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LIQUID CRYSTALS, 1989, VOL. 6, No. 6, 675-687 

The reversal of the diamagnetic anisotropy in amphiphilic nematic 
liquid crystals using the aromatic counterions phenyl sulphonate 

and benzoate 

by K. RADLEY?, A. S. TRACEY and M. M. TRACEY 
Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, 

Canada V5A 1S6 

(Received 20 February 1989; accepted 13 July 1989) 

Proton N.M.R. is used to investigate the inclusion of the phenylsulphonate and 
the benzoate ion as counterions in samples of amphiphilic nematic liquid crystals. 
When these aromatic counterions are substituted in sufficient amounts the sign of 
the diamagnetic anisotropy is reversed. The orientation parameters are also shown 
to be dependent upon the micelle shape, as well as the sign of the diamagnetic 
anisotropy. 

1. Introduction 
Counterion binding studies in the electrical double layer of surfactant micelles are 

of considerable importance in the chemistry, physics and biochemistry of colloidal 
and interface science. N.M.R. has been used almost exclusively to study alkali metal 
and halide ions [ I ,  21 and to a lesser extent various tetrahedral ions [3] and organic 
ions [4]. Aqueous surfactant solutions can give rise to several amphiphilic nematic 
liquid crystals, which are considered to be orientationally ordered aqueous micelle 
solutions. There are two thermodynamically distinct uniaxial amphiphilic nematic 
liquid crystals, whose micelle shapes are closely related to the dimensionally ordered 
lyotropic liquid crystals i.e. N, cylinder/hexagonal and ND disk/lamellar respectively 
[5,6]. When there is a thermodynamic change N, + ND and visa versa the sign of the 
diamagnetic anisotropy is reversed. These amphiphilic nematic liquid crystals are 
ideal orientation matrices for the proton N.M.R. studies of small solute molecules and 
ions such as the organic counterions [4]. In a similar fashion to thermotropic nematic 
liquid crystals, these amphiphilic nematic liquid crystals spontaneously align in 
magnetic fields and give rise to high resolution N.M.R. spectra. 

An important type of organic ion is the aromatic counterions such as the phenyl 
sulphonate and the benzoate ion. They have a special property in that when they are 
present in sufficient quantities they reverse the sign of the diamagnetic anisotropy [7]. 
The sign of the diamagnetic anisotropy can be reversed by the inclusion of aromatic 
species in amphiphilic nematic liquid crystal samples [8, 9, 101 as well as in ther- 
motropic nematic liquid crystal samples [l l-141. The sign of the degree of orientation 
S,, is determined by the sign of the diamagnetic anisotropy as well as the structure 
of the micelle. The sign of the S,, could also be influenced by multisite counterion 
binding but is usually unimportant when aromatic counterions are involved. The 'H 
N.M.R. spectrum of a phenyl aromatic ion seems very complex but is easily analysed 
using a computer program. 
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The dipolar couplings D,] for a molecule with D,, symmetry are related to the 
principal components of the ordering matrix by 

