Ultimately tﬁe
system will minimise its chemical potential by achieving a
mutual balance between all contributions. In this section
we will discuss these interactions, initially considering the
intramicellar contributions which dominate micelle shape and
subsequently the behaviour at higher concentrations where intexr-

micellar interactions play an important role.

5.3.1 Intramicellar Interactions

As mentioned in Chapter Three, one can distinguish
between several micelle geometries:; there being spheres, rods
and discs which all differ in their average surface curvatures.
In this current treatment the micellar shape may be determined
semi-quantitatively for both ionic and nonionic surfactants
in terms of simple packing constraints and interactions im-
posed by the head groups, the hydrophobic chain and the sol-
vent (water in this case). The work of Israclachvili, Mitchel

25,26 considers intramicellar interactions in terms

and others
of four variables. These are the 'Bulk', 'Surface', 'Curvature'

and ‘'Packing' terms:

(1) The Bulk Term arises from the change in chemical

potential on removing the hydrophobic surfactant tails from

an aqueous environment.

(ii) The Surface Term allows for water contact between

portions of the hydrophobic tail close to the head group.
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(1iii) The Curvature Term is included in ionic systems where

it is important as an electrostatic consideration.

(iv) The Packing Term assumes that the hydrophobic tails

are fluid like and not compressable. Consideration of these
variables embraces thermodynamics, geometry and interaction
energies in order to explain rod and disc micelles (which

could not exist under thermodynamic considerations alone).

For a spherical micelle one can relate the volume
of the surfactant chain (V) with the micelle radius generally
taken to be less than or equal to, the all trans chain 1ength,ﬂt)p

.and ﬁhe surface area per molecule (a):
(spheres) vV = — (egqn. 5.2)
similarly for rods and discs one has
(rods) V = — (egn. 5.3)

(discs) vV = a.l (egn. 5.4)

These three equations set out packing constraints for a

particular surfactant with twelve C atoms such that:79

(spheres) an%y = 708 2 (egn. 5.5)
t

(rods) aﬂa%y = 478 2 : (egqn. 5.6)
t

(discs) a»7- = 23R ° (eqn. 5.7)
t

Thus, as the surface area per molecule decreases then so does
the possibility of the various geometries. For example a
molecule having a surface area of 50R may only form rod or
disé shaped micelles. Given that there are two geometries
possible, the resulting shape will depend on the surface

curvature which is a balance of intramicellar forces acting
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at the micellar surface. Figure 5.10 below shows schemat-
ically the origin of these forces which generally act in the

planes denoted by %, y and z.

Figure 5.10 Schematic diagram of a micellar surface

(reproduced from ref.87).

The interactions along a plane denoted by y in
the above diagram, are generally due to head group repulsions
caused by either electrostatic or steric factors and will
increase ‘'a', the surface area per molecule. The hydrophobic
effect results in an attractive force in the plane x such
that the hydrocarbon-water contact is minimized, resulting in
a smaller value of a. Finally an interaction originating
from decreased molecular freedom of the hydrocarbon chain may
result along the z-plane. This repulsion is thought to depend
on the micellar shape and is thought to be small except for
low values of a, Z.e. a<47R. 87 Finally, to be able to
calculate the actual curvatures, some knowledge of the chain
length is required. Previously we have assumed that all
trans chain length (lt), but as the hydrocarbon tail gets
larger the probability of gauche conformers increases which

results in smaller values of lt. Thus in summary, high head
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group repulsions (and hence curvatures) favour spherical

micelles, a gradual decrease in curvature results in tran-
sitions to rod, disc and finally reverse phases (where the
cur?ature is inverted). An extension of the hydrocarbon
chain length (for a particular value of 'a'’) results in a

decrease in curvature.

5.3.2 Intermicellar Interactions

Though intramicellar forces are important just
above the CMC, other factors dependent on intermicellar inter-
actions, become evident at higher concentrations. For
example, there may be a change in the micellar shape either
due to restrictions imposed by a and lt as the concentration
is increased or by "soft sphere" repulsions between micelles.
Thus these "shape transitions", Z.e. sphere+rod may appear
in the Ll phase or at concentrations where liquid crystals
are found. The repulsions between micelles mentioned above
are actually responsible for the formation of liquid crystals.
Above a certain volume fraction these repulsions will cause
packing of the micelles in an ordered array. Thus the point
at which mesophases first form have been termed order/disordef
transitions, wiﬁh there being no change in micellar shape,
1€ spheres+Il phase, rods+Hl phase and discs+La phase. 1In
addition to this "soft sphere" repulsion there is also an

interaction from water molecules bound to the head group.

This force is repulsive in nature and arises from contact of

adjacent water networks and may decrease the point at which the

liquid crystalline phase occurs. 119,120,130
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Further increases in concentration lead to the
formation of larger micelles. In principle such an increase
in micellar size should cause a decrease in curvature. This
will occur provided that the chain length remains constant.
Thus a point will be reached where the curvature cannot sus-
tain a particular geometry and so a shape transition is ob-
served. Thus from spherical micelles one may usually ocbserve
the following phase behaviour:

spherical micelles —= I, —e H —=® vV, —e L,

-

~

order/
disorder shape

Concentration <>

Curvature

For a fixed_chain length each phase transition occurs at a
particular value of the surface area per molecule, the curvature

thus decreasing from left to right.

Figure 5.11 shows a schematic¢ diagram of typical

mesophase behaviour as a function of concentration and micellar

curvature.

In cases where one oObserves very little curvature
even at low concentrations, reverse phases are encountered.

Such behaviour is observed when:

(1) the size of the head group is small;
(1ii) the hydrocarbon chain is long or if two chains exist

on the same molecule,
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Figure 5.11 Mesophase Behaviour as a function of Curvature
and Volume Fraction of Amphiphile

(modified from ref. 87).
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The small values of 'a' give rise to disc micelles at low
concentrations with an order/disorder transition to the
lamellar phase occurring when the micelles begin to experience
intermicellar repulsions. An increase in concentration
results in a "reverse curvature" which may lead to a shape

transition. These will usually occur in the order:

discs — La -_t Vy, — H, — I, —— L

2 2 2 2
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5.4 Counter Ion Binding in Lyotropic Liquid Crystals

The distribution of counter ions in mesophases are of
paramount importance since they reduce the effective charge
density at the micelle surface. In the past, much work has
been applied into the development of a Poisson-Boltzmann type

39,90,94-97

treatment for counter ion distributions. The

PB equation describes the ion distribution as an electrostatic

continuum such that;94

ereovz¢ = p = = g n; exp(-2,e¢/XT) (egqn. 5.8)
where €r and €, are the relative permittivity and permittivity
in a vacuum, respectively, ¢ 1is the electrostatic potential,

p 1is the charge density, z,e is the charge of ion i, % is
the Boltzmann constant and T is the absolute temperature.
The above equation may then be simplified by a number of

boundary conditions. For the case of two charged parallel

plates separated by an intervening water and counter ion medium,

the boundary conditions are, by symmetry

= ] (egqn. 5.9)

and through electroneutrality94

d¢ .
_ Ix (egn. 5.10)
Xx=a xX=-a

dx

The situation is described in Figure 5.12 below.

The solution of the PB equation brings about an

ion condensation hypothesis and a number of conclusions emerge:

94
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Figure 5.12 A Schematic Representation of a Lamellar
Lyotropic Mesophase

[reproduced from ref.94]
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(i) When the charge density on the micelle surface is
increased above a critical amount, all added counter ions are
fouhd close to the surface. In this case the concentration

of counter ions far from the surface remains constant.

(ii) At a constant surface charge density the concen-
tration of counter ions close to the surface remains constant

if the distance between the plates is varied.

(iii) In the limit of infinite distance from the charged
surface the counter ion distribution is unaffected by added

electrolyte.
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(iv) The counter ion distribution is independent of

temperature.

The above model for two charged plates has been
compared to results obtained by Monte Carlo simulation calcul-

95 and by NMR°89 In general the PB treatment predicts

ations
the correct asymptotic behaviour of a decrease in the relative
electrostatic potential as the distance between the plates is
increased. The Monte Carlo simulations95 however give higher
concentrations of ions at the surface, which arc thought to

be due to correlations between ions not included in the PB
treatment. The NMR results of Wennerstrom et al 83 show a

general agreement with the ion condensation hypothesis derived

from the PB treatment.

The behaviour of rod micelles is generally found
to be similar to the results obtained for two charged plates.94
For PB type calculations of spherical micelles the "cell model"
is often used. Figure 5.13 shows that one may distinguish
between the ionic radius, Ra’ the micellar radius, Rb’ and
the cell radius, Rc° The counter ions and co-~ions are f{rece
to move in the space between Rb and Rc° The model assumes

spherical symmetry as a boundary condition.

The results obtained by a Poisson-Boltzmann treat-
ment of the above system is again qualitatively similar to
that obtained by Monte Carlo simulations. Figure 5.14 shows

the concentration profile of counter ions as calculated from

the PB treatment and a simulation calculation with approxim-

-ately 300 particles and 2000 configurations/particle.
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Figure 5.13 The Cell Model used for a Spherical Micelle

Application of the PB Treatment
[reproduced from ref.96]

Figure 5.14 A Comparison of Poisson Boltzmann and

Monte Carlo Simulation Treatments’

[reproduced from ref.96]
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The curves show remarkable similarity, more So
than that found in the parallel charged plate model for La
phases. The graph shows the effect of added salt to be

small at 0.1M.

Thexre is, in most cases, surprisingly good agree-
ment between experimentp89 Monte Carlo simulations and the

90’94=960 However, in these

Poisson=Boltzmann treatment
cases we have used only monovalent counter ions and small
concentrations of added electrolyte. It is now known97 that
large deviations from the PB treaﬁment are observed when
divalent counter ions and high surface charge densities at
short separations are used. Though we will not go into detail

here (the reader is referred to reference 97), deviatlons from

the standard PB treatment have two causes:

(i) Due to ion-ion repulsions, the counter ions concen-
trate towards the charged surface reducing the overlap between

the double lavers.

(ii) Fluctuations in the ion clouds of surface layers

cause attractions between similarly charged surfaces.
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CHAPTER SIX

A SPECTROSCOPIC STUDY OF THI

DODECYL TRIMETHYL AMMONIUM CHLORIDE.

(ClzTACl)—WATER SYSTEM




u
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6.1 Intxoduction

The phase behaviour of the cationic surfactant, dodecyl
trimethyl ammonium chloride (ClzTACl) and water is fairly

well establishedo?’2

The phase diagram for the system

(Figure 6.1) shows four liquid crystalline phases. These

are the two cubic phases, a hexagonal phase and a lamellar
phase, all separated by first order phase boundaries. The
hexagonal (Hl) and lamellar (La) phases have the conventional
structures described in Sections 5.2.2 and 5.2.1, respectively.
The cubic phases, however, have aroused much discussion con-
cerning their structureo103 It is generally accepted that
the isotropic cubic phase, occwrring at high concentrations (Vl)
(between hexagonal and lamellar regions of the phase diagram),

52,103 yhere both surfactant

has a bicontinuous structure,
and water form continuous zones. The pictorial represent-
ation of Scriven52 is shown in Figure 5.7. The cubic phase
occurring at low concentrations (Il) between isotropic micellar
solution and hexagonal phase has received much attention.
Initially X-ray diffraction studies74 had pointed at a structure
consisting of "rod like cages which enclosed two micelles per
unit cell". The NMR self diffusion data84 however, were not
cdnsistent with a continuous rod structure, but for one exhib-
iting discrete spherical micelles (Z.e¢. data showedrestricted
self diffusion). These data have recently been reconciled73

by showing that the X-ray data can also be assigned to the

Pm3n space group’previously Pm3n2) and believed to consist of

48 spherical micelles per unit cell.

A subject of much interest in lyotropic liquid crystal

systems has been the behaviour of the water at a micellar
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surface. In the past NMR has proved to be a powerful tool

82,101-102,104-109

in this context. The technique has shown,

e.g. using deuteron gquadrupole splitting,107 that two types
of water exist. These are water perturbed by the surfactant
and watexr bound to itself, Z.e. bulk water. It has been

established that perturbations of water structure extend over
several molecular diameters. The existence of various water
species should therefore be detected using vibrational
spectroscopy. In particular, a study of the various inter-
and intramolecular hydrogen bonding infra red modes should
provide further information concerning the state of water in
these systems.

The study of water "structuring" using infra red spectro-
scopy has been of interest to a number of workers.54’llonll3'115
Though some of this work has been done using reverse micelles
(54'55'112’113’115), the spectra reveal the presence of two
distinguishable types of water molecule, As with the NMR
results given above the interpretations have been based on
water in the bulk solvent and water bound to the surfactant
(54'112’113'115), Sunamoto et aZ,113 observing the v, and vy
combination mode of water in reverse micelles, postulated that
the water showed greater perturbations by the head group than
the counter ion. Their data, using a range of surfactants
with varying head group and counter ion, suggested that the
strength of the water interaction is greater in cationic sur-

factants (ClGTACI and C, _TABr) than in anionics. These

16
findings allowed them to propose two different hydration
mechanisms for anionic and cationic surfactants; the former

exhibiting a hydrogen bonded interaction of the type
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{RX oec00H-0"} while the latter a coordination type
/ﬁi
NH
as far as the Vg stretching mode was concerned, to see greaterx

{Rux+ooooco }. In this context therefore one would expect,
perturbations from counter ion interactions since these lead
to greater changes along the O-H normal coordinate. However,

114 has shown that anion hydration

Raman data of Lucas et al
is also important. The literature shows little work performed
of water structure in lyotropic liquid crystals.

