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Thermotropic liquid crystalline behaviour of piperazinium and
homopiperazinium alkylsulphates

A. NIKOKAVOURA, D. TSIOURVAS*, M. ARKAS, Z. SIDERATOU and
C. M. PALEOS

Institute of Physical Chemistry, NCSR ‘Demokritos’, Aghia Paraskevi, Attiki,
Greece

(Received 29 May 2002; accepted 5 August 2002 )

A series of 1,4-piperazinium di-n-alkyl sulphates was synthesized and compared with an
analogous series of 1,5-homopiperazinium di-n-alkyl sulphates. Their thermotropic liquid
crystalline behaviour was studied by diVerential scanning calorimetry, polarizing optical
microscopy and X-ray diVraction. For the piperazinium salts, two ordered smectic phases
were established, in which the lateral packing of the molecules within the layers is rectangular
or tetragonal. Both phases are characterized by an alternate periodic packing of the positive
and negative ionic groups in the polar sublayer, while the lipophilic sublayers of the alkyl
chains are in a disordered conformation. Substitution of the piperazinium by the less sym-
metrical homopiperazinium group disfavours organization within the smectic layer and as a
result smectic A phases were obtained.

1. Introduction Dipolar amphiphilic compounds also exhibit a diversity
of liquid crystalline phases dependent on the polarAmphiphilic molecules were rather unduly ignored
head groups and on the type and length of the spacercompared with rigid-rod molecules in the early investi-
between the polar heads. Thus, early examples of dipolargations of the exhibition of thermotropic liquid crystalline
amphiphiles with two pyridinium head groups attachedbehaviour [1]. In recent years however it has been well
to a biphenylene core, with appropriate chain lengthestablished that ionic amphiphilic salts, including pro-
spacers, exhibited smectic liquid crystalline phases [10].tonated amines [2], aliphatic quaternary ammonium salts
All aliphatic bis(quaternary) amphiphilic ammonium[3], carboxylates [4], sulphonates [5] and pyridinium
salts [11] exhibited smectic phases one of which, at least,salts [6] exhibit thermotropic liquid crystalline behaviour,
resembled the smectic T phase [11 (b)] � rst reported byand the subject has been extensively studied and reviewed
Alami et al. [12]. On the other hand a hydrophilic[7]. It should be noted that these amphiphiles, in addition
oligo(oxyethylene) spacer has been introduced in geminalto forming thermotropic liquid crystals, are primarily
dialkylammonium surfactants which, depending on theknown for their ability to organize in water forming
length of the spacer and temperature, exhibited L

b
andmicelles, vesicles or a diversity of lyotropic liquid crystals;

L
a

phases [13]. 1,4-Dialkyl-1,4-diazoniabicyclo [2.2.2]-for this reason these salts were characterized as ampho-
octane dibromides [14], with an aliphatic bicyclictropic [8, 9]. The type of liquid crystalline character
moiety inserted between two long aliphatic chains, alsoobtained from these compounds results from an interplay
gave rise to a smectic T phase.of the length and the number of lipophilic chains and of

In the present study, and within the framework ofthe type of polar heads and their functionalization, and
preparing multi-polar amphiphiles, the synthesis andalso from the nature of counter ions. Functionalization
characterization of materials based on piperazinium andthrough quaternization of tertiary aliphatic amines by
homopiperazinium n-alkyl sulphates (see the scheme)employing appropriate organic halides proved especially
were investigated. In the � rst place we investigated thefruitful for producing various liquid crystalline phases
extent to which a minor structural modi� cation, for[3]. Protonated ammonium salts [2], as expected, lack
instance, the replacement of piperazinium with thethis possibility and liquid crystalline diversi� cation was
homopiperazinium di-cation, aVects the liquid crystallinenot as rich compared with quaternaries [7].
character of these compounds. Secondly, the eVect of
the alkyl chain length of the alkyl sulphate counterion*Author for correspondence;

e-mail: tsiourvas@chem.demokritos.gr on the liquid crystallinity was investigated. The liquid

L iquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online © 2002 Taylor & Francis Ltd
http://www.tandf.co.uk/journals

DOI: 10.1080/0267829021000034808

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1548 A. Nikokavoura et al.

