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Received: 11 April 2011 / Accepted: 26 May 2011 / Published online: 17 June 2011
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Abstract The novel surfactant–picrate compounds were

synthesized and characterized by thermal and XRD analysis.

The synthesis, based on the electrostatic interactions of

components in polar solvents, was carried out using picric

acid and cationic surfactants (dodecyltrimethylammonium,

didodecyldimethylammonium, and tridodecylmethylam-

monium halide). The idea was to investigate the dependence

of physico-chemical properties and thermal transitions of

picrate–surfactant compounds with raising number of

dodecyl chains sited on the same ammoniumm head group.

The equimolar mixed aqueous solutions are characterized as

lyotropic, strongly promoted by picrate anion. The main

crystal structure feature of investigated picrates is layered

structure with stacked aromatic rings of one picrate mole-

cule on the top of the other one via strong p…p interactions

and connection to the alkylammonium molecules with their

nitro groups by C–H…O hydrogen bonds. Surfactant–pic-

rate bilayer-like structures are interrupted with layers of

polar heads and picrate counterions and the observed width

of such a bilayers are functions of more complex structural

behaviors which ensures alternation in space of equal

numbers of positive and negative charges. Although some of

the surfactants used posses thermotropic porperties, like

examined tridodecylmethylammonium chloride, no ther-

motropic mesomorphism is detected in solid state of

investigated surfactant–picrate compounds. The thermody-

namic parameters of solid–liquid thermal transitions depend

linear on the number of dodecyl chains, and for double- and

triple-tailed picrate compounds the marked temporal hys-

teresis of the melt crystallization is registered.
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Introduction

In this article, we report the preparation, physico-chemical

properties, and characterization of series of chemical

structures with the picrate unit and single-, double-, and tri-

tailed alkylammonium cationic amphiphiles, with the same

length of the attached alkyl chain.

Nowdays, there is a considerable interest in the general

area of colloidal and organic solid-state chemistry, partic-

ularly in the understanding of factors which control the

arrangement of molecules in a crystal lattice, where the

influence of surfactants with different molecule structures

is one of those factors. The picrate anion is chosen because

of its property to form often nicely crystalline solids, and is

generally useful for the separation, purification, and iden-

tification of many organic compounds. The picric acid

forms stable ionic salts or charge transfer complexes with

many aromatic hydrocarbons, alkalines, aliphatic or aro-

matic amines [1–4] as the most important functional groups

in molecules of biological importance, including amino

acids, nucleoside, proteins, vitamines, and alkaloids [5–7].

The most favorable interaction site is negatively charged

phenolic oxygen due to ion–ion interaction, where the

picrate coordinates as a monodentate ligand and the crystal

structure consists of molecules of an anion and cation

connected by hydrogen bonds [3, 4]. Possible simultaneous

interactions with o-nitro and p-nitro oxygens may lead to

the formation of multidentate anions [8]. Studies of the

picrate interactions may be used for various scientific and

commercial applications, from dye and explosive manu-

facturing to biological monitoring methods [1].
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The appropriate combination of experimenal techniques

in the investigation of the interactions of single- and multi-

tailed cationic surfactants with oppositely charged picrate

molecules should provide more valuable information about

the nature of interactions of some anionic fragments with

different cationic surfactants, and about the variety of

product structures and their physico-chemical properties.

Seldom some authors pointed out the neglected role of the

ionic surfactant tails [9], mainly with identical headgroup

but differing tail lengths [10, 11]. The solid to liquid crystal

phase transition temperatures and enthalpies [11] and

mesophase-isotropic transition temperatures [10] show a

linear dependence with the chain length. This work is a

continuation of our research effort focused on the interplay

between molecular architecture, intermolecular interac-

tions, order, and macroscopic properties, investigating the

complex polymorphism, thermotropic mesomorphism, and

supramolecular organization of catanionic surfactants [10].

Experimental

Materials

The picric acid i.e. 2,4,6-trinitrophenol (p.a., Merck), and the

cationic surfactants: dodecyltrimethylammonium bromide

(Fluka, [99.0% AT, critical micelle concentration, cmc/

mmol dm-3 = 17 [12]), didodecyldimethylammonium

bromide (Acros Organics,[99.0% AT; cmc/mmol dm-3 =

0.05 [13]; critical vesicle concentration, cvc/mmol dm-3 =

0.014 [14]), tridodecylmethylammonium chloride (Fluka,

C97.0% AT, cmc unknown) and tetradodecylammonium

bromide (Fluka, C99.0% AT, cmc unknown) were used

without further purification for the preparation of solid salts.