One notable investigation in this area by McDonald et allll

has revealed the presence of a shoulder towards the lower fre-
quency side of the decoupled vS(O-H) stretching band (see
Section 6.2.1), at low water concentrations. This asymmetry
has been assigned as a surfactant perturbed water. As the
surfactant concentration is increased the shoulder disappears
and the vs(OmH) band becomes symmetrical and almost identical

to that in liquid water.lll

Far infra red has been little used to study the structure
of water in mesophase systems. This is surprising when one
considers the sensitivity of this region to perturbations in

116 of the lamellar

water structure. Work by Colbow et al
phase in the water-lecithin system, have shown absorptions due
to dipolar interactions between choline groups. Their data
suggest that these dipoles lie parallel to the bilayer plane.

However, the spectra are obtained up to a maximum of 120 cm

and provide little information concerning the state of water.

Raman spectroscopy has proved to be extremely productive

117

in liquid crystal studies. Though the amount of information

concerning water using this technique is limited (the same con-

clusions can be drawn by I.RJ%17 However, the greatest wealth
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of data is obtained by studying the Raman spectra of the alkyl
hydrophobic chains. It is possible to determine the order
and fluidity within the hydrocarbon portions of micelles and

118

mesophases. There are three regions which may be used to

study the oleophillic chains, these are:

(i) The longitudinal acoustical mode which occurs in

the region 100-=300 cmcl,ll8

(ii) An intermediate region 1000-1200 cmal giving rise to

the skeletal stretching and methylene rocking modes.,118

(iii) A high frequency region which shows a number of
overlapping methyl and methylene C-H stretching modes, occurring

at 2700-3100 cm L.

Though this region is scnsitive to
temperature and composition, it shows complex bchaviour which

will be discussed in Section 6.5.

As with other workers who have used i.r. spectroscopy to

54,110-113
we have

study lyotropic liquid crystalline systems
tried to learn as much as possible about the state and organiz-
ation of both water and amphiphiles. The infra red measure-=
ments in both the far and mid regions have shown perturbations
in water structure that occur as a result of counter ion and
head group interactions. We have tried to correlate spectral
changes with known phase boundaries, the ClzTAC1—water system,
in the hope that a similar procedure may be applied to a less
well known system (see Chapter Seven). In the Raman spectra,
we have studied the oleophillic chain and the head group.

This we hope should give information concerning the packing of

alkyl chains and changes in head group conformations, respect-

ively.
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6.2 Experimental
6.2.1 Materials and Sample Handling

Cationic surfactants were obtained from Eastman
Kodak and Unilever research, with both samples having been
recrystallised from acetone. For the mid infra red experi-
ments a bulk water solution was prepared containing approxim-
ately 4% v/v deuterium oxide (Fluorochem Limited, 99.83% purity),
in distilled water, thus allowing a study of the decoupled
vS(O*D) band of HDO (see Chapter Two). Samples of surfactant,
previously dried over PZOS’ were weighed out in 1Omm vials.
The desired mass of water solution was then added and the vial
subsequently sealed with an airtight screw cap. The components
were mixed by prolonged incubation at elevated temperatures
(6OOC) for up to 3-5 weeks depending on sample viscosity.
Periodic centrifugation at 4000 r.p.m. ensured sample homo-
geneity which was checked before use under a polarizing micro-
scope. Samples for far infra red spectroscopy were generally
the same as those used in the mid i.r. experiments except in
some cases where distilled water was used in place of the 4% v/v

deuterium oxide solution.

Before commencing any spectroscopic investigations
the sample vials were inspected at room temperature. Aniso~
tropic samples, such as that found in hexagonal or lamellar
phase regions appeared slightly opaque to the eye, while iso-
tropic samples appeared completely transparent. A comparison
with the phase diagram (Figure 6.1) thus allowed an immediate
check on sample composition. In cases where the exact concen-

tration was desired, 7.¢. in the second cubic (V]) and lamellar
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phase (La) regions, a small portion was observed through a
polarizing microscope, possessing a Koffler heating stage.
This allowed the determination of an isoplethal phase tran-
sition from which one could interpolate the surfactant concen-

tration using the phase diagram of Balmbra et aZ°32 (N.B.

This diagram has been shown to be correct by another laboratory)o86

Small portions of the mesophase sample were placed
between calcium fluoride windows for the mid infra red, and
silicon windows for the far infra red. These were then clamped
in variable temperature cells and compressed so that the entire
area of the cell plate was in contact with the mesophase.

Since only a central portion of the cell plates transmitted
radiation, most of the water loss occurred in the outer regions
of the sample not exposed to the incident beam, A further
precaution was taken, in some cases, of wrapping tape around

the perimeter of the cell. This again reduced water loss during
heating and cooling cycles. Due to the inherent viscosity and
high absorbing characteristics of these mesophase samples, path-
length spacers could not be used and so several methods of
quantifying the spectra were investigated. These included -
measuring the cell thickness with and without the sample using a
micrometer; tightening cell bolts to an approximately constant
torque. The best method however, was by measuring the meso-
phase thickness at each corner of the windows using a reflecting
microscope with a graduated scale. This allowed an average
thickness to be measured with an accuracy of t20yu. In general
the samples were of the order of 50u in thickness and so an
error of 40% was expected in the absorption coefficients so

calculated. The method was therefore only used in the far
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infra red where fewer spectra were recorded. The results

therefore only allowed a qualitative comparison.

The temperature for the infra red work (both mid
and far) was controlled by a Beckman RIIC Temperature controller
and varied between 30 and 70°C. For the mid i.r. experiments
spectra were first recorded at 50°C and then further spectra
obtained using 10°%¢ step heating and cooling cycles as a check
on hysteresis. Such a procedure allowed the 50°C spectrum
to be recorded in triplicate. 50°C was chosen as the main
temperature for the study because it allowed spectra of the
lamellar phase to be obtained (the region of lamellar phase
broadens with an increase in temperature, sce l'igurc 6.1) with
a minimum of water loss. The heating and cooling cycles also
minimised water loss which was found to be 3.5% w/w for a
0.034g smear of a 74% w/w ClzTACl sample at 24OC exposed to

the atmosphere for 10 minutes.

Samples for Raman spectroscopy were weighed out in
3mm internal diameter NMR tubes in the same way as described
for mid i.r. samples. The tubes were however sealed perman-
ently since spectra could be recorded in situ. As a check
on concentration, samples were, in some cases, observed through
crossed polars while being heated. In this way isotropic -
anisotropic (and vice versa) phase transitions could be deter-

mined accurately.

6.2.2 Mid IR Spectroscopy

Infra red spectra were recorded between 2800 and
1500 cm—l using a Perkin Elmer PE580 spectrometer (see Section

2.2) equlpped with air drying facilitics,. This reglion exhliblted



two bands of interest:

(i) the vS(O°D) decoupled stretching band of HDO at

2520 cm”l, and

. 5
(11) the v, (H,0) combination band at=2120 em” L.

For each spectrum, the frequency maximum, width at half maximum
intensity and any other salient features (7Z.e. shoulders, ete)
were noted. Since the pathlength was unknown, only relative

intensity changes could be obtained.

6.2.3 Far I.R. Spectroscopy

All the spectra in this region were obtained using
the modified Beckman FS720 described in Section 2.3.2. Data
were recorded using two detectors, a Golay cell and a helium
cooled Germanium bolometer which covered the 50-=350 cm_l and
20-180 cm“l ranges, respectively. Optimization of conditions
included changes in a number of parameters and these have been
tabulated below (Table 6.1). As mentioned in Chapter Two
the interferometer used here employed a system of phase modul-
ation to improve the signal to noise ratio. Such a system
allows the characteristics of the background spectrum to be,
to some extent, dependent on the amplitude of the oscillating
mirror. This oscillation is dependent on the modulation
current, and for a given amplitude, varies from one loudspeaker
coil to another (see Chapter Two). During the course of our
experiments this assembly was replaced and the modulation

currents used were 2 and 33mA for the o0ld and new units, res-

pectively.

As mentioned in the previous section, spectra were

recorded using silicon windows with (as a thin film) and without
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TABRLE 6.1 Instrumental Parameters used for Beckman

FS7/20 Detectors

Detector Golay Cell Ge Bolometer
Beamsplitter 15 Gauge Mylar 25 Gauge Mylar
Modulation 11-15 Hz 50-80 Hz
frequency
Frequency - -1 _ -1
range 50=350 cm 20-180 cm
Filters Black Polythene 200 cm—l Cambridge
lens and Blocking Pilter
Sampling .
interval 10um 20um
Typical Gains 0.5-5 Full Scale 10-100 Full Scale
(with sample) (at 60dB Bolometer
setting)
Time Constants 0.4-1.25s 07125—0,45
Sampling 1-0.3 pulses/s 3-1 pulses/s
speeds

sample such that the ratio

I
a = log (j?) (eqn. 6.1)
only included effects due to the sample. The silicon plates

themselves were optically flat so that the space between them,
as well as beng wedged, prevented any reasonable effects from

interference fringes.

6.2.4 Raman Spectroscopy

Raman spectra were obtalned using a Cary mode’l 82
spectrometer employing a Spectra Physics Argon lon laser tuned
to the green line at 514.5nm. Before commencement of any

experiments, the instrumental optics were cleaned and adjusted
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for maximum power. The temperature was maintained by the
use of a special cell block which allowed the circulation of
water from a thermoregulated bath. The cell is illustrated
in Figure 6.2. Instrument frequency calibration was per-

formed using the 462 cle line of CCl4°

The scan conditions have been tabulated below.

TABLE 6.2 Raman Scan Conditions

Laser Power at Sample 200-400mW
Spectral Bandwidth 3=5 cm"l
Sensitivity 500-50,000 counts s~1
full scale
Pen Period 2-20 seconds
Scan Speed 0.1-1 cm—ls,
Polarization No selection

e ——— . ——— o ——— - V- St - —

6.3 Mid IR Spectroscopic Investigation of the
Cl?TACl—Water System

6.3.1 The Spectrum of Decoupled Water

Figure 6.3 shows the spectrum of a HZO solution
containing 4% v/v deuterium oxide. Four bands are observed
in this region and ﬁhey have been assigned as follows:
the decoupled vS(O-D) stretching band at =2520 cm_l, the
water combination band, vA(HZO), occurring at =2100 cm_l,
the water bending mode, v,, at =1650 em™, and the 10O bending

mode at =1450 cm—l°
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FIGURE 6,2 CELL BLOCK USED IN RAMAN
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FIGURE 6.3 IR SPECTRUM OF DECOUPLED H-0_14% w/v D50 AT 50°C.
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Inspection of the water spectra in the mesophases

of C,,TAC1l reveals that only the vA(HZO) and vS(O=D) bands may

12
be used in a survey of these systems. The two bending modes
of H20 and HDO overlap with the skeletal carbon-carbon bands
of the amphiphile chain. Preliminary experiments with H20 in
bulk DZO solutions show little improvement in the situation,
since in this case the decoupled vS(O—H) of HDO overlaps with
the C-H stretching bands of the amphiphile. We have measured
the width at half maximum intensity and the frequency maximum

for both the decoupled vS(O—D) and vA(HZO) combination modes.

These are shown in Table 6.3 below.

%
TABLE 6.3 Band Parameters for the vS(O-D) and vA(HZO)
Water bands at 50 C

-1 -1
vmax(cm ) A\)l/2 (cm ™)

vS(O—D) 2520(2500) 156 (160)
vA(Hzo) 2106 (2125) 221 (-)

* Literature Values in parenthesis at 25°%.

—— o — 2 S 5 oy € £ e £ O £ 6D g 3 e e G M R n O g w— ——

A comparison with the band parameters observed in the liter-
ature shows that there is reasonable agreement considering the

difference in temperatures.

6.3.2 The Behaviour of the vS(O—D) stretching Mode

in ClzTACl and C12TABr “esophase Systems

The spectrum of HDO in a 74.8% ClzTAC1 mesophase
sample is shown in Figure 6.6. A comparison of this spectrum

to that observed in Figure 6.4 (HDO spectra in ”20) reveals
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several differences. Firstly the band in the former is
narrower and exhibits a shoulder towards the low frequency
side (2500 cm’ ") of the main band at 2520 cm Y. As the
concentration is increased, further narrowing is observed
(Figures 6.7 and 6.8) and the shoulder becomes more apparent.
Similar behaviour has been observed in a spectrum of water in
the lamellar phase of the undecanbinuDZO system studied by

111 Though their work has used the analogous

McDonald et al.
decoupled vS(O=H) vibration of HDO, a shoulder is again apparent
at high surfactant concentrations. In addition, the frequency
shifted shoulder shows a marked intensity change when the orieny -
ot ig altered from 0° to 45° about an axis perpendiculér

to the spectrometer beam. This dichroic effect has indicated

a preferred orientation of transition dipoles, which may be

interpreted as being due to water molecules bound to the bilayer

surface.

Further increases in amphiphile concentration
reveal the presence of fgwg; intense shoulders (see Figure 6.8).
A comparison of such spéctra, with one of the so0lid, shown in
Figure 6.10 might suggest that these bands are due to the sur-
factant. The difficulty here is in deciding on the intensity
of the surfactant bands in the mesophase spectra. Figure 6.9
shows two superimposed spectra of a 94% w/w ClzTAC1 mesophase at
207 (solid + lamellar) and 50°C (lamellar). At the lower
temperature the v (0-D) band is still evident but at 50°C the
band disappears completely. The absence of the vS(O—D) in
this spectrum allows us to see that the intensity of the sur-
factant bands are quite small. It is difficult to imagine

these small bands contributing significantly to, say, a
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FIGURE 6.8 IR SPECTRUM OF DECOUPLED H-0 IN A 8C-7% CypTACL

MESOPHASE SAMPLE AT 50°C.
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FIGURE. 510 DIAGRAM SHOWING A COMPARISON
OF SOLI0 AND MESOPHASE
SPECTRA IN THE 26002400 CM!

