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ABSTRACT: The thermotropic liquid crystal behavior of n-alkylammonium, N,N-dimethyl-n-alkylam-
monium, and quaternary N,N-dimethyl-N-cyanopropyl-n-alkylammonium poly(vinylsulfonate)s was
investigated using differential scanning calorimetry, polarizing optical microscopy, and X-ray diffraction.
All the hexadecyl and octadecyl derivatives exhibit a smectic B phase at low temperature and a smectic
A phase at high temperature. The dodecyl and tetradecyl derivatives of the first two series exhibit a
smectic A phase at all temperatures explored, from ambient up to thermal degradation. The dodecyl and
tetradecyl derivatives of the third series show a smectic A phase at high temperature and, quite
interestingly, an l1a3d body-centered-cubic phase at low temperature. The structure of the cubic phase
consists of molecular bilayers bent according to Schoen’s gyroid minimal surface. Sitting directly on the
minimal surface, the polar heads of the molecules cover the same area in the cubic as in the adjacent
smectic phase. The transition from cubic to smectic was briefly discussed.

Introduction

The main characteristic of amphiphiles is their ten-
dency to intramolecular microphase separation and
spontaneous self-organization into well-defined supramo-
lecular assemblies, such as micelles, vesicles, or lyotro-
pic and thermotropic liquid crystals. A wide variety of
monomer and polymer amphiphiles have been reviewed
recently: soaps, protonated and quaternary long-chain
ammonium salts, alkylated carbohydrates and polyols,
polysoaps, amphiphilic polymers, and block copoly-
mers.12

The thermotropic liquid crystal character of proto-
nated long-chain ammonium salts with halide counte-
rions was established long ago.® The role in the liquid
crystal ordering of a variety of functional groups at-
tached onto the ammonium cations, particularly of
groups capable of interacting intermolecularly, was
systematically studied in recent years.#=® The use of
polyanions as counterions was first reported in the
1980s,”8 but the structure of the corresponding salts
started being investigated systematically by X-ray dif-
fraction only recently.®~13 It was thus found that, in the
case of n-alkylammonium polyacrylates, the liquid
crystal structure depends on the particular amine
employed: the dodecyl, didodecyl, and tetradecyl de-
rivatives exhibit smectic A phases from room temper-
ature up to thermal degradation, while the hexadecyl,
octadecyl, and dioctadecyl derivatives exhibit ordered
smectic B or E phases at low temperature and disor-
dered smectic A phases at high temperature.!® Likewise,
in the case of quaternary alkyltrimethylammonium
salts, it was found that, depending on the length of the
alkyl chains and the nature of the polymer counterions
used, several liquid crystal phases can be observed,
among them liquid crystals with cubic symmetry.1?
Synthesized quite readily, such polymers have interest-
ing properties, entering a variety of technological pro-
cesses and formulations.*

* Author for correspondence.
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In the present work, attention is focused on three
further series of n-alkylammonium, N,N-dimethyl-n-
alkylammonium, and quaternary N,N-dimethyl-N-cy-
anopropyl-n-alkylammonium salts bearing a poly-
(vinylsulfonate) counterion. The choice of these particular
ammonium groups was merely intended to permit a
rough estimate of the dependence of the liquid crystal
structure on the bulkiness of the polar heads. Noted in
the following as PVn, PDn, and PQn (n =12, 14, 16, 18
being the number of carbon atoms in the alkyl chains),
these polymers have been characterized using polarizing
optical microscopy, differential scanning calorimetry,
and X-ray diffraction.
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Experimental Section

