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Using a light-beating technique for an appropriate scattering geometry, we have measured the bend 
orientational diffusivity (DhJ for an “hexa-n-alcanoyloxytruxene” (HATXC, 2H25) sample which exhibits 
a disk-like thermotropic nematic phase (N,) between 57°C and 84°C. From K,, measurement by the 
Frederiks method, the bend viscosity (qkd) is deduced. It is about 100 times higher than those corresponding 
to rod-like thermotropic nematics. From previous measurements of Dsplay and for HATXCl2Hz5, we 
have deduced the elastic constants (K, ,; K Z 2 )  and the viscosities (I].~,.~. qtWi,J. It has been concluded that, 
although there is a differencebetween the two kinds ofmolecules(disk-likeand rod-like), the backflow has the 
same effect as in rod-like nematic phase. 

Keywords: Disk-like, thermotropic, dijiisivity. 

On the one hand, it is well known that for a rod-like nematic ( N B )  phase, orientational 
diffusivity coefficients, Dsplay and Dlwisf, corresponding, respectively, to splay and twist 
deformations, are of the same order of magnitude. However, the coefficient Dbend, 
corresponding to bend distortion, exhibits a large deviation with respect to the two 
previous coefficients Dtwist and Dsplay.l This behavior is generally attributed to the 
backflow effects. The latter are known to reduce the bend viscosity compared with the 
twist one. On the other hand, in a discotic nematic phase ( N D ) ,  the constituent 
molecules have flat or nearly flat cores surrounded by relative long chains.’ The 
director which denotes the preferred average orientation is closely parallel to disk- 
normals (or molecular short axis). In contrast to this behavior, the director, for rod-like 
molecule, lies along the molecule long axis. Therefore, based on the different structures 
of N D  and NB, one expects an exchange between splay and bend deformations. 
Consequently, a large deviation between Dsplay and Dlwist is expected (the symmetry axis 
is along the larger dimension of the molecule for N,, while it is along the shorter one 
for N D ) .  In a previous work,j the authors have investigated a disk-like nematic 
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146 T. OTHMAN et al. 

(N,) lyotropic phase and have measured the orientational diffusivities DsPlly and Dtwist. 
They found a divergence between these two constants. They attributed this divergence 
to the backflow effects which reduce the splay viscosity compared with the twist one.To 
support the idea of exchange between splay and bend distortion, a Dknd measurement is 
essential. Due to experimental limitations, they did not measure the bend orientational 
diffusivity (Dbend), and simply anticipated that the backflow reduction must be very 
weak in the case of bend distortion, based on geometrical considerations. 

In a previous report: we presented measurements of Dsplay and D,,,, for a discotic 
thermotropic nematic liquid crystal (LC). Contrary to what had been reported for 
discotic lyotropic nematic phases, Dsplny and Dtwilt are in same order of magnitude and 
exhibit the same ratio as in rod-like nematic phase for which D!play/D,wis, ratio is of order 
of 1. Therefore a distinction between bend and twist viscosities must be expected. In 
order to provide a quantitative comparison between discotic and rod-like nematic 
phase about orientational diffusivities, we performed a measurement of orientational 
diffusivity Dknd on a discotic thermotropic nematic phase. In addition, measurements 
of the curvature Frank elastic constant (K , , )  using the Frederiks transition is also 
performed. Consequently, we show that in a combination of our measurements and 
a theoretical calculation of elastic constant  ratio^,^ the numerical values of the three 
constants (K,,, K, , ,  K 3 J  and the viscosities (qaPhy, qtwiat, qknd) can be deduced. 

We start with a short introduction of the theoretical concepts used in the present 
study. Then we describe the experimental procedure: technique, materials. In the 
last section, we present the data along with a discussion and a comparison with the 
nematic N,. 