Synthesis of surfactant picrates

Cationic surfactant picrates were prepared by mixing cat-

ionic surfactant halides and picric acid at equivalent con-

ditions. All systems are prepared at the same final

concentration of 0.005 mol dm-3 in heated aqueous solu-

tions, thermostated at T/K = 293 ± 0.1 and aged for a

period tA. The exceptions were tridodecylmethylammoni-

um picrate prepared in acetone due to the solubility reason,

and the attempts to prepare tetradodecylammonium picrate

in ethanol, acetone, or toluene was unsuccessful. The

microcrystalline compounds were precipitated as darker or

brighter yellow needles. They were collected by filtration

after 2 weeks of aging, washed with cold water to remove

potentially coprecipitated electrolyte, recrystallized several

times from ethanol and acetone, dried under vacuum for

24 h at room temperature, and stored protected from

moisture and light before use. Isolation of the extremely

small particles of the separated phase for the X-ray powder

diffraction experiments was performed after 60 min of

systems aging by 60 min centrifugation at 36,000 rpm

(Beckman L2-65B ultracentrifuge with rotor 40). Single

crystals were grown using slow evaporation solution

growth technique in refrigerator.

Novel compounds are presented in Scheme 1 and

marked as follows: dodecyltrimethylammonium picrate

(refered as compound 1), didodecyldimethylammonium

(2), and tridodecylmethylammonium picrate (3). The purity

of compounds was checked by elemental analysis. Anal.

for C21H36N4O7 (1) found: C, 55.20; H, 7.96; N, 12.26%;

requires C, 55.22; H, 7.95; N, 12.27%; for C32H58N4O7 (2)

found: C, 62.90; H, 9.56; N, 9.16%; requires C, 62.92; H,

9.57; N, 9.17%; for C43H80N4O7 (3) found: C, 67.48; H,

10.56; N, 7.33%; requires C, 67.50; H, 10.54; N, 7.32%.

Measurements

The mean hydrodynamic diameter of vesicles formed short

after preparation of compounds in aqueous solutions was

measured using dynamic light scattering (DLS) by a

Zetasizer Nano ZS (Malvern, UK) equipped with a 532 nm

‘‘green’’ laser. Detection occurred at 173o angle in glass

cuvettes. A latex standard of uniform particle size of 20 nm

was used to evaluate the accuracy of the measurements.

Mean hydrodynamic diameter of vesicles, d (nm), was

estimated using Debye–Einstein–Stokes equation d = kB

T/(3 p g D), where kB represents the Boltzman constant,

T is the absolute temperature (298 K), g is the viscosity of

the dispersing medium, and D is the apparent diffusion

coefficient.

The morphology and texture of samples were observed

between slide and cover slip by a optical polarizing

microscope Leica DM LS equipped with a Mettler FP 82

hot stage and a color video camera Sony model No. SSC-

DC58AP. The average size of vesicles coexisting with

precipitate was estimated from series of microphotographs.

Elemental analyses were performed on a Perkin-Elmer

Analyser PE 2400 Series 2.

Thermogravimetric analysis, TGA, was performed from

293 to 600 K with a Mettler Toledo TA 4000 system.

Thermal properties were examined by differential

scanning calorimetry, DSC, using Perkin-Elmer Pyris

Diamond DSC calorimeter in N2 atmosphere equipped with

a model Perkin-Elmer 2P intra-cooler. Solid samples were

placed in an aluminum hermetic pans, heated, and cooled

(in some cases to 263 K) at the rate of 5 K min-1. Tem-

perature and enthalpy calibrations were performed using

high purity standard (n-decane and indium). The transi-

tion temperatures, T, were reported as the maximum

and minimum of their endothermic and exothermic peaks.

The resulted transition enthalpy, DH (kJ mol-1), was
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determined from the peak area of the DSC thermogram,

while the transition entropy, DS (kJ mol-1 K-1), was cal-

culated by the equation DS = DH/T. All results were taken

only from the first heating and cooling run as mean values

of several independent measurements carried out on dif-

ferent samples of the same compound (Table 1).

High temperature WAXS measurements were made on a

theta–theta diffractometer Ultima III, Rigaku, Japan) with

oven sample chamber and scintillation counter as the

detector. Step size was 0.02o and scan rate was 0.5o per

minute. Data were analyzed in Jade 9 (MDI, Inc., CA).

Detection was with a home made linear position sensitive

detector.

Crystals of compounds suitable for single-crystal X-ray

analysis were grown from acetone solutions by slow

evaporation at -4 �C in refrigerator. All measurements

were performed on Xcalibur Nova X-ray diffractometer

with multilayer optics and Cu Ka radiation (k = 1.5412 Å)

at room temperature. Data reduction was performed using

CrySalisPro software [15] and WINGX [16] program

package. Structures were solved by direct methods using

the SHELXS package and refined by SHELXL97 [17].

Molecular geometry calculations were done by PLA-

TON98 [18]. Plots of the molecules and crystal packings

were generated by MERCURY [19]. Atomic scattering

factors were included in SHELXL97 and the hydrogen

atom coordinates were geometrically calculated and refined

using riding model of the same package. Crystallographic

data for the structures 1, 2, and 3 are deposited in the

Cambridge Structural Database under the CCDC codes

807677, 807678, and 807679, respectively.

