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Starting from a reinvestigation of the long chain Na n-alkanoates in the molten state,
the mesomorphism of amphiphilic molecules comprising an alkyl chain and an ionic
endgroup is generally discussed.

Two different smectic mesophases of the ‘neat’ type can occur for these compounds:
smectic I, viscous and birefringent, with regular layer stacking; smectic II (often de-
scribed in the literature as a conventional liquid), fluid and optically isotropic, due to
the small dimensions of the liquid crystalline domains, and with fluctuations in the
interlayer distances, as indicated by its X-ray diffraction pattern.

Possible structural arrangements of the ionic end-groups in the smectic layers are
presented, and the differences experimentally observed between short chain and long
chain compounds explained in terms of a simple electrostatic model. In agreement
with the experimental finding, the mesomorphic state is evaluated from the model to
be stable relative to the isotropic state up to temperature well above those at which
thermal decomposition occurs.

INTRODUCTION

This paper deals with thermotropic liquid crystals of molecules com-
prising an alkyl chain with an ionic end-group (general notation RAB).

Smectic liquid crystals of anhydrous alkali metal alkanoates are
known at least since 1910, with the first published report of Vor-
lander.! Later systematic investigations were carried out by Luzzati
and coworkers? and by Ubbelohde and coworkers.> The well-known
lamellar model for the structure of these mesophases (Figure 1) is
due to Luzzati (“les groupes polaires sont localisés en double couche
dans des feuillets indéfinis, paralleles et équidistantes, séparés par
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FIGURE 1 Schematic model of the structural arrangement of RAB molecules in the
lamellar ‘neat’ mesophase (red. from ref. 2a)
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les chaines paraffiniques a I'état liquide”).?* The textures, X-ray dif-
fraction patterns and transport properties are typical of smectic A
(or “neat”) phases.* ¢ Clearing to conventional isotropic liquid is
reported, on average, 30—100 K above the melting temperature 37

More recently, we found similar mesophases for two more classes
of compounds: bis(n-alkylammonium) tetrahalogenozincates® and
primary n-alkylammonium halides.®

Comparison of melting and clearing parameters for the latter com-
pounds with literature data on the alkali metal alkanoates gives evi-
dence of a common mesomorphic behavior qualitatively independent
of the end-group® (Figure 2). On the other hand, our X-ray diffrac-
tometric investigation of the alkylammonium halides® revealed that
the clear liquid itself is a smectic mesophase, structurally similar to
the birefringent liquid but with considerable fluctuations in the in-
terlayer distances and much smaller domains (unable to diffract visible
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FIGURE 2 Clearing temperatures, T(cl); melting entropies, AS (f); clearing entro-
pies, AS (cl) vs. the number, n of chain C atoms for primary n-alkylammonium chlorides
(4), and for Na (O), K (V) and Cs ((J) n-alkanoates.
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light). Ref. 9 describes thoroughly both mesophases, denominated
with increasing temperature as Smectic I, Smectic II.

In a following paper,'® we proved that molten lithium n-hexade-
canoate (palmitate), reported to be a conventional isotropic lig-
uid,’®!! is a smectic mesophase strictly analogous to Smectic II of the
alkylammonium halides. As for the latter, the liquid phase remains
anisotropic up to temperatures at which thermal decomposition be-
gins.

In our opinion, a number of questions are raised by these results.
First, is the anisotropy of the clear liquid a general fact for RAB
compounds? If so, what is the extent of this anisotropy, and up to
what temperatures is it maintained? Is there a general explanation
for the trends in melting and clearing parameters of Figure 2? Finally,
is the model of Figure 1 for the mesomorphic liquid qualitatively
adequate and quantitatively improvable?

