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ABSTRACT: A series of alkyl and dialkylammonium polyacrylates were synthesized by neutralizing a
5000 molecular weight poly(acrylic acid) with alkyl- and dialkylamines. Their thermal stability was
investigated using thermogravimetry. Their thermotropic liquid crystal behavior was analyzed using
differential scanning calorimetry, polarizing optical microscopy, and X-ray diffraction. The dodecyl,
didodecyl, and tetradecyl derivatives exhibited a smectic A phase in the whole range of temperatures
explored, from ambient to thermal degradation. The hexadecyl, octadecyl, and dioctadecyl derivatives
exhibited a smectic A phase at high temperatures and an ordered smectic B or E phase at low
temperatures. Structures and structural parameters are briefly discussed.

Introduction

The thermotropic liquid crystalline behavior of ionic
and nonionic amphiphiles is generally attributed to the
segregation of the lipophilic and hydrophilic parts of the
molecules. It has been widely studied in the past and
is still actively investigated in many laboratories. As
summarized in two recent review articles,1,2 the prin-
cipal classes of amphiphiles explored up to now are
soaps, protonated and quaternary long-chain ammo-
nium salts, amphiphilic and bolaamphiphilic carbohy-
drates, and polyols. Ionic amphiphiles containing poly-
meric counterions, such as polyacrylates or polysul-
fonates, have also been considered in the last few
years.3-6

Regarding specifically the protonated and quaternary
long-chain ammonium salts that show liquid crystalline
behavior, investigations have up to a recent date been
dealing essentially with the synthesis and characteriza-
tion of compounds containing low molecular weight
(monomeric) counterions. Ammonium salts containing
high molecular weight (polymeric) counterions were
reported only very recently.7 Their preparation was
achieved thanks to reactions between long-chain amines
and poly(acrylic acids) or poly(maleic acids). Their
liquid crystalline phases were initially considered to be
“template induced”, for they were obtained by neutral-
izing polyacids with amines in a way reminiscent of
what is known as “template polymerization”.8

In the present paper, our previous work on polymeric
ammonium salts7 is taken up again and completed by
a detailed characterization of liquid crystalline struc-
tures obtained from a series of polyacrylic salts of both
primary and secondary amines.

Experimental Section

Synthesis. The alkylammonium polyacrylates (noted in
the following as PA-Cn for primary amines and PA-2Cn for
secondary amines) were prepared according to a method
described previously,7 by neutralizing a 5000 molecular weight
poly(acrylic acid) (Aldrich) dissolved in alcohol with long-chain

primary (dodecyl, tetradecyl, hexadecyl, octadecyl) and second-
ary (didodecyl, dioctadecyl) amines. The salts of secondary
amines were purified by dissolving in CHCl3 and precipitating
in acetone. Chemical structures and purity were checked by
elemental analysis [PA-C12 Calc: C, 71.0; H, 12.1; N, 5.4.
Found: C, 69.4; H, 11.8; N, 5.1. PA-C14 Calc: C, 71.5; H, 12.4;
N, 4.9. Found: C, 70.9; H, 12.4; N, 4.7. PA-C16 Calc: C, 72.8;
H, 12.5; N, 4.5. Found: C, 72.2; H, 12.6; N, 4.2. PA-C18 Calc:
C, 73.8; H, 12.7; N, 4.1. Found: C, 73.0; H, 12.4; N, 3.9. PA-
2C12 Calc: C, 76.2; H, 13.0; N, 3.3. Found: C, 75.6; H, 12.7; N,
3.0. PA-2C18 Calc: C, 78.9; H, 13.4; N, 2.4. Found: C, 78.1;
H, 13.2; N, 2.3. Poly(acrylic acid) Calc: C, 50.0; H, 5.6. Found:
C, 49.2; H, 6.0]. The degrees of neutralization deduced from
the N content of each compound [PA-C12, 0.94; PA-C14, 0.96;
PA-C16, 0.93; PA-C18, 0.95; PA-2C12, 0.91; PA-2C18, 0.96] were
found to be close to unity, their small divergence from unity
being very likely due to the presence of end groups on the (low
molecular weight) polymer chains [see chemical composition
of the poly(acrylic acid) used in the experiments]. This result
was confirmed by FT-IR spectroscopy, which could not detect
the presence of unreacted carboxylic acid groups in the final
compounds, even with accumulations of 120 scans.