It has long been known that in a nematic liquid crystal, the long range orientational 
order is subject to thermal fluctuations about the equilibrium To get 
information on the dynamical behavior of these fluctuations, we use the light beating 
technique to measure the relaxation time of these thermal fluctuations. We choose 
a coordinate system (0, x, y, z) in which the mean direction no lies along z axis, el and e, 
are two unit vectors lying, respectively, along x and y axis (Fig. 1). The wave vector 
q = K, - K, is in the (x, z) plane, with Ki and K, being, respectively, the incident and 
scattered wave vectors. The local director n position is dependent in the sample; it may 
be expressed as: 

n(r) = no + Sn,e, + dn,e, 

The mode 6nl is a combination of bend and splay deformations, while the mode dn, is 
a combination of bend and twist deformations. 

For either mode, at a fixed q, the relaxation rate r, is proportional to q2 and can be 
expressed as: 

where i denotes the mode of Auctuation 6n parallel ( i  = 1) or normal ( i = 2) to the (9, no) 
plane. K, ,, K,, and K,, are the Frank elastic constants characterizing splay, twist and 
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BEND ORIENTATIONAL DlFFUSlVlTY MEASUREMENTS 147 

FIGURE 1 Fluctuation modes: The dn, mode which is in the (4, no) plane is a combination of the bend and 
splay deformation. The dn, mode which is perpendicular to the (4. no) plane is a combination of bend and 
twist deformation. no is the equilibrium direction. 

bend deformations respectively; q, (4) and q2(q) are the viscosities associated with the 
modes 1 and 2; q1 and q,, denote the perpendicular and parallel components of the wave 
vector q with respect to no. 

In order to describe how to measure the pure bend orientational diffusivity 
(D,,, = K33/qknd), we consider a homeotropic sample confined between two glass 
plates separated by a distance d (a monodomain of thickness d). Then, we choose the 
appropriate scattering geometry in which q must be along the z axis (or director no), 
Figure 2. In this situation, the scattered light when it exists, must be centered outside 
the sample on the transmitted (or reflected) illuminating beam because reflection and 
refraction across the plates, limiting the sample, conserve the tangential component of 
light wave vectors along this interface. 

Because the sample has a finite size, the distortion modes of wave vector q, along no 
(or z axis) are quantized, with q , (p )  = p n/d, where p is an integer, and d is the sample 
thickne!~s.~ Consequently, a large Rayleigh scattering is expected only when q ; P t  = qz, 
where qBP' = Ki - K, is an optical wave vector which must be distinguished from 
mechanical wave vector 4,. From light propagation laws and for an ordinary incident 
light and extraordinary scattered one, we can calculate q;Pt from the following 
expressions: 

qHp' = (no cos a - n cos B)2 n/1 (2) 

no sin a = n sin f l  (3) 

where a, Bare respectively the incidence and scattering angles in the sample (see Fig. 2). 
The extraordinary index n at an angle fl, is given by the usual relationship, 
n-' = (cos2 B)n;' + (sin2/3)n; '. 1 is the incident light wavelength. 
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FIGURE 2 Scattering geometry: qoP' and Q"p'correspond respectively to forward and backward scattering. 
Ki and K, are the incoming and the scattering wave vectors. z denotes the preferred average orientatior). 

This system has two solutions: 

for the forward scattering, along the transmitted beam, and 

Qp '  = [no cos a + no( 1 - nin; sin2 ~r)'/~]2 n/;i 

for the backward scattering, along the reflected beam (Fig. 2). In the case where q;P' (or 
Qip') coincides exactly with qz(p) ,  we define a discrete set of incidence angles a,, for which 
there is a large scattered light. 

In the general case (see Ref. 9) and for an homeotropic liquid crystal, the differential 
scattering cross section is given by: 

where q, is q , (p )  and rn takes on the value 1 and 2 for the modes described above. 
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BEND ORIENTATIONAL DlFFUSlVlTY MEASUREMENTS 149 

We see that the finite sample size leads to an uncertainty in the selection of q,(p) 
(single slit interference function in Eq. (4)). This means that more than one mode q,(p) 
contributes to the scattered light in a given direction fl. The predominant modes are 
those within the interval: 

This yields a smoothing of the angular distribution of the scattered light which is 
sufficient to explain why, in practice, we did not observe the fringesdespite the expected 
discrete spectrum. So, we can study the Rayleigh scattered light corresponding to bend 
deformation without the necessity for an exact coincidence ofqYP'(or Qip ' )  and q,(p). We 
remark that when d increases, the angular spacing between the modes becomes small. 
Consequently, the difference between qOP' and q,(p) decreases. Also, the uncertainty in 
the selection of q, decreases. 