(s, NH2 ), 3.70 (t, OSO3CH2CH2 ), 3.45 (t, NH2CH2-
CH2NH2 ), 3.25 (t, NH2CH2CH2CH2NH2 ), 2.15
(m, NH2CH2CH2CH2NH2 ), 1.45 (m, OSO3CH2CH2 ),
1.25 (m, OSO3CH2CH2 (CH2 )nCH3 ), 0.85 (t, CH3 ).
Elemental analyses for 1,4-piperazinium di-n-alkyl
sulphates: C24H54N2S2O8 : calc. C 51.22, H 9.67, N 4.98,
S 11.39; found C 50.93, H 9.41, N 4.78, S 11.23%.Scheme.

C28H62N2S2O8 : calc. C 54.34, H 10.10, N 4.53, S 10.36;
found C 54.23, H 10.33, N 4.81, S 10.51%. C32H70N2S2O8 :
calc. C 56.94, H 10.45, N 4.15, S 9.50; found C 57.14,crystalline behaviour was studied by polarizing optical

microscopy (POM) and diVerential scanning calorimetry H 10.54, N 4.16, S 9.76%. C36H78N2S2O8 : C 59.14,
H 10.75, N 3.83, S 8.77; found C 58.68, H 10.78, N 3.89,(DSC), and established by X-ray diVraction (XRD) studies.

The assembly of the ionic species within the polar sub- S 8.97%. Elemental analyses for 1,5-homopiperazinium
di-n-alkyl sulphates: C25H56N2S2O8 : calc. C 52.05,layers due to the formation of hydrogen bonds between

the piperazinium or homopiperazinium cations and the H 9.79, N 4.86, S 11.12; found C 52.21, H 10.01, N 4.89,
S 11.07%. C29H64N2S2O8 : calc. C 55.03, H 10.19, N 4.43,sulphate anions was investigated by FTIR spectroscopy.
S 10.13; found C 54.90, H 10.22, N 4.44, S 10.29%.
C33H72N2S2O8 : C 57.52, H 10.53, N 4.07, S 9.31; found2. Experimental

2.1. Materials and synthesis C 57.88, H 10.65, N 4.11, S 9.61%. C37H80S2N2O8 :
calc. C 59.64, H 10.82, N 3.76, S 8.60; found C 59.67,Piperazine and homopiperazine were purchased from

Aldrich and used without further puri� cation. Sodium H 10.99, N 3.82, S 8.61%.
decyl sulphate and sodium dodecyl sulphate were pur-
chased from Janssen, while sodium tetradecyl sulphate and

2.2. Characterization
sodium hexadecyl sulphate were obtained from Merck.

Liquid crystal textures were observed using a Leitz–
All alkyl sulphates were recrystallized from benzene/

Wetzlar polarizing microscope equipped with a Linkam
methanol (4 : 1 v/v) before use.

hot-stage. Thermotropic polymorphism was investi-
gated by diVerential scanning calorimetry employing a

2.1.1. Synthesis of piperazinium and homopiperazinium
DSC-10 calorimeter (TA instruments) at heating/cooling

bromides
rates of 10°C min 1. Thermal stability was assessed by

Piperazine and homopiperazine were dissolved in
thermogravimetry employing a TGA 2050 analyzer

chloroform and protonated by adding excess of aqueous
(TA instruments) at a heating rate of 10°C min 1. Liquid

hydrobromic acid under intense agitation. The protonated
crystalline phases were investigated by XRD using CuK

a1products spontaneously precipitated and were � ltered oV
radiation from a Rigaku rotating anode X-ray generator

and washed repeatedly with chloroform. The materials
(operating at 50 kV, 100 mA) and an R-AXIS IV image

were exhaustively dried in vacuum over phosphorous
plate. Powder samples were sealed in Lindemann

pentoxide.
capillaries and heated using an INSTEC hot-stage. FTIR
studies were made using a Nicolet Magna 550 spectro-

2.1.2. Synthesis of 1,4-piperazinium di-n-alkyl sulphates
meter coupled with a VLT-2 variable temperature cell

and 1,5-homopiperazinium di-n-alkyl sulphates
(Research & Industrial Instruments Company).

