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We have studied the in
uence of the mean molecular length on the nature of the cholesteric (N�) �
smectic A (A) liquid crystal phase transition for thermotropic compounds of cholesteryl myristate
(C14), cholesteryl nonanoate (C9), and binary mixtures of C14 � C9 and cholesteryl caproate (C6)
� C9. Mesoscopic properties of these systems, as the distance between smectic layers in the A
phase (dA), the mean molecular length (�̀) in the N� domain, and the correlation length ("), as well
as changes along the N�

� A phase transition, were determined from the X-ray di�raction data.
The results show a decrease in A phase domain and an expansion of the N� domain as the mean
molecular length is diminished. Such e�ect induces a second order A � N� phase transition for a
particular mixture of 63:1 mol% of C9 and 36:9 mol% of C6, evidenced by viscosity measurements
in good agreement with previous density data.

I Introduction

The �rst (discontinuous) and second (continuous) or-
der nature of the liquid crystal phase transitions have
been the subject of many works along the last 30 years.
In particular, the Smectic A (A) � Nematic (N) or
cholesteric (N�) phase transition was demostrated to be
of either �rst order or second order, depending on the
smectic layer thickness and the reduced temperature,
according to McMillan's molecular model [1, 2]. The
reduced temperature is de�ned as [1]: r = TAN=TNI ,
where TAN and TNI represent, respectively, the A�N
and N�Isotropic (I) phase transition temperatures,
also known as McMillan ratio. In a extension of the
McMillan's model proposed by Lee et al. [3], the the-
oretical results point out that the energy associated to
the smectic ordering increases with molecular length
and r, occurring a second order phase transition for
r 6 0:88. Several calorimetric measurements were
performed on binary mixtures (where the molar ra-
tio was varied between two di�erent homologous liq-
uid crystal molecules of distinct lengths) and showed
that the reduced temperature can vary from 0.89 to
0.99 [4, 5]. In fact, calorimetric measurements per-
formed by two of us on binary mixtures composed of
cholesteryl palmitate (C16), cholesteryl myristate (C14),
cholesteryl nonanoate (C9) and cholesteryl caproate

(C6) [6] and C9, cholesteryl heptanoate (C7) and C6

[7], that present a A � N� phase transition, gave ev-
idence of a tricritical point around r ' 0:90 - 0.92.
Recently, we have investigated the possible existence of
a second order phase transition at r ' 0:92 for a par-
ticular mixture of C6 � C9 (63.1 mol% of C9) through
density measurements [8].

It is well known that the average correlation
length (") in a second order phase transition diverges
continuously in the vicinities of the transition. With a
view of investigating the correlation length behavior in
our systems, we extended the previous work [8] mak-
ing use of the X-ray scattering technique to explore the
values of " within the N� and A phases domain as well
as along the A �N� phase transition. In this context,
we have studied the same samples previously investi-
gated [8] composed of pure C9 and C14, and binary
mixtures of C14�C9 and C9�C6. The mean molecular
lengths (lM ) are displayed in Table 1, calculated from
the molecular structure taking into account the molar
ratio of the compounds employed in the mixtures. The
molecular length of each compound was estimated as a
sum of the cholesterol length (18�A) [9] plus a radical
length given by Tanford's formula [10].
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Table 1: Calculated mean molecular length (lM ), reduced temperature r = TAN�=TIN� reported in [8] and dA , �̀
AN�

,

determined by X-ray di�raction (see text for details).

Concentration (mol%) lM r dA �̀
AN�

(�A) (�A) (�A)

C14 100:0 0:0 37:2 0:984(a) 33:5 40:0
C14 � C9 81:5 18:5 35:9 0:975 32:0 38:1
C14 � C9 63:5 36:5 35:0 0:968 31:0 37:3

C9 0:0 100:0 30:9 0:954 27:3 33:2
C6 � C9 36:9 63:1 29:6 0:920 26:2 32:1

(a)The blue phase was observed between the N� and A phases, in agreement with literature [17]. However, for simplicity

due to its narrow domain, the blue phase was not accounted for in the reduced temperature de�nition.