REGION, -

[N.B. Absorbance spectrum of solid ClzTACl accumulated

over 20 scans].
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vs(OuD) spectrum containing447% W/wW ClZTACl as shown in
Figure 6.5. The disappearance of the vS(OmD) species in
Figure 6.9 poses another problem, particularly in view of the
fact that the vA(HZO) association band remains ca. 2130 cmol,
There are two possibilities for this behaviour. Firstly

that a species of water exists which forms the initial solvation
layer of the micelle surface. This water layer, which will

also be significantly affected by the counter ion, may shift

from 2520 cmml to a point where it is not clearly visible in

our spectral window. Secondly that this initial layer of water,
ou

by some coincidence, shows no net change in 7;? and hence dis-

appears completely. One may not necessarily see a significant

change in vA(HZO) since this band, which comprises largely of
Vo is known to be little affected in H-bonded systems. The
resultant reduction in water thickness may then be enough to
leave only this initial boundary water.

The literature on the subject all points to the
fact that there are two water species. Wells, 115 using
phosphatidyl choline reverse micelles in ether observed a sur-~
factant perturbed \)S(O—H)HDO band 120 cm * above its natural
frequency. The width, intensity and position of this band have
suggested that this water displayed few H-bonded forms which
were weak and far removed from either water or ice.5 The i.r.

11 also demonstrates a similar result though

data of McDonaldl
in this case a shoulder is found to the low frequency side of
the more intense band. Their work with the undecanoin-water
mesophase systems showed a dichroic effect of this shoulder,

thus suggesting a preferred orientation of water. (The band

appearing at lower frequencies because the interaction of an
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alcohol “0O-H” with watex is generally stronger than between

82,101,102,104-109 also

"0-H" water molecules). NMR results
show strong evidence for the presence of two types of water
species, though the data obtained is time averaged (as a

consequence of the time scale of the NMR experiment compared

to the motion of the water molecules).

The general picture therefore seems to suggest
the presence of a "boundary" water layer as depicted in Figure
6.11 below. Disorder-order transitions, as discusscd in

Chapter Five, are derived from 3-dimensional soft sphere re-

Figure 6.11 Possible Water Organization in Lyotropic
Mesophase Systems

==
—

—
/’Micelle Surface

Boundary initial boundary

water layer species

outer boundary species
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"free" water
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pulsions between hydrated micelles which of course may occur
at low surfactant fractions, ca. approx. 50% ClZTACl° At
these concentrations,; where the mole ratio of water/surfactant
is of the order of 15, one can imagine the presence of a
boundary water layer, several layers thick and associated to
some extent with the micelle surface. Since the literature
suggests the presence of an initial boundary water layer, it
might therefore be expected that the depth of the outer boundary
layer decreases as the surfactant concentration is increased.
If.our spectra show the existence of two species; then one
should observe a decrease in intensity of one relative to
another. In practice (see Figures 6.5-6.8) this is not ob-
served (Z.e. a comparison of the 2520 cmn=l species and the
shoulder at 2500 cmel),though this may in some part be due to

the présence of surfactant bands.

The outer boundary layer of Figure 6.1l1 as
mentioned earlier will be assoclated, albeit weakly, with the
micellar surface. The data presented in the literature

82,101,102,104-109,111,115 all show that this water species

above
has properties very similar to ordinary "bulk" or "free" water.
In this reséect our results agree with these findings with
vS(O—D) having a vmax at the same frequency, 2520 cm’l, as

that in water. Indeed the relative intensity of this band

to the vA(HZO) band decreases though this point will be dis-
cussed in more detail in the next section. Ordinary bulk water,
which occurs in substantial quantities at concentrations below
the order-disorder transition, is expected to give a broad

featureless band. This again is observed and spectra in the

Llphase are almost identical to that of pure water.
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In addition to the C..,TACl mesophases, several

12
dodecyl trimethyl ammonium bromide liquid crystals were pre-

pared. The spectrum of one such sample is shown in Figure 6.12.

1

As with the chloride, the C..,TABr shows two bands, at 2530 cm

12
and a shoulder remains at 2500 cmﬁl, with neither of them shift-
ing in frequency as the ClzTABr concentration is increased.

The origins of these bands are likely to be similar to that

discussed for the C12TAC1 and hence several possibilities are

available:
(i) The species at 2530 cm“=1 and 2500 cmml are due to
outer and initial boundary water species, respectively. The

shift by 10 cm—l being attributed to a difference in the

strength of counter ion hydration, in the outer boundary solvation
layer, which is expected for the larger bromide ion. The

2500 cmml species, largely influenced by the surface head groups,

thus remains fixed in frequency.

(ii) The shoulder at 2500 cm-l being assigned to a sur-
factant band, probably the surfactant chain (since no frequency
shift is observed), and the initial boundary water species
shifts to other frequencies not clearly observed in our spect?
ral window. The peak at 2530 cmml belongs to the "loosely"
bound water molecules which are largely influenced by the

counter ion.

(iii) Same as above except that the initial boundary water

molecules, occurring in the first solvation shall have a
au
ﬁﬁf =0) for the O-H stretch, and the band disappears.
O-H

At low water/ClzTABr mole ratios (see Figure 6.13)

no disappearance of the vS(O—D) band is observed. This evidence
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favours the first hypothesis, though (iii) may still be

U
valid if one considers that the (772 ) = O situation in the
O-H
chloride may now be relaxed in the bromide. The presence of

this band at these high concentrations (mole ratio = 1.0) may
also be due to the fact that the bromide system is different
and hence requires less water for solvation. This hypothesis
is however unlikely since the bromide is known to have a higher

hydration numberog3

Figure 6.14 shows a plot of the full width at half
maximum intensity for the vS(HDO) band as a function of ClZTACl
concentration. The graph shows a smooth curve which in-
creases in slope as the amphiphile concentration increases.
Unlike the data of Frangoise,llo who measured relative in-
tensity changes of near i.r. water bands in some mesophases,
no discontinuities across phase boundaries are observed. How-
ever, there is a general decrease in the width at half maximum
intensity (Avbﬁ) as the concentration is increased. The
narrowing becomes more significant at higher concentrations
particularly beyond the point at which liquid crystals first

form ( at 45% w/w C,,TACl). It may be interpreted in terms. of

12
a decrease in the number of water structural forms found in

the outer boundary layer mentioned earlier. The data has also
been plotted as a function of the water/surfactant mole ratio
and is shown in Figure 6.15. The curve is similar to that
observed previously in Figure 6.14. Sunamoto ¢t aZ,113 using
frequency maxima of bands in the near infra red to study water
in reverse micelles, have found an inflection when the water/

surfactant mole ratio approaches 1.0. Though an inflection

is not observed in Figure 6.15 it seems possible that our data
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may dramatically increase in slope at this point (see

Figures 6,17 and 6.19 of ¥ max data obtained here). Sunamoto

et alll3 have attributed their inflection as an increase in

water-surfactant interaction.

Some notable publications by Parsegian, Rand and

42,119-121,130 studying the state of water in phospho-

120

others
lipid bilayer systems, have defined a "hydration force”.
They have developed methods of measuring the amount of work
required to remove water from the bilayers. Their results
have indicated that bilayers exert strong exponential repul-
sions with each other and having characteristic décay lengths
of approximately 38 (size of a water molecule).119 They

have discovered that this hydration force is grecater than
electrostatic repulsions at separations less than 202, and

decays very rapidly with distance,119

This bechaviour, though
not measured in our spectra, is analogous since a decrease in
the bilayer separation has the effect of narrowing the vS(O-D)

band. The narrowing follows the hydration force and may there-

fore be indirectly related.

The data plotted as a function of mole ratio aiso
allows us to compare the ClZTACl and ClzTABr systems directly.
The filled circles of Figure 6.15 show that as far as the
vS(O-D) band is concerned, analogous results are observed for
ClZTABr.

6.3.3 The Behaviour of the VA(HZO) Combination Mode

TACLl and C12

in Cl2 TABr Mesophase Systems

As mentioned in Chapter Two the band arising at

-1 . . . ,
2106 cm in water (SOOC) is a combination mode described as
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V.=V, + v_=Vv_ by Williamsol8 As was the case for the

A "2 L T
stretching mode, this band changes in several ways when

mixed with ClzTAC1° (Examples are shown in Figures 6.4-
6.9). The spectra again reveal the presence of one or more

shoulders, particularly at high surfactant concentrations,
occurxring at 2146 cmﬁl and possibly a component at 2050 cmnl,

Unlike the vS(O=D) band the v_ (H,0) combination mode exhibits

A2

a marked frequency shift as a function of surfactant concen-

tration. This behaviour is shown in Figure 6.16.

At low concentrations the band is similar to that

found in bulk water with a maximum at approximatcly 2100 cm”1
and shifting to 2120 cmu-l as the concentration is increased
(90% w/w C12TAC1)° This behaviour probably arises from one

or both of the intermolecular components which constitute

\)A(Hzo)° In particular the translational mode will

\)T'
shift to lower frequencies as the hydrogen bonded interaction
is reduced. Overall, this will cause vA(HZO) to shift to

higher frequencies, assuming Vo and V1, remain unaffected.

The shoulder, found at'2l46 cm_l in the vA(Hzo)
bands of Figures 6.4-6.9, does not shift With‘inctcasing sur-
factant concentration. However, one does observe a gradual
increase in its relative intensity until a point is reached

(94% w/w C,,TAC1 of Figure 6.9) when this component becomes

12
more intense than its neighbour. This figure, showing two
spectra at 20° and SOOC, also suggests that a decrease in the
relative intensity of the 2146 cm * band may be linked with
the disappearance of solid. Therefore, it can be deduced

that there is some contribution at this frequency from the

surfactant, which broadens when the mesophasce is formed at 50°¢,
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It is likely that a second band due to water does exist at
this frequency because of its presence at low ClzTACl concen-
trations (e.g. see Figure 6.5). It is unlikely that the

2146 cm *

band is due to the outer boundary water layer, which
might be initially postulated, when its relative intensity de-
creases with bilayer thickness. However, this band has a low
intensity at high water concentrations. The 2106 to 2120 cm"l
frequency shift observed for the low frequency component of
vA(HZO) may be interpreted as an increased perturbation by the
counter ions suggesting a possible connection with the outer
boundary water layer of Figure 6.11. As well as the two
species mentioned above, a number of V, spectra (Figures 6.4-6.8)
show asymmetry centred at approximately 2050 cm~l. The in-
tensity of this band decrcasces with concentration and secms

to be absent at 94% C.,.TACLl (sec Figurec 6.9). T"is band could

12
be due to another water species, e¢.g. "free" water though it
would be expected to peak at the value for pure water, ca.

2106 cm—l° Though a general increase in frequency maximum
(vmax) is observed in Figure 6.16, several points at low concen-
trations, below the order-disorder transition, show a decrease.
It is not clear at this stage why this should be the case, but
one explanation could arise from micellar disruption of the
hydrogen bonded water network. This is known to occur in
veiectrolyte golutions where modifications of the far i.r.
spectra of Héo have been observed. %’

The data above has also been plotted as a function
of water/surfactant mole ratio and is shown in Figure 6.17.
The graph shows the familiar behaviour observed for the width

at half maximum intensity (Av,,;) data of vq(o—D). Results
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FICURE 6-16 THE BEHAYIOUR OF THE Wh{H-0) FREQUENCY

FUNCTION OF Cy,TACI CONCENTRATION .AT SC0.
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obtained from the ClZTABr have also been included which sur-
prisingly show constant behaviour at frequencies 30-40 cmml
lower than that of the chloride. It is thus obvious that the
counter ion has a greater intluence on this band which does not
in this case show a shift with concentration, remaining fixed

1 (see Figure 6.17). Since the origins of this band

at 2072 cm
are fairly complex it is difficult to imagine why the above
behaviour is observed. It seems likely that because of its
large breadth, the band envelope probably encompasscs all water
interactions, and generalizations about individual shoulders

is not possible. In addition, as mentioned earlier in the
chapter the microenvironment of ClzTABr mesophase system will
be different to that of the chloride. Examination of the
ClzTABr mesophase spectra of Figures 6.12 and 6.13 shows that
these samples, as with ClZTACl, also demonstrate the existence
of a shoulder. Though this band, absorbing at 2155 cm—l,

is known to be a surfactant band, it is difficult as before to

tell whether a true second VA(HZO) water band actually cxists.

As with the vS(O—D) stretching mode, the band width
has- been measured for the vA(HQO) species. The results have
been plotted as a function of both surfactant wt.% and mole
ratio in Figures 6.18 and 6.19, respectively. The data again
show no relationship with phase structure though the narrowing
becoming more pronounced at high surfactant concentrations.

The values for ClzTABr show a smaller but analogous variation
as a function of mole ratio, consistent with the idea that
perturbations of this band arc strongly dependent on the countor

ion.
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FIGURE 6.19 THE BEHAVIOUR OF THE V,[H-0) BAND WIDTH
AS A FUNCTION OF Ho0/CyTACI MOLE RATIQ.