(n=10, 12, 14, 16)
To 0.1 mol of piperazinium or homopiperazinium

bromide, dissolved in water, 0.25 mol of n-alkyl sodium 3. Results and discussion
3.1. T hermal and optical studiessulphate, also dissolved in water, was added. For the

higher members of the series slight heating was required The thermal stability of the salts was studied by thermo-
gravimetry. Piperazinium derivatives start decomposingto dissolve the salts. The precipitated salts were � ltered

oV, washed with hot water and recrystallized from at temperatures above 150°C. At 140°C the weight loss
was less than 0.1% for all samples. However at 200°C, i.e.ethanol. The resulting salts were exhaustively dried in

vacuum over phosphorous pentoxide and their structures below their clearing temperatures (see below), the weight
loss was between 1% for the hexadecyl and 4% for theestablished by 1H NMR and elemental analysis. 1H NMR

(500 MHz, DMSO-d6 ) for 1,4-piperazinium di-n-alkyl decyl sulphate piperazinium derivatives. Homopiperazium
derivatives exhibit essentially the same behaviour. Theysulphates: d=8.85 (s, NH2 ), 3.70 (t, OSO3CH2CH2 )

3.25 (t, NH2CH2CH2NH2 ), 1.45 (m, OSO3CH2CH2 ), are thermally stable up to about 150°C, with weight loss
less than 0.1%, but they degrade severely at higher1.25 (m, OSO3CH2CH2 (CH2 )nCH3 ), 0.85 (t, CH3 ) and

for 1,5-homopiperazinium di-n-alkyl sulphates: d=8.35 temperatures. Weight losses at 200°C range from 1% for
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1549Homo- and piperazinium alkyl sulphates

the highest member to about 9% for the lowest. These thermally below isotropization and therefore it was not
possible to obtain well developed textures. Upon coolingresults were duly taken into account especially during

the DSC and X-ray experiments. from the smectic A phase the reverse phase transitions
were observed with a hysteresis of about 20°C. DSCThe mesomorphic properties of the compounds were

studied by POM and DSC. On heating on a microscope runs were intentionally restricted to relatively low tem-
peratures in order to avoid thermal decomposition; it wasslide, piperazinium derivatives melted at temperatures

between 109 and 117°C depending on the chain length. therefore possible to obtain second DSC runs identical
to the � rst.The crystals were transformed to soft birefringent materials,

suggesting the presence of an ordered mesophase, while
at temperatures above c. 130°C they turned into high 3.2. X-ray investigation of the piperazinium derivatives

The X-ray diVraction patterns of the crystal phases ofviscosity � uids with ill developed textures. On further
heating, decomposition occurred before isotropization the piperazinium derivatives contain a large number of

sharp re� ections showing the existence of well developedand therefore it was not possible to obtain well developed
textures on cooling from the isotropic phase. three-dimensional lattices. More than four equidistant

small angle re� ections indicate a lamellar arrangementThermal transitions observed by optical microscopy
were in line with DSC results (table 1). The � rst high of the molecules, as also observed with long chain

piperazinium bis(n-alkanoates) [15, 16]. The lamellarenthalpy transition depended on the alkyl chain length
and was basically related to the melting of the aliphatic periods estimated from the small angle re� ections grow

linearly with the number n of carbon atoms in thechains. The second low enthalpy transition was essen-
tially unaVected by chain length, suggesting therefore a alkyl chains (� gure 1) according to the equation: d/AÃ =

