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Abstract: A set of optically active and racemic n-alkylammonium pyroglutamates
from dodecyl to octadecyl were synthesized and characterised. Their thermotropic
polymorphism was investigated by polarizing optical microscopy, differential
scanning calorimetry and dilatometry. Their structure in the crystalline and smectic
state was analysed by X-ray diffraction. The hydrogen bonding of the molecules in
the crystalline and smectic layers was examined by infrared spectroscopy. The
chirality control over the supramolecular self-assembly of the molecules along with
the homochiral and heterochiral architecture of the self-assembled dimers are briefly
discussed.
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Introduction

A straightforward and facile method of producing mesogenic
compounds is to attach ionic headgroups onto paraffin chains,
by neutralising, for instance, long-chain alkylamines with
halides of divalent metals,[1, 2] halogen acids,[3±5] or high-
molecular-weight polyacids.[6±8] Another method is to use
hydrogen bonding to either command directly the positional
register of the molecules within layers or columns, or else
simply to reinforce this register in a two-level process by
combining hydrogen bonding with ionic interactions.[9±11] The
latter method was successfully used in recent work on the
preparation of smectic liquid crystals from n-alkylammonium
salts of �-pyroglutamic acid (abbreviated in the following to
�n, in which n is the number of carbon atoms in the alkyl
chains).[12] In these liquid crystals, the layering of the ionic
molecules is clearly favoured by the hydrogen bonding of the
pyroglutamic groups, which doubles the length of the rigid
polar parts of the molecules and so enhances the amphiphilic
character.

Chiral liquid crystals have been extensively investigated
both experimentally and theoretically, because of their special
properties and also their potential technological applica-
tions.[13] Optical purity has been found to have an incisive
effect upon the liquid crystalline behaviour,[14±16] which some-
times leads to the formation of additional liquid crystal phases
at intermediate optical purities.[17±18] To study this question in
the case of the alkylammonium pyroglutamates, we decided to
complete our previous study of the optically active �n
compounds[12] with a study of their ™racemic∫ counterparts
(abbreviated in the following to ��n and synthesized in the
same way as the �n compounds; see Experimental Section).
We also studied their binary mixtures at various compositions.

Results and Discussion

Preliminary remarks : Before reporting and analysing the
experimental data collected in the present work, it is useful to
emphasise two important molecular characteristics of the
pyroglutamic groups. Firstly, because of the presence of an
asymmetric carbon atom in the molecule, pyroglutamic acid
can exist in two stereochemically distinct enantiomeric forms:
the levorotatory � form, [�]20

D ��11.9 (c� 2 in H2O),[19] in
which the carboxylic group attached to the asymmetric carbon
atom points above the pyrrolidone ring, and the dextro-
rotatory � form, in which it points below.
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It is well known that the � and � enantiomers of any chiral
compound have the same crystal structure in the solid state;[20]

the � and � structures are merely mirror images of one
another. Their equimolar mixture can present itself either as a
mechanical mixture of � and � crystals (conglomerate), as a
solid solution (pseudoracemate), or finally as a distinct
crystalline system (true racemic) with the � and � molecules
associated in pairs and related to each other through at least
one inverse element of symmetry (centre, mirror, inverse
axis).

On the other hand, because of the presence of an amide
group in the molecules, the pyroglutamate groups are
susceptible to dimerization through dihapto hydrogen bond-
ing. As established by FTIR spectroscopy from the presence
of N�H stretching vibrations at about 3200 cm�1,[21] the �n and
��n compounds are, for all practical purposes, completely
dimerized in the temperature range explored in the present
work.

Molecular modelling (Hyperchem software) indicates that
the �n and ��n dimers have roughly the shape of ™bricks∫
about 11 ä long, 7 ä wide and 4.4 ä thick (Figure 1). The
carboxylate groups in the �� dimers stick outwards from the
corners of the bricks and both point to the same side with

Figure 1. Side view (top) and top view (bottom) of a dimerized �� (left)
and �� (right) pyroglutamate group generated with Hyperchem molecular
modelling.

respect to the average pyrrolidone plane, while they point to
opposite sides in the �� dimers. In the optically active �n
compounds, which are made entirely of � enantiomers, the
dimers are of course all of the �� type. However, in the
™racemic∫ ��n salts, the dimers may equally well be ��, �� or
�� in nature. In the present study we will investigate whether
the crystal and smectic phases consist of entirely ��, or of ��
and �� dimers associated in pairs.

