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Phases and phase transitions in a nematic lyotropic system 
with a biaxial phase 

by F. P. NICOLETTA?, G. CHIDICHIMO$*, 
A. GOLEMMES and N. PICCII 

Dipartimento di Fisica, GNSM and INFM Unit$ di Cosenza?, Dipartimento di 
Chimica$, Universita della Calabria, 87036 Arcavacata di Rende (Cosenza), Italy 

(Received 26 November 1990; accepted 26 May  1991) 

NMR spectroscopy and optical microscopy have been used to study phase 
transitions and structure in nematic lyotropic mesophases formed by potassium 
laurate, decylammonium hydrochloride and water. The different mesophases 
obtained in a well-defined composition range have been characterized, by 
deuterium NMR, following the evolution of the D,O spectra as a function of 
temperature and of the orientation of the samples with respect to the magnetic field. 
Wide ranges of biaxiality have been found and the asymmetry parameter of the 
averaged electrical field gradient tensor on the deuterium of the D,O molecule has 
been determined. The presence of the different mesophases has always been 
confirmed by observing oriented samples under the polarizing optical microscope. 

1. Introduction 
Mixtures of amphiphilic molecules and water may form nematic lyotropic liquid 

crystals characterized by aggregates of amphiphiles with definite shape. Although other 
terminology has been employed, the resulting phases are often referred to, by 
considering their magnetic and optical properties, as positive uniaxial, biaxial and 
negative uniaxial nematics [l-31. Such systems occur in a concentration range between 
the isotropic micellar phase, formed by small spherical aggregates, and the hexagonal, 
or lamellar, phases, in which the aggregates are infinite cylinders with bidimensional 
hexagonal symmetry or infinite lamellae in a unidimensional lattice [4]. The micellar 
shape in the three lyotropic nematic mesophases still constitutes one unsettled subject. 
According to early studies there are three different shapes: discotic, N,, cylindrical, N,, 
and ‘biaxial’, N,, [l, 21. The micelles change their shape continuously from disc-like to 
cylinder-like passing through a biaxial shaped aggregate. Recently, X-ray diffraction 
measurements have suggested that the intrinsic micellar shape is always biaxial and the 
different nematic mesophases are the result of overall fluctuations [3]. 

We have studied the potassium laurate/decylammonium hydrochloride/heavy 
water system by deuterium NMR and optical microscopy. The choice of this particular 
system has been suggested by a recent work [ S ]  in which the potassium laurate/decyl- 
ammonium hydrochloride/light water has been shown to exhibit all three nematic 
phases and to be more stable in time with respect to the analogous systems containing 
alcohols [l, 21 because esterification does not occur. In this work we intend to show 
how extremely simple and fast deuterium NMR measurements can be used to 
determine the phase boundaries of the samples and the sign of the anisotropy of 
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666 F. P. Nicoletta et al. 

diamagnetic susceptibility, Ax. The polarization microscope in orthoscopic and 
conoscopic observation was used to distinguish among the different nematic phases 
and to determine the sign of the birefringence. 

2. Experimental methods 
Potassium laurate (KL) was prepared under nitrogen by dissolving lauric acid 

(from Aldrich, recrystallized from methanol/water, vacuum dried and with mp = 45°C) 
in dry methanol and neutralizing with a dry potassium hydroxide 0.1 N methanolic 
solution. KL, before use, was twice recrystallized from dry methanol. Decylammonium 
hydrochloride (DaC1) was prepared under nitrogen by addition of gaseous hydro- 
chloric acid to a anhydrous diethyl ether solution of decylammine (from Aldrich, twice 
vacuum distilled and with bp = 100°C/ll mm Hg). DaCI, before use, was twice 
recrystallized from dry ethanol/petroleum ether 1 : 4 u/u [ 6 ] .  

Samples were prepared by weighing the appropriate amounts of the compounds, 
with 0.05 mg accuracy, in glass tubes. The mixtures were shaken and centrifuged until 
they were homogeneous between crossed polarizers. They were then flame sealed to 
avoid water loss. 