7.4 0.1+1.21 0.01 n, deduced from a least-squares � t ofreorganization within the polar sublayers (see also results
from the X-ray experiments). On cooling, the reverse the experimental data. The Y -intercept of the straight line

provides an estimate of the thickness of the polar sublayersphase transition was observed with a hysteresis of about
3°C, while the transition from the ordered smectic phase and is consistent with the length of the piperazinium

group (~5.6 AÃ ) in the chair conformation, as reportedto the crystalline phase was observed with a hysteresis
of about 20°C, showing the signi� cance of nucleation. for the crystalline structures of analogous salts [17, 18],

and the radius of the sulphate group (~5 AÃ ) [19] if someThe second DSC runs were identical to the � rst, showing
the thermodynamic stability of the observed phases. overlapping of the ions is assumed. The slope of the line

represents the increase in thickness of the lamellae dueHomopiperazinium derivatives exhibit a low enthalpy
crystal–crystal transition before melting to a � uid meso- to the increase of the alkyl chain by one methylene

group. This value is close to half the length of one zigzagmorphic phase (table 2). Oily streak textures could be
observed using the polarizing microscope, indicating the in a fully extended paraYn chain (2.54/2=1.27 AÃ ) [20]

suggesting that the alkyl chains are interdigitated andpresence of SmA phases. The compounds again degrade
tilted. The tilt angle estimated from the experimental
data, cos 1 (slope/1.27) [21], is about 17 degrees. In

Table 1. Phase transition temperatures (onset) and enthalpies
for the piperazinium derivatives.

n T1 /°C DH1 /kJ mol 1 T2 /°C DH2 /kJ mol 1

10 109.2 39.0 127.4 3.9
12 112.1 52.4 127.3 3.8
14 115.4 73.3 127.0 3.3
16 117.5 80.5 127.2 3.5

Table 2. Phase transition temperatures (onset) and enthalpies
for the homopiperazinium derivatives. Tk coresponds to
a crystal–crystal transition, Ts to a crystal–smectic A
transition.

n Tk /°C DHk /kJ mol 1 Ts /°C DHs /kJ mol 1

10 78.5 3.3 101.7 44.1
12 92.1 8.1 109.8 59.1

Figure 1. Lamellar periods of piperazinium salts in the crystal14 92.8 5.8 110.1 63.0
(K) and smectic T phases as a function of the number n16 100.9 9.8 111.4 68.1
of carbon atoms of the alkyl chains.
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1550 A. Nikokavoura et al.

Table 4. X-ray diVraction data for the C10 piperazinium saltevery respect therefore the crystal structure is similar to
at 125°C; dobs and dcalc are the observed and calculatedthose determined for piperazinium salts of long chain
spacings of the (h k l) re� ections of a monoclinic cell.

aliphatic acids [15, 16].
At temperatures above the � rst thermal transition, the h k l dobs /AÃ dcalc

diVraction patterns contained more than three equidistant
0 0 1 23.14 23.26sharp re� ections in the small angle region attributed to
0 0 2 11.62 11.63the presence of a lamellar phase. In the wide angle
0 0 3 7.74 7.75

region the patterns contained a diVuse band indicative 2 0 0 6.47 6.47
of the liquid-like order of the alkyl chains and several 2 0 1 6.03 6.00

0 1 0 5.84 5.84sharp re� ections (� gure 2). These re� ections appear in
0 1 1 5.68 5.66the same positions for all the piperazinium derivatives
1 1 0 5.32 5.32and can be indexed (table 3 ) according to a two-

1 1 1 (shoulder) ~5.2 5.12
dimensional rectangular lattice with cell parameters 0 0 5 4.65 4.65
a=13.03, b=5.83 AÃ . The re� ection condition, h0: h=2n, 2 1 0 4.34 4.34

2 1 1 4.20 4.19is consistent with the rectangular p2mg plane group [22].
0 0 6 3.88 3.88The observed lattice describes the periodic arrangement
3 1 0 3.49 3.47of the polar piperazinium sulphate groups since the alkyl
4 0 0 3.24 3.24

chains are in a disordered conformation. However for 4 0 1 3.12 3.14
the shorter C10 derivative, additional peaks were observed 0 2 0 2.91 2.92