Thermal stability : The ��n and �n compounds were all found
to be thermally stable by thermogravimetry over a relatively
wide range of temperatures, and only started to degrade
slowly at temperatures higher than about 140 �C. Special care
must therefore be taken in their study, especially in the time-
consuming differential scanning calorimetry (DSC) and
dilatometry experiments, to avoid inconsiderately prolonged
heating at high temperatures. Sometimes, the heating of

optically active compounds at high temperature induces
racemization. However, this is definitely not the case of the
�n compounds, and was checked by measuring the specific
rotation of �18 before and after a 10-min heating in the bulk at
130 �C: [�]25

D ��3.5 (c� 2 in ethanol).
The thermal stability of the hydrogen-bonded �n and ��n

dimers was finally checked by FTIR spectroscopy, with
reference to dimers from cyclic lactams with a cis config-
uration. In the low-temperature crystalline state, the hydro-
gen bonding is revealed by the presence in the spectra of two
rather sharp bands at 3228 and 1679 cm�1 for �n, and 3235 and
1682 cm�1 for ��n. The first band originates from the N�H
stretching vibrations of the secondary amide groups and the
second one from the amide I vibrations (C�O stretching
coupled mainly with the C�N stretching mode). In the high-
temperature smectic phase,[12] both bands broaden out and
shift to higher frequencies: 3245 and 1685 cm�1 respectively.
The shifts observed are, however, very small. For instance, the
N�H band remains a long way from that observed at
3433 cm�1 in very dilute solutions of �n and ��n in apolar
solvents, in which the dimers are strongly, though not
completely, dissociated. Quite clearly, hydrogen bonding
continues to prevail in the smectic state; the band broadening
observed is probably due to enhanced molecular motions in
the fluid mesophase and not to a major weakening of the
strength of the oscillators.

Optical textures : The liquid crystal character of the �n and
��n compounds was investigated by polarizing optical micro-
scopy. Upon heating, the materials exhibit two distinct phase
transitions at well-defined temperatures depending upon
chirality and alkyl chain length: one from the crystal into a
liquid crystal and another one from the liquid crystal into an
isotropic melt. Upon cooling from the isotropic melt, well-
developed, fan-shaped, focal-conic textures are observed,
which indicate the smectic nature of the liquid crystal phases.
When inserted between glass plates treated with octadecyltri-
chlorosilane to achieve homeotropic alignment of the mole-
cules, these smectic phases give no sign of birefringence,
revealing their uniaxial smectic A character.

Thermal behaviour : The DSC measurements performed are
summarised in Table 1. They carry over to the following
comments and remarks. The smectic-to-isotropic phase tran-

Table 1. Transition temperatures (onset) [�C] and enthalpies [kJmol�1] of
the ��n and �n compounds measured by DSC on heating.[a]

Ts �Hs Ti �Hi

n ��n �n ��n �n ��n �n ��n �n

12 111.5 72.5 40.5 41.5 113.0 113.0 0.8 0.8
14 112.0 81.0 46.0 50.0 144.5 145.5 1.0 1.0
16 113.5 86.5 51.0 59.0 158.5 158.0 1.1 1.1
18 114.5 91.0 57.0 68.5 162.0 162.0 1.0 1.2

[a] Subscripts s and i refer to the crystal ± smectic and smectic ± isotropic
phase transitions, respectively. Data for �n are taken from ref. [12]. Owing
to thermal degradation, the Ti temperatures measured by DSC are less
precise and globally smaller by some 3 ± 5 �C than those measured by
optical microscopy.
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sition temperatures and enthalpies of the ��n compounds are,
within experimental error, identical to those of the optically
active �n analogues. This implies that the amphiphilic
character of the molecules, that is, the tendency of the
pyroglutamate groups to segregate from the alkyl chains in
the smectic state, is not affected by chirality in a perceptible
way. On the other hand, these temperatures grow strongly
with the length of the alkyl chains, indicating that the effective
repulsions between the pyroglutamic cores and the alkyl
chains never stop developing in the range of the chain lengths
explored.

The crystal-to-smectic phase transition temperatures of the
��n compounds are significantly higher (by as much as 20 ±
40 �C) than those of the corresponding �n analogues (Table 1).
This suggests that in the solid state the ��n compounds are
not conglomerates of enantiomorphous � and � crystals
(which ought to melt eutectically, at lower temperatures), but
rather true racemic crystals as shown in the following sections.
Indeed, as explicitly claimed in the literature (p. 28 in
ref. [20]), racemic compound crystals generally melt higher
than their enantiomeric analogues; their greater thermody-
namic stability originates from an increased structural com-
pactness and symmetry. This is the case for the ��- and �-
pyroglutamic acids, which have crystal densities of 1.492 and
1.440 gcm�3 and melting points of 184 �C and 162 �C, respec-
tively, since their crystal structures are completely differ-
ent.[19, 22] It is also essential to note that the melting of the
crystals into smectic phases takes place at temperatures which
increase with n only very slightly for ��n, whereas they
increase considerably for �n. As discussed below, this
behaviour suggests that the crystal stability of the racemic
��n is mainly controlled by the packing of the pyroglutamic
moieties; the crystal stability of the optically active �n is
dominated instead by the packing of the alkyl chains.