Characterization. The thermal stability of the PA-Cn and
PA-2Cn salts was evaluated by isothermal and dynamical
thermogravimetry using a TA TGA 2050 balance. Liquid
crystalline textures were observed with a Leitz-Wetzlar polar-
izing microscope equipped with a Linkam hot stage. Ther-
motropic polymorphism was investigated by differential scan-
ning calorimetry with a TA DSC-10 instrument. Liquid crystal
structures were studied by X-ray diffraction using a Guinier
focusing camera (Cu KR1 radiation from an INEL X-ray
generator, powder samples in Lindemann capillaries, INSTEC
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hot stage, INEL CPS-120 curved position-sensitive detector).
FT-IR spectroscopy was performed using a Nicolet Magna-550
spectrometer equipped with a VLT-2 heating sample-holder
(Research & Industrial Instruments Co.).

Experimental Results

Thermal Behavior. The thermal stability of the
salts was investigated by thermogravimetry. Upon
heating under nitrogen at 10 °C/min, the monoalkyl PA-
Cn compounds started to degrade at about 90 °C.
Experiments performed at a constant temperature
showed the rate of degradation to be slightly dependent
on the length of the alkyl chains in the molecules: the
shorter the chains, the faster the degradation observed.
Weight losses recorded after 3 h of heating at 90 °C were
5.5, 5.3, 2.9, and 1.2% for PA-C12, PA-C14, PA-C16, and
PA-C18, respectively. As confirmed by FT-IR analysis,
thermal degradation is primarily due to the liberation
of alkylamine (carried away in the thermogravimetry
experiments by the nitrogen stream used). Much more
stable, the dialkyl PA-2C12 and PA-2C18 compounds
started to lose weight only above the melting temper-
ature at about 130 °C. On isothermal heating at 90 °C
for 3 h, weight losses were only 0.43 and 0.39% for PA-
2C12 and PA-2C18, respectively. FT-IR spectroscopy
showed that, in the melt above 130 °C, the dialkylam-
monium polymers displayed an additional peak at 1725
cm-1, growing with time and continuing to exist after
cooling to room temperature. As previously observed
in similar systems,9 this peak suggests the formation
of nonionic carboxylic groups. To sum up, the PA-Cn
and PA-2Cn compounds, even though degrading readily
at high temperature, are nevertheless sufficiently stable
to be studied safely, provided they are carefully kept at
reasonably low temperatures, e.g., below 90 °C.
The optical textures of PA-Cn and PA-2Cn turned out

to be difficult to develop satisfactorily because of the
high viscosity of the samples, and more importantly
because of their degradation at high temperature,
preventing us from proceeding by slow cooling from the
isotropic melt as normally required. Nevertheless, the
PA-Cn and PA-2Cn compounds proved without question
to be spontaneously birefringent, which is a fair mark
of liquid crystalline behavior, and occasionally showed
“focal conic” textures, which is a conclusive indication
of smectic structures. Directly attached to the polymer
backbones, the carboxylate groups control the spatial
positioning of the ammonium cations and thereby the
overall structural behavior of the material. This influ-
ence shows quite clearly that the PA-Cn and PA-2Cn
compounds are both smectic even though their mono-
meric counterparts, that is, the dodecyl- and didodecyl-
ammonium propanoates, are not liquid crystalline at all.
The thermotropic liquid crystalline behavior of the

alkyl- and dialkylammonium polyacrylates was also
investigated by DSC. The thermograms recorded on
heating at 10 °C/min, in the temperature range from
ambient up to 90 °C, showed for PA-C16 and PA-C18 the
presence of one endotherm at 54 °C (48 J/g) and 65 °C
(56 J/g), respectively, indicative of a first-order phase
transition. As discussed below, this transition (unde-
tected for PA-C12 and PA-C14) corresponds to the melting
of the alkyl chains and to the occurrence of a phase
transition from smectic B to smectic A. On heating at
higher temperatures, no additional transitions were
observed up to about 200 °C where the compounds were
melting completely with severe degradation. Of the
dialkylammonium compounds studied in the tempera-

ture range from ambient up to slightly above 130 °C,
only PA-2C18 displayed a phase transition at 72 °C (90
J/g), corresponding to a phase transition from smectic
E to smectic A. It is worth adding immediately that
the final melting of the PA-2Cn compounds, observed
at about 130 °C by optical microscopy and X-ray
diffraction, could not be ascertained by DSC because of
thermal degradation.
Structure of the PA-Cn Polymers. Smectic B

