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Abstract

The influence of the hydrocarbon chain length in the formation of interdigitated and non-inter-
digitated bilayers in n-alkylammonium chlorides has been investigated for chain lengths varying be-
tween 8 and 14 carbon atoms. The formation of non-interdigitated bilayers during crystallization
from solution is favoured for shorter chains whilst the interdigitated structure is predominant for
larger chains. The thermodynamic parameters of the solid to solid phase transitions in the non-inter-
digitated samples depend on chain length showing the odd-even alternation that characterized ho-
mologous series in n-paraffins. The solid to liquid crystal phase transition temperatures and enthal-
pies show a linear dependence with the chain length.
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Introduction

The study of bilayered chain compounds has attracted attention because these sys-
tems resemble smectic lipid bilayers. Alkylammonium chlorides, with general for-
mula C H,,,,NH,Cl (henceforth referred to as Cn), crystallize forming bilayers in
which they alternate layers of chlorine atoms with layers of alkyl chains [1-8]. The
bilayers can be interdigitated or non-interdigitated and the cause of the appearance of
one microstructure or the other is not well stablished and it has been attributed to sev-
eral factors such as the crystallisation conditions or the type of solvent used [1]. Fur-
thermore, when the bilayers are heated, they exhibit a considerable number of transi-
tions in the solid phase [5] and they also present a liquid crystal phase before the
isotropic liquid. In recent years the microstructure of C, H, NH,Cl has been studied
as a function of temperature and it has been shown [4, 5] that at room temperature the
alkyl chains in the C10 bilayer are interdigitated and upon heating they transform to a
non-interdigitated arrangement. The decylammonium chloride (C10) has also been
used to model the interdigitated to non-interdigitated transition and to construct a
Landau theory describing this transition [9].

The existence of various solid phases of the n-alkylammonium chlorides has
long been established and the transition temperatures and enthalpies reported [10].
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However, because the presence of the interdigitated phase is not systematic, the chain
length dependence of the thermodynamic parameters has not yet been reported. Al-
though the structure of some n-alkylammonium chlorides has been studied using
X-ray diffraction [5, 6] and NMR [11] there are still few studies that span a reason-
able range of hydrocarbon chain lengths and to our knowledge, the effect of the
microstructure on the thermodynamic parameters of the phase transitions has not yet
been investigated. The aims of this paper are twofold. The first is to investigate the
formation of interdigitated and non-interdigitated bilayers as a function of chain
length. The second is to study the influence of the microstructure on the temperature
and enthalpy of the solid to solid and solid to liquid-crystal phase transitions. For this
purpose we have synthesised samples with chain length varying between 8 and 14
carbon atoms. The study was performed using DSC and X-ray diffraction techniques.

Experimental

The n-alkylammines were purchased from FlukaAG and their purity is all cases
higher than 97% (for octylammine and decylammine higher than 99%). The alkyl-
ammonium chlorides have been prepared by passing gaseous hydrogen chloride
through a solution of the n-alkylamine in ether. The resulting precipitate was washed
several times with ethyl ether, followed by crystallization from mixed solvents, ace-
tone/ethanol/ethyl-ether, and vacuum dried overnight. The white salts were kept for
several months in a dry atmosphere. The DSC measurements were carried out in a
Mettler 820 differential scanning calorimeter equipped with a cooler operated by lig-
uid nitrogen. The temperature scale was calibrated using the melting temperatures of
indium and zinc. The calibration of the enthalpies was performed using the enthalpy
of fusion of indium. The DSC cell was used for heat treating the samples and for calo-
rimetric studies. In each test the sample weighted about 1.5 mg. All samples were
heated and cooled in a dry nitrogen gas atmosphere at a rate of 10°C min'. Tempera-
ture accuracy is £0.5°C and accuracy in AH is around 1% for well-defined peaks. The
X-ray diffraction studies were performed using a Philips X’pert PW3050 diffracto-
meter. Silicon powder was used to calibrate the sample to film distance. The diffrac-
tograms were recorded covering an angular interval between 26=1.5 and 26=35 de-
grees, and using a step size of 0.01 degrees with time per step of 1 second.