The melting enthalpies of the �n (taken from ref. [12]; note:
the correct value of the y intercept is �12.8 instead of �2.8 as
unfortunately printed in the literature) and ��n salts depend
strongly on the length of the alkyl chains and increase linearly
with n according to Equations (1) and 2 (Figure 2), which
were established by a linear least-squares fit of the exper-
imental data (with reliability factors R of 0.9997 and 0.9994,
respectively).

�n : �H [kJmol�1]��12.8�1.2� 4.50�0.08n (1)

��n : �H [kJmol�1]��7.8�1.0� 2.73�0.07n (2)

The y intercept of the �H versus n straight lines is clearly
related to the melting of the pyroglutamate cores taken
separately. The higher values measured for ��n
(�7.8 kJmol�1 for ��n and �12.8 kJmol�1 for �n) indicate,
just as was concluded above from the melting temperatures,
that the packing of the pyroglutamate cores in the crystal is
much more stable in the racemic than in the optically active
series of compounds. Indeed, as emerges from simple
thermodynamic considerations, the larger the amount of heat
absorbed in a melting process, the smaller the enthalpy and
the greater the stability of the starting crystal with respect to
the resulting liquid. However, the sign of the y intercept is

Figure 2. Chain length dependence of the enthalpies measured at the
phase transition from the crystal into the smectic liquid crystal of the �n (�)
and ��n (�) compounds.

more important. The sign is positive for ��n, and reveals the
strong cohesion of the crystal packing of the polar cores in the
racemic case. On the other hand, the negative sign for �n
indicates that the crystal packing of the optically active
pyroglutamate cores is energetically unfavourable, and the
crystals release part of their heat content upon melting. The
pyroglutamate groups in the �n crystals must obviously be
constrained either by the anchoring conditions imposed upon
them by the ordered alkyl chains and/or by their electrostatic
interactions.

The slope of the �H versus n straight lines clearly
represents the amount of heat necessary for the melting of
the methylene groups. The slope measured for �n of about
4.5 kJ per methylene group compares well with that found for
linear n-paraffins (4.1 kJmol�1),[19] denoting that the packing
of the chains in the �n crystals is as strong as in conventional
paraffin crystals. The measured slope for ��n (2.73 kJmol�1)
is significantly smaller, denoting a constrained packing of the
alkyl chains. Similar unconventional packing of alkyl chains
which also led to a low melting enthalpy (2.6 kJ per methylene
group) was recently reported in the literature for the CuII soap
crystals; here, instead of being packed as usual in a chevron-
type arrangement, the alkyl chains were packed with the
zigzag planes all parallel to one another (see Figure 4 in
ref. [23]).

Molecular volume : The molecular volume was measured by
dilatometry for several �n and ��n compounds in the smectic
state. The volume in the crystalline state was disregarded
because after degassing at high temperature (as required by
the experimental technique), the solid samples recrystallized
from the melt are out of equilibrium. The results obtained are
summarized in the Equations (3) ± (6) (reliability factor R�
0.999).

�12: V [ä3]� 507.15�0.05� 0.3133�0.0005T[�C] (3)

�14: V [ä3]� 559.85�0.09� 0.3457�0.0008T[�C] (4)

��14: V [ä3]� 555.97�0.08� 0.4097�0.0007T[�C] (5)

�18: V [ä3]� 652.33�0.13� 0.5420�0.001T[�C] (6)
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Firstly, within the experimental error (see Experimental
Section), the molecular volume of �14 hardly differs from that
of ��14 (at 125 �C, V� 603�6 ä3 for �14 and V� 607�6 ä3 for
��14), suggesting that chirality does not significantly affect
the packing density in the smectic state. Secondly, the relative
thermal expansion of the molecular volume, (�V/�T)/V��
7� 10�4 K�1, is identical with that currently found for organic
materials in the liquid state. Thirdly, the molecular volume
increases linearly with the chain length, as expected from the
well-known rule of additivity of the individual volumes of the
component parts of the molecules according to Equation (7)
(at 125 �C, reliability factor R� 0.99998).

