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Small angle X-ray scattering (SAXS) studies have been performed in the columnar hexagonal and 
nematic mesophases of a 1,3-diacylaminobenzene. In both mesophases the molecules are self-assem- 
bled into columns by hydrogen bonds. The SAXS experiments confirm the existence of point defects 
in both phases. The generic x defect is the point where a single molecule is linked to three distinct 
half columns. In the hexagonal columnar phase single defects are progressively replaced by pairs of 
defects of opposite orientations as temperature increases and the nematic phase contains only pairs of 
s defects. The comparison of SAXS and dilatometric experiments provides the structure factor, the 
volume and the concentration of each kind of defect. 

Keywords: Columnar nematic transition; point defects in mesophases; Small angle X-ray scattering 

1. INTRODUCTION 

For smectic or columnar mesophases with some periodic order, the comparison 
of the periods with the molecular dimensions is a starting point in the under- 
standing of the average structure. However, this information must be completed 
by the knowledge of other molecular properties. A precise measure of the molec- 
ular volume provides important information. A. Skoulios and coworkers are 
among the first who got a better insight of the molecular packing in mesophases 
by using dilatometric experiments in addition of structural investigations by 

~~~~ 

*Corresponding Author: Tel.: 33(0)1 6915 5394; Fax: 33(0)1 6915 6086; e-mail: leve- 
lut@lps.u-psud.fi 
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6 ANNE-MARIE LEVELUT er al. 

X-ray diffraction methods[']. For example, in a smectic A phase, it is possible to 
compare the layer spacing to the molecular length and then to deduce the average 
area of a molecular section perpendicular to the director from the knowledge of 
the molecular volume. This kind of analysis has been extended to a full sequence 
of smectic phases[lal. In fact the knowledge of the molecular volume is also use- 
ful for the determination of the degree of perfection of a structure especially for 
crystalline solids, and eventually for some mesophases. 

The concept of point defect in a pure material is attached to the solid state: in a 
perfect molecular crystal, the content of each unit cell is the same. The number of 
molecules per unit cell is an integer, Zw If some unit cells, dispatched randomly, 
have a different content, including foreign molecules or a number of molecules 
different from Z,,, then we have an imperfect crystal. In the second case, the aver- 

age number of molecules per unit cell, z = - PVO (where p is the density, Vo is 
M 

the unit cell volume, and M the mass of the molecule) is no more an integer, and 
the difference (Z - Z,,) measures the concentration of added molecules. Moreo- 
ver, the local modulation of the electronic density induced by point defects 
results in a diffuse X-ray scattered intensity Id(Q) oc c( 1-c)lF(Q)-Fd(Q)12, where 
F(Q) is the structure factor of a regular site, Fd(Q) the structure factor of a defect 
site and c the defect concentration. For single interstitials or for single vacancies 
IF(Q)-Fd(Q)I = F(Q). This contribution is independent of the scattering vector 
length at least for Q 6 2da,  a being of the order of the molecular dimensions. 

Considering a molecular fluid without any periodic order (an isotropic liquid or 
a nematic mesophase), it is still possible to divide the sample into small cells as 
in the crystal. However, the number of molecules per cell fluctuates from cell to 
cell and changes with time in a given cell. There are no more point defects except 
if the system contains some impurities. The relative amplitude of the density 
fluctuations decreases as the size of the cell increases. Small angle X-ray scatter- 
ing (SAXS) experiments are sensitive to large-scale density fluctuations. These 
density fluctuations are related to the isothermal compressibility of the liquid, 
and the corresponding scattered intensity at small scattering angle is constant: 
I(Q + 0) cc kBTpPTIF(Q)i2, where KB is the Boltzmann constant, T the absolute 
temperature, p the density of the liquid, pT the isothermal compressibility and 
F(Q) the molecular structure factor[*]. Let us remark that, in a nematic phase, the 
amplitude of the SAXS signal must be comparable to that of the isotropic liquid, 
however the anisotropy of the phase might be reflected in the anisotropy of the 
signal. 