Results and discussions

The general structural formulae of the investigated picrates

are listed in Scheme 1. The compounds 1–3 are molecular

addition salts of different cationic single-, double-, and

three-tailed alkylammonium surfactants with picrate anion.

Compounds differ in the number of dodecyl chains sited on

the same nitrogen atom in quaternary ammonium groups.

The structures and physico-chemical properties of selected

molecules would yield new informations that are necessary

for knowing the role of surfactant tails in controlling the

shape and size of the resulting aggregates in solution and

solid state.

Synthesis of cationic surfactant–picrate compounds

Synthesis of novel crystalline 1:1 ion-pair complexes (1–3)

is based on electrostatic interactions between negatively

charged phenolic oxygen from picrate counterion [3, 4],

and postively charged nitrogen from surfactant headgroup.

The formation of single- or multi-tailed surfactant–picrate
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O2N

NO2

NO2

NO2

NO2

O–

O–
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O2N NO2

NO2
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Scheme 1 The scheme of the investigated picrates: dodecyltrimeth-

ylammonium picrate (1), didodecyldimethylammonium picrate (2),

and tridodecylmethylammonium picrate (3)

Table 1 The diameters for vesicles populations formed 2 and 14 h after preparation (tA) and the period of vesicles stability (tV) for the

compounds 1 and 2

Compound tA = 2 h (d/nm) tA = 14 h (d/lm) tV/days

1 560 8,500 8 35 1.0

2 35,000 2 5 2.6
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compounds by spontaneous batch experiment in polar

solvent can be described with Eq. 1:

Nþ CH3ð Þ4�xRx

� �
X� þ HþP�

! Nþ CH3ð Þ4�xRx

� �
P� þ Hþ þ X�; ð1Þ

where R denotes dodecyl chain, P denotes picrate anion,

x is the number of dodecyl chains, and X denotes halide

counterions.

The synthesis of tetramethylammonium, tetraethylam-

monium [20], and tetrabutylammonium picrate was suc-

cessfully carried out [21], but our attempted preparation of

the tetradodecylammonium picrate complex in different

media was unsuccessful, similar to the synthesis of tetra-

alkylammonium halide–catechol complexes [22]. Unlike

complexes with shorter tetraalkyl chains, packing require-

ment of tetrabutylammonium cation points to energetically

unfavorable bonding geometry [22].

Although this article is focused on thermal and structural

properties of the solid surfactant picrates, some interesting

macroscopic observations in bulk aqueous solutions during

compounds preparation cannot be omitted. Immediately

after mixing components all aqueous systems became

multi-phased, characterized by the presence of spherical

vesicles, or coexistence of precipitate and fused or desin-

tegrated vesicles (Fig. 1). The presence of vesicles as time

dependent and unstable discrete aggregates of bilayered

structure with broad size distribution, indicates that pre-

cipitation proceeds via liquid crystalline phase formation.

In general, surfactant molecules self-assemble in water

solutions into a large variety of morphologically different

structures, depending on concentration and conditions in

the bulk, molecular architecture, intermolecular interac-

tions, addition of other surfactants or cosolutes, or appli-

cation of external forces. Some of the promoters of bilayers

and vesicles formation are electrostatic attractions and

intermolecular hydrogen bonds. For ionic surfactant sys-

tems, the long range electrostatic forces play a dominant

role in the aggregate structure and stability. Simple single-

chained surfactant molecules rarely form vesicles if not

mixed with negatively charged surfactants, or by salt

addition. The addition of picrate counterion to investigated

surfactant aqueous solutions containing unimers or

micelles induces spontaneous formation of vesicles. These

vesicles are metastable aggregates formed without external

energy input (assuming a necessary shear during sample

mixing as equal for all the samples), and demonstrate

differently long transformation times. The compound 3 was

prepared in acetone, no vesicels were observed in this

medium and is not shown in Fig. 1 and Table 1. During the

preparation of compound 2 with double-chained, didode-

cyldimethylammonium bromide surfactant, multilamellar

vesicles were already present before mixing with picrate

solution (size of about 50 lm, which is in good agreement

with the data described earlier [13]). Addition of picrate

counterion induces the transformation of vesicles and

appearance of lamellar sheet fragments. As determined by

optical microscopy, decreased size of 2 and 14 h aged

vesicles (from initially 50, to 35 lm and 2 to 5 lm,

respectively) points to vesicles breakdown. It seems that

after the initial vesicle formation, the incorporation of pi-

crates into vesicle structure of didodecyldimethylammo-

nium bromide occurs, and then the subsequent

disintegration of the vesicles, leading to further precipita-

tion. Such a fusogenic behavior of didodecyldimethy-

lammonium bilayer vesicles was demonstrated previously

in the presence of variety of inorganic and organic anions

[23]. The changes of vesicle size with aging time, tA, is

summarized in Table 1. Two populations of vesicles, sig-

nificantly differing in size, were detected in the nanometer

range (determined by DLS) 2 h after preparation of com-

pound 1. Changes in microelectrophoretic mobility were

statisticaly distributed around zero charge, as expected.

