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X-ray and optical studies in the paper show that dodecyl benzene sulfonic acid and the mixtures
of its sodium salt with (i) water and (ii) methane sulfonic acid exhibit the smectic A phase.
Interference studi€s are described in the paper to establish the molecular orientation in the
droplets and batonnets.

INTRODUCTION

The mesomorphic behaviour of soaps, synthetic detergents and esters of
organic acids had been studied earlier by many investigators.'~*! However,
it is found that detailed studies have not been carried out so far on the meso-
morphic behaviour of dodecyl benzene sulfonic acid and its sodium salt.
Dodecyl benzene sulfonic acid (DBS), produced by the sulfonation of dodecyl
benzene, is used in the large scale manufacture of sodium dodecyl benzene
sulfonate (NaDBS), the latter being a principal component in detergent
formulations. Dodecyl benzene sulfonic acid is a thick highly viscous com-
pound with a brown honey-like colour. The structural formula of DBS is
shown in Figure 1. In view of the presence of the benzene ring and the long

CH(CH,) SOzH

FIGURE | Structural formula of dodecyl benzene sulfonic acid.
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chain of methylene groups, it was felt by us that DBS might exhibit meso-
morphism. In fact, it is found that DBS is liquid crystalline and belongs to
the smectic type of liquid crystals.

Sodium dodecyl benzene sulfonate has surface active properties and
forms micellar solutions'? and it is found to be lyotropic, as is to be expected.
In parts A and B of the following are presented the results of our investiga-
tions on these two compounds. The substances studied here are found to
exhibit striking optical textures. In view of the importance of the optical
textures with regard to the identification of mesophases, we have selected
some of the most striking photographs for reproduction in this paper.

Part A

DODECYL BENZENE SULFONIC ACID

A(1) Preliminary observations

The substances used in these investigations were obtained from M/s Tata
Oil Mills Co., Ltd., Bombay, who produce them on a large scale. The sample
of DBS had the following approximate composition: 95 percent of active
DBS, 2 percent of free sulfuric acid, 2 percent of unsulfonatables and 1 per-
cent of traces of other impurities. In order to minimize the content of water
in DBS, the sample was kept in a desiccator for several days. The density of
this sample of DBS was determined at different temperatures using the
capillary tube method described in an earlier paper.!* The variation of the
density with temperature is shown graphically in Figure 2. The experimental
determinations are accurate to within +0.001 gm/cm®. In Figure 2, there
is a point at 115°C showing the value of the density in the isotropic phase at
that temperature, This value is distinct and discontinuous from all other
values at lower temperatures owing to the discontinuous change in density
which occurs during the transition from mesomorphic to isotropic phase.
When a thin film of the sample of DBS 25°C, kept between a microscope
slide and cover glass, was observed through the polarizing microscope
(between crossed polars), almost the entire field of view was found to remain
dark when the stage containing the specimen was rotated. However, at
the edges of the sample, over small areas, restoration of light was observed,
indicating the birefringent nature of the substance. When the cover glass
was slightly displaced, it was found that in some of those regions which were
originally dark, there appeared restoration of light as a consequence of the
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FIGURE 2 Variation of density and the ordinary refractive index of DBS with temperature.

disturbance of the molecular arrangement. The areas which were originally
dark were readily inferred to correspond to the well-known homeotropic
regions, wherein the molecules are arranged with their long axes normal
to the surface of the microscope slide and cover glass. In fact, it was found
that characteristic textures exhibiting birefringence developed in the course
of several hours, when the homeotropic specimen was left at room tempera-
ture. The birefringence persists over a wide range of temperature and the
transition point from the birefringent to the isotropic phase was determined
by observing the specimen kept in a hot stage. The temperature at which
the birefringence disappeared was determined to be 110 + 0.5°C, this
temperature being the clearing point of the sample.

A sample of DBS of about one millilitre in volume was taken in a double
walled glass container and allowed to cool from a temperature of 140°C.
The space between the two walls of the container was kept continuously
evacuated during the cooling. A graphical plot of the temperature versus



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:28 23 February 2013

6 D. KRISHNAMURTI AND R. SOMASHEKAR

time exhibited a plateau at 110°C, in confirmation of the occurrence of the
phase transition here. The details of the experimental technique are described
in an earlier study.?