Synthesis. The poly(vinylsulfonic acid) sodium salt (Ald-
rich) used as starting material was isolated from its water
solution by precipitation in methanol. Its degree of polymer-
ization (DP = 20) was measured by intrinsic viscosity in 0.346
M NaBr aqueous solution at 30 °C.*5 Its chemical composition
was checked by elemental analysis [C,H;O03NaS—Calcd: C,
18.5; H, 2.32; S, 24.6. Found: C, 17.2; H, 3.46; S, 21.2]; the
discrepancy between the calculated and found values is, of
course, related to the presence in the (short) polymer chains
of (unsulfonated) end groups. The PVn, PDn, and PQn am-
monium salts were prepared in water by interaction of
equimolar amounts of poly(vinylsulfonic acid) sodium salt with
n-alkylammonium bromides (Aldrich), N,N-dimethyl-n-alkyl-
ammonium bromides (Hoechst), and N-cyanopropyl-N,N-di-
methyl-n-alkylammonium bromides (synthesized in our labora-
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tory#). The resulting precipitates were filtered off, dissolved
in chloroform, and reprecipitated in acetone for PVn and PQn
or in diethyl ether for PDn. The chemical structure was
checked by FT-IR spectroscopy [data were recorded with a
Nicolet Magna 550 spectrometer; the S=0 stretching band of
the sulfonic ion is shifted from 1038 cm™! for PVSANa to
1170—-1190 and 1030—1032 cm™! for the ammonium salts; the
NHs* stretching band at 3250—3150 cm™* and the NH*
stretching band at 3030 cm™* are closer to those of neutral
amines than of their hydrobromide salts, as expected for
PVSA—amine complexes: see ref 34] and confirmed by proton
NMR spectroscopy [spectra in deuterated chloroform were
recorded with a Bruker AC 250 spectrometer operating at 250
MHz; degrees of substitution higher than 0.95 were deduced
from the integration of the peaks of the alkyl groups at 6 =
0.85 (CH3) and 1.25 ppm (CHy), and of the methylene and
methine groups of the backbone at 6 = 3.0—3.2 and 1.7-1.8
ppm]. Purity was checked by elemental analysis [PV12—
C14H3103NS—Calcd: C, 57.3; H, 10.7; N, 4.8; S, 10.9. Found:
C, 56.5; H, 10.7; N, 4.7; S,10.0. PV14—C;6H350sNS—Calcd: C,
59.8; H, 11.0; N, 4.4; S, 10.0. Found: C, 58.5; H, 11.0; N, 4.3;
S, 8.9. PV16—CigH3s0sNS—Calcd: C, 61.9; H, 11.2; N, 4.0; S,
9.2. Found: C, 60.8; H, 11.3; N, 4.0; S, 8.0. PV18—CyyH4303-
NS—Calcd: C, 63.6; H, 11.5; N, 3.7; S, 8.5. Found: C, 62.1; H,
11.6; N, 3.6; S, 7.2. PD12—C35H3503sNS—Calcd: C, 59.8; H,
11.0; N, 4.4; S, 10.0. Found: C, 59.0; H, 11.0; N, 4.1; S, 9.1.
PD14—CigH390sNS—Calcd: C, 61.9; H, 11.2; N, 4.0; S, 9.2.
Found: C, 60.8; H, 11.4; N, 3.8; S, 8.7. PD16—CyoH4303NS—
Calcd: C, 63.6; H, 11.58; N, 3.8; S, 8.5. Found: C, 62.5; H,
11.7; N, 3.7; S, 8.2. PD18—CyH47O3NS—Calcd: C, 65.1; H,
11.7; N, 3.5; S, 7.9. Found: C, 63.9; H, 11.8; N, 3.4; S, 6.9.
PQ12—CyH403N,S—Calcd: C, 61.8; H, 10.4; N, 7.2; S, 8.3.
Found: C, 60.5; H, 11.0; N, 6.9; S, 7.4. PQ14—C2H4403N,S—
Calcd: C,63.4;H,10.6;N,6.7;S, 7.7. Found: C,62.2;H, 11.1;
N, 6.6; S, 6.4. PQ16—CH430sN.S—Calcd: C, 64.8; H, 10.9;
N, 6.3; S, 7.2. Found: C, 64.0; H, 11.2; N, 6.2; S, 6.5. PQ18—
C26Hs,03N,S—Calcd: C, 66.1; H, 11.1; N, 5.9; S, 6.8. Found:
C, 64.9; H, 11.4; N, 5.8; S, 5.8. Degrees of substitution of the
Na by ammonium cations were deduced from the N content
of each compound: 0.94 for PD12, 0.95 for PD14, 0.96 for
PQ12; 0.98 for PV12, PV14, PV18, PD16, PQ14, PQ16, and
PQ18; 0.99 for PD18; and 1.00 for PV16].