Structure. The exact nature of the liquid crystal
phases observed was established by X-ray diffraction.
The diffraction patterns of PA-C16 and PA-C18 recorded
at low temperature (see Figure 1), that is, below the
phase transition detected by DSC, indicated the pres-
ence of an ordered smectic B phase, similar to that
described some time ago for the aqueous binary mix-
tures of potassium soaps10 or for poly(n-octadecyl meth-
acrylate).11 They contain three sharp, equidistant
reflections in the small-angle region, related to the
smectic layering of the molecules, and a unique, rather
sharp reflection in the wide-angle region, at 4.15 Å,
consistent with the hexagonal packing of the alkyl
chains in a fully extended conformation. Independent
of temperature, the smectic periods measured, 29 Å for
PA-C16 and 33 Å for PA-C18, were nearly equal to the
molecular length of the corresponding monomers (28
and 30.5 Å, as estimated by molecular modeling using
Biosym software). Clearly, the alkyl chains are ar-
ranged in single layers separated from one another by
the polymer backbones, as shown in Figure 2. Standing
upright in a head to tail configuration, the chains inside
the layers are packed according to a two-dimensional
hexagonal lattice with a lateral interaxial spacing of 2
× 4.15/x3 = 4.79 Å; their cross-sectional area, 2× 4.152/
x3 = 19.9 Å2, is identical with that (19.9 Å2) found
earlier for the linear paraffin chains in the lyotropic
smectic B phases of potassium soaps.10 The width of
the wide-angle reflection suggests that the range of the
hexagonal in-layer ordering of the alkyl chains is of
about 70 Å, that is, smaller than usually observed (150-
200 Å) for low-molecular weight smectic B phases.12

Smectic A Structure. At high temperature, that is,
above the phase transition detected by DSC, the PA-

Figure 1. X-ray diffraction patterns: (A) of PA-C16 in the
smectic A state at 70 °C, (B) of PA-C16 in the smectic B state
at 30 °C, and (E) of PA-2C18 in the smectic E state at 30 °C.
For clarity, small-angle smectic reflections of curves B and E
have been omitted. The width of the wide angle reflections,
as estimated by a Lorentzian least-squares fit method, is ∆-
(2θ) ) 5.1° at 2θ ) 19.6° for A, ∆(2θ) ) 1.2° at 2θ ) 21.4° for
B, and ∆(2θ) ) 0.3° at 2θ ) 21.6° for E. The third wide-angle
reflection of E at 3.0 Å is not visible on the graph.
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C16 and PA-C18 compounds adopt a smectic A structure,
consisting of layers of “molten” alkyl chains, separated
by the polymer backbones. Their X-ray patterns (see
Figure 1) contain three sharp, equidistant reflections
in the small-angle region, related to the smectic stacking
of the molecules; and one diffuse ring in the wide-angle
region, at about 4.5 Å, related to the disordered, liquid-
like conformation of the alkyl chains. Decreasing
slightly with growing temperature (∂d/∂T∼-10-2 Å/°C),
the smectic periods measured, d ) 35 Å for PA-C16 and
40 Å for PA-C18 at 70 °C, exceed significantly the length
of the monomer units. Although jumbled together to
some extent due to their disordered conformation, the
alkyl chains must therefore be arranged essentially in
double layers and not in simple layers, as just described
for the smectic B phase.
Upon heating, the smectic B and A phases were