About 14 h after preparation, the size of vesicles in both

populations increased to micrometer range (observed by

optical microscope) and such vesicles are characterized as

giant vesicles. Further change of giant vesicle size toward

smaller values is accompanied with precipitate formation.

Table 1 shows also the vesicles stability period, tV, defined

as the time in days during which one can still detect the

vesicles, i.e. the time needed for complete transformation

of vesicles. This transformation includes the transition of

liquid crystalline phase to solid crystalline phase. It can be

clearly seen that the number of dodecyl chains strongly

influenced the tV value. The stability period of liquid

Fig. 1 The vesicles observed

upon preparation the samples 1
and 2 under crossed polarizers

(1) and using phase contrast (2).

The microphotographs are taken

14 h after preparation of the

systems at concentrations of

about 5 mmol dm-3. The bar

corresponds to 250 lm
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crystalline phase grew up with increased number of

dodecyl chains bounded to the same headgroup (com-

pounds 1 and 2).

Microscopic observations (Fig. 1) and DLS measure-

ments (Table 1) indicated that mechanism of liquid crys-

talline to solid crystalline phase transitions involves at least

three steps: initially, the addition of oppositely charged

picrates induces spontaneous formation of vesicles, further

incorporation of picrates into vesicle structure induces

growth of vesicles, and during prolonged aging breakdown

of giant vesicular assemblies leads to the increasing

amount of precipitate. Such transformations from vesicu-

lar, lyotropic systems, to the complex crystalline assem-

blies are governed by the headgroup electrostatic

interactions of cationic surfactants with picrate counterion,

respecting the different geometries of investigated surfac-

tant molecules as well as picrate geometry.

The crystal structures

The crystal structures of many picrates have been deter-

mined with high precision, often used for comparison of

the dimensions and conformations of the picrate ions in

different crystallographic environments. The crystalline

structure of dodecylammonium picrate belongs to triclinic

symmetry, and the dodecyl chains in zig-zag conformation

with the polar amino ends are packed in head-to-head

orientation [3]. To establish the structure and packing

arrangement of solid picrates, X-ray single-crystal analysis

was used (Figs. 2, 3, 4). The single-tailed compound 1

crystallized in triclinic P-1 space group with two dodecy-

lammonium and two picrate ions in the asymmetric unit. In

the crystal packing, clear division of hydrophobic and

hydrophilic layers is visible (Fig. 2). The picrate groups are

stacked one on top of the other utilizing p…p stacking

interactions with closest distance between C atoms of

3.29 Å. Each of the picrate groups forms C–H…O hydro-

gen bonds between their nitro groups and methyl groups of

the dodecyltrimethylammonium cations. The distance

between C and O atoms in these hydrogen bonds ranges

from 3.08 to 3.18 Å. Long aliphatic tails of the dodecy-

lammonium groups are placed next to each other thus

forming a hydrophobic layer. The whole crystal packing is

formed by the interchange of hydrophobic and hydrophilic

layers. The introduction of three methyl groups on the N

atom of alkyl chain in the compound 1 greatly reduces its

hydrogen bond capability. This leads to the somewhat

different crystal packings of the two compounds. In the

case of dodecylammonium picrate [3], the polar head of

alkyl chains is fully involved in bifurcated N–H...O

hydrogen bonds with neighboring picrate anions which act

as the bridges between them. In the crystal packing of 1,

the C–H…O hydrogen bonds are much weaker, and the

packing is dominated by hydrophobic interactions between

alkyl molecules and p…p interactions of the picrate aro-

matic rings. Each of the picrate groups forms C–H…O

hydrogen bonds between their nitro groups and methyl

groups of the dodecyltrimethylammonium cations. This

lack of hydrogen bond ability may contribute to the dou-

bling of the number of independent molecules in the

asymmetric unit in the crystal structure of 1. One of the

dodecyltrimethylammonium molecules is slightly bent at

the ammonium end of the molecule to accommodate the

crystal packing.

In the crystal packing of double-tailed compound 2 (also

space group P-1), the separation of hydrophobic and

hydrophilic layers is even more pronounced than in the

crystal packing of compound 1 (Fig. 3). The underlying

network of noncovalent bonds and packing pattern are

similar to the compound 1. Picrate groups stack via p…p
interactions (the closest C–C distance is 3.42 Å) and con-

nect to the didodecyldimethylammonium cations with

C–H…O hydrogen bonds.