Characterization. The thermal stability of the PVn, PDn,
and PQn salts was evaluated by isothermal and dynamical
thermogravimetry using a TA TGA 2050 balance. Liquid
crystalline textures were observed with a Leitz Wetzlar
polarizing microscope equipped with a Linkam hot stage.
Thermotropic polymorphism was investigated by differential
scanning calorimetry with a TA DSC-10 instrument. The
mesomorphic structures were studied by X-ray diffraction
using a Guinier focusing camera (bent-quartz monochromator,
Cu K, radiation, powder samples in Lindemann capillaries,
INSTEC hot stage, INEL CPS-120 curved position-sensitive
detector).

Results and Discussion

Polymorphic Behavior. The thermal stability of the
ammonium salts synthesized was examined by thermo-
gravimetry. Upon heating at 10 °C/min, the PVn and
PDn derivatives started to degrade thermally at about
125 °C, while the PQn compounds resisted thermal
degradation up to about 160 °C. After a 4 h isothermal
heating at 120 °C, the weight losses recorded were
ranging from 0.5 to 3%: the shorter the chains and
smaller the polar groups, the faster the degradation
observed.

Investigated by optical microscopy, all the PVn and
PDn compounds together with the quaternary PQ16 and
PQ18 revealed themselves spontaneously birefringent,
displaying well-developed oily streak liquid crystal
textures in the whole range of temperatures explored,
from ambient up to above thermal degradation. Char-
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Table 1. Phase Transitions as Detected by DSC and X-ray
Diffraction?

n PVn PDn PQn
12 A A Q [200] A
Ty~ 51
14 A A Q122 A
(B37A) Ty~ 51
16 B 54 A B 45 A B27 A
(Q99A)
18 B63 A B59 A B45A

an is the number of carbon atoms in the alkyl chains; A, B,
and Q stand for smectic A, smectic B, and 1a3d body-centered
cubic; numerals represent peak values of transition temperatures
in °C (the width and half-height of the B or Q to A peaks are of
about 5 °C); Ty are midpoint values of glass transition tempera-
tures; data in parentheses correspond to observations during the
first heating run only; data in brackets correspond to observations
during thermal degradation.

acteristic of smectic structures, these textures were
identical with those reported recently for the n-alkyl-
ammonium polyacrylate salts.812 On the other hand, the
PQ12 and PQ14 compounds showed themselves to be
optically isotropic at low temperatures (their structure
being cubic in symmetry as established below by X-ray
diffraction). Above 200 and 130 °C, respectively, these
compounds turned birefringent, displaying the same oily
streak smectic textures as previously. Upon cooling, the
transition back to the cubic state proceeded reversibly,
but with a strong hysteresis; thus, below 130 °C,
compound PQ14 became perfectly isotropic again, but
rather slowly (after a half-hour annealing, for instance,
at 105 °C).

Upon heating, the fluidity of the samples (except for
PV12, which was fluid at room temperature) increased
abruptly at a well-defined temperature below 65 °C,
revealing either a glass transition (at 51 °C for PD12
and PD14, as confirmed by DSC, and at about 40 °C for
PQ12 and PQ14, unconfirmed by DSC) or else a smectic
B to smectic A phase transition (as confirmed by DSC
and X-ray diffraction for PV14, and all the hexadecyl
and octadecyl compounds cited in Table 1).

The polymorphic behavior of the PVn, PDn, and PQn
compounds was then investigated by differential scan-
ning calorimetry in the range from room temperature
up to 200 °C, beyond the onset of thermal degradation
(Table 1). All the hexadecyl and octadecyl compounds
were thus found to exhibit only one strong endotherm,
corresponding to a first-order phase transition from
smectic B to smectic A (as shown by X-ray diffraction).
Located at 54 °C (61 J/g) for PV16, 63 °C (72 J/g) for
PV18, 45 °C (55 J/g) for PD16, 59 °C (67 J/g) for PD18,
27 °C for PQ16, and 45 °C (45 J/g) for PQ18, these
endotherms reflect mainly the melting of the alkyl
chains. Upon cooling, the reverse transition back to
smectic B proved extremely difficult to develop in
general, the smectic A phase continuing to exist at room
temperature for a long time, sometimes indefinitely.
This strong hysteresis effect originates in the fact that
a glass transition intervenes, during the transition
process, severely slowing down the nucleation and
growth kinetics of the smectic B phase. Figure 1 shows
the hysteresis observed by X-ray diffraction with com-
pound PV16. To illustrate the important part played by
kinetics in the polymorphic behavior of the compounds
under study, it is worth noting that, in the particular
case of PQ16, the transition enthalpy measured during
the first heating run was unexpectedly small (7 J/g); the
reason was simply that, owing to the experimental
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Figure 1. Temperature dependence of the smectic B and
smectic A periods of the PV16 compound. Data of smectic B
are represented by the four lowest-temperature closed circles,
while data of smectic A are represented by the eight highest-
temperature closed and all the open circles. Diffraction pat-
terns (exposure times of 20 min) were recorded every 30 min
during the stepwise heating or cooling of the samples.