By measuring the energy transfer of the scattering process, it is possible (for 
example, in a Brillouin spectroscopy experiment) to discriminate between two 
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SMALL ANGLE SCATTERING IN MESOPHASES 7 

kinds of density fluctuations. Collective acoustic longitudinal waves are respon- 
sible for an inelastic scattering process due to Doppler effect. The intensity of the 
signal is proportional to the isentropic compressibility ps. There is also a 
quasi-elastic component (Rayleigh scattering) proportional to (PT - p ~ ) .  The 
Rayleigh scattering takes into account density fluctuations, which results from 
long distance molecular displacements (self-diffusion). In an X-ray diffraction 
experiment, it is impossible to discriminate between the two terms but the 
Rayleigh contribution is in general dominant. In the solid phase too, there is a 
contribution from the acoustic longitudinal waves to the signal, whereas trans- 
verse waves do not scatter X-rays in the central Brillouin zone. Point defects give 
rise to an elastic signal which is generally weak compared to the contribution of 
thermal origin. Altogether, the small angle scattered intensity increases by 
approximately one order of magnitude as the compound melts. 

We may wonder whether “density point defects” can exist in thermotropic liq- 
uid crystalline phases. Here, by point defects we mean regions of small volume 
(i.e. less than ten times the molecular volume), the density of which is higher or 
smaller than the average density. Intuitively we can assume that if translational 
diffusion is important, then a small region of a different molecular density will 
have a small life time and will be nothing more than a density fluctuation in equi- 
librium with the environment. Consequently, point defects can be found in a 
rather stiff phase such as an ordered smectic phase or a columnar phase. The 
columnar phase is an assembly of parallel stacks of molecules, generally of a 
disc shape, which are located at the nodes of a 2D lattice. In the perfect material, 
the columns extend over the whole sample. However, it may happen that some of 
these columns end inside the sample, introducing then a defect region at their 
end; J. Prost described such column ends13]. 

A column end induces a local distortion of the lattice, and if a large number of 
defects are introduced in the phase, the correlation length of the periodic order 
becomes comparable to the average distance between defects. On heating, the 
columnar phase then transforms into a nematic phase in which some columnar 
organization might persist on a local scale. In fact, the nematic phase of disc-like 
molecules usually does not have long columnar clusters. Such column clusters 
must be stabilized either by an intermolecular hydrogen bond networki4], or by 
the strong interaction between electron donors and acceptors in charge transfer 

Long columnar clusters have been seen in the nematic phase of 1,3-diacylami- 
nobenzene~[~] (Fig. 1). The formation of the columns is due to hydrogen bonds 
which link together the amide groups of neighboring molecules. The average dis- 
tance between molecules in a column and the average colunm diameter can both 
be measured by X-ray diffraction. From these dimensions, it appears that the col- 
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8 --MARIE LEVELUT er al. 

FIGURE 1 General chemical formula of 1,3-diacylaminobenzene~[~~: R1 = alkyl chain; R2 = -CH3; 
R3 = -H. R1= alkyl chain; R2 = -H; R3=-terr-butyl. R1= alkyl chain; R2 = -H; R3= -C02-alkyl or 
alkenyl chain. Compound 1: Rl = -C15H31(n); R2 = -H R3 = -CO2C8HI7(n) 

umn section corresponds to an average number of molecules between 1 and 2, 
depending on the compound studied. Another important feature of the nematic 
phase of 1-3 diacylamino benzenes is its unusually large value of the orienta- 
tional order parameter (S = 0.9). The structure is similar to that of main chain 
nematic polymers. Moreover, the properties of the nematic columnar phase can 
be compared to those of the lyotropic nematic phases of rigid polymers such as 
PBLG, DNA, etc.. . . 

A transition between a hexagonal columnar and a nematic phase, is observed 
on n-octyl N,N'-bis-(3,5dipalmitoylamino)4-methylbenzoate (1) and the nematic 
phase is, beyond any doubt, a columnar nematic one[6]. The transition tempera- 
tures (in "C) of this compound as determined by DSC on a heating cycle are: 

Cryst. I '02.p Cryst. I1 3 Col. hex. Nem. -1s. liq. 