To answer the first question, we reinvestigated the classical Na
alkanoates. In the literature, some evidence is found of a possible
anisotropy of the clear liquid a few degrees above the clearing tem-
perature. In a study of Na isovalerate,>* Ubbelohde et al. report that,
“from X-ray photographs just above the clearing point, T, = 280°C,
it was at first inferred that long spacing order was partly retained,
even in the isotropic melt. However at somewhat higher temperature,
about 290°C even those residual crescents vanished, leaving only a
uniform halo typical of liquid structures”. The apparent persistence
of some long-range order for a few degrees above T, was attributed
to wall effects on the sample sealed in a Lindemann capiltary. In an
investigation of longer chain compounds,? Luzzati et al. report that
“X-ray photographs taken at a temperature a few degrees above the
melting point (they refer to the clearing transition) contain two or
three fairly sharp bands (“bands floués™ in another paper)® corre-
sponding to the Bragg spacing of neat soap. This observation suggests
that the structure of the melt is quite similar to that of the neat phase.”
No data are given of the possible persistence of this anisotropy at
higher temperatures.

In Figure 3, the melting and clearing temperatures of Na n-alka-
noates are reported as a function of the number, n of C atoms in the
alkyl chain. Data for compounds with n > 19 are not reported in the
literature. However, the trends of Figure 3 suggest that, for com-
pounds with n > ca. 20, the clearing temperatures would be lower
than the melting temperatures, and no birefringent neat mesophases
should be observed. We synthesized the compounds with n = 18,
20, 22 and performed the X-ray characterization of their melts up to
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FIGURE 3 Melting (M, from ref. 2a; [J, this work) and clearing (@, from ref. 2a;
O, this work) temperature vs. the number, n of chain C atoms for several long chain
Na n-alkanoates.

570 K. From the results obtained, we start for a more general dis-
cussion of these highly interesting smectogens, in which possible an-
swers to all other questions are attempted. As often happens for
liquids, much of the discussion is devoted to semiquantitative eval-
uations of models, but emphasis is always given to the explanation
of known experimental facts.

EXPERIMENTAL

Na n-octadecanoate, n-eicosanoate and n-docosanoate were synthe-
sized reacting sodium sand with a slight excess of the proper n-al-
kanoic acid in toluene under reflux, as described in ref. 7c,e. The
products were washed with dry acetone, recrystallized from acetone/
2-propanol mixtures and dried under vacuum. The samples recovered
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from this preparation are rigorously anhydrous. Different syntheses
were also attempted (see refs. 2a, 2b, 12, 13), all giving samples
retaining some water and/or alcohol difficult to strip even under vac-
uum from molten specimens.

DSC curves of all samples were registered with a Mettler TA-3000
differential scanning calorimeter in the range 250-700 K. The tem-
perature scale was calibrated with pure reference compounds. Tran-
sition enthalpies were measured by electronic integration using as a
standard a sample of pure Indium (Ah,, = 28.4 Jg~!).

X-ray photographs were taken on a flat plate camera equipped with
a home-made variable temperature sample-holder (temperature con-
trol within = 1.5K). The samples were sealed in 0.5 mm Lindemann
capillaries. Ni-filtered CuKa radiation (A = 1.5418 A) was used
throughout. The geometry of the apparatus, accurately calibrated
with pure reference compounds, allowed to collect reflections cor-
responding to Bragg distances comprised between 2A and 45A. All
the photographs were subjected to microdensitometric reading.

Optical observations were made with a Leitz polarizing microscope
equipped with a Mettler FP-5 heating desk.

RESULTS

The thermal behavior of long chain Na n-alkanoates is known to be
quite complex. Discussion of the polymorphism in the solid state is
out of the scope of this paper. Our results on Na n-octadecanoate,
anyway, substantially confirm those reported in ref. 13 by Pacor and
Spier. As also remarked by these authors, we observed that traces
of water and/or alcohol in the samples are able to induce additional
high-enthalpy transitions in the range 340-400 K.

Melting and clearing parameters for the three Na salts prepared in
this work, as obtained from heating DSC curves, are given in table
1. A clearing transition is observed only for Na n-octadecanoate and
— as found in one case for n-pentadecylammonium chloride!* — it
occurs as a sharp peak with two unresolved maxima (Figure 4).

Microscopic observations in polarized light show that the melt of
Na n-octadecanoate is birefringent below the clearing point, whereas
molten Na n-eicosanoate and n-docosanoate, as well as n-octadeca-
noate above its clearing point, are dark when observed between crossed
polaroids.