shown to coexist in equilibrium within a narrow tem-
perature range enclosing the phase transition, due
probably to polymer polydispersity. Upon cooling from
90 °C to room temperature, the broad wide-angle X-ray
ring representative of the smectic A phase continued
to exist for some time, the stable smectic B phase
reforming only after annealing at 30 °C for 2 days;
during this period, the narrow wide-angle ring of the
smectic B phase was emerging progressively and the
smectic period was continuously approaching its normal
value from above. This large hysteresis effect was
confirmed by FT-IR spectroscopy. The disordered con-

formation of the alkyl chains above 60 °C showed
through the position and intensity of the rocking vibra-
tion of the CH2 groups at 720 cm-1, the deformation
mode at 1458 cm-1, and the stretching vibrations at
2925 and 2850 cm-1. Upon cooling back to room
temperature, the peaks characteristic of the alkyl chains
in an all-trans conformation appeared again only after
a period of 2 days.
In the case of compounds PA-C12 and PA-C14, the

X-ray patterns indicated the presence of a smectic A
phase throughout the whole range of temperatures
explored, that is, from ambient up to 90 °C. It is useful
to note in this connection that, at room temperature,
the small-angle X-ray reflections of fresh (previously
unheated) samples were rather broad, whereas they
were sharp and intense above 40 °C. Rather short-
ranged in fresh samples at low temperature, the smectic
ordering develops therefore completely and extends over
large distances only above 40 °C, owing probably to the
existence (difficult to ascertain by DSC) of a glass
transition just below 40 °C.
As shown in Figure 3, the smectic A period of the PA-

Cn compounds depends linearly on the length of the
alkyl chains according to the equation d (Å) ) 5.9 +
1.82n (determined by a least-squares fit method; the
standard errors on the Y-intercept and the slope are
respectively 1.64 and 0.11 Å). Theoretically expressed
by the equation d ) 2V/S ) (2V0/S) + (2VCH2/S)n, this
behavior results simply from the fact that the molecular
area S of the alkyl chains in the smectic double layers
is the same for all the homologues, while the volume of
the monomer units grows linearly with the number n
of carbon atoms in the alkyl chains according to the
equation V ) V0 + nVCH2 (where VCH2 and Vo represent
respectively the volume of one methylene group and of
one monomer unit deprived of all its methylene groups
including that of the terminal methyl group). From the
measured value of the slope of the straight line (2VCH2/S
) 1.82 ( 0.11 Å) and from the known value of the
volume of one methylene group (VCH2 ) 27.4 Å3 at 70
°C13), it is then easy to calculate the value of the
molecular area of the alkyl chains: S ) 30 ( 2 Å2. Much
larger than in the smectic B phase (19.9 Å2), this value
merely reveals the fact that the lateral space occupied
by the alkyl chains is wider when these have a disor-
dered conformation than when they are fully stretched
and laterally arranged in an orderly fashion. At the
smectic B to smectic A phase transition, the alkyl
chains, which are attached to the polymer backbones

b

a

Figure 2. Schematic representation of the smectic B structure
of the monoalkyl PA-Cn compounds. (a) Front view of the
smectic layering of period d. Standing upright in single layers,
the alkyl chains (s) are arranged in a head to tail configura-
tion. The polymer backbones (D) are inserted between the
alkyl sublayers with the carboxylate anions (O) pointing
alternately up and down to face the ammonium cations (N).
(b) Top view of one smectic layer. The alkyl chains are packed
according to a hexagonal lattice of Bragg period D. The
ammonium cations are lying in rows on the upper (N) and
lower (b) surface of the alkyl sublayer. The polymer backbones
are lying above (D) and below (|) the alkyl sublayer. For the
sake of simplicity, polymer backbones and rows of ammonium
cations are both taken to be linear in shape.