conditions of synthesis, the PQ16 samples, normally in
the smectic B state, were partly frozen in the smectic A
or cubic state, as shown by X-ray diffraction and
evidenced by the presence in the thermograms of an
additional endotherm at 99 °C.

Of the dodecyl and tetradecyl compounds analyzed,
the PQn derivatives were found to exhibit only one
rather weak (~13 J/g) endotherm at 122 °C for PQ14
and 200 °C for PQ12 (beyond the onset of thermal
degradation), corresponding to a first-order phase tran-
sition from cubic to smectic A. The PVn and PDn
derivatives, on the other hand, displayed no phase
transition at all, remaining in the smectic A state in
the whole range of temperatures explored. For the sake
of completeness, it is worth adding that, during the first
heating run, compound PV14 exhibited a small endo-
therm at about 37 °C (2 J/g) due to the presence of traces
of smectic B ordering as detected by X-ray diffraction.

Smectic Structures. The smectic liquid crystal
phases detected by DSC and optical microscopy were
fully confirmed and systematically analyzed by X-ray
diffraction. The X-ray patterns recorded with the hexa-
decyl and octadecyl derivatives of the PVn, PDn, and
PQn compounds at low temperature, below the phase
transitions detected by DSC (Table 1), are characteristic
of smectic B structures. They contain up to three sharp
equidistant reflections at small angles, consistent with
a smectic layering, and a fairly narrow reflection at wide
angles, indicative of a hexagonal packing of the linear
alkyl chains.

Inspection of the experimental data shows that the
cross-sectional area of the hexagonally packed alkyl
chains, ¢ = 19.5 A2 for PVn or PDn and 19.9 A2 for PQn
(as deduced from the Bragg spacing of the wide-angle
reflections at 4.11 and 4.15 A, respectively), is very close
to that found for smectic B phases in general: 19.9 A2,
for instance, for alkylammonium polyacrylates!® or 19.9
A2 for potassium soaps at low temperature in the
presence of water.’® Of about 80 A, the correlation
length of the hexagonal packing (as deduced from the
width of the wide-angle reflections) is comparable to
that measured with alkylammonium polyacrylates (70
A)L3 but smaller than usually observed (150—200 A) for
low-molecular-weight smectic B phases.!” On the other

Alkylammonium Poly(vinylsulfonate)s 8061

o o 0 o o
| ] ]

[ | I

0 o o

i

A
<] o o o o

Figure 2. Schematic representation of the smectic B struc-
ture. For simplicity, ordered alkyl chains are depicted as
straight lines, polymer backbones as straight triple lines,
ammonium groups as closed squares, and sulfonic groups as
open circles. The area covered in the smectic layers by the
ammonium groups equals twice the cross-sectional area of the
alkyl chains in an all-trans conformation (Sg = 20). The
smectic period equals the length of the monomer repeat units
(ds = L).
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hand, the smectic periods measured at 25 °C (28.9 A
for PV16, 31.5 A for PV18, 30.8 A for PD16, 33.6 A for
PD18, 34.2 A for PQ16, and 35.0 A for PQ18) are very
close to the length of the monomer repeat units in a fully
extended, all-trans conformation (estimated by molec-
ular modeling) and grows steadily from PVn to PDn to
PQn in proportion to the size of the polar groups.
Clearly, the alkyl chains, standing upright in a head-
to-tail interdigitated configuration, are arranged in
single layers separated from each other by the nega-
tively charged polymer backbones, as shown in Figure
2.