L V H I
2207 1] | ot
| ] 0 T ¢
I | O % .1 d
2007 | | | ¥ ﬂ 8
A I %% | |
18@ T [ ] EEE %E | |
I | | [
160 1 | ﬁ%ﬁ{ | | :
& ; H ﬁ
| | o Ci>TABr CATA | |
140 - %%% E 12 ] ] |
| : a
i
1207 1T, . | |
- | ° |
1@@ g L —b L i 1 1 1, 5 J, y
2 b 6 10 12 14 16 18 20

Ho0/CoTACI MOLE RATIO

86T



199

During the course of the experiments it was noticed
that the relative intensity of the vA(HZO) band increased
relative to that of the vS(OaD) species. Though some moisture
from the atmosphere was expected in these samples (see Section
6.2.1), it was thought unlikely to cause any consistent and/or
significant effect on the spectra., For the samples studied,

we have measured an absorbance ratio of v (HZO)/vS(O—D) which

A

has been plotted in Figure 6.20 as a function of surfactant

concentration. (The absorbances have been determined by tri-
angulation) . Again we see the familiar curved bchaviour,
ending with a disappearance of the vs(O—D) band. It seems

likely that a decrease in intensity of the vS(O=D) band is
being seen rather than an increase in the VA(HZO) intensity.
Further inspection of figures 6.4-6.9 and a comparison of
relative intensities of the two bands with surfactant bands in
their vicinity, reveals that the former conclusion is the most
probable. If we make the assumption that VA(HZO) includes
contributions from all water species present at a particular
concentration, then the above ratio could be interpreted as
further evidence for the disappearance of one possible water
species. In a mesophase this water is mbre than likely to-
originate from the outer boundary layers of Figure 6.11. Such
a result may therefore lead us to believe that the band at
2520 cm"1 represents this outer boundary water layer and that
a further peak due to initially bound water molecules either
disappears as a consequence of the selection rules, or just

shifts to other frequencies.
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6.4 E@@_IR Spectroscopic Investigation of the
TACl-Water System

C12

The far infra red spectrum of water has been reported
by Birch et aZ69 and is at least qualitatively comparable to
the one recorded here and shown in Figure 6.21. The spectrum
shows a pronounced shoulder superimposed on a sloping component
which does not peak in our spectral window. The former is
vT, the translational intermolecular mode of water, while the
latter is a portion of Vi, the librational mode which has a
Vax at approximately 600 cm—l° > The poor signal to noilse
ratio at the specfrum shown in Figure 6.21 highlights the
problems inherent in this technique, particularly when highly
absorbing samples such as watef are used. However it is
possible to draw a line through the midpoint of the noise to
get a clearer picture of the intensity profile. (N.B. The
1

absorption coefficient data have been expressed in Neper. cm”

units unless stated otherwise).

The addition of relatively small gquantities of ClzTACl
seems to show little influence on the far i.r. spectrum of
water. Figures 6.22 and-6.23 show the spectra of water in the

Ly phase containing 26.3 and 38.0% w/w ClzTACl. The only
apparent change is a shift of the v, shoulder to 180 an” L,

At 47.4% C 2TACl certain other changes become noticeable. The

1
spectrum of this cubic I, sample displayed in Figure 6.24 shows

that both Vep and Vv, are narrowing, with the former showing again

a small shift to lower frequencies (now at 173 cm'5 cm l),
In addition, comparison of this gpcctrum and those ol IPlgures
6.22 and 6.23 indicate a gradual 1ncrease in relative intcnsity

of a second species centred at approximately 110-120 cm—l.
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FIGURL 621 THE FAR IR SPECTRUM OF 11,0 AT 75°
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FIGURE 623 AVERAGHD 1R SPECTRUM OF A 380 % CisiACL SOLUTION.
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A further increase in CIZTACI to 56.1% (Figure 6.25) demons-
trates the existence of the two species with the spectrum quite
different to that of water, Z.e. all trace of Vi, the librat-
ional mode has now disappeared from the spectral window. The
poor signal to noise of this spectrum is due to the high ab-
sorbing characteristics of these materials which are particularly
viscous and difficult to mount as thin films. A second spect-
rum of this sample in a smaller spectral window is shown in

Figure 6.26. The spectrum, recorded using a Germanium Helium
cooled bolometer (golay cell used previously), clearly demon-
strates the superior sensitivity of such detectors over the

2=150 cmgl frequency range. Inspection of the spectrum shows

the existence of a third band at approximatcly 65 cm * though

its intensity is weak and there is some overlap with the higher
frequency components., A comparison of the spectra in Figures
6.25 and 6.26 using the Golay cell and Ge bolometer, respectively,
show that they are consistent below a maximum of 160 cm—l°

Above this frequency the latter becomes non reproducible.

A further increase in ClzTACl concentration to 70.7% w/w
shows that the 165 cm-l species is now less intense than the .
110 cm'=l band (see Figure 6.27), with a general decrease in
Avﬁé of the whole band envelope. Though this spectrum is of
a sample in the hexagonal phase it is very similar to one in
the Vl cubic phase shown in Figure 6.28. This particular sample
containing 83.1% ClzTACl exhibits a Vl*La phase boundary at
39°¢. Though it is not shown here, a spectrum of the same
sample at 40°c waé recorded and found to be identical. This
again suggests that the microstructure of interstitual water

seems to be independent of phase.. Figure 6.29 shows the same
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FIGURE 695 TAR TR SPECTRUM OF A $61% CoTACI MESOPHASE,
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FIOURE 6:27 TAR 18 SPFCTRUM OF A 707 % CyfACL MESOPHASE,
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FIGURE_6-29 AR IR SPECTRUM OF AN 831% C\5TACl MESOPHASE
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sample recorded between 20 and 200 cmal using the Ge bolometerx,
It again demonstrates the existence of a low frequency shoulder

at around 65 cmula

Two spectra of an 88.2% w/w ClzTACl
Lamellar phase sample are shown in Figures 6.30 and 6.31.

They are very similar to the previous vy spectra. Finally,
kﬁégures 6.32 and 6.33 show far i.r. spectra of a 93.8% w/w
éizTACl sample at room temperature and 460C, respectively. The
spectra exhibit the presence of a band at 85 cmnl which de-
creases in intensity at the higher temperaturc. Investigation
of this sample under a polarizing microscope has shown that at
room temperature it is composed of an equilibrium mixture of
solid and La phase which melts to the Lamellar phase at 45°.
The band seems fairly sharp and could be assigned to an
R—N(CH3)3+°°°°°Clm interionic mode of the crystalline surfactant.

It is not possible to say whether a species, previously observed

at 65 cmgl is present, though it may be hidden within the band

envelope. The observations described above have been tabulated
along with possible assignments 1in Table 6.4. The results for
ClzTABr are also given and these will be discusscd later in

the section.

The interpretation of the above observations seem fairly
straightforward in view of the mid i.r. data discussed in the
previous section. The two species observed at 110 cm'“l and
160 cm—l (at low water concentrations) probably both originate
from Vip the translational mode. Though it is surprising that
both these bands do not shift in frequency, it is difficult to

say whether this is true for the 110 cm_l species where one

might expect only a small shift.
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FIGURE 6-31 FAR TR SPECTRUM OF AN 882 % CyTACI MESOPHASE.
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IGURE 6:33 FAR TR SPECTRUM OF A 937% CppTACL  MESOPHASE.
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TABLE 6.4 Results obtained in the Far I.R. of some

E}gEAClrand ClzTABr Mgsophases

[+
Assignment ClzTACl ClzTABr

=1 -1

"Free" water 200 + 10 cm 200 £ 10 cm
Outer boundary 200-160+10 cm ¥  200-135:10 cm” L
water
Initial boundary 115 + 10 cmul 90 + 10 cmal
water
Interionic mode 85 + 5 cmbl 95 + & cm—l
[R—N(CH3)®°°°°XG]
Intermolecular 65 + 5 cmml 67 + 5 cm_l

bending

* See text for discussion.
The data supports one conclusion these two.bands are
due to two different water species. The possibility of the

110 cm_l

band being a surfactant band is also not difficult to
imagine since its intensity increases with C12TAC1 concen-
tration. Though at high concentrations some direct inter-
action between head group and counter ion will exist, the
presence of large amounts of water in, ¢.g. Hl samples will
cause hydration in preference to a direct R—N(CH3)3+~--~C1=
contact. In addition, the spectra of figures 6.32 and 6.33
(94% ClzTACl at 23 and 460C) show the interionic mode to occur
at approximately 85 cm_.l° The high probability of the two
above species being assigned to water species reinforces the
hypothesis, made in the previous section, that two water bands
must exist in the mid i.r. Also, the shift of the higher fre-
gquency band from 200 to =160 cm_l is consistent with the shift

observed for VA(HZO) in the mid i.r. As far as intermolecular



modes are concerned, a decrease in frequency is evidence for
a reduced hydrogen bonded interaction which will occur as the

concentration of counter ions increases.

In summary therefore, the data presented suggests the
presence of at least three water types. The first identified as "free"
water is identical to that found in bulk water. The concen-=
tration of this species decreases as does the broad and intense
bands constituting the unperturbed Vop and v, vibrations. At
the disorder-order transition the far i.r. spectra show that
nearly all the bulk water has now disappeared, and the spectra
bear no resemblamce to previous features observed in the Ll
phase. Instead, a band that shifts to lower frequencies is
visible which may be due to the outer boundary water of
Figure 6.11. This species though having some interaction

with the head groups, is probably strongly associated with the

counter ions, Z.e.

Ooooeo}l—-o

As the concentration is increased this band shifts to lower
frequencies and the intermolecular mode becomes weaker as ex-
pected. In addition the presence of further species at

110-115 cm“l becomes evident. Further increases in the
amphiphile fraction causes an increase in this latter absorption
relative to the previous band which has again shifted slightly.
The obvious interpretation is that this peak may belong to a
water layer at the surfactant head group. Though one might

expect there to be only a small electron redistribution in an
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intermolecular mode of the type

Gcl/H

*H @u_o_
R = N(LH3)3 0

"0
/ u

H
one must remember that there will also be counter ions at
this boundary and so perfurbations will be greater than for
simple cation hydration. The frequency of this initial
boundary water species (see Figure 6.1l1l) seems not to change,
though one might expect at least some shift. As well as
the interionic mode occurring at 85 cmml some of the spectra
exhibit a low frequency shoulder at =65 cm—l. This energy
of vibration is wvery small and is unlikely to originate from

a stretching mode of any description. A possible assignment

could be to some intermolecular rotation of water molecules.

In addition to the C,,TACl samples some bromide samples

12
were also studied in this region. The first of the spectra
from these mesophases are shown in Figure 6.34. Obtained with

the bolometer, it shows the presence of a species at 90 cm—l

and possibly one at 180 cm“l which seems to be slightly more
intense. Increasing the concentration from 65% w/w to 71.6%

w/w C,,TABr broadens and shifts the band slightly to higher

12
frequencies (see Figure 6.,35). This behaviour is puzzling

but may be understood if the 180 cm_l band shifted to lower
frequencies forming what appeared to be a single broader contour.
A spectrum recorded with a Golay cell of a sample containing

708 W/W ClZTABr is shown in Figure 6.36. It shows a relatively

sharp absorption at just below 100 cm—1 with some residue of a

band at about 180 cm_l (though its intensity is very small).
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FIGURE 635 FAR TR SPHCTRUM OF A 71:6% CipTABr MESOPHASE.
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A more detailed picture of the 30--160 cmul region of this
sample is shown in Figure 6.37. The sharp peak is centred
at 94 cm ' with an additional band at 67 cm *. This latter
absorption almost certainly belongs to the same species as

that found iﬁ the chloride. Its vibrational energy is such
£hat any change in counter ion will not be easily detected.
Since this sample contains some solid surfactant it is possible
that the 24 cznc’l band is attritwted toan interionic mode. An alter-

native interpretation is that it belongs to the initial boundary

water species discussed earlier. Figures 6.38 and 6.39 show
two room temperature spectra of an 88% ClzTABr sample. Again
1 1

a sharp peak is observed at about 94 cm ; a shoulder at 67 cm

and possibly something at about 150 cm—l. Microscopic examin-

ation of this sample indicates that it was a biphasic mixture
of solid and lamellar phase which melted to a homogeneous

liguid crystal phase at 55°¢. A spectrum of the same sample
was thus recorded at 60°C and is shown in Figure 6.40. The

1 has disappeared leaving a band at 94 cm_l and

1

peak at 98 cm
a shoulder at =135 cm (It is difficult to tell whether
or not a band exists at 67 cm“l for this spectrum).

The above spectra suggest that the surfactant RN(CH3)3$°-°Bre

mode occurs at about 95 cm_l. There are two reasons for this,
firstly that the absorption is narrow and secondly that it dis-
appears when the solid melts. However, this generates an
inconsistency since the corresponding mode in ClzTACl occurs at
85 cm—l° From a simple consideration of Hooke's law (see
Chapter Two) we would expect both the increased mass and a

smaller force constant (the R—N(CH3)3$°=°°C1e bond will be

stronger because of its charge/size ratio) to decrease the
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FIGURE 6:37 FAR IR SPECTRUM OF A 79-3% CypTABr MESOPHASE.
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FIGURE 639 FAR IR SPECTRUM OF A 8841 % C,TABr MESOPHASE.
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vibrational frequency of the bromide. It is therefore likely

that some other influence such as water of crystallization

in the chloride or differences in crystal structures is causing

the discrepancy. The results obtained for the ClZTABr samples

have been summarized in Table 6.4.