2.1. Optical microscopy and conoscopic measurements 
The samples were sealed in flat microslides (from Vitrodynamics, U.S.A.), 200 pm 

wide and placed on a hot stage (Linkam TH600) with a 0.1"C accuracy. Optical 
microscopy was performed on a C. Zeiss Axioplan microscope equipped for 
orthoscopic and conoscopic observation. After capillary filling, the disc-like nematic 
phase is not oriented but the polar interactions between the glass surface and the 
micelles orient them in a homeotropic texture, in which the optical axes are parallel to 
the short microslide axis, i.e. the 200pm axis which is also the observation axis. 
Cylinder-like nematics prefer to remain with their optical axes parallel to the surface 
[l]. In order to homogenize the spontaneous alignment of the disc phase we inserted 
the microslides in a magnetic field before microscope observations. 

2.2. Deuterium N M R  spectroscopy 
The quadrupolar spectra from D,O were recorded on a Varian XLlOO spec- 

trometer with a temperature control accuracy of +0*5"C and a magnetic field of 
-23 kG. Mesophases were characterized by following the evolution of the D,O 
spectra as a function of temperature and of sample orientation with respect to the 
magnetic field. In particular we have performed for each temperature three different 
NMR measurements: 

(1) static measurements; 
(2) measurements after a 4 2  rotation of the sample about an axis normal to the 

external field; 
(3) measurements with the sample spinning about an axis normal to the external 

field. 

We must recall that the 4 2  rotation measurement was performed immediately after the 
sample rotation and that the spinning rate was N 2 Hz, in order to avoid inertial effects 
[7] and to obtain reproducible spectra. In the following we will see the utility of such 
experiments for our purpose. 
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Phase transitions in a biaxial nematic 667 

The reduced quadrupolar resonance for D 2 0  in a nematic liquid crystal is given by 
CSl 

3 - 3 cos2 6, - 1 v]  sin2 0, cos 2 4 ,  
v* = +-v 4 [ *  + 2 -1, (1) 

where V is the partially averaged quadrupolar coupling constant, 6, and 4, are the 
polar and azimuthal angles of the external magnetic field in the phase reference frame, 
i.e. the phase symmetry axes, q is the asymmetry parameter. This is zero for the N, and 
N, phases, and is given by (Vxx- 6J/Kz,  as a function of the field gradient tensor 
components, according to the usual convention I V,,I < 1 PJ < 1 K,(, i.e. the reference 
frame has to have the z axis along the largest component of the electrical field gradient 
tensor. 

Lyotropic nematic phases are usually oriented by magnetic fields of the intensity of 
the ones used for NMR experiments (several Teslas). This means that the angle 6, (and 
4, in the case of v] # 0) is well defined and it is the same over all the sample. In this case 
the spectral lineshape consists of two peaks separated by Av = v ,  - v - .  

It is clear from equation (1) that the quadrupolar splitting is sensitive to the external 
field orientation with respect to the diamagnetic susceptibility tensor symmetry axes. 
This property can be used, among other things, to determine the sign of the anisotropy 
of the diamagnetic susceptibility of a lyotropic phase. As an example let us consider a 
uniaxial phase, like the N, or the N,, i.e. a phase for which q = O .  When we take a 
spectrum from such a sample we obtain two lines separated by Av. We can then take 
another spectrum immediately after a 4 2  rotation about an axis normal to the external 
field. If the sample reorientation under the effect of the magnetic field is slow compared 
to the measurement time, then we will see a different spectrum. For a sample with 
Ax > 0, for example, we will see a doublet with separation Av/2, corresponding to a 
change from 6, = 0 to 6, = 4 2  in equation (1). (The sign of the diamagnetic anisotropy 
is referred to the symmetry axis of the phase.) 

Information about the phase orientation and parameters can also be obtained by 
spinning experiments. The angles 6, and 4, of equation (1) may change orientation as a 
result of the spinning. If they do then the total quadrupolar splitting will change. Two 
regimes can be separated in this case. If the spinning rate is much larger than V the effect 
of spinning is a further averaging of V and the resulting splitting will be a doublet. If 
instead the spinning rate is much smaller than V, the angles that change orientation will 
contribute to the spectrum with all their possible values. This case can help us not only 
to determine the sign of Ax but also to measure V and q in the biaxial phases. In all our 
experiments we have used a spinning rate of - 2 Hz, i.e. we were in this slow spinning 
regime. 