Moreover, in this case we were able to prove the existence of localized defects. 
The hexagonal lattice of the columnar phase is preserved at a local scale in the 
nematic phase and the average distances between molecules are well defined in 
every direction and in the whole mesophase temperature range. Therefore, it is 
possible to define a unit cell volume V, and to compare it to the molecular vol- 
ume V, measured by dilatometry[61. The nature of the defects (interstitials or 
vacancies) and their concentration is derived from the ratio (V, - VJ V,. In the 
nematic phase, 15% of the molecules are on interstitial sites. In the hexagonal 
phase (V, - V,) is close to zero and a sign inversion occurs: we have measured a 
maximum of 0.5% vacancy sites in the metastable supercooled hexagonal phase. 

In fact the comparison of V, and V, provides information about the total vol- 
ume of defect sites, but the volume and the structure of each kind of defect are 
not known. In order to obtain a better image of the defects and of their role in the 
phase transition mechanism we decided to performed SAXS experiments, that is 
for IQI I d a  where a is the hexagonal lattice constant. After a description of the 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
3:

16
 1

5 
A

ug
us

t 2
01

2 



SMALL ANGLE SCA'ITERING IN MESOPHASES 9 

experimental set-up, we will show the experimental results. Then we will recon- 
sider the structure of the defects in the light of the SAXS experiments. 

II. EXPERIMENTAL SET-UP 

A SAXS experimental set-up specially designed for liquid crystals must meet 
specific criteria. 
- First of all, we may expect an anisotropic signal. Thus we need a beam of cir- 

cular section associated to an area detector. 
- The second important point is the fact that the Q range must be one order of 

magnitude lower than that probed in similar experiments on simple fluids 
such as water. In columnar mesophases, the column diameter is of the order 
of 20-40 8. Therefore, if we want to explore the first Brillouin zone, the 
upper limit in Q is about 0.1-0.2 k'. With a lower limit of the order of 0.01 
8-', we will be able to measure density fluctuations extending over about 20 
molecules or less. 

- In this Q range, the scattered intensity has in general a low level and we need 
a high signal-to-noise ratio. Moreover, the signal is supposed to be independ- 
ent of the Q values, therefore we do not need a good resolution in Q, but in 
order to analyze our data we need to perform absolute scale measurements of 
the scattered intensity. 

In order to produce a beam of high intensity with a small cross-section, we 
have used a mirror optics coupled to a Rigaku fine focus (0.1 mm x 0.1 mm) 
rotating (copper) anode. The beam is reflected successively by two Ni-coated 
crossed mirrors. Each mirror is slightly bent and the adjustable curvature com- 
pensates the natural beam divergence in two perpendicular planes. With this 
optics, we obtain a remarkably intense and almost parallel beam. The major 
drawback is the low energy resolution of the mirrors. The mirrors act as a filter 
that eliminates the high energy radiations. The nickel coating was designed to 
eliminate the Kp radiation, and we have reinforced the filtering effect by intro- 
ducing a 20 pm nickel foil in the beam path. The resulting spectrum is made of 
the superposition of the K, line and of a low intensity continuous spectrum sit- 
ting on the low energy side of the K, line. A rough image can be given by the 
profile of a Bragg spot recorded on an image plate: the contribution of the contin- 
uous component to the total energy carried out by the beam is less than 1%. 

The detector is a proportional gas (Argon-Methane) detector of large area 
(10 cm x 10 cm) which has been already described elsewhereL7]. The main differ- 
ence with a classical multiwire detector is that the signal is distributed between 
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10 ANNE-MARIE LEVELUT et al. 

four collectors on a cathode constituted by a resistive square plate, instead of 
being measured at each end of each wire. However, an array of parallel wires is 
placed in front of the cathode, which ensures a good charge collection over the 
whole cathode area. The sensitivity of the detector is modulated at the period of 
the wire array and the resulting raw image is very similar to that obtained with a 
multiwire detector. 

The sample is held in a glass capillary (diameter 1 mm) introduced in an oven. 