Results and discussion
X-ray diffraction

We have recorded at room temperature the X-ray diffraction patterns of the virgin
samples. Even though we have synthesised all the samples following the same proce-
dure the diffraction profiles indicate different microstructures. The diffractograms of
C8, C9 and C11 are similar but different from those of C10, C12, C13 and C14. We
show in Fig. 1 the diffraction patterns for the samples C8, C9 and C11 and in Fig. 2
the patterns of C10, C12, C13 and C14. The most striking difference between Fig. 1
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and Fig. 2 is the presence of a strong reflection in the small angle region for the sam-
ples C8, C9 and C11, which has been interpreted as a clear indication of the non-
interdigitated bilayer structure. On the contrary, the absence of this peak in C10, C12,
C13 and C14 would indicate that these samples develop interdigitated bilayers. A
common feature to all the diffraction patterns is that most of the reflections belong to
the (00I) planes which is characteristic of preferential crystallographic orientation.
Crystallographic studies performed by Reynhardt in the C10 indicate that the unit cell
is monoclinic for the interdigitated phase and triclinic for the non-interdigitated §
phase [5].
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Fig. 1 X-ray diffractograms for n-alkylammnonium chlorides with nc=8, 9 and 11
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Fig. 2 X-ray diffractograms for n-alkylammnonium chlorides with nc=10, 12, 13 and 14
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Fig. 3 The X-ray spacing of the interdigitated and non-interdigitated bilayer as a func-
tion of the number of carbon atoms in the chain. The classification of the struc-
ture of the surfactants in two types, interdigitated and non-interdigitated, allows
to plot following two straight lines the data obtained in the present work (full
symbols) together with those collected from literature (open symbols)

The values of the bilayer spacing calculated using the Bragg’s equation are
shown in Fig. 3. Here we plot the interdigitated and the non-interdigitated bilayer
spacings obtained in this work together with others obtained from the literature. In
both cases the Bragg’s spacing shows a linear dependence with the number of the car-
bon atoms given by the expressions,

I (A)=398+258n,.
1(A)=382+16n,

(M

Being /; the spacing of the non-interdigitated phase and /; the spacing of the
interdigitated one. Both lines span completely the range of carbons in the alkyl group
investigated and it seems that the formation of the interdigitated phase is favoured for
larger chains. The extrapolation for n.=0 gives 1;=3.98 A and /=3.82 A indicating
that the inter-layer spacing is slightly larger for the non-interdigitated structure. The
length of the full-extended chain as a function of the number of carbons can be calcu-
lated using the formula given by Tanford [12]

I(A)=15+1265n, 2)

The bilayer thickness of the full-extended chain derived from the above formula
is similar to the spacing of the interdigitated bilayer and close to one half of the
non-interdigitated one. The linear correlation between basal spacing and chain length
points to a structure with the chains near perpendicular to the layer of the polar heads
groups.
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Thermal analysis

In the following we study how the microstructure influences the thermodynamic pa-
rameters of the phase transitions that appear in samples with different chain lengths.
We differentiate between solid to solid and solid to liquid crystal phase transitions.

Solid-solid phase transitions

Figure 4 shows the DSC endotherm curves of the virgin samples taken during the
heating process from —60 until 100°C. As it occurred with the diffractrograms, the
DSC curves of the surfactants C8, C9 and C11 are similar and very different from the
DSC curves of C11, C12, C13 and C14. We follow the nomenclature introduced by
Reynhardt ez al. [5] to name the phases that appear in the solid state during a heating
scan. Thus, for the non-interdigitated samples the first endotherm peak corresponds
to the transition from the § phase (triclinic) to the & phase (monoclinic). The second
and third peaks correspond to the transitions from &3 (orthorhombic) and from
B - a (tetragonal) respectively. The DSC curves of the surfactants C10, C12, C13 and
C14 show peculiar features and they are very different from the previous ones. Thus,
the DSC curve of C10 presents a broad peak corresponding to transition from the
interdigitated I phase (monoclinic) to the o phase. In the DSC curves of C12, C13 and
C14 the transition from the I phase to the a occurs throughout some intermediate
phase, which has not yet been characterised by crystallography.