A comparison of the frequency maxima for the initial

boundary water species found in the ClzTACl and ClzTABr samples

demonstrates a further inconsistency. The bromide species

absorbs at 90 cmal

If our assignment of this band is correct, the result suggests

that C,,TABr has a greater influence on water structure than

12

ClzTACl. In fundamental terms this higher frequency observed

for C 2TACl nmesophases suggests that the interaction enthalpy

1
of the surfactant with water is less, and that hydrogen bonded
interactions between water molecules is greater than in
ClzTABr mesophases. The reason for this behaviour is not

clear at present and further more detailed experiments are

required.

6.5 Raman Spectroscopy of ClzTACl Mesophases.

6.5.1 Introduction

Raman spectroscopy of biological membranes and
liquid crystals is not a new field of research. It has long

been known that this technique may be used to study conform-

while the chloride analogue occurs at 115 cm’

1

ations, molecular packing, order and mobility of the amphiphillic

chain 122-128 using this technique. As mentioned in Section

6.1 three regions may be used for such studies. These include

the longitudinal acoustical mode region (100-300 cm—l), the

©
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skeletal mode xegion (1000-~1200 cmhl) and the C-H stretching

- 1
region (2700-3100 cm l).,“]‘8 In the work described here we

have studied the latter two regions in each mesophase of the

C,,TACl~water system. The data obtained has been semi-

12
quantitative and gives some insight into the behaviour of the

amphiphile chains.

The C-C skeletal region is particularly sensitive to

chain conformationa128 At low temperatures (30°C) for the

solid three bands are observed in this region (see Figure 6.41),

1 1 123

occurring at 1060 cm , 1080 cm_l and 1130 cm . hese

bands are strongly intramolecularly coupled and, hence,

sensitive to chain geometry.,122 As the temperature is raised,

such that we might expect an increase in the number of gauche

conformers, there is an increase in intensity of the 1130 cm—l

123,124

band relative to the 1080 cm_l band. Pink et al have

discussed the guantitative implications of this behaviour in

terms of the gauche-=trans equilibrium. Though their investig-

1

ations largely indicate that the 1080 cm © band originates from

1

gauche species and the 1130 cm © to the trans species, they

conclude that the behaviour is nonlinecar and that the intra=

molecular ¢oupling complicates the results. Mendelsohn et allzz
however did show that measurement of the I(1130 cm_l/1080 cm—l)

ratio could at least be used to study gel to lamellar phase

123,124’ for

transitions. A further elagoration by Pink et al
monitoring phase changes and for qualitatively comparing con-=
formational order between systems, suggested measurement of the
intensity of the 1130 cm—l band relative to a temperature invare
iant band, Z.e. C=N stretching mode of phosphatidylcholine at

718 cmml° Thelir treatment however, still assumcd that the
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1130 Clmml band originated from trans C-C bonds.

As with the skeletal region the C-H stretching part of
the Raman spectra also showscomplex behaviour. Some spectra

are shown in Figures 6.43-6.45, The bands of most interest

1 1

lie at 2850 cm , 2880 cm © and 2930 cmﬁl and have been assigned

as vS(CHZ), the symmetric methylene C-H stretch, v_{(CH the

a( 2)?

antisymmetric methylene C-H stretch and vS(CH3) the symmetric
methyl C-H stretch, respectively. The interpretation of the
relative peak heights of these bands has been a subject of some

controversy. At one time it was believed that the measurement
of the ratios I (2880 cm 1/2850 cm™ ') and I(2930 cm 1/2850 cm 1)
could be used as an indication of the gauche-trans equilibrium

and environmental polarity of the amphillic chain, respectively.

(118,133) The above assignments though fundamentally correct

cannot be taken at face value due to intensity contributions
from other sources. In particularly, Fermi resonance between
the methylene antisymmetric stretch and with a continuum of the

overtone bending modes {(at approx. 1450 cm_l) gencrates a broad

band centred at about 2880 cm_l.,lzz_128 This Fermi resonance

~ may originate from two so,u,rces:;25

(i) Intramolecular, involving interactions of the bending

modes parallel to the chain axis and may be observed in com-

pletely isolated amphiphile chains,126

(ii) Intermolecular, involving perpendicular (lateral)

interactions of the bending mode and is crystal structure

125

dependent. Thus the I ratlo for a long chain

127

2880712850

hydrocarbon can be interpreted as arising from:

(a) A residual intensity ( Z.e. that of the liquid).
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{(b) The difference between the liquid and the all trans

) i i
isolated chain. R A R T B

(c) A lateral contribution arising from vibrational coupling

1] 3 - N \ H ‘.
between adjacent chains. R

The interpretation of the above ratio thus rests on being
able to distinguish between (b) and (c¢), while I(2930 cm_l/
2850 cmal) generally includes a further term dependent on chain

environment, and will not be discussed further here.

In addition to studying the oleophillic chain one may

also observe changes in the head group bands. The strongest

41
of the head group bands, the N(CH,),* rocking mode at 760 em !

in Figure 6.41 may be investigated for changes in, e¢.g. band

width and frequency maximum.

6.5.2 Raman Spectra of C12TAC1 Mesophases in
the Skeletal Mode Region

Examination of the C-C skeletal modes in the
1000-1200 cm'-l region of these mesophases shows little or no
change in therelative intensities of any of the bands in this
portion of the Raman spectyum (see Figures 6.42, a,b and c¢).
It is therefore logical to assume that the trans—-gauche ratio
in these liquid crystals does not undergo any dramatic changes.
The spectra of Figure 6.42 may be compared to the skeletal
stretching modes in the solid shown in Figure 6.41. In this
spectrum the intensity of the 1130 cm_l band is much larger
with respect to the 1080 cm—l species and therefore to a first
approximation one may assume a greater proportion of trans
bonds, This 18 expected in the crystalline surfactant wherce
it ls known that the hydrocarbon chaln exlsta In an all Lrang

configuration.41



223
FIGURF. 642 RAMAN SPECTRA OF SOME CrjfAGI MESOPHASES,

Intensity
60-0 %, 30°C ﬁ
(Hy )

|

834 %,30°C
(Vy)

| \
/\ /N | 892%. 45°C

W AV

{

! L
1000 900 800 70
WAVENUMBER (CM ')

1200 1100



224

Some other interesting results using ClGTABr, of
electrolyte—induced (NaBr) sphere to rod shape transition,
have shown a slight decrease in the 11080/11130 ratio.,41
This data has been interpreted in terms of an increase in
microviscosity of the hydrocarbon core. Unfortunately the
above observations have only been performed with micellar
solutions and so it is not possible to say whether or not
another change, in the opposite direction, occurs at a shape
transition to "spherical" symmetry. Our data have shown that

this is not expected and that the above results follow a mono-

tonic change.

6.5.3 Raman Spectra of ClzTACl Mesophases in
the C-H Stretching Region

We have examined the 2880 and 2850 cm—l profiles
in each phase of ClzTACl across the concentration range at
both 30°Cc and 45°c. To get a quantitative expression for the

behaviour of these two bands we have measured their ratio as

118,133 1

reported by other workers. Spectra of the 2800-3100 cm
region are shown in Figures 6.43-6.45, The spectra of each
phase are shown and exhibit unusual behaviour in that all the

isotropic samples (Ll’ Il, Vl) show the intensity of the

2880 cmz'l band to be significantly less than that of the

-1 2880
2850 cm (t.e. with an T ratio of about 0.80 from peak
: 2850
heights). With the anisotropic samples (Hl, Lu) and the

solid the opposite behaviour is true and the 12880/12850 ratio
is greater than 1.0. The ratios have hoen ploited am a
functlon of concentratlon in Ltgure 6.46 and 6.47. The resulls

are entirely consistent and indeed, crossing a boundary between
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isotropic and anisotropic phases produces the increased

2880 cmml intensity. This behaviour is quite surprising
since one would expect that a gradual decreased micellar
surface curvature (as occurs when the concentration is in-
creased) would resﬁlt in a monotonic increase in the trans/
gauche ratio, and not the "stepped" behaviour observed here.
However, we have seen that there is no change in the skeletal
mode region from Section 6.5.2. To a good approximation, we
may therefore assume that there is no dramatic change in the
trans/gauche ratio in these systems. In our introduction to

this section we mentioned several possibilities which may con-

1 band. If the trans/

tribute to the intensity of the 2880 cm”
gauche ratio remains constant then we may interpret the above
data in terms of an increased lateral interaction between
neighbouring chains which suddenly changes when an isotropic-
anisotropic phase boundary is crossed. I't thercfore seems
likely that there is some rearrangement in packing on crossing
such a phase boundary. Without further evidence it is difficult
to specify exactly the cause of such behaviour. The isotropic
phase spectra foundhin this region are not unlike those found
with dodecane in the liquid state,41 Theis;ﬁilarity may —
suggest an increase in hydrocarbon chain fluidity in these

phases. This seems unlikely as mentioned previously, since

no dramatic changes are observed in the skeletal region.

6.5.4 The Behaviour of the R-N(CH,). C1
Head Group Vibration of ch%Aél

We have, in addition to the hydrocarbon line shapes,

studied the behaviour of one of the head group bands. In
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particular, the CH3 rock from the =N+(CH3)3 groupo41 The

results, across the concentration range, show no change in
either the baﬁd width or the frequency maximum. This suggests
that no motional or conformational changes are occurring and
that the head group environment is not influenced by phase
structure. Alternatively, any effects which may occur are

not detected by Raman spectroscopy.

6.6 Conclusions

The results in this chapter have given us a new insight
into the microstructure of mesophase and micellar systems.
In particular far and mid i.r. have shown that one may dist-
inguish between four types of water molecule. These have
been described as, "free”water, outer boundary water which is
associated with the micelle, and two types of strongly per-
turbed water, one more so than the other§3 both of the latter
belonging in the first solvation shell of the micelle surface.
The counter ions are more evident, in the spectra of ﬁhe outer
-boundary water layer, from the shifts that are observed.
The data above are similar to the results obtained by measuring

119-121,130

the "hydration force" of Parsegian et al and those

observed by Sunamoto.113 The work with ClZTABr has shown that
the interactions are qualitatively similar. The results have
been summarized in Figure 6.48. One aspect of our results
which has been of some confusion is the idea of several types

of water species when the water/surfactant mole ratio has becn

small (7Z.¢. approaching unity). We have thercfore assumed

[N.B. The stronger of these associated species only occurs

at high surfactant concentrations, see figure 7.13].
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that the oxganization of water and surfactant molecules is
more complex than can be imagined with a "one to one" type

situation.

It is known that the hydration number of ClzTACl is

approximately 5 (measured from diffusion and viscosity data)lz9
though we believe that all the water above about 40% w/w ClzTACl
will, in some way, be influenced by the surfactant. Indeed

some of the mid I.R. data have shown an increased deviation
from the behaviour of pure water (e.g. see Figure 6.17) at
this point. The far i.r. data also suggests that at these
high surfactant concentrations the structure of water is com-

pletely different to that in its normal state.

The Raman results have shown an interesting increase in
the lateral interactions of anisotropic mesophases, probably
as a result of some change in the packing of thec oleophillic
chains. This data has thus allowed us to observe phase
boundaries using a novel method and at the same time giving
us further information about the microenvironment of the hydro-

carbon core.
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CHAPTER SEVEN

A SPECTROSCOPIC STUDY OF THE

HEXADECYL-TRIMETHYL~AMMONIUM

CHLORIDE(ClGTACl)“WATER SYSTEM
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7.1 Introduction

Hexadecyl trimethyl ammonium chloride (Cl6TACl) is
structurally very similar to its homologue ClzTACl° .It
might be expected that the phase behaviour of this ‘surfactant
should be comparable to that of ClzTACle Though very little
detailed work has been performed using ClGTAClnwater meso=
phases,,s6 the data available indicates that an extra four
carbons in the hydrocarbon skeleton, causes quite significant
differences in the phase behaviour. Data obtained by Tiddy86
using microscopy and multinuclear NMR have indicated the
presence of at least five different mesophase structures,
with possibly one more also in evidence (though further work
is reqpired to prove its existence). In terms of micelle
curvature, a longer hydrocarbon chain has the same effect as
reducing the surface area per molecule. As discussed in
Section 5.3 a reduction in this parameter may cause a decrease

numbel of

in possibleAmicellar shapes. Inspection of Figqgure 7.1,

showing the C 6TAC1—D20 phase diagram (D20 used for NMR

1
studies, differences from H20 are expected to be sma1186),
supports this idea and no Il phase (spheriqalrmicelles p?gkgd
to form a cubic array) is observed. Instead the Ll phase
shows a disorder-order transition to a hexagonal (Hl) liquid
crystal. As the concentration is increasedtoebout78%C16TAC1
an "intermediate phase" is formed consisting of what is thought

to be a biaxial structure as depiéted in Figure 7.2 below.

It is similar to the rectangular phase discussed in Section 5.2.

Unlike the hexagonal phase, this intermediate phase is

thought to have rods with a more elliptical cross section.
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Figure 7.2 Schematic diagram of the First Intermediate
phase “formed in Cl6TACl D2

(reproduced from ref.80)
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An increase in temperature results in a transition to a bi-
continuous Vl cubic phase which itself changes, on further
addition of surfactant, to a lamellar phase or possibly a

second intermediate phase. Though no conclusive evidence
exists to date concerning this mesophase, it is thought to

85 of a

have a structure similar to that observed previously,
lamellar type phase with thin bilayers. At lower temperatures
a gel phase exists where the surfactant molecules form inter-
digited layers separated by water. Below about 45°C (at lower
surfactant concentrations), the gel and hexagonal phases appear
to form a large region where both are in equilibrium.