The temperature is maintained within 20.1 K. Besides, there is also a tempera- 
ture gradient of a few tenths of K resulting from the absence of thermal screens 
along the X-ray beam path. The oven is introduced in the gap (3 mm) of a perma- 
nent magnet, which provides an alignment field of 1 Tesla. 

The sample environment, including a front slit, is put in an evacuated chamber. 
This chamber, which contains the beam stop, is closed at each end by thin Mylar 
windows; the length of the chamber can be adjusted so that the sample to detec- 
tor distance varies between 300 and lo00 mm. As we want to measure very low 
levels of scattered intensity we must consider the scattering background pro- 
duced by the glass walls of the capillary tube. We use amorphous silica tubes 
with a wall thickness of 0.02 mm. Silica walls have a smaller transmission coef- 
ficient than Lindemann glass walls but the scattering background is of lower 
intensity. A schematic view of the whole set-up is shown on figure 2. 

FIGURE 2 Experimental set-up 
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SMALL ANGLE SCAlTERING IN MESOPHASES 11 

The absolute calibration of the scattered intensity is obtained from the compar- 
ison of two identical tubes, one filled with compound 1 and the second filled 
with water. Moreover, we have also measured the SAXS signal for a thin (0.1 
mm) amorphous silica sample for a double checking test[*]. Because we have 
used cylindrical cells instead of flat ones, our confidence in the absolute scatter- 
ing cross-section is within * 10%. Finally, we have also performed the same kind 
of experiments on the ID2 beamline at ESRF[91, that is with a monochromatic 
beam. We had the same sample environment, and we used the same procedure 
(comparison with water) for absolute scaling. 

111. EXPERIMENTAL DATA 

Even though samples of compound 1 are perfectly aligned by the magnetic field, 
we could not detect any anisotropy of the SAXS intensity. Moreover, the signal is 
independent of the scattering angle in the Q range covered by our experiments. 
The scattering cross-section is measured on heating the sample and at each tem- 
perature the signal does not change with time (at least within a couple of hours). 
The data obtained with the two experimental set-ups are very similar. However, 
there is a systematic discrepancy of about 6% between the scattering cross-sec- 
tions measured at the same temperature with the two set-ups. This difference is 
due to the fact that we have put the sample in a cylindrical container and not in a 
cell with parallel walls. In the synchrotron experiments the beam width is small 
compared to the container diameter whereas this is not the case with our labora- 
tory set-up. In order to take into account this difference in beam geometry, we 
have systematically multiplied by 0.95 the scattering cross-sections measured 
with the laboratory set-up, so that the average values of both experiments can be 
compared. 

The SAXS intensity in the hexagonal phase increases by about 20% within 10 
K, on increasing temperature. The scattered intensity at small angle reaches its 
maximum value in the nematic phase and decreases slightly in the isotropic liq- 
uid. In fact the SAXS signal increases in the same range of temperature as the 
ratio (V, - V,)N, which measures a defect concentration[61. Our small angle 
scattering experiments seem to confirm our previous analysis based upon dilato- 
metric experiments (Figure 3). 

Let us first comment on the notion of point defects in a mesophase. In fact the 
distinction between “static” defects and “dynamical” density fluctuations is not 
obvious. The difference is more in the specificity of the defect site than in the 
mobility. Here the ability of the molecules to be linked by hydrogen bonds gives 
the structure a polymeric character. In previous studies we took into account the 
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existence of hydrogen bonds in the description of point defects. The defect is a 
three branches star node, specific of the columnar organization[6]. Three 
branches star nodes still exist in the isotropic phase, but the directions of the 
three branches are random and these defects coexist with other kinds of defects 
such as physical entanglements or free polymer ends. Altogether the different 
kinds of defects give a contribution to density fluctuations, but the great variety 
of the defects does not allow one to make a distinction among them. 