The material used here is the "hexa-n-alcanoyloxytruxene" (HATXC, , H2& which 
exhibits a disk-like thermotropic nematic phase (N,) between 57°C and 84°C." The 
thickness of the sample is given by the mica spacer to 120pm. We select a temperature 
of 65°C. To obtain a good homeotropic orientation (no perpendicular to the plates), we 
use the same method as in Ref. 4. The sample is placed on a goniometer which allows us 
to vary the incidence air angle a, (angle between no and KJ from 19°C to 47°C. The 
incident light at I = 632.8 nm is provided by a 10 MW He-Ne laser. Its polarization is 
chosen ordinary (or vertically) by a linear polarizer placed in front of the sample. 
A cooled S , ,  photomultiplier (PM) is fixed on a rotatable arm which can be rotated in 
a plane orthogonal to the vertical goniometer axis. It allows us to collect the light along 
the scattered direction K, at an air angle fl, x IC - a, (close to the reflected beam; see 
Fig. 2). The scattered light passes through a horizontal linear analyser. Note that in this 
situation the geometrical factor (i,f, + i z f2 )2 ,  which defines the selection rules' is equal 
to sin2a,. A pinhole of radius 50pm placed in front of the photomultiplier allows 
collection of the scattered light over less than one coherence area. The photocurrent i ( t )  
coming from the PM is sent to a 64 channel digital correlator, which is interfaced with 
a computer to collect and analyse the autocorrelation function Ci(t). In the absence of 
multiple scattering, CJt) has the following simple expression:' ' 

Ci(t) = (i, + is)2 + if exp ( - 2t/t) + 2 i, is exp( - t / ~ )  

where is is the intensity of the signal coming from the fluctuations of the nematic 
director no, i, is the " local oscillator" intensity when using heterodyne detection and 
7 = l/Dq2 is the damping time. In a purely heterodyne regime ( is  << i,), the autocorrela- 
tion function Ci(t) is reduced to a single exponential decay with a characteristic time 
7c = 7. If the regime is purely homodyne (i, - 0), Ci(t) is also reduced to a single 
exponential but with a characteristic time q = ~ / 2 .  From a fit of the experimental 
autocorrelation function with two exponentials, Aexp( -2t/r) + Bexp( - c / T )  + C, we 
obtain the damping time T. The experimental constants A, B are deduced from a fit to 
the experimental Ci(t), while C is kept fixed to the measured baseline. The orientational 
diffusivity, Dknd, is deduced from a plot of T - '  vs. q,2(p). Note that qz(p) is close to 
QT' corresponding to each angle a,. The integer p varies from 1108 (for a, = 19O) to 976 
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I50 T. OTHMAN er d. 

(for aa = 47"). A straight line fits the experimental data as shown in Figure 3. From the 
slope we deduce the bend orientational diffusivity (Dbnd): Dbnd = 1.26.10- *cm2/s. I t  is 
about 2 order of magnitude smaller than the one for rod-like molecules. This difference 
may be attributed to higher bend viscosity (qknd). To confirm this claim, we performed 
an independent measurement of the bend Frank elastic constant K , ,  using Frederiks 
transition. In this experiment, we used a homeotropic sample, confined between two 
parallel glass plates coated with conducting layers. The sample thickness which is equal 
to 60pm was measured by an interferrometric method. Then the sample is placed 
between two crossed polarizers which allow us to examine the macroscopic distortions 
of the common direction. In the presence of the applied electric field which is weaker 
than the threshold one, no transmitted light intensity is measured. This is in agreement 
with a good quality homeotropic preparation. Gradually increasing the applied 
voltage, a weak transmitted intensity is observed at a u x 3.7 volts. I t  reflects 
the presence of a weak distortion of the director no. From the threshold voltage u z  3.7 
volts and the value of the anisotropy of the dielectric constant''1eaI z 0.2, we deduce 
a value for K, , :K, ,2:0 .22 .10-6  dynes. From this value and using the relation 
Dknd = K3Jqknd, one can deduce the bend viscosity (qbend):qbcnd x 18 p. 