Though the structure of the majority of the above meso-
phases is well understood77 79,80 further detaiis, particularly
concerning the microstructure of the water/counter ion environ-

ment, are less well documented. Of particular interest is

the behaviour of interstitial water and counter ions when a
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transition from the gel to lamellar phase occurs. Data
concerning the intermediate phases are of great interest
particularly for the one occurring near the hexagonal phase,

82,85 yith other systems have proposed

where previous workers
a deformed hexagonal structure. Though such an array is not
proposed here, the presence of strong hydrogen bonds (see
Section 5.3.1) could be proven. Though the head groups of

both C,,TACl and C,,TACl are the same it is of some interest

12 16
that a direct comparison be made of the two systems, In this
way the microscopic behaviour of both the water and to some
extent the counter ion, in the different phases may be com-
pared. Infra red spectroscopy provides the most convenlent
method of doing this since the time scalc of the technligue 1s

faster than the motion of these molecules and ions (NMR only

portrays an average picture of the system).

As in Chapter Six Raman spectroscopy has been used to
study the oleophillic chain using both the skeletal C-C
stretching modes and also the C-H stretching vibrations. Of
particular interest here is whether or not the isotropic phases
once more display their distinct behaviour in the 2800-3100 cm”t

region, In addition, it will be interesting to obsecrve the

behaviour of the intermediate phase(s) in this context.

7.2 Experimental

7.2.1 Materials, Sample Handling and Spectroscopy

Hexadecyl trimethyl ammonium chloride (C16TAC1)
provided by Eastman Kodak was recrystallized from acetone and

stored over PZOS' Though no accurate phase diagram was
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available, penetration micrcscopy as used by other worker582’85

showed phase behaviour having reasonable agreement with that
of Figure 7.1. Samples for both mid and far i.r. spectro-
scopy were prepared in 1lOmm screw top vials by the method
described in Section 6.2.1 and using a new 5% v/v D20 solution.
The surfactant, being less hygroscopic than ClzTACl was easier
to manipulate and allowed a minimum of atmospheric contamin-
ation. Large batches of samples were thus prepared and unlike
previously, stored at 45°%¢. This prevented the formation of
the Vl phase which occurs at higher temperatures and is known
to supercool. A further precaution of removing the samples
from the oven 24 hours before use ensured that this phase

was avoided. The samples werce checked by observation between
crossed polars and showed good agreement with the phase diag-

ram of Figure 7.1.

Sample handling was as described in Section 6.2.1
for mid ir, far ir and Raman spectroscopy except that three
temperatures were used, BOOC, 450C and 6OOC° Similarly the
spectroscopic protocol discussed in Sections 6.2.2-6.2.4 was

also repeated.

7.2.2 Optical Microscopy

The ClGTACl—water system was examined using

optical microscopy. This was done in two ways:

(1) Firstly mesophase samples of known composition were
heated and photomicrogravhs obtained periodically.

(ii) The poor water solubility of ClGTACl allowed the

79,80,134

penetration microscopy technique of Lawrence to be

used effectively. The first method allowed the determination
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of phase transitions (though not our prime objective in

this case) and also photomicrographs of homogeneous phases.
The second technique allowed the determination of phase
temperatures but not the concentrations at which they occurred.
The method involved finely grinding dry surfactant and

placing a small portion on a microscope slide, A cover slip
was pressed over the surfactant powder ensuring a thin even
layer and water from a dropping pipette was then allowed to
permeate through to the surfactant. After a few moments a
series of rings appeared at the dry surfactant-water boundary,
corresponding to the various mesophases occurring across the
concentration range at that temperature. Placing the micro-
scope slide on a heating stage aliows the determination of a
temperature for which one observes a particular phase tran-
sition. This technique is of much value for determining new
phase diagrams and also as a check on purity. Impure samples
generally give non reproducible phase transitions. The
phases themselves all exhibit particular optical and rheolog-
ical properties. The presence or absence of birefringence, as
viewed through crossed polars, could differentiate between
anisotropig<énd isotropic“m;;bphaseétsl ThéArelafiVe‘viéééé—r
ities of each mesophase layer were qualitatively determined by
pressing the covér slip and observing the flow properties.

In this way a more precise assignment of phase structure could

be made.79_8l
For standard microscopy a Reichart Optical polar-
izing microscope was used with a Koffler heating stage. The

protocol for obtaining photomicrographs was rather more com-

plex and involved the design of an independent heating stage.
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The latter was composed of heating wire sandwiched between

thin flat layers of heat resistant circuit board and cemented
together with epoxy resin. The temperature was controlled
by a transformer and was measured using a copper constan’
thermocouple. The photomicrographs were obtained using a
Carl Zeiss microscope and camera assembly set with automatic

exposure.

7.3 A Mid IR Spectroscopic Investigation of the
C16TAC1=Water System

7.3.1 Mid IR Spectra of Water at Three different
Temperatures

As in the previous chapter two bands have been
used to study the water structure in the ClGTAC1—water system,

S

These are the \)S(O—D)HDO stretching mode and the vA(HZO) com-
bination band which conveniently occur in the 2800-1800 cm_l
spectral window. Figure 7.3 shows several superimposed
spectra of water in this region, each taken at a different
temperature. The bands demonstrate their familiar behaviour
-as the temperature is increaseds, 7.e.-both bands broadening
with \)S(O-D)HDO shifting up in frequency while vA(HZO) shifts
to lower vibrational enerxrgies. As before good agreement is

observed with the literature.5

" The broadening of these bands with temperature
may be interpreted as arising from an increase in the motion
of the water molecules and hence a broader distribution of
H-bonded water species, while the shifts arc dependent on the
strengths of hydrogen bonded interactions. An Increasce In

the H-bonded interaction, that occurs with a decrease in
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temperature, causes \)S(OuD)HDO to move to lower frequencies.
However, vA(HZO), which is thought to be a combination mode

of v, + v, - VT,S’lB shifts to higher frequencies with a
decrease in temperature. This behaviour is difficult to
explain since Vg is known to be only slightly affected by
H=bond formation, while v, and v. will be expected to increase.

T L

7.3.2 The Behaviour of \)S(O-=D)HDO

a Function of Concentration

and vA(HZO) as

Figures 7.4 and 7.5 show spectra obtained in

the Ll solution of micelles. The two bands do not differ
in their band widths (Avﬂé) and frequency maxima (vmax)’ from
that of the water spectra of Figure 7.3. However, it is

possible to detect the presence of a shoulder in both bands,
occurring to the low frequency side of VS(O—D) and the high
frequency side of vA(HZO). These shoulders become more

prominent at higher concentrations above the disorder-order
transition. Figures 7.6 and 7.7 show spectra of two hexa-
gonal phases having compositions of 57.7% w/w and 70.6% w/w

C, . .TACl, respectively. The shoulders in these spectra are

1

16

centred at 2500 cm ) and 2160 cm.=l (for

(for \)S(O—D)HDO
\)A(Hzo)° These bands have also been observed in the ClZTACl
system discussed in Chapter Six. Further interesting behaviour
is observed as the concentration is increased to 79.2% w/w
C16TAC1° Figures 7.8a, b and c¢ show spectra of this meso-

© and 6OOC, respectively. At 30°¢ micro-

phase at 300, 45
scopic examination, in agreement with the phase diagram of
Figure 7.1, shows that at this concentration the gel and hexa-

gonal phases coexist. Further examination under the microscope
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shows that two phase transitions of this sample occur.
The first at 37OC, to what is believed to be an "intermediate"

82,85 and a second to a Vl cubic at 55°c. The spectra

phase
of Figures 7.8a, b and ¢ thus show vS(OmD) and vA(HZO) in
each of the above phases. These bands in Figure 7.8a
(Hl+gel) show several prominent shoulders which become less
pronounced as the temperature is increased to 45°¢ (Figure
7.8b, intermediate) and 60°C (Figure 7.8c; vy). Figure 7.9
shows two superimposed spectra of an 84.24% w/w ClGTACl
sample in the gel (30°c) and lamellar phases (45°¢C) . As
before, several shoulders are evident at 30°C which become
less pronounced when the phase melts. Finally, another
lamellar phase spectrum is shown in Figure 7.10 (89.7% w/w

C, TACL) . Two notable features of this mesophase are that

16
the relative intensity of the v_(0-D) and vA(HZO) is quite
different from that of water and that a small band at 2675 cm—l

is evident.

The features of vA(HZO) and vS(O—D) described in
the above paragraph seem to follow the same trend as that

observed in ClzTACl previously. The assignment of the various

shoulders has been discussed in great detail in Chapter Six
and our results suggest that these shoulders are either due

to surfactant, with there being just one water band (the other
occurring at some different frequency and not easily visible)
or, one or more different types of water species. Though our
results are not conclusive on this issue, some of the spectra
above may make the picture slightly clearer. In particular,
the gel and lamellar phase spectra of Figure 7.9, which differ

in that the former shows the sharp, prominent shoulders found
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in the solid ClzTACl spectra in Chapter Six. Since (a)

the gel and lamellar phase differ in one having an extended
"s0lid like" hydrocarbon chain, and (b) that the solid and
gel phase are similar for the same reason, one might expect
these shoulders to be due to the surfactant. Though the
similarity in microstructure of the water-counter ion layer
in the gel and lamellar phase is a matter of contention at
the moment and will be the subject of our discussion later
in this section, it is expected not to change significantly.
Apart from the differences in spectra on crossing the gel/
lamellar phase boundary, no abrupt changes occur along the
concentration range suggesting a smooth gradual perturbation

of water structure.

As mentioned earlier a small band becomes quite
evident at 2675 cmml in Figure 7.10. It is not observed in

the low C._TACl concentration spectra since the vS(O—D) is

16
broad and obscures its presence. However, from about 70%
ClGTACl (Figure 7.7), it may be measured in height relative

to another band. If this peak corresponds to a water species

bound at the micellar surface, and occurring at higher fre-
115

quencieé than "bﬁlk" wéfervas envisaged b;_Wells, theﬁ igé

intensity relative to an internal standard, 7.¢. a surfactant

band should increase. The choice of such a band is difficult
in this case since no well defined surfactant absorptions

occur in our spectral window. It is therefore not possible

to decide whether this band is due to surfactant or not.

Figure 7.11 shows the A\)l/2 data for \)S(O—D)HDO
as a function of ClGTACl concentration at 300, 45° and 60°.

As the concentration is increased above about 45-50% w/w
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surxfactant, the band widths remain independent of temperature,
and show a gradual decrease. At low surfactant fractions,

an increase in temperature has caused a larger bandwidth.

The graph does not show phase boundaries since the data have
been plotted at various temperatures and as established in
Chapter Six, show no abrupt changes at phase boundaries.
However, we have included the disorder-order boundary since

it is independent of temperature and possibly has some relev-
ance to our discussion. It seems as though the curve of
Figure 7.11 begins to decrease more rapidly from this point.
Unfortunately the disorder-order boundaries occur at approxim-
ately the same wt.% and mole ratio for ClzTACl and C16TAC1,

so one cannot tell whether the effect is due to intermicellar
interactions or simple micellar hydration. The temperature

effect at low C gTACl concentrations is probably due to the

1
'hormal bulk" water which decreases as the micelles come closer
together thus reducing the difference in band widths (the
bound water, which shows less H-bonding is not as sensitive to
temperature) . The decrease in width exhibited (at all temper-
atures) as the concentration is increased is consistent with

théwidéa of a”feducéd number of H=bongéd geometriég, as ais—
cussed in Chapter Six. The results of Figure 7.1l1 have been
plotted also as a function of water-surfactant mole ratio.
Though this data is not shown here, the results are comparable
over the whole concentration range. This is a very important
result since it proves that the water-counter ion environment
is independent of phase structure. Similarly there is no
change on going from gel to lamellar phasc which has been a

86

subject of much interest in the past. It therefore seems

likely that individual intermicellar interactions are responsible‘
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for the above results, In particular, the hydration force

119-121,130
shows

first proposed by Parsegian and others
similar behaviour when the bilayer thickness is decreased.
Though we are not suggesting that our technique is mgasuring
this hydration force, we believe that the narrowinéfﬁgéults
from a reduced population of particular water species, is

related.

The consistency in mesophase concentrations, z.e.
lack of influence from atmospheric moisture, ete., allowed
the Vnax data for vS(O=D) to be plotted. Figure 7.12 shows

that the shifts in Vi are relatively small, though the major

ax
problem in interpreting this data is deciding whether the in-
tensity maximum is influenced by a surfactant band. It seems
unlikely for this to be the case considering the complex
behaviour observed in Figure 7.12 and its similarity with the
Vimax data of vA(HZO) shown in Figure 7.15. For the time being
we will therefore assume the shifts to be real. At low con-
centrations up to épproximately 70% w/w C16TAC1, the frequency

of\é(O=D) increases gradually and then unexpectedly starts to

decrease. This behaviour is puzzling for two reasons:

(i) it does not follow the trend exhibited by the

vS(O—D) band width (Figure 7.11), and

(ii) it does not show a change at the disorder-order
boundary (as expected from our discussions in

Chapter Six.

These results indicate that the mole ratio is the critical
factor, resulting in a change in water structure when a value
of 7.5 is reached. It suggests that, though some inter-

action between micelles does begin at the disorder-order
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boundary (see Avv, data) , a consistent alteration in water
2

structure occurs for both ClzTACl and ClGTACl, At low

C16TAC1 concentrations, less than 70% w/w, the micelles and

counter ions have an overall effect of increasing the vS(OaD)

force constant. This may occur by simple disruption of intexr-
molecular H=bonding of water molecules. Above 70% w/w
C,.TACl there is a decrease in the force constant and a corres-

16

ponding decrease in frequency, possibly indicating an increase
in H-bonding. One might imagine that the value of 7.5, for
the water/surfactant mole ratio where the "discontinuity"
occurs, corresponds to a minimum hydration number for both
cation and anion. A possible interpretation therefore may be
to postulate a simultaneous interaction of water molecules
with both cation and anion resulting in an overall loss of
electron density from the O-D bond. The situation envisaged
is illustrated below.