In the mesophases, the organization in parallel columns adds the constraint that 
the three branches of the star must be parallel, at least at some distance from the 
node. They are equivalent to column ends in simple columnar phases. Moreover, 
they are not so labile because they are embedded in the columnar array. We can 
therefore consider that the defects correspond to a density modulation confined 
in a volume of specific shape. These defects which we call hereafter n defects 
because of the topology of the director field around the defective point, contrib- 
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SMALL ANGLE SCATTERING IN MESOPHASES 13 

Ute to the small angle scattered intensity in compound 1, in addition to the ther- 
mal fluctuations. A priori, the two kinds of contributions have a uniaxial 
symmetry, but since the SAXS signal is isotropic in the two mesophases, we 
shall assume that the two contributions are isotropic too. In a fEst step, we shall 
discuss the temperature dependence of the thermal contribution to the diffuse 
scattered intensity (TDS); then we shall describe the point defects specific to the 
mesophases of compound 1. 

IV. THERMAL DIFFUSE SCATTERING CROSS SECTION 

As we have discussed previously we assume that the defects are associated to the 
columnar organization of the mesophase. In the isotropic phase, the distinction 
between the density fluctuations of dynamic origin and some static defects disap- 
pears. The system behaves like a polymer, free of impurities. Equation (1) relates 
the small angle scattering cross-section per unit volume i(Q + 0) in the isotropic 
phase to the isothermal compressibility Pt: 

(a2 i(Q + 0) = a,kBTpt 

Where 0, is the scattering cross-section of a free electron, F the molecular struc- 
ture factor and V, the molecular volume. 

At 167.5"C, in the isotropic liquid phase, i(Q + 0)= 0.0395 cm-' and 
V, = 1468 A3, which gives P,(167SoC) = 9.95 lo-'' dyne-'cm*, which is about 
twice less than the isothermal compressibility of the long alkane chains in the 
same temperature range"']. The relative stiffness of compound 1 is likely due to 
the fact that hydrogen bonds limit the self-diffusion. 

The estimation of the thermal diffuse scattering in mesophases is not obvious. 
The transition from the isotropic phase to the nematic phase does not disturb the 
local organization and especially the hydrogen bonds network. However, the 
total scattering cross-section per unit volume is higher in the nematic phase than 
in the isotropic one. This high level of scattering cross-section (about 
0.0415 cm-') is probably due to the presence of defects. Let us note that after 
fast cooling of the sample from 167.5 to 154.5"C, the signal is lower 
(0.0375 cm-'), corresponding therefore to a lower concentration of point defects. 

The hexagonal phase can be considered as a paraffhic isotropic fluid upon 
which cylindrical cores are distributed on a periodic hexagonal array. This pic- 
ture is in good agreement with the relative intensities of the diffraction peaks of 
the hexagonal lattice. According to this picture, the scattering cross-section by 
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14 ANNE-MARE LEVELUT er al. 

unit volume is the sum of ich, the scattering cross-section of the paraffin fluid and 
of i,,, the scattering cross-section of the periodic lattice. 

The first term must be compared to density fluctuations in a pure alkane. The 
second term is due to the existence of a lattice: it is present around each Bragg 
reflection. J. V. Selinger and R. F. Bruinsma["] give an estimation of the phonon 
contribution to the SAXS signal. This contribution depends on two elastic con- 
stants, B the compressibility of the hexagonal lattice and K the bend elastic con- 
stant. The observation of grain boundaries or the analysis of the anisotropy of the 
TDS around the Bragg reflections provides an estimation of the ratio B/K['21. K 
can be measured by other methods. 

For compound 1 we were not able to analyze the thermal diffuse scattering 
intensity around Bragg peaks. First of all, we have not obtained single crystals of 
the columnar phase but only fiber-like samples with a fiber axis parallel to the 
column axis. Moreover, the intensity profile in the equatorial plane is not charac- 
teristic of a monophasic sample since a weak broad maximum is also observed at 
an angle lower than the Bragg angle for the hexagonal lattice. This broad diffuse 
ring seems to be produced by a very small amount of nematic phase which coex- 
ists with the hexagonal phase even at low temperature. This ring is close to the 
Bragg peak and therefore masks its TDS wings. There are no experimental meas- 
urements of the TDS contribution around the direct beam in columnar phases. 