The three-tailed compound 3 crystallizes in the space

group C 2/c (Fig. 4). Two picrate molecules are

Fig. 2 Two views of the crystal packing of the compound 1. The

width of the layers is equal to the crystallographic c axis which is

20.44 Å
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‘‘sandwhiched’’ between three-tailed alkyl molecules and

isolated from other molecules but form large number of

C–H…O hydrogen bonds. The conformation of three-tailed

alkylammonium cations is such that two long tails point in

the opposite direction from the third tail. Molecules

assemble in such a way that their long tails are placed in

parallel to form one hydrophobic layer. Each picrate forms

p…p interactions with only one neighboring picrate mol-

ecule (closest distance between C atoms in the aromatic

rings is 3.34 Å). All of the oxygen atoms are involved as

acceptors of C–H…O hydrogen bonds from the surround-

ing alkyl chains.

Crystallographic data, structure solution, and refinement

for the compounds dodecyltrimethylammonium picrate (1),

didodecyldimethylammonium (2), and tridodecylmethy-

lammonium picrate (3) are given in Table 2.

The stacked bilayered structures are characteristic for

the behavior of amphiphilic compounds with n-alkyl chains

[24]. The similarity of the synthetic surfactant molecular

assembly with bilayer strucuture to those of phospholipids

is evident [25], but also their ability to conform desired

bilayer assemblies in the form of single crystal [25]. The

intralamellar electrostatic interactions between cationic and

anionic fragments neutralize the surface charge through the

formation of tight ion pairs, and alternatively accomoda-

tion of hydrophilic and hydrophobic regions is well known

[24]. The investigated series of aggregation structures

formed spontaneously in single crystals (1–3) of amphi-

phile-picrate compounds shows bilayer forming properties,

similar to that of bilayers in biomembranes. Crystal pack-

ing of these compounds (Figs. 2, 3 and 4) does not point to

the classical bilayer, but to the distinctive bilayers forma-

tion interrupted with layers of polar heads and picrate

counterions. Unique properties of this crystal structures are

based on molecular ordering with typical width of such a

bilayers equal to the crystallographic c axis which is

20.44 Å (1) and 22.21 Å (2); or equal to the half of c axis

for compound 3 which is 18.7 Å. The crystals of dode-

cyltrimethylammonium bromide (DTAB) have a smectic

layer structures stacked along the c axis, and show tail to

head packing [24], i.e. chains lay parallel to one another

and head groups are oriented in opposite direction. The

insertion of picrate molecule to form compound 1

(c = 20.44 Å, Fig. 2) does not cause the elongation of

c axis length in comparison with DTAB crystal itself

(c = 21.55 Å) [24]. Independent of temperature, for

didodecyldimethylammonium bromide the lattice parame-

ter a = 6.04, the width of layers of 23.6 Å, and also an

ordered two dimensional tetragonal arrangement of the

ionic ammonium bromide groups within the smectic layers

[26] was determined. However, when picrate instead of

bromide acts as counterion, the picrate compound 2 shows

elongation of parameter a to 6.95 Å, and low compression

Fig. 3 The width of the layers in the structure 2 is equal to the

crystallographic c axis which is 22.21 Å

Fig. 4 Two views of the crystal packing of the compound 3. The

width of the layers is equal to the half of the crystallographic c axis

which is 18.7 Å
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of layers width to 22.21 Å. The crystal structure of dioc-

tadecyldimethylammonium bromide consists also of

bimolecular layers with characteristic tail to tail packing

[25], while the investigated didodecyldimethylammonium

picrate shows alternate head to tail layout (Fig. 3). The

crystal packing of compound 3 cannot be compared to the

crystal structure of tridodecylmethylammonium chloride

surfactant itself because this structure is not solved. Two

picrate molecules of compound 3 are ‘‘sandwhiched’’

between three-tailed alkyl molecules and isolated from

other molecules but form large number of C–H…O

hydrogen bond (Fig. 4).

Consequently, the analysis of this structures strongly

suggests that theirs solids are partly like synthetic bilayers

and consist of repeated patterns characteristic for liquid

crystalline phases interrupted with layers of polar heads

and picrate counterions. The observed widths of bilayers of

the investigated picrates 1–3 (Figs. 2, 3, 4) are not simple

functions of the number of dodecyl chains on the same

nitrogen atom in quaternary ammonium groups, but are the

consequences of more complex structural behaviors which

ensures alternation in space of equal numbers of positive

and negative charges, as required by thermodynamics for

systems with electrostatic interactions.