The variation in concentration implies a change
in the mean molecular length and plays an important
role as a thermodynamical variable in the study of these
systems. The X-ray data furnishes the distance between
the smectic layers (dA) in A phases and the experimen-
tal mean molecular length (�̀) in N� phases from the
di�raction peak position, and " from the di�raction line
width, as shown below. In the literature, few investi-
gations have been reported on the viscosity (�) values
associated to the A � N� phase transition. In partic-
ular, Porter et al.[11] have carried out viscosity mea-
surements as a function of temperature for cholesteryl
myristate (C14) in the A, N� and I phases. The au-
thors showed that the viscosities for both the cholesteric
and smectic A phases present a non-Newtonian behav-
ior with a sharp transition between the two mesophases.

II Experimental

II.1 Samples

Cholesteryl n-alkanoate homologous series C14, C9

and C6 were obtained from Sigma and used without
further puri�cation. Calorimetric and X-ray scattering
measurements were performed on C14 and C9 and on
three binary mixtures in the following concentrations:
81:5 mol% and 63:5 mol% C14 in the binary mixture of
C14�C9 and 63:1 mol% of C9 in the mixture of C9�C6.

It should be remarked that only the C14 compound
presents the crystalline, A, N� and I phases at heat-
ing and cooling cycles. The other samples present
monotropy in the A phase [6, 7]. Then, the samples
were �rst heated up to the I phase in a fast way fol-
lowed by a slower cooling procedure up to the A phase.
When the latter was reached (without the appearance
of a crystalline phase) the process was reverted, rising
again the temperature. Such procedure permitted to
acquire the A�N� phase transition data at both cool-
ing and heating cycles.

II.2 Methods

The X-ray scattering measurements were performed
by using a focusing camera in a 18 kW rotating an-
ode X-ray generator (Rigaku-Denki) with CuK� (Ni
�lter, � = 1:5418�A) radiation at 50kV� 200mA and
an image plate detection system. Samples were ac-
conditioned in sealed 1 mm-thick 
at mylar windows,
perpendicular to the incident X-ray beam, placed in a
copper sample holder in which a temperature control
was attached (Euro Control model PC-850A). Further,
the sample holder was rotated during the X-ray data
acquisition to avoid textures e�ects (preferential orien-
tation) in the di�raction lines. Data acquisition of three
hours was taken for each studied temperature and the
temperature step was 2ÆC at both cycles. The spec-
tra registered in the image plate were digitized using
a Scanner model STORM 820 with a help of a PC-
microcomputer.

The 2-D spectra were converted in 1-D (area in-
tegration) by using the \X-Ray" program [12], that
showed to be an excellent software to analyse this type
of image, furnishing the X-ray intensity (Iobs(q)) as a
function of the scattering vector (q = 4� �sin �=�, where
2� is the X-ray scattering angle). The total intensity
was normalized by the exposition time and corrected
by subtracting a parasitic scattering considered as the
low scattering of the I phase. The position and width
of the di�raction peak were obtained through �tting a
Lorentzian function [13] to the experimental data as:

Iobs(q) / ["2 � (q � qc)
2 + 1]�1 (1)

where qc is the peak position, and " is the correla-
tion length. From qc, we obtain the distance between
the smectic layers in the A phase: dA = 2�=qc;
and the mean molecular length in the N� phase [14]:
�̀= 2�(1:229)=qc. The values of dA and �̀ presented in
the current work, correspond to the mean values ob-
tained at cooling and heating cycles due to their simi-
larity.
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Viscosity measurements as a function of the temper-
ature near the A�N� phase transition were determined
by means of a Brook�eld Cone/Plate Rheometer model
LVDV � III . The rheometer was calibrated with a
standard oil of known viscosity. The sample tempera-
ture was controlled by a HetoCB8� 30E=DT � 1 cir-
culating temperature bath, ensuring that the tempera-
ture readings were stable at 0.01 K. A cooling rate of 6
mKs�1 was used during the measurements. Additional
measurements were also made as a function of shear
rate. The phase transition temperatures were checked
by using a polarized light microscope.