Exo —
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Fig. 4 DSC curves of the virgin n-alkylammonium chloride samples taken during the
solid-solid phase transitions. The crystal structure of the solid phases is triclinic
&, monoclinic &, orthorhombic 3 and tetragonal a. The symbol I corresponds to
the monoclinic interdigitated phase

The heated samples were then cooled to —60°C and heated again from —60 to
100°C to record the DSC curves that are shown in Fig. 5. The DSC curves of the vir-
gin and reheated samples of C8, C9 and C11 are equal whilst for the surfactants C10,
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C12, C13 and C14 both curves are different. The total enthalphy of the transitions of
the interdigitated virgin samples (AH.) is larger than the equivalent in reheated ones.
However, no difference in the enthalpy values was observed between the second and
a third heating scans. It seems that independently of n, all the heat-treated samples
present non-interdigitated structure and show similar phases and phase transitions. It
has been reported [5] that the temperatures and enthalpies of the solid-solid transi-
tions depend upon the thermal history of the samples but our results indicate that they
are more dependent on the initial microstructure.

Heat flux / mW Exo —
= ;

-4‘0 -20 , 2‘0 4‘0 ED B8O 100
Temperature /°C

Fig. 5 DSC curves of the heat-treated n-alkylammonium crystals

In Table 1 we give the transition temperatures and enthalpies that appear in the
non-interdigitated samples. Figure 6 shows the plot of the transition temperatures
against the number of carbons in the alkyl group. The odd even effect that has been
observed in other surfactant crystals appears for the three transitions. A common be-
haviour for the curves is that they initially rise and then levels off, the alternation be-
coming less as the series is ascendant. The odd even effect decreases when the transi-
tion temperature increases and also for larger chain lengths. For the transition 3 »a
the higher transition temperatures correspond to the odd chains. The alternation of the
temperatures has been considered as an effect on the anisotropy of the molecular
polarizability arising from increases of chain length on passing from even to odd
number of carbons [13, 14]. The increase in flexibility of long chains will progres-
sively decrease the differences in the anisotropies of molecular polarizability be-
tween odd and even alkyl derivatives with shorter and more rigid chains. For the tran-
sition § — O the transition temperature is higher when the number of CH, units is even
indicating that at lower temperatures the polarizability does not play a decisive role in
the transition. In Fig. 7 we show the enthalpy of the solid to solid phase transitions for
the heat-treated samples as a function of the chain length. The enthalpy of the § -0
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Fig. 6 Plot of the solid to solid transition temperatures, T;_5, T5_ and 7,_,, vs. the
length of the n-alkyl chain

and 0 - 3 transitions also present the odd-even effect which disappears for the f - a
transition.

Table 1 Transition temperatures and enthalpies of the different phases of the n-alkylammonium
chloride surfactants as a function of the chain length