A(2) X-ray studies

An X-ray diffraction photograph of DBS, in the forward direction was
obtained at room temperature, using a flat film camera. The sample of
DBS was taken in the form of a thin film on a loop of platinum wire. Cu-K,
radiation was used. Figure 3 exhibits the diffraction pattern obtained with
the sample. The diffraction pattern consists of two low angle rings with
effective spacings of 26.5 and 13.3 A indicating that they correspond to the
first and second order of diffraction from the same set of planes. There is
also a very diffuse outer ring at a larger angle and corresponding to a spacing
“d” of about 4.6 A, calculated using the formula 2d sin 8 = A. The homeo-
tropic textures as well as the presence of a diffuse outer ring and the sharp
rings at the lower angles clearly confirm that here DBS is in the smectic A
phase.'*!5 The outer ring is diffuse owing to the fact that within each
smectic layer there is no exact regularity in the arrangement of the molecules
in the lateral directions lying in the plane of each layer. The effective spacing
of 26.5 A mentioned above is the smectic layer spacing and corresponds
approximately to the estimated molecular length of DBS which is about
25 A. There is a small difference and such differences have been reported in
several cases.!®''® The origin of the difference here is not quite clear and
more detailed investigations are required with regard to the structure of the
substance.

FIGURE 3 X-ray diffraction photograph of DBS at 25°C.
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A(3) Optical textures in DBS

In order to observe the textures, the following experimental procedure was
adopted. A thin film of the substance was taken between a microscope slide
and cover glass. No spacer was used. The specimen was kept inside a hot
stage, the temperature of which was initially slightly higher than the clearing
point of DBS, i.e., slightly greater than 110°C. The temperature of the hot
stage was slowly reduced at the rate of about 2°C per hour and the textures
that were growing were observed through the polarizing microscope. At a
temperature immediately below the melting point of DBS, when the sample
was observed between crossed polars, the entire field of view was dark,
corresponding to the entire region being homeotropic. When the temperature
had fallen to about 50°C, “batonnets” with characteristic cylindrical sym-
metry, grew out of the homeotropic regions and with efflux of time they
coalesced and formed the fan-shaped textures. Figure 4(a) is an enlargement
of a batonnet. In Figure 4(b) may be seen the different stages of the growth
viz., (i) the dark homeotropic region on the left, (ii) the batonnets at the centre
and (iii) the fan-shaped texture on the right. These features are characteristic
of the smectic mesophase. When the sample was left for a day at room
temperature, fan-shaped textures and focal conic textures with typically
identifiable polygons were found to have developed over the different areas
of the specimen. An enlargement of the focal conic texture is reproduced in
Figure 4(c). Often, birefringent “droplets” were found within homeotropic
regions. When observed between crossed polars these droplets exhibit the
typical cross as shown in Figure 5(a). Some other features characteristic of
the smectic mesophase have also been observed by us. In particular, with a
thick specimen (prepared by using a spacer of thickness of about 100 u) a
characteristic texture with the ellipses and the typical brushes was observed
as in Figure 5(b). This photograph was obtained by focusing the upper
surface of the specimen. Another texture which was frequently observed
was the so-called “oily streaks” appearing as striated bands as shown in
Figure 5(c). This texture appeared only when the cover glass over a specimen
(exhibiting the focal conic texture) was disturbed by slightly pressing or dis-
placing it.> Quantitative optical interference studies were carried out in
order to establish the nature of the molecular ordering in batonnets and
“droplets” and these aspects are discussed in detail in the following section.