III Results and discussion

III.1 X-Ray Scattering

The X-ray scattering spectra of thermotropic
mesophases A and N� present two rings [14]. The �rst
ring appears in a small angle range and is associated
to the layer repetition distance in the A phase, and the
mean molecular length in the N� phase. The second
ring, presented in larger angles, is characteristic of an

average distance between the molecules perpendicular
to the long axis of the same, with small variation along
of the phases.

In this work, we are interested in investigating
the variation of the correlation length (") in the two
mesophases, as well as along the A � N� phase tran-
sition. Therefore, we focus our attention on the �rst
di�raction ring (2� ' 2:5Æ). The features of the X-ray
spectra (Fig. 1) of each phase can be summarized as
follows:

1. I phase: the X-ray scattering is di�use (Fig.1-a),
characteristic of a disordered distribution of the
molecules.

2. N� phase: the X-ray scattering presents a well
de�ned ring (Fig. 1-b), related to the correlation
between molecules nearly oriented along a direc-
tor axis.

3. A phase: the X-ray scattering presents a thinner
and stronger ring than that observed in the N�

phase (Fig. 1-c), due to a more ordered structural
arrangement.
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Figure 1. 2-D X-ray scattering spectra and 1-D intensity Iobs(q): experimental (�), and Lorentzian function �tting (Eq. 1)

(|) in the phases: (a) I; (b) N�; (c) A. Imax corresponds to maximum intensity at peak position.

Figure 1 also presents the 1-D X-ray scattering re-
lated to the 2-D images. Note that the X-ray scattering
peak intensity rises and the width becomes narrow as
the positional order increases in the system.

III.1.1 Distance between smectic planes and the

mean molecular length

Figure 2 (part I) presents the distance between the
smectic A planes (dA), and the experimental mean
molecular length (�̀) in the N� phase [14] as a function
of the temperature ratio: t = (T � TN�A)=TN�A [8].

Accordingly, dA is practically constant in the A phase
domain, whereas �̀ decreases as temperature increases
in N� phases. Table 1 shows the observed dA values in
comparison with those calculated from the mean molec-
ular structure (lM ). Thus, one can note that the dis-
tance between the layers in the A phase is circa 10%
smaller than the corresponding mean molecular length
calculated by assuming a total extended chain confor-
mation. Moreover, dA decreases with lM , as expected.
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Figure 2. (I) distance (dA) between the smectic A layers and mean molecular length
�
�̀
�
in the N� phase; and (II) correlation

length (") (average values between cooling and heating cycles) as a function of the temperature ratio t [8] for the following
samples:(a) C14; (b) 81:5 mol% of C14 in the C9 � C14 mixture; (c) 63:5 mol% of C14 in the C9 � C14 mixture; (d) C9; (e)
63:1 mol% of C9 in the C9�C6 mixture. The inset in (e) shows �̀ and " values for a greater interval of t = (T � TAN�) =TAN�

obtained for this sample within the N� phase.

On the other hand, the observed mean molecular
length �̀ in the N� phase near the A�N� phase transi-
tion (�̀AN�) is greater than lM (Table 1). This behavior
can be due to the fact that the expression to calculate
�̀, suggested by de Vries [14], is valid in I and N phases,
when the molecules do not have a strong orientational
order e�ect. Therefore, we believe that �̀

IN� (�̀ in the
N� phase near the N�

� I phase transition) is, indeed,
the mean molecular length, and �̀

AN� has no meaning.
Anyway, dA is always smaller than �̀

IN� due to the con-
traction of the molecules as the temperature is reduced.

As previously mentioned, one can note from the Fig.
2 (part I) that the A phase domain decreases and the
N� phase increases as lM decreases.

III.2 Correlation length

Figure 2 (part II) shows the correlation length (")

in the A and N� phases for all studied samples. As
one can observe, " increases in N� phase as tempera-
ture decreases. This is due to an increase in the orien-
tational order when the temperature moves away from
the I�N� phase transition and approachs to theN�

�A
phase transition.