V [ä3]� 199.5�2.5� 28.93�0.17n (7)

Satisfactorily enough, the molecular volume of the meth-
ylene groups deduced from the slope of the corresponding
straight line (28.9 ä3) compares well with that currently found
in the literature for liquid crystals (28.5 ä3).[24]

Structure of the crystal phases : The thermotropic behaviour
of the �n and ��n compounds detected by polarizing optical
microscopy and differential scanning calorimetry was con-
firmed by X-ray diffraction. The powder patterns recorded at
low temperature contain a large number of Bragg reflections,
all very sharp, indicative of a well-developed, three-dimen-
sional crystal packing of the molecules. The (four) reflections
located in the small-angle region follow each other with
reciprocal spacings in the ratio 1:2:3:4, indicating that the
molecules are arranged in superposed layers just as commonly
observed with long-chain amphiphiles.[25]

A mere visual inspection of the diffraction patterns reveals
immediately that the lamellar structure of the ��n is radically
different from that of the optically active �n compounds. This
difference confirms the conclusion drawn from DSC that the
��n compounds are authentically racemic in nature. If they
were not, the ��n compounds would produce X-ray patterns
identical to those of the �n compounds.

As is generally observed with long-chain amphiphiles in the
solid state,[23±25] the lamellar structure of �n and ��n com-
pounds also consists of two sublayers periodically and
alternately piled up in space: one containing the pyrogluta-
mate cores and covered on both sides by the negative
carboxylate ions, and one other containing the paraffin chains
in a fully extended conformation and covered by the positive
ammonium ions (Figure 3). The lamellar periods measured
from the small-angle reflections represent the thickness of the
two sublayers superposed. The temperature-independent
periods d grow linearly with the number of carbon atoms n
in the alkyl chains (Figure 4) according to Equations (8) and
(9) (with reliability factors R� 0.99999 and 0.99987, respec-
tively).[26]

�n : d [ä]� 9.09�0.06� 1.17�0.01n (8)

��n : d [ä]� 6.92�0.17� 0.99�0.01n (9)

The lamellar periods measured do not exceed half the
overall length of the �n and ��n dimers (as estimated by

Figure 3. Schematic representation of the crystalline structure of the
racemic �� (top) and the optically active � (bottom) n-alkylammonium
salts of pyroglutamic acid.

Figure 4. Chain length dependence of the lamellar period of the racemic
�� (�) and the optically active (�) n-alkylammonium pyroglutamates in
the crystalline and smectic A state (SmA).

molecular modelling); this clearly indicates that the alkyl
chains are interdigitated head to tail in single layers and tilted
away from the layer normal as shown schematically in
Figure 3. This arrangement is further substantiated by the
slope �d of the d versus n straight lines representing the rate
of thickening of the crystalline lamellae per methylene group
added to the molecules (�d� 1.17�0.01 ä for �n and 0.99�0.01 ä
for ��n), a slope which is effectively smaller than the length of
one methylene group in an all-trans paraffin chain (1.27�0.01 ä
per methylene group).[25] The slope �d additionally permits
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one to calculate the tilt of the chains in the layers, �� cos�1

(�d/1.27)� 22.7� for �n and 38.9� for ��n, and hence to get an
estimate of the area covered in the layers by each alkyl chain,
S� �/cos�� 20.1�0.5 ä2 for �n and 23.8�0.6 ä2 for ��n (� is the
known cross-sectional area of paraffin chains in the crystalline
state; �� 18.5�0.1 ä2).[25, 27] Quite interestingly, the area S is
distinctly smaller in the optically active �n than in the racemic
��n compounds.

The y intercept of the d versus n straight lines, which
corresponds to the thickness d0 of the fictitious ammonium
pyroglutamate layers, provides a direct measure of the
thickness of the pyroglutamate sublayers in the lamellar �n
and ��n crystals. The two thicknesses found (9.09�0.06 ä for �n
and 6.92�0.17 ä for ��n) are significantly different from each
other and this indicates that the pyroglutamate cores are
packed differently in the two series of compounds (Figure 3);
this result is consistent with the difference found in the
molecular area of the alkyl chains.

In the absence of complementary information that can only
be obtained when properly grown single crystals are available
(e.g. crystal lattice parameters, space group symmetry, elec-
tron density distribution), it is impossible to describe securely
the detailed packing mode of the pyroglutamate groups in the
polar sublayers and hence to specify the structural differences
between the �n and ��n crystals. However, as a guide mark in
the discussion, it is tempting to propose the following two
schematic models, which stand out on simple stereochemical
and geometrical grounds.