A(4) Optical interference studies

When a birefringent material held between crossed polars, is observed
through a spectroscope, the spectrum of white light transmitted through the
system consists of a series of dark bands. When the polarizer and analyzer
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(a)

FIGURE 4 Microphotographs of (a) batonnet (360x), (b} fan shaped texture and batonnets
(60x) and (c) focal conics (240x), obtained with DBS (between crossed polars) at 25°C.
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o

FIGURE 5 Microphotographs of (a) birefringent droplets (540x), (b) focal conic domains
exhibiting the ellipses (180x) and (c) oily streaks (60x), obtained with DBS (between crossed
polars) at 25°C.
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make angles of 45 and 135° with the principal vibration directions of the
birefringent material, the wavelengths (1) of the extinctions observed, satisfy
the equation!”-18

mj- = tlAnl (1)

where m is an integer, t, is the thickness of the birefringent material and An,
is the birefringence. In fact, if two birefringent samples are there, with their
principal directions making 45 and 135° to the polarizer and analyzer, the
wavelengths of the extinctions are given by

ml = tlAnl "_|"_ tzAnz. (2)

Here, the subscript 2 refers to the second birefringent material. The positive
sign is applicable when the fast directions of the two birefringent materials
are along the same direction. The negative sign is used when the fast direc-
tion of one material is parallel to the slow direction of the other material
(and vice versa).

The interference studies were carried out using the experimental arrange-
ment which consisted of the following elements set up in sequence: (i) A
source of white light (sunlight or filament lamp), (ii) condensing lens,
(iii) polarizer at 45° to the vertical, (iv) a birefringent specimen of a cleavage
plate of BaSO, with its slow direction along the horizontal, (v) aperture,
(vi) second birefringent specimen, ie., the optical texture to be studied,
(vii) travelling microscope used to focus the enlarged image of the texture
on the slit of the spectrograph, (viii) analyzer crossed with the polarizer
and (ix) spectrograph. An identical experimental arrangement may be
found to be described in detail in two earlier papers from this laboratory.'8-1°

a) Molecular orientation in the batonnets

It is well known that the batonnets are classified as G batonnets, and M
batonnets.! In the G batonnets, the smectic layers are normal to the central
long axis of the batonnet, so that here the optic sign is positive. On the other
hand, in the M batonnets, the long axes of the molecules are transverse to
the central axis and the molecules are so arranged that their long axes en-
circle the central axis. Figure 6(a) reproduces the spectrogram obtained
when a batonnet (which had its long axis perpendicular to the length of the
slit) was focused on the slit of the spectrograph. The regions outside the
batonnet were homeotropic regions. It may be noticed from the figure
that at the centre of the spectrum, the dark bands have shifted towards the
red end of the spectrum (on the left). This indicates that the batonnet has
introduced a positive contribution associated with the second term of
Eq. (2) and hence the long axis of the batonnet should correspond to the
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FIGURE 6 (a)and (b). Banded spectrum obtained with a crystal of BaSO, and a batonnet of
DBS kept across the slit, showing respectively the gradual and abrupt shift of the bands towards
the red. (c) and (d). Banded spectrum obtained with a crystal of BaSO, and a droplet of DBS,
showing the shifts towards the red and blue respectively.

direction of the higher refractive index or the slow direction. On the other
hand, if the batonnet was focused on the slit of the spectrograph, with its
long axis parallel to the length of the slit, the dark bands are found to shift
towards the short wavelength side. The batonnets here are identified as “G”
batonnets because only in this case the molecules have their long axes
paralle] to the length of the batonnet which is the direction of the higher
refractive index. Since the batonnets are usually cylindrical in shape, for the
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beam passing through the center of a batonnet, the optical thickness is a
maximum and for beams passing on either side of the centre, the optical
thickness decreases progressively and becomes zero at the edge. From
Figure 6(a), it may be seen that in each band the shift towards the red in-
creases smoothly, reaches a maximum and beyond that the shift smoothly
decreases to zero. This feature is observed only in the cases, where the
diameters of the batonnets are less than the thickness of the layer of the
specimen between the slide and cover glass. As the batonnets grow bigger,
they ultimately become flattened and acquire an approximately oval cross
section. Therefore, in such cases each interference band exhibits an almost
abrupt shift at the points corresponding to the edge of the batonnet. The
shift of each band is practically constant over the entire batonnet. This
feature is shown in Figure 6(b) which was obtained with another batonnet
of different thickness.