Microdensitometric traces of the X-ray photographs of the three
Na salts in the molten state are reported in Figure 5. All show a
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TABLE I

Melting and clearing temperatures, enthalpies and entropies for Na
n-octadecanoate, n-eicosanoate and n-docosanoate from DSC
heating scans.

n T(K) AH (kJmol 1) AS (JK-! mol 1)
18 534 (f) 10.12 18.95
2y (e 1.26 2.26
20 53 () 9.34 1752
2 g}‘l‘ (f) 10.79 20.06

strong (001) reflection at low angles, corresponding to a Bragg dis-
tance listed in table 2. The half-width of the reflection for molten Na
n-octadecanoate below the clearing point is comparable with that of
the same line in the crystal, as is typical for a Smectic I phase.? In
all other cases, the reflections are considerably broadened, but still
intense at least up to 570 K. Therefore, for these compounds also
the clear liquid is mesomorphic, a layer organization being retained.
If we attribute the observed (001) line broadening to fluctuations in
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FIGURE 4 DSC heating curves in the temperature range 500-700 K for Na n-
octadecanoate, n-eicosanoate and n-docosanoate.
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FIGURE 5 X-ray diffraction profiles for the ‘neat’ mesophases of Na n-octadeca-
noate, n-eicosanoate and n-docosanoate.
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TABLE II

Long spacing, ¢ and monodimensional
paracrystallinity factor, g for the ‘neat’ - type
mesophases of Na n-octadecanoate, n-eicosanoate
and n-docosanoate.

n T (K) ¢ (A) g
18 548 30.8

568 30.3 0.12
20 558 31.9 0.14
22 558 32.5 0.14

the interlayer distances analogous to paracrystalline distortions of the
second kind, a monodimensional paracrystallinity factor, g can be
calculated® from the X-ray patterns, which is also given in table 2.
The obtained g values coincide with those found for the Smectic II
phases of the alkylammonium chlorides of comparable chain length.
We can conclude that Na n-octadecanoate melts to a Smectic I - type
mesophase, which changes to a Smectic II - type mesophase at the
clearing point; on the other hand, as expected from Figure 3,-Na n-
eicosanoate and n-docosanoate melt directly to a Smectic II - type
mesophase.

Due to the high melting points of the Na salts, using our X-ray
apparatus it was not possible to characterize the clear liquids at tem-
peratures higher than ca. 20 K above the clearing (melting) point. In
addition, thermal decomposition is anyway a serious drawback for
measurements at higher temperatures.

On the other hand, the diffracted intensity of the (001) reflection
for the Smectic I phase of Li n-alkanoates, which melt at considerably
lower temperatures, remains practically unchanged within 60K above
the melting temperature.'®

DISCUSSION

As for the Li homologues'® and for the alkylammonium halides,® the
clear melt of long chain Na alkanoates is mesophasic. It is thus con-
firmed that RAB compounds are able to give two different smectic
phases: one viscous and birefrigent, with regular layer stacking and
large domains; another fluid and optically isotropic due to the small
size of the smectic domains, and with fluctuations in the interlayer
distances, as shown by the broadening of the (001) reflection and the
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absence of (001) lines with 1 > 1 in its X-ray patterns. We suggest
the new general denominations of Smectic I, Smectic II respectively,
also to stress the difference between such mesophases and those of
rigid mesogens with high axial ratios. For the latter, indeed, the
reasons for the stability of the mesomorphic state are mainly entropic,
whereas for RAB compounds they can be found in the tendency of
the ionic end-groups to aggregate in layers in order to minimize their
electrostatic energy.®!° In ref. 9, we also explained in a qualitative
way why, in contrast to aqueous solutions, other structural arrange-
ments such as micelles or vesicles are ruled out in the absence of a
solvent.

A quantitative evaluation of the stability of the mesomorphic rel-
ative to the isotropic state would require a detailed knowledge of the
structure of both states. For RAB molecules, possible models can be
proposed.

From the most recent investigations on the isotropic melts of
n-alkanes'*-'® and of simple AB - type salts,!” a reasonable model for
the isotropic melt appears that of unperturbed alkyl chains each end-
ing with an ion pair. At least from a given chain length up, we can
assume each ion pair isolated from the others, since it would be diluted
in a hydrocarbon liquid with low dielectric constant.