The first concerns the series of optically active �n com-
pounds, in which the hydrogen-bonded molecules are by
necessity all in the form of �� dimers. Since the carboxylate
groups in the �� dimers both point to the same side with
respect to the pyrrolidone plane (Figure 1), the �� dimers
must logically lie parallel to the crystal layers and arrange
themselves back to back as shown in Figure 3 (bottom); they
can thus let the carboxylate groups point out of the polar
sublayers and so come into contact, just as required by
electrostatics, with the oppositely charged ammonium ions.
This arrangement is all the more plausible as the thickness
found for the pyroglutamate sublayers (d0� 9.09 ä) is close to
that of two flat dimers superposed (�2� 4.4� 8.8 ä, Fig-
ure 1), and also as the area occupied in the layers by a pair of
dimers, equal to that covered by four alkyl chains (4� 20.1�
80.4�1.8 ä2), is close to the lateral expanse of the dimers (�7�
11� 77 ä2, Figure 1).

The second structural model concerns the series of racemic
��n compounds. In this case, the ™racemic∫ structural repeat
units may be either in the form of �� dimers or in the form of
�� and �� dimers in equal numbers. In fact, the latter
possibility cannot be retained here, for it would imply
packings similar to those proposed for the �n compounds,
which are inconsistent with the value of d0 and S found
experimentally. Since the carboxylate groups in the �� dimers
point to opposite sides with respect to the average pyrrolidone
planes (Figure 1), the �� dimers must in all likelihood be
arranged in single layers as shown in Figure 3 (top); they must
further be tilted away from the layer normal and also rotated
to some degree about their long axis, so as to allow the
carboxylate groups to sit properly on the surface of the polar

sublayers in contact with the ammonium counterions. With a
tilt of about 50�, this arrangement is perfectly consistent with
the thickness of the pyroglutamate sublayers (d0� 6.92 ä)
being close to the projected length of the dimers along the
layers× normal (�11� cos50� 7.07 ä) and with the area
covered in the layers by two alkyl chains (2� 23.8�
47.6�1.2 ä2) being close to that deduced from the cross-
sectional area of the tilted dimers (�4.4� 7/cos50� 47.9 ä2).

As suggested earlier, the greater thermodynamic stability of
the racemic crystals with respect to their enantiomorphous
analogues originates from their higher structural compact-
ness. Since a direct measure of the molecular volume of the
pyroglutamate groups in the crystals is out of the question in
the present work (vide supra), the only way out is to calculate
this volume indirectly. For that purpose, it suffices to take as a
principle the well-known fact that in an homologous series of
aliphatic compounds in the crystalline state the packing mode
of the alkyl chains and terminal groups is reliably independent
of the chain length.[25] This implies that the molecular area S
(contribution of one molecule to the lateral spreading of the
layers) and the molecular volumes VCH2

and V0 of the
methylene and ammonium pyroglutamate groups are all
independent of the number n of methylene groups in the
chains. Therefore, the volume of one molecule, V�V0�
nVCH2

, and the thickness of one crystalline lamella, d�V/
S� (V0/S)� n(VCH2

/S), both grow linearly with n. Under this
assumption, the molecular volume V0 may easily be deduced
from the ratio of the y intercept over the slope of the d versus
n straight lines determined by X-ray diffraction. The values
found (V0� 7.8�0.1�VCH2

for �n and 7.0�0.2�VCH2
for ��n) are

perfectly consistent with the conclusions drawn from the
thermal behaviour of the ��n and �n series of compounds: the
packing density of the racemic �� compounds is indeed higher
than that of the optically active �� analogues (by 10�4%). In
addition, with the reasonable value of VCH2

� 1.27� 18.5�
23.5 ä3,[25, 27] the density of the pyroglutamate groups in the
polar sublayers is 1.33�0.05 gcm�3 for �n and 1.47�0.07 gcm�3 for
��n, which is in agreement with the values reported in the
literature for the �- and ��-pyroglutamic acids (1.440 and
1.492 gcm�3, respectively).[19, 22]

Structure of the smectic phases : The X-ray powder patterns of
the racemic ��n compounds in the smectic state, like those of
the optically active �n analogues,[12] contain three equidistant,
sharp reflections in the small-angle region following each
other with reciprocal spacings in the ratio 1:2:3, indicative of a
smectic layering, and a broad band at 4.6 ä, related to the
disordered conformation of the alkyl chains. The patterns are
devoid of any other scattering signal, which indicates that
both the alkyl chains and the pyroglutamate fragments inside
the polar sublayers are arranged in a liquid-like fashion just as
expected for a smectic A phase.