E-d [ ¢) B-a o - liquid crystal
Phase
transition  7/°C kJAHIl{O/ o IeC kﬁﬁg o IeC kJAer o IeC kJAer -
C8 6.3 2.1 30.4 0.8 35.1 34 201.7 6.7
C9 -11.7 2.6 —4.7 0.5 51.7 53 195.8 7.0
C10 36.7 43 534 3.3 55.3 2.2 191.7 7.4
Cl1 30.0 3.9 59.2 1.8 67.1 2.5 187.1 7.7
Cl12 49.6 5.5 62.5 3.0 72.4 2.7 182.9 8.1
Cl13 42.4 4.0 69.1 4.2 85.1 3.9 177.5 8.0
Cl4 59.7 5.9 67.8 2.7 88.9 4.6 172.7 8.8
7
6.
=]
‘g o
R /NS
o am,,
S T
’ 7 ;3 é 1’0 1’1 1‘2 1’3 1.4 15

number of carbons in alkyl group n,

Fig. 7 Plot of the solid to solid transition enthalpies, AH_;, AH; 5and AH_, vs. the
length of the n-alkyl chain
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Solid to liquid crystal phase transition

If we continue heating the samples, we obtain after the solid, the liquid crystal phase
before the isotropic liquid. Figure 8 shows the solid to liquid crystal phase transition
for the virgin samples as a function of the chain length. The DSC curves of the virgin
samples exhibit an exothermic shoulder before the phase transition. The exothermic
peak disappears in the heat-treated samples as is shown in Fig. 9 whilst the other fea-
tures of the DSC curve remain the same. The solid to liquid-crystal phase transition
endothermic peak shifts to lower temperatures when the number of carbons in the
chain increases. The solidification exothermic peak exhibits the opposite trend and
moves to higher temperatures with decreasing the number of carbon atoms in the
aliphatic chain.

The temperature of the solid to liquid-crystal transition together with the reverse
liquid crystal to solid is plotted in Fig. 10 as a function of the number of carbon atoms

Exo —
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Fig. 8 DSC curves taken at the solid to liquid-crystal phase transition of virgin samples
of n-alkylammonium chlorides as a function of the number of carbon atoms in

the chain
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Fig. 9 DSC curves taken at the solid to liquid-crystal phase transition of the
heat-treated samples
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Fig. 10 Solid to liquid-crystal phase, Ts. ¢, and liquid-crystal phase to solid, 7} c.s, tran-
sition temperatures as a function of the number of carbon atoms in the alkyl
chain

in the chain. In both cases the transition temperature shows a linear dependence with
the number of the carbon atoms given by the expressions,

Ty 1o (°C)=239-438n,

3)
T, < (°C)=235-438n,

Changing the heating speed from 10 to 0.5°C min"' the 4 degrees difference in
transition temperature on reversing from heating to cooling is reduced to 3 degrees.
These seems to indicate that the liquid crystal phase can be supercooled and that the
extend of the supercooling is constant throughout the n. range considered. The molar
enthalpy of the transition, measured in the second heating run, is shown in Fig. 11 and
also follows a linear behaviour. Upon cooling the solidification enthalpies follow the
opposite trend as is also illustrated in Fig. 11. For a given n the values of both
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Fig. 11 Solid to liquid-crystal phase and solidification enthalpies of alkylammonium
chlorides as a function of the chain length
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enthalpies coincides or at least fall inside the experimental error bar. The dependence
of AH with n. is given by,

AH=52+022n, (4)

and seems to indicate a larger degree of chain packing with increasing chain length.

Conclusions

At room temperature, the microstructure of the virgin samples seems to be dependent
on chain length. Shorter chains (C8, C9) favour the non-interdigitated arrangement
whereas for larger chains (C10, C12, C13 and C14) the interdigitated bilayer struc-
ture is predominant. The solid to solid transitions in the non-interdigitated samples,
seems to be independent of the thermal history and if the heating-cooling cycle is re-
peated no significant change is observed in the transition temperature or in the enthal-
py. In the case of interdigitated bilayers the transformation to the non-interdigitated
structure is required to observe the solid to solid transitions. Once the transformation
has occurred the interdigitated bilayer can not be recovered. The odd-even chain
length alternation in melting or crystallization temperatures which is a common phe-
nomena in homologous series and in saturated n-paraffins is observed in the solid to
solid phase transitions but it did not appear in the solid to liquid crystal transition.
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