Thermal properties

The crystals most of alkylammonium amphiphiles exhibit

numerous quantitative variations of the bilayer structures

with complex polymorphism and mesomorphism, as a

Table 2 Crystallographic data, structure solution, and refinement for the compounds 1–3

Identification code 1 2 3

Empirical formula C42H72N8O14 C32H58N4O7 C43H80N4O7

Formula weight 913.08 610.82 765.11

Temperature/�K 293(2) 293(2) 293(2)

Wavelength 1.5418 Å 1.5418 Å 1.5418 Å

Crystal system Triclinic Triclinic Monoclinic

Space group P-1 P-1 C 2/c

Unit cell dimensions/Å, � a = 11.1136(5) a = 6.9546(8) a = 23.5896(10)

b = 12.1995(5) b = 11.0626(8) b = 11.0371(3)

c = 20.4439(10) c = 22.210(2) c = 37.4593(15)

a = 92.433(4) a = 98.423(7) b = 101.546(4)

b = 99.601(4) b = 93.735(8)

c = 111.112(4) c = 96.066(7)

Volume/Å3 2533.6(2) 1675.2(3) 9555.6(6)

Z 2 2 8

Density (calculated)/mg/m3 1.197 1.211 1.064

Absorption coefficient/mm-1 0.747 0.685 0.564

F(000) 984 668 3376

Crystal size/mm 0.1 9 0.1 9 0.2 0.1 9 0.1 9 0.1 0.3 9 0.2 9 0.2

Theta range for data collection/� 3.91–54.21 4.07–62.26 4.09–58.93

Index ranges -11 B h B 11, -7 B h B 6, -26 B h B 24,

-12 B k B 11, -12 B k B 8, -12 B k B 11,

-21 B l B 21 -24 B l B 25 -41 B l B 41

Reflections collected 18842 10416 20313

Independent reflections 6160 [R(int) = 0.0348] 5126 [R(int) = 0.0577] 6831 [R(int) = 0.0414]

Completeness/% 99.5 96.9 99.3

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 6160/0/578 5126/0/388 6831/0/469

Goodness-of-fit on F2 1.219 1.094 1.822

Final R indices [I [ 2sigma (I)] R1 = 0.0967 R1 = 0.0701 R1 = 0.1391

wR2 = 0.2946 wR2 = 0.1959 wR2 = 0.4142

R indices (all data) R1 = 0.1232 R1 = 0.1058 R1 = 0.1530

wR2 = 0.3229 wR2 = 0.2193 wR2 = 0.4282

Largest diff. peak and hole/e/Å3 0.510 and -0.314 0.352 and -0.361 1.522 and -0.344
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function of temperature [11]. Diferent alkyltrimethylam-

monium halides undergo the processes of solid–solid phase

transition to melting of the alkyl chains, without formation

of liquid crystalline phase [27]. Bromides are thermally

unstable and decompose before melting [28]. Dialkyl-

dimethylammonium bromides show thermotropic meso-

morphism with marked hysteresis upon cooling and a

complex polymorphism of the crystalline state, with a

variety of coexisting metastable crystal forms, when

reached by cooling from the melt [26]. The smectic

mesophase of didodecyldimethylammonium bromide is

characterized between 344 and 441 K in heating cycle, and

down to the 317 K in cooling cycle [26]. The thermal and

mesogenic properties of muli-tailed surfactants are poorly

described, mostly whiting the meaning of polyfunctional

derivatives or carcinostatic and antibacterial drugs. Due to

the lack of trialkylmethylammonium halide data, the ther-

mal analysis of the single component tridodecylmethy-

lammonium chloride (TDMAC) as three-tailed component

was carried out first. The component passes through

reproducible exothermic transitions during cooling, and

endothermic transitions during heating. The phase transi-

tion parameters, transition temperatures, and enthalpy

changes derived form DSC heating and cooling scans are

listed in Table 3. The thermogram of TDMAC is shown in

Fig. 5 and micrographs of the characteristic textures

formed by heating and cooling of the sample in Fig. 6.

Component TDMAC is solid crystal at room temperature

(not shown) and at characteristic elevated temperature it

exhibits properties of liquid crystal (LC). Furthermore, as it

can be seen in Table 4, the TDMAC sample analyzed by

XRD at 358 K displays sharp peaks with reciprocal spac-

ings in the ratio 1:2:3:5 and is indexed as lamellar LC.

There is a diffuse peak in the diffraction pattern in the

vicinity of 4.5 Å which is characteristic of flexible and

molten state of hydrocarbon chains.