1 2 0 2.85 2.85(table 4) and therefore the phase is characterized by an
interlayer coupling which leads, from a formal point of
view, to a true three-dimensional long range order. The
observed re� ections can be indexed according to a simple monoclinic cell with the same a and b parameters as

above, while the c-axis is tilted slightly with respect to the
layer normal (a=13.09, b=5.85, c=23.54 AÃ , b=98.9°).
The re� ection conditions, h00: h=2n, h0l: h=2n, were
consistent with these observed for the two-dimensional
lattice. The possible space groups that satisfy the re� ection
conditions are either Pc, cell choice 3 (P1a1) or P2/c,
cell choice 3 (P12/a1) [22].

On further heating, above the second transition observed
by DSC, the diVraction patterns contain 3 equidistant
sharp small angle re� ections, a diVuse band centred at
about 4.5 AÃ , two rather sharp peaks in the wide angle
region located at 6.15 and 4.35 AÃ (� gure 2) for all the
investigated piperazinium derivatives and a very low
intensity peak at 3.0 AÃ . These peaks can be indexed as
the (0 1 0), (1 1 0) and (2 0 0) re� ections of a square
lattice consistent with the existence of a smectic T phaseFigure 2. X-ray diVraction patterns of 1,4-piperazinium

di-n-tetradecyl sulphate in the rectangular smectic phase in which the ionic groups are arranged periodically
at 125°C and in the smectic T phase at 135°C. according to a two-dimensional tetragonal lattice

[12, 14, 21]. The cell parameter, a=6.15 AÃ , is the same
Table 3. X-ray diVraction data for the C12–C16 piperazinium

for all the derivatives studied meaning that the packing
salts at 125°C; dobs and dcalc are the observed and calcu-

of the piperazinium sulphate groups inside the polarlated spacings of the (h k 0 ) re� ections of a rectangular cell.
sublayers is again totally independent of the length of

h k l dobs /AÃ dcalc /AÃ the alkyl chains. For the short alkyl chain C10 derivative,
the diVractogram contains additionally the (0 1 1) and

2 0 0 6.49 6.50
(1 1 1) peaks, while the (0 2 0) peak is clearly observed.

0 1 0 5.83 5.83
The existence of three-dimensional correlation arises1 1 0 5.31 5.32
from long range coulombic interactions of the ionic2 1 0 4.34 4.34

3 1 0 3.48 3.48 charges apparently due to the smaller distance between
4 0 0 3.25 3.25 the polar sublayers. However, since the electrical inter-
0 2 0 2.91 2.92

actions are stronger inside the polar sublayers than
1 2 0 2.85 2.85

between them, the smectic layers are able to slip over
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1551Homo- and piperazinium alkyl sulphates

each other rather easily [21] and therefore the phase can is simply a result of the thermal expansion of the volume
of the aliphatic part of the molecules.be characterized as liquid crystalline. A similar behaviour

has been observed in the smectic T phase of dialkyl- A better description of the arrangement of the ionic
head groups inside the polar sublayers of the smectic1,4-diazoniabicyclo [2.2.2]octane dibromide derivatives

[14]. phases requires the determination of the number of
molecules per unit cell. The molecular area S, i.e. theThe lamellar periods in the orthogonal and tetragonal

phases are approximately identical, diVering only by about surface covered by each molecule in the layers, can be
estimated utilizing the observed linear dependence of0.5%. They grow linearly with the number of carbon

atoms in the alkyl chains according to the equation the smectic period d on the number n of carbon atoms
in the alkyl chains and the assumption of additivityd/AÃ =7.4 0.1+1.61 0.01 n for the orthogonal phase at

125°C, and d/AÃ =7.4 0.1+1.62 0.01n for the tetragonal of the partial volumes of the polar and apolar parts of
the molecules [12, 21]. From the measured slope of thephase at 135°C (� gure 1). The values of the Y -intercept

indicate that the thickness of the polar sublayers in the straight line (2VCH2 /S) and the known volume of one
methylene group [23] (VCH2 =28.5 AÃ 3 at 125°C andsmectic phases is equal to that of the crystal phase.