For the model of the mesomorphic state, we start from the scheme
of Figure 1, in which double ionic layers are postulated, but no in-
formation is given concerning the relative positions of the anions and
cations.2 From 2*Na - NMR data on short chain Na n-alkanoates and
through two successive interpretations®!® Jonas et al. propose the
‘quasi-crystalline’ model of Figure 6, supporting their view with the
fact that a similar arrangement of the ions is found in the crystalline
layer structures of K n-decanoate'® and K n-hexadecanoate.?® Ac-
tually, the same arrangement was proposed by two of us® for the
plastic phase of the primary n-alkylammonium chlorides; a possible
unit cell is sketched in Figure 7. This model can be tested with a
simple check. From X-ray diffractometric and density measurements,
Ubbelohde et al.> and Luzzati et al.? calculated, for the Smectic I
phases of several alkali metal alkanoates, the values of average cross
section, S of each chain in its basel layer listed in table 3 (the data
of ref. 3, wrong by a factor 2 in the original paper, have been cor-
rected). The table gives also the S values found for the same com-
pounds in their crystalline layer structures.> It is seen that if, for
short chain compounds, the S values for Smectic I are only 10-20%
higher than those for the crystal, for long chain compounds they are
almost twice those for the crystal. This means that the model of Figure



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:36 19 February 2013

IONIC AMPHIPHILIC COMPOUNDS 253
TABLE III

Cross-sections, S of the n-alkyl chains in the basal layers of Na and K n-
alkanoates in the room-temperature crystalline bilayer structures and in
the Smectic I mesophases (data from ref. 2,3)

S (AY)- S (AY)-

Compound Smectic | Crystal
(a) RCOONa n-Butanoate 24 22
2-methyl-butanoate 29 29
n-Dodecanoate 36 24
n-Tetradecanoate 38 23
n-Hexadecanoate 40 23
n-Octadecanoate 42 25
(b) RCOOK n-Octanoate 333 25.3
n-Decanoate 34.6 25.4
n-Dodecanoate 35.7 25.5
n-Tetradecanoate 37.0 25.4
n-Hexadecanoate 39.6 25.1
n-Octadecanoate 41.7 25.0

7 for the ion packing in the mesomorphic state, if not unreasonable
for short chain compounds, is unrealistic for long chain ones. The
same limits apply also to Figure 1. In Figure 8, we sketch a possible
‘quasi-crystalline’ model for the ionic planes in the mesomorphic
liquid with S values twice those for the crystal: a single ionic layer
with chains pointing alternatively in opposite directions.

We suggest that, with increasing chain length, the structural ar-
rangement in the smectic layers changes from a limiting structure not
far from that of Figure 7 towards a limiting structure not far from
that of Figure 8. In all cases, in a first approximation (see further),
the conformational disorder of the alkyl chains can be considered
complete 23910

Now that we have derived possible structural models for both the
mesomorphic and the isotropic liquid, we can try to evaluate quan-
titatively the difference in their stability. The basic idea is that , since
the conformational entropy of the alkyl chains is substantially the
same in both states, and the residual translational and orientational
entropy of the mesomorphic liquid expected to be low (it is on average
1-10 J K~ ! mol ! for Smectic A),?' the electrostatic energy alone
would account mainly for this difference.

Figure 9 gives preliminary results of a calculation performed in this
laboratory (the details of which will be given in a following paper).??
Square ionic layers of composition A*B~ (the ions A* ,B~ repre-
sented by point charges) were grown through bidimensional trans-



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:36 19 February 2013

254 BUSICO, FERRARO and VACATELLO

ONd ~—~)RCOO"

FIGURE 6 ‘Quasi crystalline’ model of the ion packing in the ‘neat’ mesophases of
Na n-alcanoates(ref. 18).