Polarizing microscopy studies of the textures (Fig. 6)

formed upon heating and cooling the isotropic melt to room

temperature of TDMAC confirmed the identified meso-

phases and characterized sample as enantiotropic. The

TDMAC images shown in Fig. 6a display spherulites–

maltese crosses and typical ‘‘oily streaks’’, and Fig. 6b

displays stepped drop texture (phase contrast), all of them

significant for lamellar phase. The low enthalpy changes

values for mesomorphic to isotropic liquid transition and

vice versa (Table 3) are also indications for respective

Table 3 Transition temperatures, T/K, enthalpies, DH/kJ mol-1; and entropies, DS/J mol-1 K-1, of tridodecylmethylammonium chloride

(TDMAC)

Compound Heating Cooling

T/K DH/kJ mol-1 DS/J mol-1 K-1 T/K DH/kJ mol-1 DS/J mol-1 K-1

TDMAC 323 59.1 179.4 377 -3.3 -8.6

351 15.6 44.6 340 -6.5 -19.2

379 2.9 7.7 312 -0.5 -1.7

303 -17.5 -57.9

300 320 340 360 380

–1

0

1

2

H
ea

t f
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w
/m

W

T/K

Fig. 5 The thermogram of tridodecylmethylammonium chloride

(TDMAC) obtained by differential scanning calorimetry during

heating (endothermic transitions, full lines), and cooling runs

(exothermic transitions, dashed lines). The arrow indicates the

temperature of WAXS measurement

Fig. 6 The micrographs of the

characteristic textures formed

by heating (a) and cooling to

room temperature (b) of

TDMAC, as observed on the

microscope hot stage by crossed

polarizers (a) and phase contrast

(b). T/K = 353 K (a) and

298 K (b). The bar represents

100 lm (a) and 50 lm (b)
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mesomorphic transformations. Moreover, other transitions

detected at lower temperatures during heating originate

most probaly from solid-state polymorphism, which cor-

responds to the gradual increasing disorder of the alkyl

chains upon heating. Picric acid and their salt with dode-

cyl-chain amine [3] do not show thermotropic properties.

The thermal stabilities of investigated picrates were

analyzed systematically by thermogravimetry. They are

found not to decompose below 445 K. Table 5 summa-

rizes phase transition parameters, individual transition

temperatures, and changes in enthalpy and entropy of

compounds 1–3, derived from the DSC heating and

cooling scans, in comparison with dodecylammonium

picrate (DAP) [3]. Microscopically obtained changes that

occured at specific temperatures were in aggreement with

the DSC measuremets.

It can be seen on the thermogram of dodecyltrimethyl-

ammonium picrate (compound 1), that the same number of

endothermic transitions during heating and exothermic

transitions during cooling cycle occured, corresponding to

the two different transitions in the solid crystalline state.

The only difference between compounds DAP and 1 is the

presence of three methyl groups on the amino group in 1

instead of hydrogens in DAP, and obviously different

molecular conformations and associated conformational

disorders are responsible for differences in the packing and

properties of solid–solid polymorphs [29]. Moreover, the

methyl groups can exert a greater steric strain because of

their greater electron density compared to hydrogen. The

thermal hysteresis of the phase transition temperatures for

melting to crystallization processes (DT = TM - TC) is

observed. By the introduction of three methyl groups

(comparison of compounds DAP and 1), the difference of

the melting and crystallization temperatures decreases ten

times (DTDAP * 51 K [3] and DT1 * 5 K). The phe-

nomenon of thermal hysteresis is associated to the presence

of metastable states and is characteristic of the first order

phase transition.

Compounds 2 and 3 showed markedly slugged crystal-

lization from the melt and it took time in hours (2) and days

(3) for crystals to develop, as monitored microscopically.

Figure 7 shows representative DSC curves of compounds 1

and 2 during heating and cooling runs (upper part), and the

zig-zag blade crystalline textures (lower part) of 1 (a), 2

developed 36 h (b), and 3 developed 54 h (c) after melting

and cooling to room temperature.

For all of the investigated picrates, there are no indica-

tions of the thermotropic mesomorphism, as was also found

for dodecylammonium picrate [3]. The absence of meso-

morphic properties can be attributed to the dominant effect

of picrate molecules with favorable interlayer 3-D hydro-

gen bond network between amino and picrate groups. The

ionic layer, formed of amino and picrate groups, is

‘‘sandwiched’’ between the hydrocarbon chain layers,

which cause alienation of hydrocarbon bilayers. As the

Coulomb interactions are stronger compared to van der

Waals forces in the hydrocarbon layers, one would expect

the ionic layers to remain unchanged by heating, with

conformational or positional disorder at lower tempera-

tures, possessing the liquid crystalline properties. Usually,

this disorder of ionic layers causes changes at higher

temperatures, from the liquid crystalline phase to the iso-

tropic liquid disorder. Unlike this, the existence of well-

defined melting points, as mostly only phase transition in

examined picrates, indicates the fact that disordering of

dodecyl chains and the destruction of ionic layers occures

simultaneously during melting of picrates, their liquid

Table 4 Interplanar spacings, d, Miller indices, 00l, and relative

intensities, Irel, for tridodecylmethylammonium chloride (TDMAC) at

358 K

TDMAC, T = 358 K

d/Å 00l Irel

23.5 001 100

12.0 002 56

7.9 003 42

4.6 005 7

Table 5 Transition temperatures T/K, enthalpies DH/kJ mol-1, and entropies DS/J mol-1 K-1 of investigated picrate compounds 1–3, in

comparison with dodecylammonium picrate (DAP) [3]