The smectic periods measured are virtually independent of
temperature (�d/�T)/d��4� 10�4 K�1) and represent the
thickness of one paraffin and one ammonium pyroglutamate
sublayer superposed. With a steadily increasing number of
carbon atoms in the alkyl chains, the periods of the ��n and
�n compounds appear, for all practical purposes, to be equal
to each other (Figure 4). Even when measured with the best
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accuracy possible under exactly the same experimental
conditions,[26] they differ by less than 0.1 ä. Expressed
analytically, they grow linearly as a function of n according
to Equation (10) (125 �C, reliability factor R� 0.99991).

d [ä]� 10.87�0.18� 1.20�0.01n (10)

Combined with the molecular volumes measured by
dilatometry, these periods permit one to calculate the
molecular area S�V/d (contribution of one molecule to the
surface covered by the smectic layers) and the thickness d0�
V0/S of the ammonium pyroglutamate sublayers (Figure 5).
Contrary to what is observed in the crystal phases, in which
they are strictly invariable for structural reasons, these
parameters turn out to change very little but measurably with
the length of the alkyl chains: S increases from 21.6 to 22.2 ä2

and d0 decreases from 9.2 to 9.0 ä when n goes from 12 to 18.

Figure 5. Chain length dependence of the thickness of the polar sublayers
d0 and the molecular area 4S of the racemic �� (�) and the optically active
� (�) n-alkylammonium pyroglutamates in the smectic A state.

In the case of the optically active �n compounds, the
interpretation of the molecular arrangement in the smectic
state is straightforward. As shown in Figure 4, the lamellar
spacing increases very little at the transition from the crystal
into the smectic phase. Specifically, it grows by only 9%, an
amount which reflects the 18% volume expansion of the
material [the molecular volume increases from Vcr� S� d�
20.1� (182.7� 23.5n) to VSm� 199.5� 28.93n] for a 9%
lateral expansion of the layers (the molecular area increases
from 20.1 to about 22 ä3). At the same time, the thickness d0

of the polar sublayers (equal to 9.09 ä for the crystal and to
9.0 ± 9.2 ä for the smectic phase) remains utterly unchanged.
Despite the abrupt loss of the long-range positional ordering
of the molecules inside the layers, the packing mode of the
pyroglutamate dimers appears therefore to remain virtually
unchanged, at least on a local scale. For the same geometrical
reasons as prevailing for the crystal phases, related to the fact
that the carboxylate groups in the �� dimers both point to the
same side with regard to the pyrrolidone plane (Figure 1), the
dimers must continue, therefore, to lie flat in the layers and

arrange themselves back to back as shown in Figure 3
(bottom).

In the case of the racemic ��n compounds, the structure of
the smectic phase seems, at first sight, more delicate to discuss.
At the transition from the crystal to the smectic phases, the
lamellar periods grow indeed by as much as 31 ± 34%
(Figure 4), implying an important change of the local packing
mode of the ammonium pyroglutamate moieties. Considering
that the ��n compounds in the smectic state have precisely
the same structural parameters (d, S and d0), the same
infrared spectra (vide supra), and practically the same
clearing temperatures (Table 1) as their �n counterparts, it
seems legitimate to conclude that they also have the same
molecular packing. Turning from single to double layered
(Figure 3), this packing implies that at the crystal-to-smectic
phase transition the heterochiral �� dimers, such as found in
the crystal, suddenly transform almost completely into a
mixture of homochiral �� and �� dimers in equal numbers.
Examples of such a polymorphic change of racemic crystals
into pseudoracemic ™solid∫ solutions upon heating have
barely been reported in the literature as a result of the
difficulties in interpretation of the experimental data (see
p. 139 in ref. [20]).

This change of the supramolecular structure of the ��n
dimers at the crystal-to-smectic phase transition may be
acceptably understood on thermodynamic grounds by con-
sidering the prominent part taken in the minimization of free
energy by enthalpy at low and entropy at high temperatures.
Because the dimers in the smectic A layers are arranged in a
liquid-like fashion and are thus released from the require-
ments of structural homogeneity of the racemic crystals, the �
and � enantiomers are free to obey the laws of chemical
equilibria (2��� �� � ��),[28] and hence to associate with
one another through hydrogen bonding to develop pseudor-
acemic mixtures of ��, �� and �� dimers. In the low-
temperature crystal, the attraction of the dimers is best
satisfied, and therefore the enthalpy and free energy are most
efficiently reduced to a minimum if the dimers are all
heterochiral, because these are able, as it happens for
symmetry reasons, to pack in a specially dense fashion (vide
supra). In the high-temperature smectic phase, on the other
hand, the entropy increases more, and therefore the free
energy decreases to a lower minimum if at least part of the
dimers are homochiral, because the entropy of melting is then
increased with the entropy of mixing of the three types of
dimer in the system. In the absence of discriminating
interactions between the dimers (ideal mixture), chemical
equilibrium should normally occur when the entropy of
mixing is maximized, that is when the dimers, whose
enthalpies of formation by hydrogen bonding are (most
likely) identical, are in equal proportions. In reality, however,
equilibrium is reached when the concentration of �� is
reduced below 1³3 and conceivably even below 1³10, a value
undetectable by the X-ray technique used in the present work.
An obvious reason for such a behaviour is that for stereo-
chemical reasons the heterochiral and homochiral dimers
have difficulty in packing together (�� and �� lie flat in the
layers, while �� stand at an angle, see Figure 3) and interact
with one another unfavourably, thereby contributing a
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positive enthalpy of mixing and thus shifting the chemical
equilibrium towards a further reduction of the less abundant
heterochiral species. One other reason, less obvious at first
sight but equally plausible as found below, is that the �� and
�� homochiral dimers are liable to interact with one another
favourably (like the two enantiomers in a racemic crystal),
thereby contributing a negative enthalpy of mixing but also
shifting the chemical equilibrium in the same direction as
previously towards a reduction of the heterochiral species.