In the case of those batonnets for which the shift is maximum at the
centre and decreases smoothly on either side, it is reasonable to assume that
the maximum thickness of the batonnet corresponds to its diameter. Hence,
from measurements of the diameters and the maximum shifts, the bire-
fringence of the substance was calculated. If one assumes that the dispersion
of the birefringence may be neglected, it follows that

mAA = t,An,, 3

where Al is the shift and m is the order of interference. Here, ¢, corresponds
to the diameter of the batonnet. At first, the wavelengths (1) of the straight
bands of extinction (observed when only BaSO, was used) were determined.
Next, the wavelengths of the maximum shift (A1) were determined. The
order m may be determined by plotting on two strips of graph sheets, log,(1/4)
and log, m respectively, and by matching these two strips to get the best
coincidences of the plotted values on the two strips. The values of Al for
any chosen m are found to be proportional to the diameters of the batonnets,
as may be seen from the graph in Figure 7. Using the known values of the
diameters of the batonnets, it is calculated that the birefringence An, for
5780 A (at 25°C) is equal to 0.015.

The temperature variation of the ordinary refractive index in the case of
the same specimen of DBS was determined using the hollow prism method*3
and the values are represented graphically in Figure 2. It was not possible to
measure the extraordinary refractive indices (n,) directly by the same
method, because of the fact that we could not obtain any other homog-
eneously oriented textures other than the homeotropic textures. If we assume
the value of An, given above and the value of n, (1.496) at 25°C, the value of
n, at 25°C for 5780 A turns out to be 1.511. It is well-known that the mean
polarizability (Z) of the molecule may be calculated by using the Born
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FIGURE 7 Variation of the wavelength shifts of the bands with the diameter of the batonnets
of DBS.

relation?? viz,, -

n’—1 4nNa

n+2 3
where n? = (n2 + 2n2)/3 and N is the number of molecules per unit
volume. The value of the mean polarizability of the molecule was calculated
using the values of the density at 25°C and the refractive indices n(=1.511)
and n,(=1.496) at 25°C.This value turns out to be 35.4 x 10~2% ¢cm?>. The
value of & calculated from the refractive index n,(=1.468) and the density
(=1.022) at 113°C in the liquid (isotropic) phase, using the Lorenz-Lorentz
relation, is found to be 35.20 x 1072* cm?, in good agreement with the
value calculated using the Born relation. From the values of the extra-
ordinary and ordinary refractive indices (n, and n,) in the case of DBS at

) C))
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room temperature, it is possible to estimate the value of the polarizability
anisotropy (A«) of the molecule of DBS, using the Vuks formulae.?! Here,

Aa is found to be positive and has a value equal to 1.3 x 10724 cm3.

b) Molecular orientation in droplets

The molecular orientation in the droplets mentioned earlier, was also studied
using the interference technique described above. It is well known that in G
droplets the smectic layers form concentric shells like the layers of an onion.’
Here, the long axes are parallel to the radial direction of the sphere. When
the edge of the droplet (on the right or on the left-hand side) corresponding
to the azimuthal angle O or 180° is brought to focus on the slit of the spectro-
graph, the straight bands should shift towards the red. For different points
of the slit, the shift should be different owing to the varying thickness of the
material at the edge of the sphere. The shift towards the red increases pro-
gressively, reaches a maximum and decreases to zero, as shown in Figure
6(c). The top and bottom regions of the spectrum correspond to the homeo-
tropic regions outside the droplet and there is no shift associated with the
homeotropic region owing to An, being equal to zero here. On the other
hand, when the edge of a droplet (near the top or bottom) corresponding to
the azimuthal angle 90 or 270° is brought into focus on the slit of the spectro-
graph, the straight bands corresponding to the homeotropic region may be
expected to shift towards the blue and Figure 6(d) exhibits this shift.