3. Results and discussion 
Figure 1 shows the phase diagram of the mixture KL/DaC1/D20 at fixed 

amphiphil/water molar ratio 

obtained by varying the relative molar ratio of the two amphiphiles 
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T/"C 

Ordered phase 
n . 3 1 1 . 3 . 1 .  - 
12  1 3  1 4  1 5  16 17 

R = W  10 '  
WI 

Figure 1. The phase diagram for the KL/DaCl/D,O system (I, isotropic; N,, discotic nematic; 

amphiphile/water molar ratio, 0.05, and 0.13 < R <0*17. R is the relative molar ratio of the 
two amphiphiles. 

 he phase diagram was obtained by lollowing the temperature evolution of the 
quadrupole splittings observed for static, after a n/2 sample rotation and spinning 
samples. Each nematic mesophase can be characterized by a well-defined set of 
lineshapes, as a function of the kind of the performed measurement, as we will show in 
detail later. The phase diagram of figure 1 is quite different in shape from the analogous 
diagram, obtained in samples with light water reported in [4] and there is no inversion 
of the uniaxial mesophases position with temperature. Our phase diagram is instead 
very similar to that reported by Yu and Saupe in the KL/decanol/D,O mixture [l]. 

The existence of the three nematic mesophase was always confirmed by optical 
microscopy and conoscopic observations of the same samples in flat capillaries. 
Homogeneous textures appeared in the discotic nematic phase and random orien- 
tational defects in the biaxial nematic phase. For the determination of the optical 
character of the nematic mesophases we performed conoscopic observation of our 
samples. Lyotropic nematics have one or two optical axes and a positive or negative 
character. A uniaxial mesophase, aligned in such a way that the optical axis is parallel to 
the direction of observation, shows a dark cross (surrounded by interference fringes) in 
conoscopic observation. By inserting a lambda plate, the white north-east quadrant, 
determined by this cross, will change to yellow if the mesophase is optically negative 
and to blue if it is optically positive. The conoscopic interference pattern of a biaxial 
liquid crystal consists of two hyperbola legs which determine three sides: an inner or 
convex side and two outer or concave sides. When these legs are in the first and third 
quadrant the insertion of the lambda plate will turn the white inner side to blue and the 
white outer sides to yellow if the liquid crystal is optically negative, the opposite, i.e. to 
yellow and to blue respectively, if the mesophase is optically positive 191. In such a way 
we derived that the N, phase has a negative birefringence, the N, phase has a positive 
birefringence and the N,, changes its optical sign with temperature. 

Detailed information about the phase diagram and biaxiality can be deduced from 
NMR spectra obtained for the different nematic mesophases [lo]. Typical spectral 
lineshapes are reported in figure 2. Let us consider first the two phases that were 
identified as uniaxial N, and N, phases under the optical microscope. In the N, phase 
the spectrum obtained after a lrj2 rotation is a typical 'cylindrical' spectrum, i.e. it 
derives from the distribution of 0, around H, with every 0<6, < l r  equally probable. 
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Phase transitions in a biaxial nematic 

Mesophase Static rpcclrvrn 9(r rotation spectrvn Spinniag spectrum 

1600 Hz 

669 

Figure 2. Typical deuterium NMR spectra of D,O observed in the three nematic phases of the 
sample with R =0.1450 during the three different measurements: static, after 4 2  rotation 
and spinning. The difference in the biaxial spectra arise both from the different value of q 
and from the fact that the phase symmetry axes are oriented as in figure 3 (a) for the first 
two cases and as in figure 3(b) for the last case. 

To explain such behaviour we need to consider that during the measurement time, that 
is the time necessary to acquire a single scan spectrum, in our case always less than 
looms, the orientation of our samples does not change substantially. In fact, a 
disordered sample is aligned by our magnetic field only after a few minutes and the 
spectrum recorded after the n/2 rotation is obtained within 3 s from the rotation itself, 
using only one scan. The spinning spectra are instead identical to the static one. They 
are obtained by accumulating scans and thus they reflect the distribution of €J0 and #o 
due to the rotation. The spectra obtained for the N, phase are then easily understood if 
we consider the static spectrum as derived from a director orientation perpendicular to 
the magnetic field (O,=n/2) but with all the possible orientations within the plane 
normal to H,. After the n/2 rotation such orientations correspond to different 0,s and 
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670 F. P. Nicoletta et al. 

Table 1. Values of the angles 0, and 4, for different phases. The two different biaxial cases, Nbxa 
and Nblbr are the two cases shown in figure 3. 

Mesophase Static n/2 rotation Spinning 

A 
O,=distr., q=O Oo=-, q=O 

NJJ eo=5, ? = o  2 
n A A (lo=-, A 4,=distr. 