lation of the unit cells represented in Figures 7, 8; the cell parameters
(table 4) were chosen in order to reproduce approximately the ion
packing in the ionic layers of n-alkylammonium chlorides in the plastic
tetragonal modification.® The Coulomb energy of the layers per mole
of A*B~ was calculated, and plotted as a function of the layer side
length in Figure 9. From the plots, it can be seen that, as expected,
with increasing layer side length the molar Coulomb energy reaches
a limiting value. This is ca. 250 kJ for the double layer of Figure 7,
ca. 200 kJ for the single layer of Figure 8 lower than the value of the
Coulomb energy per mole of isolated ion pairs (represented by the
circle in Figure 9). Though these values (as well as the structural
models for which they were calculated) might be only a first approx-
imation of the real ones and are obviously dependent on the cell
parameters and on which ions are considered, we believe that they
give the correct order of magnitude for the relative stability of the
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FIGURE 7 Double-layer ‘quasi crystalline” model of the ion packing in the ‘neat’
mesophases of RAB compounds (see also table 4).
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FIGURE 8 Single-layer *quasi crystalline’ model of the ion packing in the ‘neat’
mesophases of RAB compounds (see also table 4); + :upward chain; - :downward

chain. The average cross section, S of a chain in its basal layer is shown by the dashed
line.

mesomorphic and of the isotropic liquid for RAB compounds. If so,
it is easily explained why, at ordinary temperatures, a true isotropic
liquid has never been observed for RAB, at least from a given chain
length up (see further): with a residual translational and orientational
entropy for the mesomorphic state of the order of R, temperatures
of the order of 10K would be necessary to stabilize the true isotropic
state.
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FIGURE 9 Coulomb energy, E, per mole of ion pair A*B "~ vs. layer side length, 1
and number, n of unit cells along the layer side for a square ionic double layer (A,
fig. 7) and single layer (V, fig. 8). For the unit cell parameters, see table 4. The E.
value for an isolated A*B~ ion pair is represented by the full circle (@).

For a given layer, it is seen from Figure 9 that the limiting value
of molar Coulomb energy is approached for layer side lengths of the
order of 200-300 A; smaller layers become rapidly much less stable.
Since typical values of molar clearing enthalpies for RAB compounds
are in the range 1-5 kJ mol~!,7° 200-300 A would appear as the
lower limit for the layer side length in Smectic II. This figure is totally
adequate to explain why Smectic II is not birefringent (visible light
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TABLE IV

Unit cell parameters and fractional coordinates of the ions for the
calculations of electrostatic energy (see text and Figure 9)

Double layer, S = 26 A (fig. 7): a=b
c=3

90°
(112,12,1)
(1/2 112.,0)
Single layer, S = 52 A2 (fig. 8):

has wavelengths in the range 4000-7000 A) but able to give strong
Bragg diffractions in its X-ray patterns.

We have now to explain the variations in ion packing when changing
from short chain to long chain compounds. The experimental evi-
dence is that the longer the alkyl chain, the higher is the area, S per
chain in the layers (table 3) and - according to our models - the
Coulomb energy per mole of ion pairs (Figure 9).

In this context, the first step is to recall that the conformational
statistics of an alkyl chain in a layer environment is perturbed by
excluded volume interactions with the neighboring chains with a re-
sulting loss of conformational entropy.?* The entropic reduction de-
creases with increasing cross-section, S of the chain in its basal layer;?
from experimental measurements on model compounds from this
laboratory, it can be estimated as ca. 0.3 R per mole of CH, when
S =26 A2 ca. 0.1 R when S = 36 A2 % (the melting entropy of
n-alkanes being 1.2 R per mole of CH,).?¢ This means that an alkyl
chain in a layer environment will exert a ‘lateral pressure’? in order
to increase its cross-section in the basal layer and - correspondingly
- its conformational entropy. For each chain, the total entropic gain
which can be obtained increases with increasing chain length.

According to our models of Smectic I, Smectic II, an increase in
electrostatic energy must be compensated by a chain in these phases
to increase its cross-section S; such an increase can be shown to be
proportional to the S increase,?? but is independent of chain length.
This would explain why longer chains can obtain higher S values, as
shown by table 3.