Bt, = - Y , Y / ~  tszz <(3c0s2~, j  - 1 ) ~ ; ~  > + ( ~ x x  - s y y >  <(cos28ijx - ~ o s ~ 8 ~ ] ~ ) ~ i ~  >I, 
where y I  and y] are the gyromagnetic ratios of the interacting nuclei, R, is the distance 
between nuclei i and j and 8, is the angle R, makes with the x principal axis of S .  The 
principal axis coincides with the C, axis of the phenyl aromatic ion. The angular 
brackets denote averaging over the vibrational modes of the molecule [15]. Proton 
N.M.R. studies give rise to precise information concerning the sign and magnitude of 
the dipolar coupling and the degree of orientation S,, if the sign of the indirect J 
coupling is known. Structural information can also be derived. The phenylsulphonate 
ion has been studied before some years ago and the ion was shown to induce a reversal 
in the sign of the diamagnetic anisotropy when the ion was present in sufficient 
quantities in an amphiphilic nematic liquid crystal [7]. It was later shown by one of 
the present authors (KR) that these transitions in the sign of the diamagnetic aniso- 
tropy could be investigated using S,, measurements obtained from the high resolu- 
tion proton N.M.R. spectra (16 (a), (b)) of the methyl phosphonate ion and the phenyl 
sulphonate ion. Other authors [8] have extended this work using high resolution 
proton N.M.R. to investigate the phenylsulphonate ion in amphiphilic nematic liquid 
crystals derived from various cationic and anionic detergents. They found the changes 
in the relative order parameters S,,/Szz of the phenylsulphonate ion interacting in the 
electrical double layer (edl) of the surface of the micelles derived from the various 
cationic and anionic detergents could be both theoretically and experimentally related 
to the zero diamagnetic anisotropy composition. The present investigation is restricted 
to one type of detergent tetradecyltrimethylammonium bromide, which involves the 
proton determination of the orientation parameters of the phenylsulphonate and the 
benzoate ions in both Nc and N, amphiphilic nematic liquid crystals and its impli- 
cation to ion binding and diamagnetic anisotropy. As far as the authors know the 
benzoate ion has not been investigated in a amphiphilic nematic liquid crystal sample 
before. 

2. Experimental 
The amphiphilic nematic liquid crystals were derived from three detergents 

tetradecyltrimethylammonium bromide, phenyl sulphonate and benzoate, which were 
prepared as previously described [ 161. The samples of the mesophases with various 
micelle shapes and diamagnetic anisotropies were weighed out into test tubes and heat 
sealed. The composition of the samples are presented in tables 1, 2, 3 and 4. Double 
distilled D 2 0  and specially purified n-decanol were used throughout. The samples 
were homogeneously mixed by repeated heating and centrifuging. The samples were 
placed in 5mm N.M.R. tubes and these tubes were heat sealed. 

The micelle shape of the phase in each sample was determined as previously 
described [17]. Small quantities were sucked into a CAMLAB microslide. Samples 
with disc shaped micelles give rise to polar micrographs with pseudo isotropic textures 
while samples with cylindrical shaped micelles give rise to polar micrographs with 
planar textures. The structure can also be inferred from the concentration gradients 
where when the samples begin to dry out a dimensionally ordered phase of known 
structure appears next to the nematic phase. The 2D N.M.R. of D,O was used to 
determine the diamagnetic anisotropy of each sample. Initially when placed in the 
magnetic field the 'D N.M.R. is a powder pattern. The line shapes evolve with time. 
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If a nematic phase sample has positive diamagnetic anisotropy a sharp doublet 
evolves from the wings where as with negative diamagnetic anisotropy a sharp 
doublet evolves from the centre. 

N.M.R. spectra were obtained at 22°C using a Brucker 400 MHz and 100 MHz 
N.M.R. spectrometers. The 400 MHz spectrometer was used mainly for slow orient- 
ing samples. In the superconductivity magnets of WP spectrometer, the sample 
spinning axis corresponds to the magnetic field direction. In such N.M.R. spectro- 
meters nematic samples can be routinely spun without regard to the sign of the 
diamagnetic anisotropy to produce high resolution N.M.R. spectra. The spectra were 
analysed using a suitable computer program and the results are presented in tables 1, 
2, 3 and 4. The anisotropic part of J coupling was assumed to be zero where 
J(1, 2) = 7.86Hz; J(1, 3) = 1.17Hz; J(1, 4) = 0-58H~;  J(1 ,  5) = 1.86Hz; J(2, 3) = 
7.51 Hz and J(2, 4) = 1.37Hz (8). The degrees of orientation were calculated from 
the dipole couplings assuming an inter proton distance of 2.477 A found for benzene 
V81- 