We would like to mention that for this homeotropic geometry, and using the 
electro-optic method, we can only measure the K , ,  elastic constant. To measure the 
other two elastic constants K ,  , and K , ,  corresponding respectively to splay and twist 
deformations, a planar or homeoplanar orientation of the sample is essential. This 
orientational geometry is easily obtained in the case of rod-like molecules (NJ. In this 
way, we have tried several orientation techniques in order to prepare a cell with either 
planar or homeoplanar oriented regions for disk-like molecules (application of a static 
magnetic field, coating the cell faces with an organic agent, using the shear method, 
which was used in columnar discotic case). Unfortunately, all these methods do not give 

FIGURE 3 Relaxation rates I/T versus q:: qr is the mechanical wave vector given by q, (p)  = pn/d. 
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BEND ORIENTATIONAL DIFFUSIVITY MEASUREMENTS 151 

satisfactory results. Due to these orientational difficulties, we have not measured the 
elastic constants K, ,  and K, , .  

In Table I, we report the orientational diffusivity coefficients (Dsplay, D,,,,, and D,,,) 
measured at 65°C for the truxene (HATXC,,H,,). We remark that the ratio Dsplay/ 
D,,,,, is close to 1, while Dbcnd/Dlwls, is about 3. One can deduce that the backflow effect is 
more important in the bend distortion than in the splay one. For comparison, we report 
in the same table, these values measured previously for a discotic lyotropic nematic 
phase, and for a conventional thermotropic nematic phase liquid crystal N-(p- 
methoxybenzy1idene)-p-butylamiline, MBBA.’ The difference between Dsplay and 
D,,,,, for a discotic lyotropic nematic has been attributed to the backflow effect. The 
latter reduce the splay viscosity compared with the twist one. However this would not 
be the case for the rod-like nematic phase, since the divergence occurs between Drwisl and 
Dknd . About the orientational diffusivity coefficients, the truxene (HATX 
C,,H,,) presents the same behavior as for the rod-like nematic although there is 
a difference between the geometrical shape of the two kinds of molecules. 

Because of the orientation difficulties mentioned above concerning the K ,  , and K,, 
measurements, one can use the measured value of K,, and the calculated ratios:, 
K , , / K , ,  5- 5; K , , / K , ,  - 2, to estimate K , ,  ~ 0 . 4 5 . 1 0 - ~  dynes and K,, x 1.1.10-6 
dynes. Furthermore, the results of  measurement^'^ of the ratio K , , / K , ,  for two’ 
truxene derivatives in nematic phases: hexa(decanoy1oxy)truxene and hexa (tetra- 
decanoyloxy)truxene, prove the validity of the theoretical predictions.’ So, the 
authors’, found K, , > K,, in the whole temperature range. For this reason we have 
used the calculated ratios’ to estimate K ,  , and K,,, since our sample (HATXC,2H25) 
is a truxene derivative. For comparison we report in Table I1 the K ,  ,, K,, and K,, 
values cprresponding to HATXC,,H,, and those corresponding to MBBA. We 
remark that the elastic constants K, , ,  K,, and K , ,  are all in the same order of 
magnitude for HATXC,,H,:, and MBBA.Theorder K , ,  < K , ,  < K,, which is always 
observed for rod-like molecules comes K , ,  < K, , < K,, for disk-like molecules. The 
elastic constants interchange their role, since K,, is smaller for HATXC,,H,,. This 
result implies that it is more difficult to twist a plane of disk-like molecules with respect 
to a neighboring plane, rather than twisting a plane of rod-like molecules. In the same 
table (Table 11) we report the viscosity values for MBBA’ and those for HATXC,,H,, 
deduced from orientational diffusivity measurements. The three HATXC, 2H25 

TABLE I 

Orientational diffusivity coefficients corresponding respectively to HATXC, 2H25 at 65°C. disk-like lyo- 
tropic and nematic phase (MBBA) at 25°C. 