Figure 7.13 1Idealized diagram of possible structure of
Mesophase at high C16TAC1 Concentrations

Mole Ratio >7.5 Mole Ratio <7.5
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The heavily shaded water molecules of Figure 7.13 represent

the simultaneous interaction of anion and cation which event-
unally correspond to an initial boundary watcr layer mentioned
earlier. Other interpretations are possible, for example one
may envisage a permanent initial boundary water layer which
becomes further perturbed as the counter ions are drawn closer
to their stoichiometric cations. It is difficult to say exact-
ly what the situation might be, especially since it is not clear
how many water species are observed in our spectra. The A\)x/2
data are consistent with the above discussion éince the number
of H-bonded water species will decrease as the concentration

of amphiphile increases.

The Vmax data of Figure 7.12 is not consistent with the
behaviour of the far ir spectra of ClzTACI° If we assume that
the systems are comparable, reasonable from the evidence so far
observed, then the decrease in frequency of vS(O—D) at high
concentrations (Z.e. an increase in H-bonding) is contradictory
to what is observed with Vi in the far ir (this shifts to lower

frequencies and suggests a decrease in H=-bonding). There are

several possibilities:

(1) That the shift of vs(O—D) at high amphiphile concen-
trations is independent of H-bonding strength, instead possibly
due to electrostatic interactions with the surfactant environ-

ment.

(ii) That the band observed in the far ir is not a Vip

water band.

(iii) That the shift of vS(O—D) at high amphiphile concen-

trations is influenced by a surfactant band.

(iv) That the vA(HZO) band has been mis—assigned.
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Qption (iii) scems unlikely since analogous
behaviour has been oObsexved with the vA(HZO) data of
¥Figure 7.15, The possibility of (ii) being correct is also
highly improbable if one considers that the Vip bands in the
far ir also shift with concentration, something which would
not occur if this were a surfactant band. Options (i) and
(iv) appear more consistent with the evidence presented,
particularly if one considers that hydrogen bonding is a com-
plicated interaction. The assignment of vA(HZO) by Williams18
almost twenty years ago may be incorrect and further work will
be required to establish its true origin.

Figure 7.14 shows the band width dependence of

o

\)A(HZO) on C,_ TACl concentration at 300, 45° and 60°c. The

16
curves are very similar to those obtained for vS@}D)HD of

0
Figure 7.11, though in this case the band is initially much
broader (its breadth being related to its origins as a cambination mode) .
As with the vs(O—D) species the band initially resembles that
of water. Beyond the disorder-order boundary a decrease in

breadth is observed, which as before, has been assigned to a

decrease in the distribution of different H-bonded water

__éﬁeéies, " 'All the data show a small deééhéeﬁéé on £émpefé£uf§,

with vA(HZO) broadening as this is increased. A comparison of

this data with that of C,,TACl of Figure 6.19 (mole ratio units)

12
has again demonstrated that the behaviour in the two systems

is very similar.
As with vS(O—D), the frequency maximum was measured
for the vp (H,0) band under the same conditions of temperature.

The results are shown in Figure 7.15 and appear to mirror the
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behaviour of the vs(oﬁD) frequency maxima in Figure 7.12.

The temperature dependence of this data suggests that a de-
crease in frequency is paralleled with a decrease in H-bonding.
Therefore, the results of Figure 7.15 indicate that at low

ClGTACI fractions (below =270% w/w C..TACl) an increase in

16
concentration causes a decrease in H-bonding. However, though
this data is entirely consistent with the vS(O=D) results of
Figure 7.12, it leaves several gquestions unanswered. Pre-
viously, we assumed that any frequency shift displayed by
vA(HZO) is probably derived from a combination of Vi, and Vip
since v, is thought to be independent of H-bonding. If this
is correct, then the trends observed in the Vnax data of

Figure 7.15 suggest that v, is more sensitive in these systems.

L

Above 70% w/w C,.TACl the frequency maximum of vA(HZO) in-

16

creases implying that H-bonding is increasing. This latter

statement is questionable since;

(a) one would expect a decrease in H-bonding in parallel
with the A\)l/2 data and

(b) that the far ir shift in v,, of Chapter Six indicates

T
that H-bonding is decreasing at high concentrations.

These points would indicate that both intermolecular
components which constitute vA(HZO) would cause a shift in the
opposite direction. A possible answer to these queries is to
assume the presence of a strong perturbing electrostatic inter-
action which starts to become evident at a mole ratio of 7.5
(at lower surfactant concentrations the expected trend is
observed) . This interaction, as mentioned earlier in this
section when discussing the shift in vs(O-D), perturbs the

O~H force constant and reduces electron density of this bond.
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Though v, is independent of H-bonding strength, it may very
well be influenced by the strong 3-dimensional interaction
displayed by the micellar surface and corresponding counter

ions.

Figure 7.16 shows the VA(HZO)/vS(OmD) absorbance

(determined by triangulation) ratio for both C.,,TACl and

12
C16TAC1° The ClGTACl data shows the familiar curved depend-
ence as the mole ratio decreases. The data for C12TAC1 are

seen to be translated slightly upwards from the C,_TACl results.

16

This behaviour is easily explained if we consider that two DZO
solutions were used. - Though this would affect the A\)l/2 and

Vax data it would cause a proportionate change in the two

curves. Inspection of Figure 7,16 does, in fact, show a
parallel change, with the 5% v/v DZO solution (C16TAC1 data)

0 solution of C.,,TACl.

lying below the 4% v/v D, 12

The curved behaviour of this ratio for C16TAC1

shows that the disappearance of the v_(0-D) band is also ex-

S(
pected at low water/surfactant mole ratios. As mentioned in

the discussions of Chapter Six this intensity change may be

interpreted as arising from a depletion of outer layers of

boundary water. The vA(HZO) band remaining effectively pro-

portional to HZO concentration since its breadth and complic-

ated origin may cause a superimposition of different water bands.

7.4 Far IR Spectroscopic Investigation of the
C16TAC1—Water System

The ClzTACl and C16TAC1 results obtalned in the mid ir

have been observed to be identical when plotted in mole ratio
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concentration units. We have intexrpreted this behaviour

by postulating an independence of water microstructure on
phase behaviour. To obtain further evidence we have re-
corded several far ir spectra of water in ClGTACl mesophases.
In particular we have studied the Hl + gel/Intermediate and
gel/La phase boundaries of two samples containing 75.8 and

88.8% w/w C,_.TACl, respectively. These boundaries were found

16

to occur at 37° and 40° by optical microscopy.

Figure 7.17 shows the spectrum of a 75.8% w/w ClGTACl
sample at 23%%. It is almost identical to those observed
for some ClzTACl mesophases (e.g. see Figures 6.26 and 6.29) of

Chapter Six. Two bands are clearly visible, occurring at

1

approximately 120 cm ~ and 55 cm—l, They have been previously

assigned to v, of an initial boundary water speciesjand an

T

intermolecular bending mode, respectively. This sample was
then heated over the phase boundary to 45°C with little appar-
ent change (see Figure 7.18). Similarly, Figures 7.19 and

7.20 show the 23° and 45°C spectfa of the 88.8% C,_ TACl sample.

16

Again, the spectra show no apparent change on crossing the gel/

lamellar phase boundary, These results therefore support the

idea that the microstructure of water in the above is phase

independent.

7.5 Raman Spectroscopic Investigation of the
C16TAC1~Water System

7.5.1 The C-C Skeletal Stretching Region

Figure 7.21 shows the Raman spectrum of crystalline

TAC1l at 45°C between 650 and 1200 cmal.

C The assignment of

16

bands illustrated in this figure are listed in Table 7.1.
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FIGURE 719, FAR IR SPECTRUM OF A B88% CigTACL MESOPHASE.
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TABLE 7.1 Assignments of Solid C16TAC1 Raman Bands at 45°C

Wavenumber (cmml) AssignmentK
763 CH3 rock fxom
+
N (CH3)3 group
889 CH, rock (terminal methyl)
+
915 C-N stretch
939 )
)
962 ; CH2 rock
1011 )
1064 C-C symm. stretch + CH, wag.
1098 C=C stretch, crystalline
1130 C-C asymm., stretch + CH, wag.

* Assignments reproduced from reference 41.

In general all the bands observed originate from the hydro-

carbon chain with the exception of two head group vibrations

+
l, corresponding to theC-N stretch and

41

at 915 and 762 cm

These bands will

CH, rocking of N+(CH3)3, respectively.

3
be discussed later but the peaks of interest here occur between
1000 and 1200 cm_l and are due to skeletal C-C stretching
vibrations. As mentioned in Section 6.5 they may, to some
extent, be used to gauge the trans/gauche ratio in these systems.
However, this parameter is only semi cruantitative since introanolecular
coupling causes complex intensity changes in this region‘,122

In this section our aims are to make a qualitative comparison

of the C-C trans/gauche behaviour in the various mesophases,
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The spectra of three samples are shown in Figures 7.22a, b

and c. They correspond to a 43.4% hexagonal phase sample

at BOOC, a 79.5% hexagonal and gel biphasic sample, and finally
the same sample heated to 45°C to form the intermediate phase
(see Figure 7.1). In the skeletal region four bands are ob-
served, with the most important occurring at 1130, 1080 and

1 l), The 1130 and 1060 cm"l bands have

1060 cm — (all *5 cm
been assigned to the asymmetric and symmetric C-C stretches,
respectively and their intensities have been interpreted as
being due to trans bonds. The 1080 cmr’l band, which occurs

in the mesophase spectra only, is known’ to be strongly in-
fluenced by intramolecular coupling and can, in some part,

be interpreted as being due to gauche bondsol3l Thus the
relative intensities of these bands may be used as a qualitative
measure of the trans/gauche ratio. The absence of the 1080 cm_l
band in the solid therefore indicates the lack of gauche bonds

in crystalline C16TACl° The mesophase spectra of Figure 7.22
are all similar and show an intense 1080 cm"l band with a weak
1130 cm—l species. This is evidence for the presence of

gauche conformations with fluid hydrocarbon chains. The
specfrﬁﬁrgf-fidd;é_ijgaﬁhdeéQer: iévsiightly different in

that the relative intensity of the 1060 cm-l peak is greater

than in the other mesophases. This is due to the presence

of gel phase (see below).

Figure 7.23, shows an 87.5% w/w C16TAC1 sample
at 30 and 45°cC. At these temperatures the sample exists
in the gel and lamellar phase, respectively,B6 The spectra

are quite different from each other with the gel phase sample

(Figure 7.23b) looking very much like the crystalline surfactant
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spectrum., This is to be expected since the gel phase is
known to have hydrocarbon chains in a "sclid like" configur-

79,80 For the same reason the intensity of the

ation.
1080 cm © band is less intense in the H; + gel biphasic
spectrum of Figure 7.22b. On heating, the 87.5% ClGTACl
melts to the lamellar phase with the result of a melting of
the hydrocarbon chains. Consequently, the spectrum of
Figure 7.23a shows an identical increase in the 1080 em™ T
species as found in the Hl and intermediate phase spectra.

A comparison of the I bands ratio has been made

1130”1060
between the above gel phase spectrum and one of the solid at
30°¢. The value for the solid (0.87) is larger than that

of the gel (0.49) at the same temperature. Though some
intramolecular coupling will be observed, these ratios suggest
that there may be some residual gauche conformations in the '
gel phase. Unfortunately no spectra in this region were
obtained for a mesophase in the Vl cubic phase. From our
results in Chapter Six we expect there to be no change from

that observed in the H intermediate and La phases.

lf

7.5.2 The C-H Stretching Region

The results of Chapter Six, using the 2800-3100 cm-l

stretching region, showed novel behaviour at several isotropic/
anisotropic phase boundaries. A measurement of the 12880/
IZBSO intensity ratio across the concentration range revealed
that this value was larger in anisotropic phases. Though an
initial interpretation may have been to postulate changes 1n

the trans/gauche ratios, we observed little change in the

skeletal stretching region (with the exception of the gel phase).
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We therefore decided that the intensity changes ave likely

to result from irncreased latcral intcractions in the aniso-
tropic phases. This interpretation hased on careful consider-
ation of Fermi resonance effects, is by no means completely
unambiguous . It is puzzling to understand why there should
be such abrupt changes at these phase boundaries since one
would expect a gradual monotonic decrease in gauche conformers
to facilitate changes in micelle surface curvature as the

concentration is increased.