2 
eo=-, 4,=0 

2 Nbxa e,=? cbo=z 
Ic 

8, = distr., 4, = 0 Nbxb e,=o e0=? +,=o 

NC 
A e,=o, q=o eo=-, q=o 0, = distr., q = 0 
2 

Table 2. Values of quadrupolar splittings of D,O molecules in the different phases. Nbxa and 
N,,, refer to the two cases shown in figure 3. In the cases when the spectrum is not a single 
doublet the angle dependent reduced resonance frequency is given. 

Mesophase Static 4 2  rotation Spinning 

3 -  3 3 
- V  - v ~3 cos2 eo - 11 - v 
4 4 4 

3 3 3 
4 4 

3 -  3 3 
4 

- V  - V[1 -q] 
2 4 

3 -  3 -  3 

ND 

- V[- 1 + q cos 24,] 

- v[3 cos2 eo - 1 

- v ~3 cosz e, - 11 

-V[l+q] p - q l  Nbxa 

Nbxb 

+ q sin2 e,] 

4 
- V  
2 Nc 

this is why we obtain the spectrum shown in figure 2. The spinning of the sample, 
instead, forces the director to orient along the only direction normal to H, which is not 
disturbed by sample rotation, i.e. the axis around which the sample spins. In this case 
when the spectrum obtained is identical to the static one, even if the distribution of the 
director orientation is quite different. It is important to underline that the spinning 
spectra are recorded only after 10 min of sample spinning, to let the director orientation 
reach equilibrium under such conditions. A summary of the director orientation and 
the resulting main spectral features for the different phases and experimental 
conditions is listed in tables 1 and 2, respectively. 

Let us consider now the spectra obtained for the N, phase and shown in figure 2. 
First of all we notice that the static spectrum has a splitting about twice as large as the 
corresponding spectrum from the N, phase. This indicates that the director is, in this 
case, oriented along the magnetic field. This is confirmed by the fact that the spectrum 
taken after the x / 2  rotation is exactly half as wide, i.e. from 8, = 0 we obtain 8, = x / 2  
over the whole sample. By spinning the sample, 8, is distributed over a plane containing 
H, and again a spectrum corresponding to a cylindrical pattern is obtained. In this 
spectrum two sets of singularities are observed, the external ones corresponding to the 
singularities of the static spectrum and the internal ones to the singularities of the x / 2  
rotated spectrum. 
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Phase transitions in a biaxial nematic 67 1 

The interpretation of the biaxial spectra in figure 2 is not as simple as in the case of 
those obtained for the ND and N, phases. The first feature of these spectra to be 
underlined is that both the static spectrum and that obtained after the 7c/2 rotation are 
doublets, i.e. in this case there are only two frequencies of resonance. This means that, 
since #O,  the angles 8, and & of equation (1) must have a well-defined value, which is 
the same over the whole sample. A second feature of these spectra is that there are two 
possible orientations of the magnetic field with respect to the phase symmetry axes 
which are in agreement with the observed spectra. To better understand the origin of 
the observed orientation of the phase symmetry axes with respect to the magnetic field, 
it is necessary to consider our experimental procedure. All of our spectra have been 
taken after having spun the sample at a different temperature. This forces the z axis to 
be oriented, in the ND phase for example, as described in figure 3 (a). As we increase the 
temperature and we enter the biaxial region which ‘grows’ from the disc phase the z 
axis, along which the electric field gradient is higher, is still normal to the magnetic field, 
as in the N, phase. 

As the asymmetry parameter increases, with increasing temperature, the V,, 
component of the electric field gradient tensor becomes higher and higher till its 

STATIC 

zHL e = s  

I e = o  Y 

0 2  

o,=; 

STATIC 

oa= undef .  

d2 ROTATION 

d 2  ROTATION 

Y ‘L 
0 2  

.+ =o  

SPINNING 

$,= d i s t r .  

SPINNING 

$ =o 

Figure 3. The two possible phase symmetry frames for the N,, phase in the three different 
experimental configurations. Ho is the external magnetic field. Case (a) is valid for V,, 
normal to H, and case (b) is valid for V,, along H,. 
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672 F. P. Nicoletta et al. 