Truxene (HATXC,,H,,) Disk-lyotropic MBBA 
T= 65°C phase c31 T= 25°C [ 13 

Dspl.y(Cmz s -  0.59.10- * 1.15. lo-’ ~0.56.10-~ 
D,,,,,(cm’s-’) 0.42.10-* 0.16.10- ’ z 0.43.10- 
D,,,(cm s I )  1.26. lo-’ - ~4.3.10-~ 
Dspl.yIDlnr, I .4 1.2 1.3 
D,JD,,,,, 3 l ?  z 10 
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I52 T. OTHMAN ef al. 

TABLE I f  
Elastic constants and viscosity coefficients for HATXC,,H,, at 65°C. For comparison typical values for 

rod-like thermotropic nematic phase are shown. 

Kl  I Kzz K , ,  rlspliy VlW,S,  qbend 
(dynes) (dynes) (dynes) (poise) (poise) (poise) 

~ ~ 

Truxene 
HATXC,,H2,65"C 0.45, 1.1.10-6 0.22.10-6 77 270 18 
MBBA' 25°C 0.35.10-6 -0.7.10-6 -0.7.10-6 1.26 - 1  0.2 

viscosities are much larger than those for MBBA: qlwlsl (HATX)/qlWl,,(MBBA) z 270. 

This implies that the backflow effects are more important on the bend distortion than 
on the splay one as was habitually observed for conventional nematics.' The above 
observations may be due to the appearance of a local order of thermotropic nematic 
type. This order can be manifest in the packing of a few molecules (15 to 25) to form 
relatively short columns of a diameter of an individual disk. Each column would be 
equivalent to an individual rod in classical nematic LC. Consequently, similar values 
for the ratios qlwlst/qsplay and qtwIst/qknd would be observed for the present system and for 
the rod-like thermotropic nematics. The above order (local nematic type) is confirmed 
by observation of X-ray diffraction from columnar disk-like phases (ordered or 
disordered system). The X-ray diffraction patterns show strong molecular correlations 
along the columns. 

To conclude, we have investigated the dynamical behavior of a pure bending 
deformation induced by thermal fluctuations in an homeotropic nematic phase of 
truxene (HATX C, ,H,,). Using quasi-elastic light scattering technique, with the 
appropriate choice of scattering geometry, with the wave vector q, (qoPt) parallel to IT,, 

we measured the damping time associated with pure bend deformation. Furthermore, 
we have performed an independent measurement of K , ,  via a Frederiks transition. The 
experimental measurements allowed us to deduce the pure bend viscosity. So, using 
a previous theoretical calculation5 for the ratios between: K , , ,  K , ,  and K,,, we 
deduced the numerical values of K,, and K,, and those for qSplay and qtW,,,. The 
comparison of our results with those obtained in rod-like nematic phase shows that 
K,, and K,, interchange their role: K , ,  > K,, for rod-like molecules and K, ,  > K , ,  
for discotic, K , ,  is the largest elastic constant for disk-like molecules, whereas for 
rod-like molecules it is the smallest one. The three curvature constants for discotic are 
in the same order of magnitude as those corresponding to the conventional nematic 
liquid crystal (NB) .  This means that to produce the same distortion in nematic discotic 
or in nematic ( N B ) ,  one must supply the same energy. The viscosities qSplay, qlwl,, and 
qknd corresponding to nematic discotic are about 2 order of magnitude larger than 
those corresponding to rod-like nematic (MBBA). This difference is probably due to the 
shape of the molecule. qtwls, is the largest of the three viscosities. qrplay is weaker than 
qtwls, by a ratio of the order of 3, while qknd is 15 times smaller than q,w,sl. 

Furthermore qsplay and q k n d  are than qtwist' qlwist/qsplay 3, and lftwist/qknd - 15* 
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