The X-ray patterns obtained with the dodecyl and
tetradecyl derivatives of the PVn and PDn compounds
in the whole range of temperatures explored, from
ambient to thermal degradation, and also with all the
other compounds at temperatures above the phase
transitions detected by DSC (Table 1), indicate the
presence of smectic A structures. They contain up to
three sharp equidistant reflections at small angles,
typical of a smectic layering, and a broad wide-angle
band at 4.5 A, corresponding to the alkyl chains in a
disordered, liquidlike conformation. It is worth noting
that, due to an improved molecular ordering, the
intensity of the small-angle reflections of PD12 and
PD14 increases considerably above the glass transition
at 51 °C, as already reported for the n-alkylammonium
polyacrylates.’?

Decreasing very slightly with increasing temperature
(3d/dT ~ —1072 AJ°C), the periods measured for the
smectic A phases grow linearly with the length of the
alkyl chains (Figure 3), according to equations: d (A)
=55,05+ 2.27i0_03n for PVn, d (A) = 9-410.4 + 1.84i0_02n
for PDn, and d (A) = 13.841, + 1.275.047n for PQn (as
deduced from a linear least-squares fit of experimental
data at 70 °C). Exceeding the length of the monomer
units (by as much as 45% for PVn, as shown in Figure
1), these periods suggest that, although jumbled to-
gether, the disordered alkyl chains have a tendency to
arrange themselves in double layers (Figure 4).

The linear dependence of d upon n suggests at first
sight that the lateral spreading of the molecules within
the smectic A layers is independent of the length of the
alkyl chains. From the slope of the straight lines and
the known volume of one methylene group (Vch, = 27.4
A3 at 70 °C),18 it is then easy to calculate the average
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Figure 3. Variation of the lamellar period of the smectic A
phases at 70 °C with the number n of carbon atoms in the
alkyl chains.
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Figure 4. Schematic representation of the smectic A struc-
ture. For simplicity, disordered alkyl chains are depicted as
wavy lines, polymer backbones as straight triple lines, am-
monium groups as closed squares, and sulfonic groups as open
circles. The area covered in the smectic layers by the am-
monium groups equals the cross-sectional area of one molten

alkyl chain (o < Sa < 20). The smectic period exceeds the
length of the monomer repeat units (da > L).

cross-sectional area of the disordered alkyl chains, using
the equation S = 2 Vcp,/slope.’® The value found for
PVn, S = 24.1 + 0.3 A2, is much smaller than that (~30
A?2) of the n-alkylammonium polyacrylates!?® but close
enough to the values generally quoted in the literature
for smectic A structures (~23 A2).19 As for the values
found for PDn and PQn, 29.9 + 0.3 A2 and 43.1 + 2.3
A2, respectively, they are significantly larger on account
of the larger size of the ammonium headgroups. The
great influence of the size of these groups on the
structural parameters is also visible in the thickness of
the polar sublayers (5.5, 9.4, and 13.8 A, as deduced
from the Y-intercept of the d vs n straight lines of PVn,
PDn, and PQn). It is important to note in this connection
that the molecular area of the headgroups of the PQn
compounds is appreciably larger in the smectic A (43.1
A2) than in the smectic B phase (2 x 19.9 = 39.8 A?),
showing clearly that their spontaneous cross-sectional
area is also larger. As indeed expected, when released
from the geometrical constraints imposed upon them by
the ordering of the alkyl chains, the polar heads in the
smectic A state are free to pack following their own
nature and inclinations.

It is useful to close this section with a brief discussion
of the smectic B to smectic A phase transition. From
the experimental data collected in the present work, it
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Figure 5. X-ray diffraction pattern of the 1a3d body-centered
cubic phase of PQ12 at 20 °C. Data in parentheses are the
Miller indices of the observed Bragg reflections.