Experimental spectra Theoretical fits 

A 9 = 0 . 8 4 ,  

I 
1600 Hz 

Figure 4. Experimental lineshapes and theoretical fits at different temperatures for the spinning 
experiments in the biaxial phase for different values of q (sample R =0.1450). Notice how 
the same value of the biaxiality can result in very different spectra: the spectrum in the first 
row corresponds to the case shown in figure 3 (a) and that in the last row to the case of 
figure 3(b). The theoretical fits have been obtained by taking into account a line 
broadening with one component increasing linearly from the centre of the spectrum. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Phase transitions in a biaxial nematic 673 

absolute value equals that of V,, for q = 1. If ICJ increases more, then, according to the 
usual convention for which I V,,l> 1 \,,I > I V,,l, which must hold if equation (1) has to be 
valid, we must change the reference frame to that shown in figure 3 (b). This change is 
underlined by a drastic variation of the lineshape as described in figure 4. Such change 
of reference frame has no real physical meaning but it allows us to continue to use 
equation (1) for the deuterium resonance frequency. 

If the sample is inserted in the magnet and a spectrum is taken after a 7c/2 rotation 
without having previously spun the sample, a more complicated spectrum is obtained 
than those shown in figure 2. Our choice of spinning the samples has then been dictated 
by the simplification of the spectra, with no loss of information. According to equation 
(l), for the spinning samples we expect 

3 

8 
v* = f- v [ - 1 + q cos 2401 (2 a)  

and 

3 
- 8  

v +  = +- v [3 cos2 0, - 1 + q sin2 e,], 

with the reported angles distributed over the plane containing H,. Equations (2 a)  and 
(2 b) correspond to the orientation when the principal axes frame is as in figures 3 (a) 
and (b), respectively. Fitting the observed spectra obtained using equations (2 a) and 
(2b) with such distributions of 8, or 4, is shown in figure 4 together with the 
experimental lineshapes, for comparison. We point out again that the spinning axis is 
normal to the plane of the page in figure 3. In this model the shape of the spectra 
depends on the asymmetry parameter q, which is what we really obtain from the fitting. 
To obtain the theoretical fits we also introduced a frequency dependent component in 
the line broadening which increases linearly with the distance from the centre of the 
spectrum [S]. In such fittings there are then two broadening parameters, one 
asymmetry parameter, q, and a width parameter, V. From equations 2 we notice that the 
shape of the spectra, in the cases where 8, and 4, are distributed, is determined by q 
only, since 9 is simply a factor defining the spectral width and the broadening does not 
substantially affect the lineshape. The factor q is then the main fitting parameter and we 
were able to obtain values for q within a fitting error of LO-02. In this way we were able 
to obtain information on both the value of q at different temperatures and on the 
orientation of the phase symmetry axes with respect to the external field. Our model is 
confirmed by the fact that the values of q obtained by fitting the spinning spectra are in 
excellent agreement with those obtained by considering the modulus of the splittings of 
the static spectrum, Av,, and that of the ~ / 2  rotated spectrum, AvZIz: 

and 

which are easily obtained from the splittings of table 2 for both cases shown in figure 3. 
In figure 5 we report, for one concentration (R = 01450), the asymmetry parameter 

q as derived from static and n/2 rotation measurements in the N,, phase according to 
equations ( 3  a) and ( 3  b). 
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- 
I 

-100 
1 0  20  30 4 0  50 6 0  

T I T  
Figure 5. The partially averaged splitting, Av (open dots), and asymmetry parameter, q (full 

dots), of D,O as a function of temperature (sample R =0.1450). 

A more detailed and precise description of our system requires further data 
acquisition. In particular, measurements are in progress on samples with deuteriated 
DaCl and KL, in order to obtain information regarding single amphiphile behaviour. 
We confirm the high degree of stability of this new system as we did not observe 
signficant changes in the transition temperatures between the different phases over 
periods of several months. 

4. Conclusions 
We have studied the phase diagram of the lyotropic system KL/DaCI/D,O keeping 

a fixed molar ratio between the amphiphiles and heavy water and changing the relative 
molar ratio of the amphiphiles. Three different nematic mesophases have been found, 
with wide ranges of biaxiality. The biaxial area of the phase diagram has an arc shape 
similar to that reported in [I] and we found no inversion of the uniaxial mesophases 
position with temperature. The asymmetry parameter of the averaged electric field 
gradient tensor on the deuterium of the D,O molecules has been measured as a 
function of temperature and concentration. Measurements on the same system, in 
which spectra are recorded from deuteriated KL and DaCl, are in progress. 

c11 

c21 

c 31 

c41 

c 51 
c71 
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