Thus, the rearrangement of the head groups during the 28.7 AÃ 3 at 135°C), the molecular area S covered by the
alkyl chains can be calculated. In the smectic T phasethermal transitions is taking place at constant thickness,

as already observed in the case of quaternary alkyl- the area determined using this approximation, 35.4 AÃ 2,
was very close to the area of the square unit cellammonium salts exhibiting smectic T phases [21]. The

values of the slopes obtained in the smectic phases were (6.152=37.8 AÃ 2 ). Each tetragonal unit therefore contains
one polar group, while the molten alkyl chains � lllarger than those in the crystal phase and also higher

than that of a fully extended paraYn chain suggesting the space above and below the piperazinium moieties.
Essentially the same area covered by the aliphatic chainsthat in the smectic phases the melted alkyl chains were

no longer interdigitated, � gure 3 (a). The small diVerence was obtained in the orthogonal phase, clearly suggest-
ing that each rectangular unit cell, having an area ofin the lamellar thickness between the two smectic phases
13.03×5.83=76.0 AÃ 2, contains two polar groups. On
the basis of the observed symmetry of the orthogonal
cell, the number of groups inside it and the sizes of
the piperazinium and sulphate ions quoted above, a
herringbone-type arrangement is proposed, � gure 3 (b).
The sulphate groups are quite probably located between
the ammonium groups in order to ensure perfect alter-
nation of the positive and negative charges and minimize
the electrostatic repulsions. Increasing the temperature,
a reorganization of the polar groups is observed resulting
in a slight increase of the molecular area, but without
aVecting the lamellar spacing. This observation most
probably supports the assumption of a rotational motion
of the piperazinium groups in the SmT phase. Therefore

Figure 3. Schematic view of the proposed molecular arrange- their positions in space become equivalent and the
ment in the ordered smectic phases. (a) The positive tetragonal packing is favoured. Evidently, the positions
ammonium and negative sulphate ions alternate within of the piperazinium and sulphate ions are at the corners
the polar sublayers to minimize the coulombic repulsions.

and centres of the square lattice, � gure 3 (c).The lipophilic sublayers consist of alkyl chains in a
disordered conformation. (b) Top view of the arrangement
of the ionic species in the rectangular unit cell. The 3.3. X-ray investigation of the homopiperazinium
piperazinium groups (oblongs) are positioned on the axes derivatives
of the unit cell while the sulphate groups (circles) are The X-ray patterns of the homopiperazinium derivatives
located within the cell to achieve strict alternation of

contain more than four equidistant small angle re� ectionspositive and negative charges. The thin lines represent the
at room temperature, indicating the lamellar arrange-mirror planes, and the dashed lines the glide planes of the

rectangular p2mg space group. (c) Top view of the polar ment of the molecules; a large number of sharp re� ections
sublayer of the smectic T phase. Upon heating, the in the wide angle region reveal the existence of well
positions of the piperazinium groups, now represented as developed crystal phases. The lamellar periods deter-
circles, become equivalent, possibly due to their rotational

mined from the small angle re� ections are only slightlymotion. As a result, the rectangular lattice is transformed
larger than those of the piperazinium derivatives. Theyinto a square lattice having the same thickness, dp , and a

slightly larger molecular area per molecule. grow linearly with the number n of carbon atoms of
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1552 A. Nikokavoura et al.