Table 2. X-ray Diffraction Data for PQ12 and PQ14

at 20 °C#
PQ12 (a=75.1) PQl4 (a=84.8)
hkl h? + k2 + 12 dcalc dobs dcalc dobs

211 6 30.7 30.7 34.6 34.6
220 8 26.6 26.5 30.0 30.0
321 14 20.1 20.1 22.8 22.7
400 16 18.8 18.8 21.2 21.2
420 20 16.8 16.8 19.0 18.9
332 22 16.0 16.0 18.1 18.1
422 24 15.3 15.3 17.3 17.3
431/510 26 14.7 14.8 16.6 16.6

a dops and deare (in A) are the observed and calculated spacings
of the (hkl) small-angle reflections, and a (in A) is the cubic cell
parameter.

emerges quite clearly that this transition coincides with
an abrupt increase of the thickness of the smectic layers.
Figure 1 shows as an example the temperature depen-
dence of the smectic period across the smectic B to
smectic A phase transition in the particular case of
PV16. This effect reflects, of course, the volume expan-
sion of the molecules at the melting of the alkyl chains
but also reflects a crucial dependence on the variation
of the molecular area of the polar heads. As it happens,
this area decreases a great deal for PVn and PDn,
passing from 2 x 19.5 = 39.0 A2 in the smectic B to
24.1 and 29.9 A? in the smectic A phase, whereas it
increases only slightly for PQn, passing from 2 x 19.9
= 39.8 A2 t0 43.1 A2, It is hence only very natural that
the smectic layers increase so much in thickness for PVn
and PDn (by 45 and 30%, respectively) and only so little
for PQn (by less than 3%).

Cubic Structure. The X-ray patterns recorded with
PQ12 and PQ14 at low temperature, below the phase
transitions detected by DSC (Table 1), contain a broad
band at 4.5 A related to the alkyl chains in a disordered
conformation and quite a few sharp reflections in the
small-angle region easily indexed as reflections from a
cubic lattice (Figure 5, Table 2). Cubic structures have
already been reported in the literature for other similar
polymers, for instance for quaternary alkyltrimethyl-
ammonium polyacrylates,!? but the one described in the
present work is completely different. Instead of being
face-centered, its Bravais symmetry is actually body-
centered as established unambiguously by the presence
of a (321) and a (420) Bragg reflection in the X-ray
patterns. As for its space group symmetry, it is 1a3d as
clearly deduced from the number of systematic absences
(particularly of the (110), (200), and (310) reflections)
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and as supported by the intensity distribution of the
observed reflections, which is similar to that reported
in the literature for the strontium soaps?° and the alkali
metal dialkyl phosphate salts.?!

Hardly depending on temperature (0a/0T = —1.4 x
10-2 A/°C), the cubic cell parameters are a = 75.1 A for
PQ12 and 84.8 A for PQ14. From the density of the two
polymers (1.17, g/cm® for PQ12 and 1.15; g/cm? for
PQ14),%2 the number of monomer repeat units per cubic
unit cell was found to be 770 for PQ12 and 1020 for
PQ14, corresponding to some 40—50 macromolecules.

To get better insight into the structure of the la3d
cubic phases observed, it is useful to recall briefly the
concept of infinite periodic minimal surfaces?® and
specifically Schoen’s gyroid surface extensively used to
describe the l1a3d cubic phases of lyotropic** and ther-
motropic?® liquid crystals, as well as of block copolymer
systems.?6 By definition, the mean curvature of the
minimal surfaces is zero everywhere [H = (k1 + «2)/2 =
0, «1 and «, being the principal curvatures], while the
Gaussian curvature is negative [G = k1 kp = —k12 < 0].
Schoen’s gyroid surface divides three-dimensional space
into two distinct, equivalent, continuous, three-con-
nected, and oppositely handed interpenetrating laby-
rinthine regions as depicted in Figure 6. The full set of
the “axes” of the labyrinthine regions constitutes what
is described to be the “skeletal graph” of the gyroid.?”
In lyotropic surfactant systems, as summarized by
Hyde,?8 the gyroid surface describes the shape of one of
the following types of layer: (i) curved bilayers of
surfactant with the polar heads outside, separating the
polar (water) regions in the two labyrinths; (ii) reversed
curved bilayers of surfactant with the polar heads
inside, separating the paraffin regions in the two
labyrinths; (iii) monolayers of surfactant, separating the
water and paraffin regions located separately in the two
nonconnected labyrinths.