In contrast, the correlation length is practically con-
stant in the A phases with a small decrease in the
N�

� A phase transition vicinity, still in the A phase
domain. Regarding to 63:1 mol% C9 in the C9 � C6

binary mixture, just one temperature in the A phase
(Fig. 2.I-e) was experimentally obtained, because its
domain is very narrow before the appearance of the
crystal phase. Moreover, there is a clear discontinuity
in the values of " along the N�

� A phase transition
(Fig. 2.II). However, the decrease in the mean molec-
ular length is accompanied by a decrease in the corre-
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lation length discontinuity (�") at the N�
� A phase

transition. This because the correlation length in the
N� phase near the N�

�A phase transition is greater for
samples with shorter mean molecular length bringing
about a decrease in �" in the referred phase transition.

III.3 Viscosity

The viscosity, �, results versus temperature ratio
and shear rate, 
, near the A � N� phase transition,
from the pure compounds C14 and C9 are shown in the
�gure 3. Note the presence of a peak [15, 16] at the
A � N� phase transition for the C14 pure compound
(Fig. 3-a). Indeed viscosity data have provided a sensi-
tive measurement for phase transitions[15] and, in this
case, a clear distinction between the smectic A and the
cholesteric phases viscosity values. The magnitude of
the peak as well as the viscosity values at A phase de-
crease markedly with increasing shear rate. This might
be correlated to the fact that it is easier to breakup the
smectic structure as the shear rate is increased. Similar
results for the same compound was obtained by Porter
et al. [11].

Figure 3. Viscosity vs temperature ratio t = (T �

TAN�)=TAN� at A� N� phase transition: (a) C14 and (b)

C9. Shear rate (
) :F! 1:5 s�1 and M! 3:0 s�1.

The viscosity values increase at the A � N� phase
transition for the C9 while r diminishes from 0:986
(C14) to 0:956 (C9) shown in �gure 3-b. On the other
hand, the changes in the � values are not sharp in C9

as in C14 compound from N� to A phases (�t � 0:2

for C9). This A�N� phase transition has been consid-
ered as being weakly of �rst order by McMillan[1]. His
X-ray experiments point up to the growth of smectic-
like short-range order in the cholesteric phase near the
A�N� phase transition. Our experimental results seem
to be consistent with this fact. Such pretransition ef-
fect can be related to the increase in the viscosity val-
ues and reduced temperature interval observed in this
phase transition.

Figure 4 shows the viscosity values at shear rate
of 
 = 0:4s�1 for 63.1 mol% C9 at r = 0:918 in
the C9 � C6 system, where the existence of a possi-
ble second order A�N� phase transition was recently
investigated[8]. Such low value of shear rate was used
due to the strong increase in the viscosity values near
the phase transition. Note that the viscosity for this
mixture at 
 = 0:4s�1 is on the same order of mag-
nitude observed for C14 compound at 
 = 3s�1. Such
increase in viscosity for the C9 � C6 compound in the
N�

� A phase transition can be related to the small
domain of the A phase in this mixture, as shown in
the x-ray experiments, followed by a very near crystal
phase. Moreover, the interval of temperature associ-
ated to the changes in the � values from N� to A is
larger than for C9 (�t � 0:4 for this mixture).

Figure 4. Viscosity vs temperature ratio t = (T �

TAN�)=TAN� at A�N� phase transition for the 63.1 mol%

of C9 in the C9�C6 mixture (
 = 0:4 s�1).

To sum up, the results obtained through X-ray
and viscosity measurements used in this work, inves-
tigating the same liquid crystalline compounds of the
homologous series of the cholesteryl n-alkanoates [8],
present several interesting features in the nature of the
A�N�phase transition, depending on the mean molec-
ular length. As far as the X-ray scattering data are con-
cerned, a decrease in A phase domain and an expansion
of the N� phase domain with the reduction of the lM
were observed. This behavior is the same obtained the-
oretically by Lee et al. [3]. The distance between layers
in the A phase is compatible, although a little smaller,
to the calculated lM and the experimental �̀IN� mean
molecular length. Moreover, dA decreases with lM as
expected. The correlation length in the N� phase is
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greater for the samples with smaller mean molecular
lengths. The viscosity values increases at the A �N�

phase transition while r diminishes. For 63.1 mol%
C9 in the C9 � C6 a big increase in the viscosity of
the system was observed as N�

�A phase transition is
approached, where the existence of a possible second
order phase transition was pointed out[8].
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