Light scattering patterns also provide information regarding the molecular
orientation. Scattering patterns arising from spherical droplets were photo-
graphed using the same technique as was adopted by Rhodes et al.* When the
polarizer and the analyzer are vertical, the pattern obtained is referred to as
the V, pattern. When the polarizer is vertical and the analyzer is horizontal,
the pattern obtained is referred to as the H, pattern. From the theory of
Clough et al.,22?3 it is known that when the optic axial directions (long
axes) make an angle of nearly 0 or 90° to the radial direction of the droplet,
the scattering pattern H, should exhibit maxima around the azimuth +45°
and the V, pattern should appear as a vertical cross. The typical cross (V,)
and four leaf clover pattern (H,) observed by us are shown in Figures 8(a)
and 8(b). The scattering patterns shown in Figures 8(a) and 8(b) have an
angular diameter of about 7° of arc approximately.

c) ‘Oily streaks’

When observed between crossed polarizers, using a high power objective
the oily streaks appear as tapes shown in Figure 9(a). The tapes show extinc-
tion transverse to their length giving the appearance of striated bands. Such
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(b)
FIGURE 8 Low angle scattering pattern obtained with droplets of DBS using 4 63284 (a)

V, pattern and (b) H, pattern.
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(b)

FIGURE 9 (a) Micrograph of ‘oily streaks’ in DBS observed between crossed polars (350x),
and (b) Micrograph of ‘oily streaks” in DBS showing chains of focal conics (crossed polars,
310x).

tapes have been observed by Friedel.>* Under favourable conditions the

tapes appear as chains of focal conics shown in Figure 9(b). A similar texture
had been reported in the G, phase of Sodium 3-undecyl sulphate-water
system, (see for example Figure 2.21 in the treatise by G. W. Gray and
P. A. Winsor).!
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Part B

SODIUM DODECYL BENZENE SULFONATE (NaDBS)

B(1) Preliminary remarks

The sample of NaDBS obtained by us was in the form of a paste with
about 38 percent of solid matter, 2%, sodium sulfate and about 609, of
water. However, prior to its use in our investigations we had minimized
the content of water in the sample by keeping it in a desiccator for several
days. The dehydrated sample was used to prepare mixtures of the substance
with water. Mixtures of various concentrations were prepared with water
and their optical textures were studied using the polarizing microscope.
The sample was usually taken between slide and cover glass and no spacer
was used. The thickness of the sample was about 25 u. Sodium dodecyl
benzene sulfonate is lyotropic and forms birefringent textures. The textures
are especially striking in the range of concentration of 20 to 409, of NaDBS
by weight in the total weight of the mixture with water. At higher concentra-
tions, the textures are not striking, owing to the opacity associated with the
mixture.

Sodium doecyl benzene sulfonate is found to be completely soluble in
methane sulfonic acid and with this mixture also, it was possibie to observe
birefringent textures. We must emphasize here that in this mixture there is no
component of water. Here, the studies were carried out over a larger range
of concentration (18 to 72 %) of NaDBS in the total weight of the mixture.
No significant variations could be found in the nature of the textures ex-
hibited by mixtures of different concentrations, in the range of concentrations
studied.

B(2) Optical textures

The optical textures exhibited by the mixtures discussed here are in many
respects similar to those observed with DBS and consist of G droplets, tapes,
oily streaks and focal conics, all of which are characteristic of the smectic
A phase. Figures 10(a), 10(c) and 10(d) exhibit some typical focal conics®?
and spherulitic textures.?® Figure 10(f) reproduces a birefringent texture
observed between crossed polars. A similar texture is reported by Billard?’
in the case of polyethylene glycol monooleate. Figures 10(b) and 10(e)
exhibit the droplets observed in the case of mixtures of NaDBS with water
and methane sulfonic acid, respectively. Textures resembling the tapes
observed in the case of DBS, as in Figure 9(b), were also obtainable with
these mixtures. The shifts of the interference bands were recorded in the case
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FIGURE 10 Microphotographs of (a) focal conics (280x) and (b) droplets (240x) exhibited by
a mixture (34 percent in the total weight) of NaDBS in water. Microphotographs of (¢} typical
focal conics (270x, 27%,) (d) spherulitic texture (230x, 38 %), (e) droplets (380x, 18%;) and (f)
birefringent texture (300x, 68 %() of a mixture NaDBS in methane sulfonic acid. The magnifica-
tion and the weight concentration of NaDBS in the total weight of the mixture are given in
brackets.
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of the droplets of mixtures of (i) NaDBS in water and (it) NaDBS in methane
sulfonic acid, using exactly the same procedure as that adopted to record the
shifts of the bands in Figure 6(c) in the case of the droplet of DBS. The shifts
of the bands in all the three cases are towards the long wavelength side and
it is confirmed that the molecular arrangement in all the droplets discussed
here corresponds to that in G droplets.