However, we can compare with the cubic mesophase of a lyotropic mixture, for 
which the TDS signal was recorded from close to the center of reciprocal space 
to the second order of reflection on reticular planes[13]: the lattice contribution of 
the longitudinal modes can be neglected except in the vicinity of the reciprocal 
nodes. In the first Brillouin zone (i. e. around the direct beam), the TDS is iso- 
tropic and equal to the TDS produced by an equivalent volume of water. 

Let us assume that the thermal fluctuations in the hexagonal phase of com- 
pound 1 can be described by an isotropic compressibility, Ph. A crude estimation 
of Ph can be done by neglecting, in first approximation, the contribution of the 
defects at low temperature. At 135"C, the total scattering cross-section per unit 
volume of compound 1 (0.035 cm-') is lower than the computed scattering 
cross-section of pure alkanes at the same temperature. For example at 135OC, for 
dodecane, pentadecane and octodecane, the computed cross-sections"'] are 
respectively 0.050, 0.048 and 0.041 cm-l. The mesophases of compound 1 are 
stiffer than a pure paraffinic medium. As seen above, this unusual stiffness per- 
sists even in the isotropic liquid. The small amplitude of the density fluctuations 
in our system is likely a consequence of the limitation of molecular self-diffusion 
by hydrogen bonding. Considering that the structure of the fluid phase has no 
dramatic effect upon the density fluctuations, we shall assume that the isothermal 
compressibility decreases linearly with temperature until crystallization. If we 
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SMALL ANGLE SCATTERING IN MESOPHASES 15 

consider that the relative increment of p is similar to that of paraffin, then at 
134.8"C: Ph = 8 lo-'' dynes-' cm2. 

V. ANALYSIS OF THE INTENSITY SCATTERED BY THE DEFECTS 

Let us recall that the global scattered intensity is independent of the modulus and 
of the direction of the scattering vector. This means that the defects have a vol- 
ume of the order of the molecular volume (they are true point defects). 

The total scattering cross-section is measured between 134.8"C in the hexago- 
nal phase and 167,5"C in the isotropic liquid. We have a measure of the isother- 
mal compressibility of the isotropic liquid phase. Assuming that the TDS 
scattering cross-section varies linearly between 0.0308 cm-' at 134.8"C and 
0.0395 cm-'at 167.5"C, we can then deduce the scattering cross-section of the 
defects id. 

V.l Interstitial structure 

Let us first consider the nematic phase. In our previous work[61, we have consid- 
ered that the nematic phase contains only interstitials. Then if Fi is the number of 
added electrons per interstitial, the scattering cross-section per unit volume is: 

a,c;Fz. A second relation links the number of interstitials per unit . .  1 
' I-v, 

cell ci, the unit cell volume V,, the molecular volume V,, and the interstitial vol- 

1. = 1. - - 

Vi 
VX Vm 

, and (Yi = - the 
v x  - vrn ume Vi: c,Vi = V, - V,. Introducing, f = f = 

scattering cross-section reads: 

Since we cannot determine separately the size and the electronic density of the 

i) the volume of the interstitial is limited to one unit cell (ai E 1). As the sig- 
nal is weak the structure factor Fi = 21 is about 5% of the molecular structure 
factor (F = 430), which seems unlikely. 
ii) the interstitial corresponds to the addition of one molecule inside the inter- 
stitial volume. In fact, we consider that the chains of the added molecule do 
not contribute to the excess of electronic density brought by the defect. They 
rather increase the average chain electronic density. The core includes the 

defect, we have considered two limits: 
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16 ANNE-MARIE LEVELUT er al. 

a 

b 

C 

FIGURE 4 Schematic representation of a single R defect (a) and of two kinds of n defect pairs form- 
ing a loop @) or a lock-in line (c) 

phenyl ring, the carboxylic group, the two amide groups and the methyl 
inserted in between. Altogether, this correspond to 113 electrons which fill a 
circular section of radius 4 A i.e. 50 A2. The chains with 307 electrons cover 
an area of 320A2, and the structure factor of the interstitial is therefore 113- 
307(50/320) = 65 electrons. Then cq is equal to 7.8 and Vi= 1.13 lo4 A3. The 
interstitial volume corresponds to a sphere of about 14 A radius. This second 
model seems to fit better with the molecular parameters. 