Compound Heating Cooling

T/K DH/kJ mol-1 DS/J mol-1 K-1 T/K DH/kJ mol-1 DS/J mol-1 K-1

DAP [3] 386 39.2 101.6 335 -34.3 -102.3

1 325 14.9 45.8 310 -3.5 -11.1

341 2.8 8.2 336 -2.9 -8.7

386 16.0 41.5 381 -16.1 -42.2

2 314 71.3 226.9 No detectable changes

3 331 83.3 251.7 No detectable changes
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crystalline properties are not pronounced and they cannot

be characterized as thermotropic compounds. Difficult and

slugged crystallization from the disordered to the ordered

phase of the samples from the melt, points the uncommon

ordering and kinetically managed processes. In addition,

the architecture of cationic surfactants with increased

dodecyl chain number makes this process more compli-

cated and also slower. This is the good reason for the

importance of examinations of the structural arrangements

composed of ionic and lipid layers with components of

different dimensions, architectures, and their hydrophilic–

hydrophobic nature.

Considering the thermodynamic parameters of investi-

gated picrates (Table 5, Fig. 8) by varying the number

of dodecyl chains (nD = 1–3) for compounds 1 (nD = 1),

2 (nD = 2), and 3 (nD = 3), overall melting enthalpies

(dHM) and entropies (dSM) follow linear growth by the

Eqs. 2 (R = 0.96) and 3 (R = 0.93):

dHM=kJ mol�1 ¼ 24:8nD þ 13:2 ð2Þ

and

dSM=J mol�1K�1 ¼ 78:1nD þ 35:3: ð3Þ

Many published data of surfactant-based compounds

found the explicit proportionallity of increasing hydrocar-

bon chain length, and different physico-chemical transi-

tions, theirs entropy changes and temperatures at which

they occur. The dependence on the number of dodecyl

chains sited on the same nitrogen atom in quaternary

ammonium group of the samples 1–3 was not found for

melting temperatures, but for melting enthalpies and

entropies. The increase of melting entropies indicates an

enhanced disorder by increasing nD, which is in accordance

with layout of more complexed structures.

It is interesting to see how the variation of chain number

affects the transitions and physico-chemical properties of

other picrate–surfactant derivatives. To get better insight

into the structure–properties relationship, our work on the

impact of the alkyl chain number in oligomeric surfactants

is in progress.

Conclusions

The crystalline materials of three novel surfactant–picrate

compounds were synthesized and characterized through

elemental analysis, thermogravimetric, thermal transitions

analysis, optical polarizing microscope, and by single-

crystal XRD techniques.
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Fig. 8 The dependence of transition enthalpies (DH/kJ mol-1, open
circle) and entropies (DS/J mol-1 K-1, solid circle) versus the

number of dodecyl chains sited on the same amino group (nD) of

investigated picrates in heating cycle
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Fig. 7 Upper part: the

thermogram of

dodecyltrimethylammonium

picrate (1), and

didodecyldimethylammonium

picrate (2), obtained by DSC

during heating (endothermic

transitions, full lines), and

cooling runs (exothermic

transitions, dashed lines). Lower
part: cross-polarized

microscopy images of 1 (a), 2
developed 36 h (b), and 3
developed 54 h after melting

and cooling to room

temperature (c). The bar

represents 250 lm (a, b) and

500 lm (c)
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The picric acid acts as promoter of lyotropic properties

in reaction with oppositely charged single- and multi-tailed

dodecylammonium cationic surfactants. The analysis of

crystallographic structures suggests that theirs solids are

partly like paraffin-like bilayers, consisted of alternated

hydrophobic and hydrophilic layers. Regular selfassembled

hydrophobic alkyl chains are interrupted with layers of

polar heads and picrate counterions. Parallel with the

growing complexity of cationic part of picrate crystals the

separation of the hydrophobic and hydrophilic domains is

less pronounced. The variations of the observed width of

the bilayers are not functions of the number of dodecyl

chains, but are the consequences of more complex mutual

packing behaviors which ensures alternation in space of

equal numbers of positive and negative charges, as required

by thermodynamics for systems with electrostatic interac-

tions. Unlike dodecyltrimethylammonium bromide and

picric acid, didodecyldimethylammonium bromide and

tridodecylmethylammonium chloride solid crystals possess

smectic properties. No thermotropic properties of investi-

gated picrate compounds are detected which can be

attributed to the dominant effect of picrate molecules with

favorable interlayer 3-D hydrogen bond network between

amino and picrate groups.

The increase of the thermodynamic parameters in

heating cycle depends linear on the number of alkyl chains.

The pronounced kinetic hindering of solidification for

multi-tailed picrate molecules was observed, and this per-

iod is longer for more complex strucutures.
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