Figures 1 1(a) and 11{b) exhibit the oily streaks observed with a mixture of
NaDBS in methane sulfonic acid. Under low magnification they appear as
tapes shown in Figure 11(a). Actually however, under high magnification it
is found that individual tapes consist of chains of focal conics, with dark
brushes within the series of ellipses as shown in Figure 11(b).

We have not recorded the X-ray diffraction in the case of the above
mixtures because of the tendency of the solvent to evaporate. However, we
find that X-ray diffraction studies have already been made in the case of solid

\._:‘ ‘>//

¥ L)
’ = -
b\-\ ‘

(b)

FIGURE 11 Microphotographs of ‘oily streaks’ in NaDBS in methane sulfonic acid. (a)
75x, with 27 % and (b) 360x with 40 % of NaDBS by weight in the total weight of the mixture.
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NaDBS, wherein a low-angle diffraction ring corresponding to a spacing of
26.5A is reported.?® This is in agreement with the value obtained by us in
the case of DBS.

infrared spectra

It was observed in an earlier investigation® with saturated aliphatic esters
that the rocking, twisting and wagging vibrations of methylene groups show
progressions of maxima which were found to be partially resolved in the
ordered smectic phase. With a view to interpret and to check whether the
methylenes associated with the dodecyl group here exhibit a similar feature,
the infrared spectra of DBS, NaDBS and methane sulfonic acid were recorded
and compared. The spectra were recorded with Perkin-Elmer model 580
spectrophotometer having a resolution of about 5 cm™!. Although from a
comparison of the spectra it was possible to broadly assign the different
bands to different group-vibrations, it was not possible to discover any
feature which may be attributed as strikingly characteristic of the meso-
phase. For the sake of completeness, the spectra are reproduced in Figure
12 and the assignments of the bands are given in Table I. In arriving at

TABLE 1

Infrared absorption maxima observed at room temperature and assignment of the group vibrations.
Band positions are in cm ™!

Dodecyl benzene Sodium dodecyl Methane

sulfonic acid benzene sulfonate sulfonic acid Assignment
— — 3000 (broad) OH and CH,;
2960(S) 2960(S) — CH, stretching
2940(Sh) 2945(Sh) - CH, stretching
2880(Sh) 2880(Sh) — CH ring stretching
1600(S) 1650(S), 1500(S), — Benzene ring
1495(m) 1470(m)
1465(8S), 1400(m) — — Skeletal vibration
+ asymmetric bending of CH,
— — 1430(S) Asymmetric bending of CH,
or deformation
1362(S) 1385(S), 1340(m),  1320(S), w-CH; symmetric deformation
1320(m) 1340(S)

1200(m), 1180(S)
1140(S)

1100(S)

1040(S), 1005(S)
910(S), 835(S)
860(S)

1210(Sh), 1185(S)
1140(S)

1010(S), 1005(S)
835(S), 765(S)

1050(S), 1240(S),
1070(Sh), 1170(S)

Characteristic of sulfonic
acid and sulfonates

S=0 stretching

Skeletal stretch

C—H in plane deformation
CH, rocking, twisting

+ S—O—C vibration

Note: S, m and Sh denote strong, medium and shoulder respectively.
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FIGURE 12 Infrared spectra of (a) methane sulfonic acid, (b) sodium dodecyl benzene

sulfonate and (c) dodecyl benzene sulfonic acid. The spectra were recorded using a thin layer of
the sample between KBr plates.

the assignments, the spectra of several compounds reproduced in the treatise,
“Introduction to Infrared and Raman Spectroscopy” by Colthup, Daly and
Wiberley,?® were found to be useful.
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