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SMALL ANGLE SCATTERING IN MESOPHASES 11 

The distortion surrounding the defects extends over 7 molecules along the col- 
umn axis, corresponding then to a correlation length, of about 3.5 intermolecular 
distances. In a plane perpendicular to the column axis, the distortion around the 
interstitial covers approximately the area of two columns. We have considered 
previously that the interstitial was a lock-in line formed by the association of two 
elementary x defectd6I. In fact the lock-in lineL3] is reduced to its minimum 
length that is two defects of opposite directions in nearest neighbor positions 
(fig 4c). Another possible geometry corresponds to the formation of a loop if the 
two defects are one above the other in a direction parallel to the column axis. The 
loop extends over 6-7 molecules (fig 4b). The interstitial concentration fNi  is 
almost temperature independent in the nematic phase: ci = 1.5 9%. 

V.2 Vacancy structure 

At low temperature in the hexagonal phase, there is less than one molecule per 
unit cell. On heating, the average number of molecules per unit cell begins to 
increase progressively with the temperature above 133-135°C. This number 
increases and becomes larger than unity close to the transition towards the 
nematic phase. This behavior was explained by assuming that at low tempera- 
ture, the hexagonal phase contains only isolated x defects and that a single x 
defect is a vacancy (Fig. 4a). The number of x defects increases with temperature 
but simultaneously these defects form pairs, which are interstitials. Unfortu- 
nately we were not able to measure the scattering cross-section below 134°C. In 
fact, when the hexagonal phase is in a metastable state, we are not sure that the 
sample is free of crystalline seeds, during the time needed for data collection. At 
higher temperature, vacancies and interstitials coexist: 

1 2 1  

VX vx id = ii + iv = --aeqFi + --aecvF: 

The indices i and v correspond respectively to interstitial and vacancy varia- 
bles. For a further analysis of our data, we assume that the formation of a 
vacancy corresponds to a missing core which is replaced by the paraffinic sub- 
phase: F, = -Fi. We can also assume that the number of vacancies is independent 
of the temperature between the recrystallization temperature, 123"C, and the 
lowest limit of our small angle scattering experiments (about 135°C). In this tem- 
perature range, we set the value of c, V, = 0.053. This value is used to estimate 
i, at 134.8 "C and 136.2 "C. Then, the average value for ai = 3.3 is deduced from 
the above equations. Moreover, between 123 and 135°C the average vacancy 
concentration is temperature independent and equal to 0.016 (represented by an 
open circle on the graph). 
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18 ANNE-MARIE LEVELUT et al. 
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We have all the elements for an estimation of the defects characteristics in the 
whole temperature range covered by the SAXS experiments. The concentrations 
of vacancies (i.e. single x defects), interstitials (i.e. x defect pairs) and the global 
concentration of x defects are reported on Fig. 5. 

FIGURE 5 Temperature dependence of the defect concentrations 

The rather large dispersion of the points, is mainly due to the poor accuracy of 
id and V, experimental values. However, the average evolution of the three con- 
centrations with temperature is consistent with our previous assumptions about 
the structure of the two kinds of defects and about their impact upon the structure 
of the mesophase. We have assumed that there are nearly no interstitials below 
135 "C, in the hexagonal phase; above this temperature, their concentration 
increases progressively. More interesting is the temperature dependence of the 
vacancy concentration and of the total number of x defects. The hexagonal phase 
contains a constant number of vacancies even above 135OC. We can deduce the 
largest range of the attractive interactions between two x defects from the aver- 
age vacancy concentration: (0.016)-"3 = 4 intermolecular distances. 

In the nematic phase, the defect concentration is constant. Moreover, from the 
volume fraction of the defects, we can deduce an average distance between 
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SMALL ANGLE SCAlTERING IN MESOPHASES 19 

defects of about two molecular distances consistent with the previously meas- 
ured correlation lengthsi6]. However, with a so short distance, interferences 
between defects will modify the scattering cross-section so that equation (2) may 
not be valid. It is possible to escape this difficulty by assuming that pairs of x 
defects vary in shape and in structure factor. The isotropy of the signal would 
result from this diversity of shape. 