In this section we will examine the spectra crosss
the whole concentration range with particular emphasis on the
behaviour at phase boundaries. In this way we will be able
to decide whether the effects previously observed are coﬁ-
sistent with previous results and to categorize the effects
shown by the intermediate phase. From the skeletal stretching
region we have already established that no apparent changes
occur in any of the phases (except the gel and crystalline sur-
factant samples) suggesting small effects, if any, on the
gauche—-trans equilibrium. The crystal and gel phase spectra

are shown in Figures 7.25b and c. As cxpected these are

different from the remaining mesophase samples since Bd£hv
exhibit varying degrees of hydrocarbon chain immobility (the
gel phase showing slightly more gauche conformers). In this
case the behaviour is well documented and we have assumed the
spectral changes to be derived from changes in the trans/gauche
equilibrium.,118 A selection of spectra obtained at various
temperatures and phases are shown in Figures 7.24 and 7.25,

The results of the I ratio at BCOC have also been

2880712850
plotted as a function of concentration in Figure 7.26. The

figure, which has the approximate phase boundarics markod,
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illustrates some interestiing featuras, The First of these
is displayed by the three samples found in the gel and hexa-
gonal biphasic region of Figure 7.26. One would expect that
as the concentration of ClGTACl increases, the proportion of
gel phase in the sample would increase, with a concomitant
influence on the 12880/I2850 ratio. Without assuming some
error in concentration, such that the proportion of gel phase

is small in these samples, the interpretation is somewhat

speculative. The subject will be discussed further, later in
this section. Apart from the comments above, the results
follow closely the trends observed for Ll' Hl and crystalline
surfactant in the ClzTAcl system. Though the 12880/12850 ratio

of the solid is larger in ClGTACl (2.06) than in ClZTACl (1.76)

as expected from a longer all extended trans chain, the average
values for this ratio (i) in the H1 phase is about the same

as in C,,TACl, but (ii) in the Ll phase of C, _TACl is less

12 16

than that found in the Ll phase of C12TAC1 (see Figure 7.26).

~These results might indicate that hydrocarbon orientation in
the Hl phase of both systems is the same, while the Ll phase

of C,.TACl is more isotropic than in C,,TACl. This anomaly

16 12

may however be explained in terms of differences in Fermi

resonance interactions found in the two Ll phases.

The above measurements were repeated for a number
of samples at 45°c., The results, plotted in Figure 7.27,
show the familiar, slightly larger values of the 12880/12850
ratio obtained for the anisotropic phases. The data observed
for the intermediate phase is not, however, consistent with
the behaviour expected from an anisotropic material (this phase

is thought to have a biaxial structure of long cylinders with
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L, phase of Flqure 7.206. Tndeaed this decrease is also ob-

served when the temverature is ‘ncreased to 60°c. (Fig.7.28). In this
case howevear, a Vl ovhase exists ot the lowest point, approxim-
ately 82% C16TAC1p anc the Jansrlil dg consistent with an iso
tropic sample. There are severa. pnssibilities for the above

behaviour:

(i) That, in texms of hydrocarbon chain organization,
the intermediate and cubic phases are similar: the similarity
increasing as the concentration 1s incrcased such that one

might expect the two phases to be in some way continuous.

(ii) That the samples of compositions bhetween 72% and
>80% C16TAC1 form the Vl cubic phase during preparation (Z.e.
incubation at elevated temperatures), which supercool to lower
temperatures. Indeed this may explain the unusually low
values for these samples at 30°C (i.e. in the Hl and gel bi-

phasic region).

(iii) That the phase diagram is inaccurate, with the region
between Lq and Hl showing a Vl phase coexisting with either

La or the second intermediate phase.

Option (ii) seems unlikely since the Raman tubes
were allowed to cool to room temperature and were left for
a few hours which would cause the Vi phase to disappear.
Also, the analogous behaviour observed at 60°C is evidence
enough to disprove this option. Results obtained by Tiddy86
using NMR, have shown that the structure of the first intex-

mediate phase is very similar to that of Hl‘ This makes option

(1) unlikely and leaves (iii) as the most probable interpret-
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ation of the results, particularly in view of the poor

knowledge of C16TAC1 lyotropic phase behaviour.

7.5.3 The RnN(CH3)3+ Head group Vibrations

The 650~1000 cmgl region, as summarized in
Table 7.1, shows various "rocking" modes and two head group
vibra.tions.,‘}Il These occur at 763 and 915 cm_l in C16TAC1
and have been assigned to the CH3 rock of the N+(CII3)3 group
and C-=N+ stretch, respectively,41 We have measured the band
width and frequency maximum for the most intense of these bands,
the N+(CH3)3 "rocking" mode at 763 cm—l° The band has shown
no shift from this frequency and maintained a band width of
A\)l/2 = 18+2 cm—l for all the mesophases (see Figure 7.22).
This includes the gel and lamellar phases where one might
expect an increased rotation about the long axis in the former.
It contains fewer gauche bonds and "spinning" (with less hind-
rance) about this axis should broaden the band. The solid
however, has a narrower band width of Av, = 10:1 em™Y, with

-1

a constant frequency maximum of 763 cm™ . The narrowing is

typical for that observed in solids.

The C—N+ stretching mode, occurring at 915 cm_l,

is again narrower in the solid (A\)l/,2 = 11 cm-l) but broadens

in the mesophase samples. It has been difficult to measure
these band widths due to the low frequency overlap with the
terminal methyl rocking mode. This band shows considerable
broadening in Figure 7.22, particularly in the intermediate
phase. This may be due to an increased motion of the terminal
portion of the hydrocarbon chain. As in the previous band
there is no apparent shift in frequency of the C=-N+ stretching

mode.
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7.6 QOptical Microscopy

The methods used in this section have been described
in Section 7.2.2. We have t¥ied in this case to obtain
Photomicrographs of the different phases as observed‘through
crossed polars and to differentiate between their various
textures. The first few photographs show the textures of
various homogeneous phases and the remainder illustrate the

79,80,134

technique of penetration microscopy as applied to

the C, . TACl system.

16
The first photomicrograph, of a 58% C16TAC1 hexagonal

phase at room temperature (23OC), is shown in Plate 7.1.

The sample, birefringent, with a texture described as "simple
(non-striated) non-geometric" by Rosevear,8l is typical of

the phase, particularly when its viscosity can also be invest-
igated (medium viscosity). Plate 7.2, of an 83% ClGTACl

sample at 3OOC, shows a "speckled" texture probably due to the
biphasic region of gel and hexagonal phase. When this sample

is heated (40°C), the intermediate phase is formed (Plate 7.3)
which has a texture very similar to that found in some hexa-
gonal phases.  This is in some ways expected since the structure
of both phases is thought to be similar (see Section 7.1).

A further increase in concentration causes a phase transition

to the gel phase. Plate 7.4 shows this 88% C16TAC1 sample at
30°¢, Rosevear81 again has described the phase as "viscous
neat", and postulated that it is separate from the lamellar
phase. The gel phase is very viscous and self orientates to

81

a planar uniaxial texture. When the same sample is heated,

melting to the neat (lamellar) phase occurs with very much
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Lower viscozity. Plete .5 ghowsg this phese illustreting
the "oily streaks” texture when the coverslip is moved.
Further heating or more mechanical disturbance causes the
"mosaic" texture observed in lamellar phase samples. Plate
7.6 shows this texture, though slightly out of focus. Tt

is less stable than the "oily streaks™ but again is very

common in mesophase systems.

As mentioned in Section 7.2.2 the relatively low solub-

ility of Cl6TAC1 in water allowed penctration microscopy to
be performed with relative casc. The first cxample of the
system at ahout 30°C is shown in Plate 7.7. The phase diag-

ram of Figure 7.1 reveals that three different phases are
expected, the Ll phase, the Hl phase and the gel phase. From
left to right, this is indeed observed in the photomicrograph
with portions in between illustrating coexisting regions.
The plate also shows some isotropic "bubbles" which are either
due to air or the Ll phase. Some solid is also observed in
the bottom right hand corner of thephotograph. Increasing
the temperature to 4OOC (Plate 7.8) increascs the definition
of the bands, with the formation of the intcrmediate phasc,
From left to right we see a hexagonal phase and then a darker
layer which is probably due to the first intermediate phase,
A light band follows which may well be due to the second inter-
mediate phase and is followed by La and the solid. Plate 7.9,
obtained at 50°C is very similar to the previous photomicro-
graph and confirms that the lighter band in Plate 7.8 was in
fact due to lamellar phasef? This region of the interface
shows that another phase, between Int(l) and La’ exists which
may again be due to the second intermediate phase. The gel
This photomicrograph suggests that the Int(1l) phase is not similar
phase as discussed on page 279.

to the v1


















phase has now completely disappcared, < Firally, Plate 7,10
shows alimost all the phases found in the C16TACl~water system,
and is clearly in agreement withh the phase diagram of Figurxe 7.1,
This photomicrograph, obtained at GOOC shows both the hexa-
gonal and intermediaie phases and also the Vl cubic (the

black isotropic region) which has now also formed. The region
between V1 and Lu however shows at least one band which may

well belong to the second intermediate phase.

7.7 Conclusions

One of the main questions remaining unanswered is the
existence of one or more bands due to different water species.
The spectra of the solid and gel show similarities in their
spectra which suggest that some of the structure may well be
due to the surfactant. lHowever, this does not mcan that
other water bands do not exist. Indeed we have observed a
species at 2675 cmml which may well be due to a highly per-

115

turbed water species as described by Wells but further work

will be needed to confirm this.

The data obtained for ClGTACl is directly comparable to

that observed for C.,TACl. There are two implications of

12
this:
(i) that the behaviour of water (and counter ions) is
independent of phase structure, and

(ii) that there is no water reorientation when the gel

phase melts to a neat phase.
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The behaviour of vS(OuD) and vA(HZO) band widths have
been monotonic at low concentrations and have shown more
pronounced dependence above the disorder-order phase boundary.
We have interpreted this in terms of intermicellar contact
of boundary water layers which we believe to be related to
119-121,130

the hydration force described by Parsegian and others

The vm data shows a maximum and minimum for vS(O—D) and v

ax A

respectively at a mole ratio of 7.5. We believe that this
behaviour is due to strong electrostatic perturbations which
influence the water molecules at mole ratios below 7.5. (approx-
imately equal to the hydration number of head group and counter
iop). The few far ir spectra that have been recorded have
also been identical to that found in the C12TAC1 system and
have shown no changes across phase boundaries including the

gel/lamellar boundary.

The Raman data of C16TAC1 has reproduced the behaviour
of the 12880/12850 ratio in both isotropic and anisotropic
phases with no apparent changes in the skeletal region. We

have again interpreted these results in terms of lateral intex=

actions be;weeq hydrocarbon chains. The gel phase and solid

spectra have shown the increases in the trans/gauche ratio
(compared with other mesophases) as expected from the liter-
ature.118 Finally in our studies of the C-H stretching region
in the intermediate phase, we have observed a region where this

phase coexists with the Vl phase oxr has a structure which is

similar.

(H,0) ,



7.8 Some Thoughts foxr the Future

Probably the most essential experiment which needs to
be performed with these systems is to obtain spectroscopic
evidence for the presence of further water species. The
best way to do this is to study the same systems using a
H20 in DZO solution, thus measuring the decoupled \)S(OHH)HDO

and‘%(DZO) species in other regions of the spectrum (z.e.

v>3000 cm L

). Though this was initially tried earlier in
our work we came up against the problem of hydrocarbon ab~-
sorption which overlapped with the bands of interest. If
further bands exist, band fitting procedures could be used

to determine intensity ratios and eventually to define, at a
microscopic level, the behaviour of interstitual water. This
experiment would also allow us to compare the data obtained
with H20 across the concentration range and also to substant-

iate the presence of a highly perturbed water band at higher

frequencies (than that of pure water).

The use of anionic surfactants would help in assigning
any bands which were observed in the above experiment and

“Ygu}d”g;ye further informat}qg concerning water and counter
ion behaviour across the concentration range. The behaviour
of sodium dodecyl sulphate and sodium dodecanocate would be
of great interest in both the far and mid ir since it would
determine whether the deformed hexagonal phase found in these

systems was indeed due to an increased water interaction.82'85

Other experiments to inform us of the behaviour of water in

lyotropic systems would be the use of zwitterionic surfactants

and also the addition of electrolyte.
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The most imporxtant experiment as far as Raman spectro-
scopy is concerned would be the use of perdeuterated C12 and»
ClGTACl surfactants with a small dilution of the normal
amphiphiles (or vice versa). This would remove one source

of Fermi resonance, Z.e¢. the intermolecular component and make

interpretation less ambiguous.
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Royal Society of Chemistry, Faraday Division, Symposium
No. 17 titled "Hydrophobic Interactions", Reading,

15-16 December 1982.
Graduate Symposium, Durham, April 1983.

Royal Society of Chemistry, Residential School, titled

"Surfactants", Bristol, 18-22 July 1983.

International Conference on "Fourier Transform Spectroscopy",

Durham, 5-9 September 1983.

Meeting of the British Liquid Crystal Group, Abertystwytn,
20-23 September 1983.
A poster was presented by the author entitled" An IR

and Raman Study of the Phase Behaviour of C,,TACl in Water",

12
Graduate Symposium, Durham, April 1984.

A paper was presented by the author entitled "IR Studies
of the Aggregation Properties of Polyoxyethylene Surfactants

in Apolar Solvents".



305

Summer School titled "Infra red Spectroscopy in Material

Anaylsis", Durham 1013 July 1984,

(C) POSTGRADUATE INDUCTION COURSE

In each part of the course, the uses and limitations
of the various services available were explained.
Departmental Organisation - Dr. E.J.F. Ross.
Electrical appliances and infrared spectroscopy - Mr. R.N. Brown.
Chromatography = Mr. J.A. Parkinson.
Microanalysis = Mr. T.F. Holmes and Mrs. M. Cocks.
Atomic absbrption spectrometry and inorganic analysis- Mr. R. Coult.
Mass spectroscopy = Dr. M. Jones.
N.m.r. spectroscopy = Dr. R.S. Matthews.
Glassblowing techniques -~ Mr. R. Hart and Mr. G. Haswell.

Safety matters - Dr. M.R. Crampton.
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