Binary mixtures of ��n with �n : The phase behaviour of the
binary mixtures of the ��n and �n compounds was system-
atically investigated upon heating by differential scanning
calorimetry, polarizing optical microscopy and X-ray diffrac-
tion. Figure 6 shows the phase diagram established for the
binary mixture of the octadecyl derivatives taken as a typical
example.

Figure 6. Binary phase diagram of the �� and �-octadecyl pyroglutamates.

It is important to note that no extra liquid crystal phases
make their appearance in the binary mixtures, and that the
smectic phases of the ��n and �n compounds are completely
miscible at all compositions. This is plainly demonstrated by
X-ray diffraction. With compounds comprising the same alkyl
chains and hence the same smectic periods, these remain
unchanged throughout the whole expanse of compositions;
with compounds differing in chain length, they vary with
composition in a continuous (practically linear) fashion
between the periods of the pure ��n and �n compounds. This
behaviour suggests that the smectic structure remains basi-
cally the same for all the binary mixtures; the � and �
enantiomers continue to associate with one another to form
predominantly homochiral �� and �� dimers.

The occurrence of the smectic phase upon heating proceeds
through the eutectic melting of the ��n and �n crystals in the
mixture. This melting is signalled by the presence in the DSC
graphs of two distinct but connected endothermic peaks
whose separation decreases monotonically with the distance
to the eutectic composition. A sharp peak, located at the
composition-independent eutectic temperature (47 �C), re-
veals the emergence of the smectic phase in the middle of the
crystalline material, and an asymmetrical peak, located at the
composition-dependent solidus temperature, signifies the
completion of the melting process.[29] The very existence of a
eutectic point, fully corroborated by optical microscopy and
X-ray diffraction, is an indisputable indication that in the
crystalline state the ��n compounds are neither conglomer-
ates nor pseudoracemates, but true racemates involving
repeat units made of the two enantiomers in equal numbers
arranged according to a unique Bravais lattice. This is further
substantiated by the fact that the solidus temperature, which
corresponds to the complete melting of the racemic ��n
crystals, goes through a maximum at the exact composition
corresponding to pure ��n.

The full miscibility of the ��n and �n compounds in the
smectic state is a clear indication that their smectic symmetry
is identical (smectic A in both cases) and that the effective
repulsion of their molecular components is not too strong.[30]

For mixtures of compounds with the same chain length and
therefore with the same clearing temperature (Table 1), the
transition from the smectic into the isotropic liquid phase
seems, when detected by DSC, to take place at a temperature
which is independent of composition. However, in actual fact,
when measured with great care by optical microscopy, the
clearing temperature proves to proceed through a low
maximum at a composition corresponding to pure ��n
(Figure 6). This stabilization of the smectic phase with regard
to the isotropic liquid suggests, as insinuated at the end of the
previous section, that the enantiomeric homochiral �� and ��
dimers, highly concentrated in mixtures rich in ��n, have a
tendency to attract each other specifically, probably leading to
the formation of a stoichiometric compound made of one ��
and one �� dimer arranged back to back in the layers as shown
in Figure 3 (bottom).

Conclusion

The long-chain alkylammonium pyroglutamates investigated
in the present work are self-assembled in thermally stable,
hydrogen-bonded dimers, which are crystalline at low temper-
ature and smectic at high temperature. The lamellar structure
of the racemic crystals is controlled by the packing of the
ammonium pyroglutamate cores, while that of the optically
active crystals is dominated instead by the packing of the alkyl
chains. The dimers of the optically active compounds are
homochiral and arranged in double layers both in the
crystalline and the smectic state, wherein the ammonium
pyroglutamate cores lie flat in the layers. In the racemic series
of compounds, on the other hand, the dimers are either
heterochiral or homochiral, depending upon whether they are
arranged in a crystalline or a smectic fashion. The pairing of