3. Results and discussion 
The degree of order S,, for both the phenyl sulphonate and the benzoate ion, 

which were determined using proton N.M.R. spectra in the samples of amphiphilic 
nematic liquid crystal, are plotted as a function of the molar substitution of the 
bromide ion in the original sample. The samples of amphiphilic nematic liquid crystals 
prepared without decanol were inferred to have cylindrical shaped micelle structure 
using a polarizing microscope while amphiphilic nematic liquid crystals prepared with 
decanol were inferred to have disc shaped micelle structure. (See figures 1 and 2). In 
all four cases at a given, but different in each case, concentration the S,, changed 
abruptly. In the N D  nematic phases samples the S,, was increased by a factor of -2  
and in the N, nematic phase samples the S,, was decreased by a factor of - $. When 
the nematic phase samples were investigated using the 'D N.M.R. of D,O it was found 
in the samples of amphiphilic nematic liquid crystal, with a low concentration of 
aromatic ion substitution, behind the change in Szz, that the N, phase samples had 
positive diamagnetic anisotropy and the ND phase samples had negative diamagnetic 
anisotropy. In front of the change in SZz the diamagnetism is reversed to give phase 
samples of negativ-ylinders and positive-discs. The S,, would be expected to 
change by a factor of -2 when the sign of diamagnetic anisotropy changes from 
negative to positive and a corresponding change in S,, in a reversed situation in the 
absence of a micelle shape transition, which is what was observed in the experiments. 
In figure 1 and 2 it can be seen the values of S,, in nematic samples with positive 
diamagnetic anisotropy next to the nematic sample with zero diamagnetism com- 
position are: phenylsulphonate cylinders - 0.1079; phenylsulphonate discs 0.133; 
benzoate cylinders - 0.1629; and benzoate discs 0.2088. The corresponding values for 
S,, in nematic samples with negative diamagnetism are: 0.0543; - 0.0738; 0.085; and 
- 0.1052 respectively. Similar results have been found in the N.M.R. spectra of solute 
molecules dissolved in thermotropic nematic liquid crystals a t  the zero diamagnetism 
composition (1 1-14). When a transition involves a change in the micelle shape the S,, 
changes by a factor of -$ for the disc -+ cylinder transition with a corresponding 
change in the sign of the diamagnetism. Hence there is no change in the sign of S,, 
for the N, --3 ND transition and visa versa. If infinite cylinders and infinite discs 
(lamellar) were involved in the transition, the magnitude of S,, would not change for 
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Figure 1. The order parameter Szz, determined using the proton N.M.R. of the phenyl 

sulphonate ion in an amphiphilic nematic liquid crystal where TDTAPS is substituted for 
TDTABr, as a function of the mol '/o of TDTAPS to the total detergent. Open circles 0 
represent samples of disk type phases and closed circles 0 represent samples cylindrical 
type phases. 

the N,f -, N, transition whereas for the N& -, N, transition the magnitude of S,, 
would decrease by a factor of $. In practice in amphiphilic nematic liquid crystals the 
micelles have shapes which are finite cylinders and finite discs. In the experiments it 
was observed the S,, sign changes were consistent with micelle shapes and the 
diamagnetism transitions but the magnitude of S,, change lay well inside the limits 
of $ to 1.  The finite cylinders and finite discs in these phases have both a flat and a 
curve surface where the aromatic ions interact with the edl made up of the detergent 
head groups. These aromatic ions probably do  not have the same distribution density 
in the curved surface as in the flat surface. The S,, for the aromatic ions oriented in 
the curved surface will have a negative sign while the S,, for the aromatic ions in the 
flat surface will have a positive sign. With cylindrical shaped micelles the curved 
surface dominates so S,, is always negative and with disc shaped micelles the flat 
surface always dominates so S,, is always positive. This discussion of S,, sign changes 
due to micelle shape do not take into account S,, sign changes due to form diamag- 
netic anisotropy. In the simple flat versus curved surface micelle model (as developed 
qualitatively in the previous four sentences) when the flat and the curved surface areas 
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Figure 2 .  The order parameter Szz, determined by using the proton N.M.R. of the benzoate 

ion is an amphiphilic nematic liquid crystal where TDTABz is substituted for TDTABr, 
as a function of the mol % of TDTABz to the total detergent. Open circles 0 represent 
samples of disk type phases and closed circles 0 represent samples of cylindrical type 
phase. 

are equal the micelles are still disc shaped. This model although useful is too simple 
because real micelles are ellipsoids with smooth curved edges. This simple model also 
assumes at the N, -, N, transition the micelle shape is a sphere but in practice the 
transition can involve a biaxial phase where probably the ellipsoidal micelles have 
unequal axes. It has already been stated that changes in S,, corresponding to changes 
in micelle shape were not at the limits 1 and $. 