In thermotropic surfactant systems, that is, in the
absence of water and oil segregating in the two laby-
rinths, only the first two models have to be taken into
account. In the first model, the polar heads of the
surfactant molecules are driven away from the gyroid
surface and arranged in rods along the labyrinthine
axes. As established experimentally, such is specifically
the case of strontium soaps?° and alkali metal dialkyl
phosphates.?! Quite interestingly, the cubic phases of
these amphiphiles transform on heating into rodlike
columnar phases, and the stacking period of the head-
groups inside the rods keeps the same value across the

Figure 7. Schematic representation (top) of a small portion
of the layerlike gyroid surface and (bottom) of two rows of
molecules along the two lines of maximum curvature, with the
polar heads sitting directly on the gyroid surface. The mol-
ecules on the upper face of the surface have their methyl
terminal groups near axis 1 of the upper groove, while those
on the lower face have their methyl terminal groups near axis
2 of the lower groove. Axes 1 and 2 are orthogonal to one
another. In the case of a rodlike gyroid structure, the methyl
terminal groups of the molecules are sitting directly on the
gyroid surface while the polar heads are located in the
immediate neighborhood of axes 1 and 2.

phase transition. In the second model, on the other
hand, the polar heads are located directly at the gyroid
surface itself, the disordered alkyl chains being now
confined to the core of the labyrinths (Figure 7). To our
best knowledge, no one definite example of amphiphile
has been reported up to the present time, which exhibits
such a layered arrangement of the molecules. It is true
that the strontium soaps were revisited recently in this
context; but, rather than to prove that their cubic
structure was better described by the layer model, their
reexamination was intended merely to show, in a
concrete example, that the calculated intensity of the
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Bragg reflections (in low-resolution X-ray diffraction
patterns, where the detailed electron-density distribu-
tion is unimportant) was the same for both the rod and
the layer model.2> This result may also be deduced
directly from Babinet’s theorem,2® which, applied to the
present case, states that the diffraction pattern is the
same no matter whether the scattering centers are
located on the gyroid surface or on the labyrinthine axes.

In the present work, the rod model can hardly be used
to describe the cubic structure observed. The polar
groups are indeed too bulky to be wedged tightly in the
narrow space round the axis of the rods and existing in
too large quantities (a volume fraction of about 40—50%)
to be surrounded evenly by the molten paraffin chains.
More importantly, the polymer backbones, which are
polydisperse and longer than each one of the rods of the
“skeletal graph” of the gyroid, can hardly be taken to
run uniformly along the labyrinthine axes without
bifurcating at the triple junction points; topologically,
they must hence be associated in even numbers and
interwoven in a very special way, winding in three-
dimensional space round the mutually orthogonal qua-
ternary screw axes of symmetry of the la3d cubic
crystal. Of course, such an arrangement would inevi-
tably give rise to severe complications, not observed
here, in the growth process of the cubic phase when
generated by cooling from the high-temperature smectic
A phase or by precipitation from a solution.

In contrast, the layer model, in which the polar heads
are sitting directly on the gyroid surface, is far more
convincing for several reasons. First, the cubic phase is
followed, as it happens, by a smectic one at higher
temperatures, which fact alone is a clear indication that
a layered arrangement is perfectly suited to the shape
of the molecules. Second, the molecular area of the polar
heads at the gyroid surface of the cubic phase (45.3 A2
for PQ12 and 43.7 A2 for PQ14) is practically identical
with that of the adjacent smectic A phase (43.1 A2), thus
revealing explicitly a deep-seated analogy between the
two phases. This molecular area is easily deduced from
the number of monomer units inside one cubic unit cell
and the total extension of the gyroid surface (3.091a2).30
Finally, the polar parts of the molecules being set in
layers (and not in rods), the polymer backbones can
arrange themselves without undue geometrical con-
straints, as easily in fact as in the adjacent smectic
phases. It is useful to add immediately that the layered
arrangement of the molecules is strengthened by the
presence of cyano end groups in the polar heads, which,
as established earlier for the crystal and smectic phases
of N-cyanoalkyl-N,N-dimethyl-n-alkylammonium bro-
mides,* compels the polar heads to join in pairs and so
to pack in double layers covered on both sides by the
molten alkyl chains of the molecules.