Figure 3. Smectic period of the PA-Cn compounds in the
smectic A state at 70 °C as a function of the number of carbon
atoms in the alkyl chains.
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and so cannot move aside a long way, give up their
interdigitated configuration and the smectic period
grows to overstep significantly the length of the mono-
mer repeat units.
Structure of PA-2Cn. Smectic A Structure. The

dialkyl PA-2C12 and PA-2C18 compounds behave very
much like their monoalkyl PA-Cn counterparts. They
both exhibit a smectic A structure (with periods of 28
and 39 Å at 70 °C): the former in the whole range of
temperatures explored (from ambient up to the final
melting point at about 130 °C) and the latter only above
the phase transition detected by DSC (at 72 °C).
Smectic E Structure. The PA-2C18 polymer at low

temperature presents itself as an ordered smectic E
phase, similar to that described earlier for the aqueous
binary mixtures of rubidium soaps,14 the thermotropic
4′-phenylbenzylidene-(4-amino-n-pentyl cinnamate),15
and certain side-chain polymethacrylates bearing 4′-
methoxybiphenyl mesogenic groups.16 Its X-ray pattern
(see Figure 1) contains two equidistant reflections in the
small-angle region, related to the smectic layering of the
molecules, and three rather sharp peaks in the wide-
angle region, at 4.12, 3.7, and 3.0 Å, corresponding to
the (110), (200), and (210) reflections from a two-
dimensional rectangular lattice of cell parameters a )
7.4 Å and b ) 5.0 Å. Though difficult to measure
accurately owing to the width [of about ∆(2θ) ) 0.3° at
2θ ) 2.68°, as estimated by a Lorentzian least-squares
fit method] of the smectic reflections and to the presence
of diffuse scattering in the small-angle region, the
smectic period found (=33 Å was nearly equal to that
of PA-C18 in the smectic B state. As shown in Figure 4,
the alkyl chains, chemically coupled in pairs through
the ammonium group, are arranged in a head to tail
configuration and are standing upright in single layers
separated by the polymer backbones. Laterally, they
are packed according to a centered rectangular lattice,
and their cross-sectional area, a × b/2 ) 18.5 Å2, is very
close to that of linear paraffin molecules in the crystal-
line state.17

Discussion and Conclusion

The present work shows that polymers with well-
defined smectic liquid crystal structures can easily be
obtained by simple neutralization of poly(acrylic acid)
with linear-chain primary and secondary aliphatic
amines. It shows in other words that the presence of
rigid aromatic mesogenic pendant groups is not neces-
sary for the formation of liquid crystals from poly(acrylic
acid): liquid crystallinity can very well be obtained in
a straightforward way by attaching simple alkyl chains
onto the polymer backbones through ionic bonds. This
facility obviously results from the adequate association
of nonpolar chains with ionic ammonium acrylate
groups, which enhances the amphiphilic character and
emphasizes the tendency of the polymer to intramo-
lecular segregation. Of course, alkylammonium poly-
acrylates are inclined to degrade thermally rather
easily; however, as their liquid crystal phases show up
at low temperatures, this weakness does not give rise
to serious disadvantages.
At sufficiently high temperature, the liquid crystalline

phases of the monoalkyl PA-Cn and dialkyl PA-2Cn
polymers studied are all smectic A; at low temperatures,
instead, they are smectic A only for the short-chain (C12
and C14) compounds, the others (C16 and C18) being
smectic B or E. Quite clearly, the alkyl chains are able
to arrange themselves in an orderly fashion within the

smectic layers only when they are long enough and
when the temperature is not too high; otherwise, they
adopt a disordered conformation and arrange them-
selves in a random fashion. The ordered smectic phases
observed are hexagonal in symmetry (smectic B) for the
monoalkyl derivatives, with a cross-sectional area for
the alkyl chains of 19.9 Å2, and rectangular in symmetry
(smectic E) for the dialkyl derivative, with a slightly
smaller cross-sectional area of 18.5 Å2. The pairing of
the alkyl chains (via the ammonium group) in the
dialkyl derivatives results in a denser packing, the
dialkylammonium moiety taking up a hairpin configu-
ration similar to that presented in the crystalline state
by the polyethylene chains, which are folding back
abruptly at the surface of their well-known lamellar
single crystals through four twisted carbon-carbon
covalent bonds.18
To discuss the smectic B and E phases observed, it is

worth stressing that no three-dimensional reflections,
corresponding to Miller indices all different from zero,
could be detected in the X-ray patterns. As discussed
recently in connection with other side-chain polymer