The bulk magnetism in all materials is usually classically interpreted in terms of 
the intensity of the magnetic field generated by the electric currents due to the angular 
momentum of unpaired electrons in atomic orbitals. The atoms of the ferromagnetic 
and the paramagnetic materials have unpaired electrons and these materials give rise 
to permanent magnetism. Most materials contain atomic orbits with paired electrons 
whose individual angular momentum is equal and opposite which in the absence of 
a magnetic field does not give rise to magnetism. If electron pairs in the same orbit 
are placed in a magnetic field one electron is said to be slowed down and the other 
speeded-up resulting in a induced magnetic field described by the term diamagnetism. 
These paired electrons occur mainly in three type of orbitals. The first type of paired 
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electrons are in the fully filled atom shells closely bound to the atoms and non 
bonding. These paired electrons result in induced magnetism which is small compared 
to type two and three and is usually negligible. The two other types of paired electrons 
involve molecular orbitals i.e. n and (T bonds. (T bonds are the fundamental bonding 
orbitals and in long hydrocarbon chains set up diamagnetic anisotropy which is 
negative in respect to the long molecular axis. On the other hand bonds which are 
involved in double bonds set up corresponding diamagnetism which is positive in 
respect to the long molecular axis. In any case the magnitude of the diamagnetism 
derived from the loosely bound n bond is much bigger than that derived from the 
tightly bound (T bond. In the case of aromatic rings with 3n bonds, i.e. 3 electron pairs, 
the six electrons hydbridize; the diamagnetic anisotropy is reinforced. The magnitude 
of the diamagnetism due to an aromatic ring could be at least one order of magnitude 
greater than the equivalent (T bonds. It has already been stated the sign of the diamag- 
netic anisotropy for hydrocarbon chains is negative whereas for aromatic rings it is 
positive. If the diamagnetism of the constituent molecules dominates the diamagnetic 
anisotropy of the amphiphilic nematic liquid crystals and not the inherent shape 
diamagnetism of the micelles, increasing amounts of the aromatic ion will make the 
diamagnetic anisotropy move through zero and eventually reverse the original sign as 
was observed [19]. 

It has already been mentioned the changes in S,, for the Nc -, N, transition and 
vice versa do not give whole numbers. The corresponding Szz values for the phenyl 
sulphonate and the benzoate are not the same, Szz in the phenyl sulphonate is smaller 
than in the benzoate. S,, is proportional to p the number of aromatic ions interacting 
in the micelle surface. If there were a smaller number of aromatic ions oriented in the 
micelle surface in the first case than the second case it would be expected the amount 
of aromatic ion needed to induce the zero in diamagnetic anisotropy to be greater in 
the first case than in the second case. This is born out in the case of the phenyl 
sulphonate and the benzoate ion. The corresponding S,, and the zero diamagnetic 
anisotropy composition are 0.1 1-13 per cent and 0.16-8 per cent for the cylindrical 
shaped micelles; and 0.07-27.5 per cent and 0.1 1-26.5 per cent for the disc shaped 
micelles. This does not explain adequately why the zero diamagnetic anisotropy 
composition differ. The large differences and the variation of the ratio of the order 
parameter are probably due to the difference in the intermolecular interactions which 
impose the orientation on the aromatic ion. These intermolecular interactions will 
involve the interaction of the head group of the aromatic ion with the edl of the micelle 
surface. The apparent biaxiality of the aromatic ions means the orientation can be 
expressed by two independent order parameters S,, and Sxx - S,,  with the ratio 
(Sxx - Sy,)/Szz. When S,, - S, ,  = 0 there is no biaxiality in the orientation and 
the ionic orientation approaches the limit corresponding to cylindrical symmetry. On 
the other hand when Sxx = 0 while S,, # 0 indicates that there is no preferential 
orientation of the ionic major axis. This seems to be the case for the phenyl sulphonate 
ion oriented in a Nc phase sample, see table 1 and figure 1 .  The figure 3 shows 
(Sxx - Syy)/SZz plotted as a function of molar substitution of the aromatic ion for 
all four systems. For all four plots (Sxx - S,,)/Szz is constant but different indi- 
vidually as it moves through the sign change of the diamagnetic anisotropy. Each plot 
shows small deviation from constancy over all the concentration ranges indicating 
each ion reacts somewhat differently with each of the surfaces. The interaction of the 
aromatic ions with e.d.1. of the micelle surface can be monitored using the *D N.M.R. 
of D,O in the samples. The inference of the results is that the benzoate ion interacts 
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Figure 3. The relative order parameters (Sxx - Syy)/Szz, determined using the proton 
N.M.R. of the phenyl sulphonate ion and the benzoate ion in samples of amphiphilic 
nematic liquid crystals as in figure 1 and figure 2, as a function of the mol % of TDTAPS 
and TDTABz respectively to the total detergent. Open characters represent samples of 
disc type phases and closed character represent samples of cylindrical type phases. 
A represents benzoate ion and 0 represents phenyl sulphonate ion data. 