The estimated volume of a vacancy or of an interstitial (respectively 3.3 and 
7.8 times the molecular volume) is consistent with the elastic properties of the 
columnar phases. Around each defect the distortion of the columns array extends 
over a characteristic length of the order of ,& [31, where a is the hexagonal lat- 

tice constant and A = - depends on the splay (K) and compression (B) elas- 

tic coefficients respectively. In hexagonal phases of usual disc-like molecules the 
characteristic length A is of the order of a few A[121. As in solids the volume of a 
vacancy is less than half the volume of an interstitial. This is because an addi- 
tional molecule induces a larger distorted area than a missing one. The concen- 
tration of x defects increases continuously with the temperature until the nematic 
phase is reached. In the hexagonal columnar phase, the vacancy concentration is 
constant and equal to 0.016 f 0.002. We can use this value for an estimation of 
the total number of x defects at 147°C when the two mesophases coexist: The 
total number of x defects is the same in the two phases. The formation of pairs 
favors more the nematic phase than the total number of defects. In other words, 
isolated defects do not disturb the hexagonal lattice as much as the lock-in lines. 
On the one hand, it is easy to relate the loss of the long-range hexagonal periodic 
order to the large distorted volume, which surrounds each lock-in line. On the 
other hand, the transformation of individual defects in pairs is not completely 
obvious. As the number of x defects increases, the distance between them 
decreases thus favoring the formation of pairs. However, temperature not only 
modifies the number of defects but also acts on the displacement of defects by a 
mechanism of breaking and recombination of the hydrogen bonds. Because of 
this complexity the system behaves like a polymer in which conformational 
changes are thermally activated, so that we are not sure to be in an equilibrium 
situation. 

We have also observed that the SAXS signal depends on the thermal history of 
the sample, which means that the steady state is not instantancously established. 
In fact, we have not performed a real study of the kinetic evolution of the system. 
Nevertheless, we can compare the scattering cross-sections measured during a 
progressive heating process to that obtained after a quick one step cooling. In the 
first case, the column organization is well established from the beginning of the 
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20 ANNE-MARIE LEVELUT er al. 

heating process and the number of defects increases progressively. Interestingly, 
intensities are the same at each temperature (within 6%) for two different experi- 
ments, which cover approximately the same range of temperature but with a dif- 
ference of one order of magnitude in the average heating rate. After the series of 
measurements performed on the synchrotron beamline, that is with the highest 
heating rate, the sample was quenched within a few minutes from the isotropic 
phase at 167.5OC into the nematic one at 155.5OC. Then, the scattering cross-sec- 
tion was recorded in about 15 minutes. This scattering cross section 0.0375 cm-' 
is higher than the estimated TDS component but the contribution of the defects is 
divided by a factor 2 in the quenched nematic phase compared to that measured 
on heating. This is the proof that the defects need time to migrate and reorganize. 
However, we have not simultaneously followed the position of the interference 
peaks and then, we have not information enough to derive a reorganization 
mechanism. 

Moreover, it will be possible to follow the evolution of the scattering cross sec- 
tion at a given temperature after a temperature jump. With such experiments we 
might be able to obtain a better estimation of density fluctuations of thermal ori- 
gin. A correct estimation is particularly important for the nematic phase where 
the volume fraction of defects is large. In the absence of further information on 
that point, we can only underline that our assumptions are justified a posteriori 
by the fact that the volumes and the concentrations of the two kinds of defects are 
consistent one with each other. 

VI. CONCLUSIONS 

SAXS investigations of the mesophase of compound 1 have confmed the pres- 
ence of density point defects. By putting together this new information with our 
previous measurements of the defect volume fraction, it is possible to have an 
estimation of the size of the two kinds of defects present in the sample. This sys- 
tem can be in a metastable state and the role of the kinetic of migration of hydro- 
gen bonds is obvious. However, further experiments will be necessary for a more 
precise study of the kinetic evolution of the defects. 
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