An internal check of our hypotheses can be made. Table 3 reports
for Na and K n-octadecanoates an increase in S from ca. 25 A? in
the crystalline state to 42 A2 in the Smectic I phase. From Figure 9,
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a corresponding increase in electrostatic energy of the order of 20 kJ
mol ~! can be estimated (it would be ca. 40 kJ mol~! from 26 A2 to
52 A2). As for all known RAB compounds, the crystalline phases
which melt have conformationally disordered alkyl chains. With a
residual conformational entropy of the chains of the order of 0.3 R
per mole of CH, at S = 25 A? and virtually zero at S = 42 A224.25
the entropic gain of the n-octadecyl chain following the ionic lattice
expansion would be ca. 4.8 R. At the melting point (T,, = 534 K for
Na n-octadecanoate (table 1); 542 K for K n-octadecanoate),” it
would be TAS,,,; = 21 kJmol~!, identical to the postulated increase
in electrostatic energy. We should also expect measured melting en-
thalpies of the same order of magnitude. The experimental melting
enthalpy of Na n-octadecanoate is 10.1 kJmol~! (table 1), that of K
n-octadecanoate 11.8 kJmol~!;’f unfortunately these values, which
would be anyway in an order-of-magnitude agreement with our cal-
culations, must be used with same care because the crystalline phases
which melt are not lamellar, but super-reticular ribbon phases.?* ~2¢
On the other hand, the experimental melting enthalpy of n-octade-
cylammonium chloride from a crystalline lamellar to a Smectic I phase
is 23.8 kJ mol~1'.?

No values of S like those of table III for Smectic I are available
for Smectic II. From the observed collapse in interlayer distances®
and increase in molar volumes®*1? at the Smectic I — Smectic II
transition, anyway, an increase in S is to be desumed for each com-
pound following this transition.

At this point, an overall picture of melting and clearing transitions
for RAB compounds capable to explain the observed trends of Figure
2 can be drawn. Compounds with very short or very long chains
deserve special attention, and will be considered separately.

As also remarked elsewhere,® melting mainly implies the bidimen-
sional disordering of the ionic layers from the crystalline to the liquid
crystalline organization. The conformational disordering of the alkyl
chains indeed takes place at lower temperature (polymorphic tran-
sitions in the solid state), apart from the residual entropy of which
we have discussed. Therefore, we should expect for the melting pa-
rameters a substantial independence of chain length, as confirmed
by Figure 2. Actually, liberation of residual conformational entropy
allowed by the gradual increase of S in Smectic I with increasing chain
length should imply a corresponding slight increase in molar melting
enthalpies and entropies, as also seen from Figure 2. The absolute
values of molar melting enthalpies for each series of compounds
depend on the nature and structure of the ionic layers in the crystalline
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and liquid crystalline states; it is interesting, anyway, to observe that
their order of magnitude is the same for all RAB compounds, and
not much different from that for AB-type salts without conforma-
tionally flexible bonds.?®

The increase in S with increasing chain length (table III) implies
that Smectic I is gradually less organized the longer are the molecules.
A corresponding decrease in the dimension of the layers is also in-
dicated by microscopic observations on Na n-alkanoates, showing that
the size of the domains in Smectic I drops continuously from the
n-butanoate (20-100 wm) to the n-heptanoate ( 7 pm).>**!® This
means that, within each series of compounds, the difference between
Smectic I and Smectic II phases tend to vanish with increasing chain
length, and this indeed is suggested by the trends of the clearing
enthalpies and entropies of Figure 2.

If our model is correct, Smectic Il is really a peculiar mesophase.
It would be the most disordered known smectic phase (fluid and
optically isotropic, with irregular layer stacking, layer size of the order
of 200-300 A, and rapid exchange of molecules between different
layers, as would appear from recent NMR studies),'® and, at the same
time, the most stable one (apart from Smectic I) relative to the isotropic
liquid. _

We conclude this discussion with a few considerations about RAB
compounds with very short (n < ~ 4) or very long (n > ~ 20) chains.
For the latter, the observed trends suggest that they should melt
directly to Smectic II mesophases, as already observed in this work
for Na n-alkanoates with n = 20, 22. Some information can also be
obtained from the characterization of ionomer melts, in which ion
clustering is observed, possibly in the lamellar geometry.? For the
melts of compounds with very short chains, on the other hand, no
mesomorphic behavior should be expected until the hydrocarbon part
occupies the majority of the molar volume, so differentiating the
resulting liquid phases from those of totally ionic compounds, ob-
viously non-mesogenic.
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