much stronger with the surface than the phenyl sulphonate because the *D N.M.R. 
quadrupolar splitting are smaller in the benzoate ion than in the phenyl sulphonate 
ion samples. This seems to be born out in terms of the amount of decanol needed to 
maintain the nematic phase samples. The phenyl sulphonate ion displaces about 10 
per cent of the decanol compared to the benzoate ion which displaces only small 
amounts. The ratio (Sxx - Syy)/Szz in each of the four systems are different as is the 
aromatic ion molar substitution concentration at zero diamagnetic anisotropy. In the 
present study there is not sufficient data to make a quantitative study. It can be said 
the degree of orientation of the axis perpendicular to the aromatic ring is qualitatively 
limited to the aromatic ion concentration at zero diamagnetic anisotropy. This effect 
is more pronounced in the two cylinder systems than in the two disc systems. 

Benzene has recently been studied in various amphiphic nematic liquid crystals 
with various micelle structure and various signs of diamagnetic anisotropy using high 
resolution proton N.M.R. They found the signs of the Szz order parameter were 
consistent with the micelle structure and the signs of the diamagnetic anisotropy [20]. 
Other authors found the Szz and SxxlSzz were very much dependent upon the various 
cationic and anionic detergents in the micelle surface [8]. One of the present authors 
(AST) found while investigating monohalegonbenzene solutes in amphiphilic nematic 
liquid crystals the order parameters and relative order parameters were very much 
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dependent upon the halogon substituted on the benzene. The authors recently have 
had two papers accepted for publication which involved N.M.R. investigations of the 
ability of the aromatic ions analinium, trimethylanalinium and benzene phosphonate 
to induce the reversal in the sign of the diamagnetic anisotropy [23, 241. Ion binding 
via relative molecular orientation seems to be less important in these three cases. The 
solubility of the aromatic ion in the aqueous region which influences the distribution 
of the ion between the aqueous region and the interior of the micelle seems to be much 
more important. The benzene phosphonate ion which is quite soluble in water, within 
the bounds of the experiments does not induce a reversal in the sign of the diamagnetic 
anisotropy. Preliminary studies on benzene arsenoate seem to suggest this ion follows 
these tendencies even more [24]. 

4. Conclusion 
It has been demonstrated that the aromatic counterions phenyl sulphonate and 

benzoate when introduced into amphiphilic nematic liquid crystals in sufficient 
quantities reverse the sign of the diamagnetic anisotropy. The ability of individual 
counterions to induce such changes depends on the individual orientation parameters. 
The relative orientational parameter (SXx - S,,)/S, ,  is dependent upon the individual 
aromatic counterion as well as the micelle shape. The ionbinding of the aromatic 
counterion ions in amphiphilic nematic liquid crystal is much more complex than the 
ionbinding of the small alkali metal ion. The dominant factors with the alkali metal 
ions are distortion while with the organic ions orientation is the main mechanism. 
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