It is important to recall at this point that the planar
bilayers of the smectic phases also correspond to mini-
mal surfaces (zero mean curvature), but contrary to the
gyroid bilayers, their Gaussian curvature is now zero
everywhere. From a geometrical point of view, the cubic
to smectic phase transition turns out therefore simply
to amount to an abrupt vanishing of the Gaussian
curvature of the bilayers at constant molecular area of
the polar heads. The question arises at once of why in
fact the planar molecular bilayers of the smectic phase
should suddenly bend at the phase transition to adopt
the gyroid shape of the cubic phase. Without entering
into a detailed discussion of the thermodynamic poten-
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tial of the phases, let us simply use the following
geometrical argument. Differential geometry tells us
that the molecular area S(&) of the alkyl chains at a
distance & from the gyroid surface is related to the
molecular area S(0) of the corresponding polar groups
sitting on the gyroid surface by S(&) = S(0)[1 — |[G&?]
< $(0).%0 In other words, the cross-sectional molecular
area of the alkyl chains, which are driven away from
the gyroid surface, is necessarily smaller than that of
the polar heads on the surface: in the present case, by
about 10% at a distance of 10 A 30 Apparently, therefore,
the very existence of a cubic phase might be interpreted
quite satisfactorily as resulting directly from an in-
creased bulkiness of the polar headgroups with respect
to the alkyl chains. This interpretation is perfectly
consistent with the argument put forward by Charvolin
and Sadoc, saying that, in the case of mismatch between
the cross-sectional areas of the two constituent parts of
an amphiphile, the molecular packing in planar layers
is geometrically frustrated, inducing the formation of
curved minimal surfaces.3?

Conclusion

The exchange of the cation of poly(vinylsulfonic acid)
salts with long-chain alkylammonium, N,N-dimethyla-
Ikylammonium, and quaternary N,N-dimethyl-N-cyano-
propyl-n-alkylammonium cations is a facile method for
the preparation of a diversity of liquid crystal phases.
By modifying the nature of the polar groups and
changing the length of the alkyl chains, smectic A,
smectic B, and la3d body-centered-cubic phases can be
obtained. At high temperature, all the compounds
synthesized in the present work, from dodecyl to octa-
decyl, produce smectic A liquid crystals independent of
the chain length and bulkiness of the polar heads. At
low temperatures, the longer alkyl chains have a
tendency to arrange themselves in an orderly manner,
inducing the formation of smectic B phases, while the
shorter chains lead to the formation either of smectic A
or la3d body-centered-cubic phases depending on the
size of the polar heads. The structure proposed for the
cubic phase consists of curved molecular bilayers located
on a gyroid minimal surface, with the polar heads sitting
directly on the surface.

A detailed analysis of the experimental data shows
that, in the smectic B phases, the molecular area of the
polar heads of the molecules is efficiently controlled by
the cross-sectional area of the alkyl chains. These being
arranged within the layers in a crystalline manner, the
molecular area keeps the same value, 2 x 19.6 = 39.2
A2, for all the compounds studied. On the contrary, in
the smectic A phases, where the alkyl chains are in a
liquid state, the molecular area depends primarily on
the size of the polar heads themselves, increasing from
24.1 A2 for PVn to 29.9 A2 for PDn and 43.1 A2 for PQn.
Furthermore, the molecular area increases slightly with
temperature as indicated by the weak thinning of the
smectic A layers upon heating and probably also with
the length of the alkyl chains as observed in other
similar cases.® It is of interest to remark that, at the
smectic B to smectic A phase transition, the molecular
area drops abruptly for the PVn's and PDn’s, while it
increases slightly for the PQn’s. Apparently, the par-
ticular molecular area of the headgroups is smaller than
the cross-sectional area of two crystalline alkyl chains
in the first two series of compounds, while it is slightly
larger in the last one.
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Quite significantly, the cubic phases observed are
obtained only with the PQn compounds, that is, when
the cross-sectional area of the headgroups goes slightly
beyond what might be taken as the spontaneous cross-
sectional area of the molten alkyl chains. In addition,
they transform immediately into smectic phases either
when the alkyl chains grow long enough or when the
temperature is raised sufficiently, that is, when the
cross-sectional area of the chains increases to match
that of the polar heads. At any event, the molecular area
in the cubic phase is comparable to that in the neigh-
boring smectic phase, thus stressing the important part
played by the packing of the polar heads inside the
layers.
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