the alkyl chains (� gure 4) according to equation d/AÃ = guanidinium sulphonate derivatives [25, 26]. Indeed, as
reported in the literature, the piperazinium di-cation is8.4 0.2+1.11 0.02 n. The thickness of the polar sublayers

is greater by about 1 AÃ than that of the piperazinium hydrogen-bonded to four diVerent carboxylate anions in
the crystalline phase of piperazinium bis(n-alkanoates)derivatives. Since the size of the homopiperazinium

group [24], ~6 AÃ , is only slightly larger than that of [16, 18]. Additionally, in the case of a piperazine ethane
sulphonic acid derivative [27], dimers are formed duethe piperazinium group, this diVerence is apparently due

to the less symmetrical shape of the homopiperazinium to the formation of hydrogen bonds between the nitrogen
of the piperazine and the oxygen of the sulphonatemoiety. The alkyl chains are again interdigitated forming

single layers and tilted by about 29 degrees in order to group. FTIR spectroscopy was used to investigate the
hydrogen bonding both in the crystalline and in the orderedcompensate for the larger cross-sectional area of the

polar groups. and disordered smectic phases of the piperazinium and
homopiperazinium derivatives. In the crystalline phase,At temperatures above the crystal–smectic A transition,

the diVraction patterns contain three sharp equidistant the spectra of both series of compounds contain in the
3300–3000 cm 1 N–H stretching region (which is thesmall angle re� ections related to the smectic ordering, and

a diVuse wide angle re� ection centred at 4.5 AÃ indicating most suitable for the study of hydrogen bond formation
of amines [21, 26]) two absorption bands which are notthat the alkyl chains are in a disordered conformation.

The smectic periods measured increase linearly with the present in the spectra of the corresponding piperazinium
and homopiperazinium hydrobromides. The bands locatednumber of carbon atoms in the aliphatic chains (� gure 4)

according to the equation d/AÃ =9.6 0.5+1.69 0.04 n at at 3120 and 3027 cm 1 for the P12 compound and at
3135 and 3025 cm 1 for the H12 compound clearly130°C. From the slope of the d vs. n straight line, the

area S covered in the plane of the smectic layers by one indicate that the NH groups are hydrogen-bonded to
the sulphate groups (it should be noted that the changemolecule may be determined as above, using the known

volume of one methylene group (28.6 AÃ 3 at 130°C). The of the S=O stretching bands upon hydrogen bonding
is much less pronounced [27]). Their positions alsovalue determined (33.8 AÃ 2 ) is smaller than that found

for the smectic phases of the piperazinium salts. The suggest that the binding is much stronger in the case of
the piperazine derivative [28]. Upon heating the P12smaller molecular area and the larger thickness of the

polar sublayer indicate that not only the alkyl chains, derivative, the bands remain unchanged up to the smectic
T phase where the bands become broader, although theybut also the polar head groups are arranged in a

disordered fashion within the smectic A phase [21]. are centred at the same position. The hydrogen bonding
formation is therefore not essentially aVected in the
orthogonal smectic phase and is slightly distorted in the3.4. Infrared spectroscopy of the piperazinium and

homopiperazinium derivatives smectic T phase. These results are in line with those
reported for another series of hydrogen-bonded com-The strong interactions of the positive and negative

ions through coulombic forces allow them, in principle, pounds forming smectic T phases [21]. In the case
of the H12 derivative, the bands become broader andto form hydrogen-bonded networks, as in the case of
decrease signi� cantly in intensity upon heating in the
smectic A phase. It is thus veri� ed that the polar groups
are assembled in a disordered manner within the smectic
layers.

4. Concluding remarks
Alkyl sulphate piperazinium salts melt forming two

ordered smectic mesophases in which the ionic groups
in the polar sublayer are arranged according to a
rectangular lattice at low temperatures and to a tetra-
gonal lattice at higher temperatures. The occurrence of
such uncommonly observed phases is certainly related
to the chemical structure of the mesomorphic com-
pounds. The ionic groups interact predominantly through
coulombic forces and through hydrogen bonding, resulting
in systems of two-dimensional order. In this manner,
strict alternation of positive and negative charges isFigure 4. Lamellar periods of the homopiperazinium salts in
achieved as required by thermodynamics [12]. The shapethe crystal (K) and smectic A phases as a function of the

number n of carbon atoms in the alkyl chains. of the ions however plays a critical role in the overall
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