Chiral n-Alkylammonium Pyroglutamates 5250±5258

Chem. Eur. J. 2003, 9, 5250 ± 5258 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5257

the two enantiomers is heterochiral in the crystalline state,
producing achiral �� dimers standing tilted and densely
packed in well-ordered single layers, whereas it is homochiral
in the smectic state, producing achiral pairs of �� and ��
dimers, arranged back to back and loosely packed side by side
in double layers. This behaviour illustrates the importance of
crystallization in supramolecular chemistry.[31] By drawing the
molecules nearer together and so amplifying the role of
interactions, crystallization has an effect on the chemical
equilibrium of the reacting molecules, often resulting in a
decisive control over the nature and architecture of the
supermolecules formed. Quite interestingly, the smectic
layering, even if less stringent than the crystalline ordering,
is perfectly able to play a similar role; the reason is that, owing
to the amphiphilic character of the compounds producing
smectic phases, the constituent parts of the molecules, here
the ammonium pyroglutamate cores and the alkyl chains, are
indeed forced to pack in a special way, arranging themselves
separately on both sides of well-defined interfaces.

Experimental Section

Materials : Optically active �- and racemic ��-pyroglutamic acids [(S)-(�)-
2- and (�)-2-pyrrolidone-5-carboxylic acid] were obtained from Aldrich
and recrystallized twice from ethanol. Their salts with normal dodecyl,
tetradecyl, hexadecyl and octadecyl amines were prepared by dissolving
equimolar quantities of the acid and the corresponding amine in ethanol
and allowing them to react at room temperature. The precipitated salts
were filtered and recrystallized from ethyl acetate. The formation of salts
was confirmed with FTIR (protonated NH groups occur at 2800 ±
2500 cm�1 and 2200 cm�1 for the primary amines, carboxylate groups at
1586 and 1390 cm�1), 1H NMR spectroscopy and elemental analysis [calcd
(%) for C17H34O3N2 (314.47): C 64.93, H 10.90, N 8.91; found (� salt): C
65.04, H 10.96, N 8.87; found (�� salt): C 64.66, H 10.94, N 8.82; calcd (%)
for C19H38O3N2 (342.52): C 66.63, H 11.18, N 8.18; found (� salt): C 65.94, H
11.45, N 8.05; found (�� salt): C 66.48, H 11.25, N 8.05; calcd (%) for
C21H42O3N2 (370.58): C 68.06, H 11.42, N 7.56; found (� salt): C 67.96, H
11.58, N 7.52; found (�� salt): C 67.94, H 11.47, N 7.42; calcd (%) for
C23H46O3N2 (398.63): C 69.30, H 11.63, N 7.03; found (� salt): C 69.30, H
11.80, N 6.92; found (�� salt): C 69.04, H 11.69, N 6.94].

Characterization techniques : Thermogravimetric experiments were per-
formed with a TA TGA-2050 instrument operating under nitrogen with a
heating rate of 10 �Cmin�1. Optical rotation measurements were carried
out by using a Perkin ± Elmer 241 polarimeter. Liquid crystal textures were
studied using a Leitz ± Wetzlar polarizing microscope equipped with a hot-
stage and a Linkam TMS91 controller. Molecular volumes were measured
using a homemade computer-driven dilatometer containing 1 g of carefully
degassed sample. To avoid thermal degradation, special care was taken to
maintain the samples at the lowest possible temperatures (below 140 �C),
especially during the degassing process. The experimental error is
estimated at about 10�4 (�0.53) for molecular volumes measured on a
relative scale (for the volume of a given sample at different temperatures)
and at about 10�3 (�5 ä3) for volumes measured on an absolute scale (for
different samples at a same temperature). Thermotropic polymorphism
was investigated by using a TA DSC-10 differential scanning calorimeter
with heating and cooling rates of 10 �Cmin�1. FTIR studies were performed
using a Nicolet Magna 550 spectrometer equipped with a VLT-2 variable-
temperature sample holder (Research and Industrial Instruments Com-
pany). Crystal and liquid crystal structures were established by X-ray
diffraction (Guinier focusing camera, CuK�1 radiation from an INEL
X-ray generator, powder samples in Lindemann capillaries, INSTEC hot-
stage, INEL CPS-120 curved position-sensitive detector, diffraction
patterns recorded with a 10-min exposure time). Binary mixtures of ��n
and �n compounds were prepared by thorough mechanical mixing of the
��n and �n powders at room temperature. To reduce thermal degradation

to a minimum, the clearing temperatures were measured by optical
microscopy (a quick-acting technique) according to a well-defined
experimental procedure (preliminary heating of the microscope hot-stage
at 160 �C, sample introduction and heating at 10 �Cmin�1, registering of
clearing temperature at half melting).
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