b

a

Figure 4. Schematic representation of the smectic E structure
of the dialkyl PA-2Cn compounds. (a) Front view of the smectic
layering of period d. Standing upright in single layers, the
alkyl chains (s) are joined in pairs and arranged in a head to
tail configuration. The polymer backbones (D) are inserted
between the alkyl sublayers with the carboxylate anions (O)
pointing alternately up and down to face the ammonium
cations (N). (b) Top view of one smectic layer. The alkyl chains
(b) are joined in pairs and packed according to a rectangular
lattice of cell parameters a and b. The ammonium cations are
lying in rows on the upper (N) and lower (omitted for clarity)
surface of the alkyl sublayer. The polymer backbones are lying
above (D) and below (|) the alkyl sublayer. For the sake of
simplicity, polymer backbones and rows of ammonium cations
are both taken to be linear in shape.
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liquid crystals,19 this means that the smectic phases in
question do not manifest long-range positional (other
than stacking) correlations of the layers and cannot,
therefore, be considered to be “smectic crystals”. Ac-
cording to current views on the subject, these phases
should then be declared “hexatic” in nature. But such
an admission could not as yet be confirmed for polymers,
owing to experimental difficulties related to the manu-
facture of monodomains answering to the special re-
quirements of X-ray diffraction. In hexatic smectic
liquid crystals, the positional ordering of the molecules
within the layers does not extend over long distances,
as opposed to the orientational ordering of the pieces of
in-plane crystal lattice, which develops parallel to a
common direction throughout the three-dimensional
space.12 It is only fair to add immediately that the
smectic B and E phases observed might equally well be
declared “disoriented” in nature, although such a de-
scription, well taken some time ago, does not seem to
meet today with general acceptance. In phases of that
kind, the pieces of in-plane crystal lattice would not, for
some reason, be all oriented in a common direction
inside the layers and consequently the smectic layers
would not only glide but also rotate freely with respect
to one another. In the present work, disorientation (loss
of orientational ordering inside the layers) is presum-
ably related to the presence of the polymer backbones
between the layers, which disturb the long-range ar-
rangement of the alkyl chains.
Our examination of the smectic B and smectic E

phases, although successful in giving a fair description
of the smectic layering and of the lateral arrangement
of the alkyl chains inside the layers, has in fact been
deficient in one important respect: it does not permit a
detailed account of how the ammonium cations, the
carboxylate anions and the polymer backbones are
arranged between the layers of alkyl chains. The reason
originates in the absence of three-dimensional positional
correlations of the molecules, which weakens consider-
ably the experimental investigations by X-ray diffrac-
tion. Hence our discussion of the arrangement of these
species comes down to a tentative comment proceeding
by analogy with what is known of the structure of other
smectic side-chain liquid-crystalline polymers and stand-
ing as follows. (1) As established by neutron scattering
from nonionic liquid-crystalline polyacrylates, the poly-
mer backbones (which are rather flexible) are not only
confined to the spaces between the smectic layers but
are also segregated from the spacers, locating them-
selves in the very middle of the spacer sublayers.20
Such must very likely be also the case of the ionic
polyacrylates in the present work, especially since the
polymer backbones are now connected to the side groups
through ionic bonds which are more flexible, in both
direction and length, than the covalent bonds of the
nonionic polyacrylates and have therefore more freedom
to deform and reach two-dimensional conformations. (2)
As shown by a Monte Carlo simulation method, polymer

chains in two-dimensional melts have a tendency to
align themselves locally because entanglements are not
permitted; they then have, for entropic reasons, a
tendency to segregate from one another and locate
themselves in juxtaposed patches statically different
and dynamically varying in shape.21 For the polymers
studied in the present work (having a degree of poly-
merization of about 70), each patch would cover an area
of about 70 × 19.9 = 1400 Å2, that is, would have linear
dimensions compatible with the experimentally ob-
served (≈70 Å) range of the in-layer positional ordering
of the molecules. Quite probably, the in-layer positional
correlations of the alkyl chains are not controlled by
thermodynamics (describing the behavior of two-dimen-
sional systems, and particularly their melting process
through an intermediate state of hexatic ordering22) but
rather by the presence of polymer backbones of limited
length.
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