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Abstract-The temperature dependence of the diffusion coefficients in PAA, 
anisalazine, 4,4’-diheptyloxy-azoxybenzene, anhidrous Na-palmitate and Na- 
palmitate-water mixtures has been studied by quasi-elastic scattering of cold 
neutrons and by the variable gradient proton spin echo method. 

Introduction 

The most basic property of liquid crystals is that they flow while 
sustaining an  ordered structure. Very little however is known on the 
nature of this process on a molecular basis, and only recently the 
first attempts have been made to measure diffusion coefficients in 
nematic systems. (l p 2 )  

To throw some additional light on this problem we decided to  
measure the temperature dependence of the diffusion coefficients in 
some thermotropic and lyotropic liquid crystals. Systems exhibiting 
nematic as well as smectic ordering were included in our study. 

The methods used were qua,si-elastic incoherent cold neutron 
scattering and variable field gradient proton spin echo measurements. 
It should be stressed that whereas in the spin echo method the true 
translational self-diffusion coefficient is measured, quasi-elastic cold 
neutron scattering is sensitive to both translational and rotational 
motions of the molecules.(3) Whereas the measuring period in NMR 
diffusion measurements is typically - sec, neutron scatter- 
ing detects diffusive motions which occur in a time of about sec. 

The cross sectioii for quasi-elastic cold neutron scattering may be 
approximated by a Lorentzian line with a half-width that depends on 
the true self-diffusion coefficient describing the translational motion 

t Presented at  the Third International Llquld Crystal Conference in Berlin, 

D 97 
August 24-28, 1970. 
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98 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

of the molecular center of gravity, and on another coefficient de- 
scribing the proton motion relative to the center of gravity. This 
relative motion can be rotation or rotational diffusion, which may 
occur in small steps or in large jumps. It is expected that in systems 
of low viscosity the translational term is dominant whereas in high 
viscosity systems the width of the quasi-elastic peak will be deter- 
mined by rotational diffusion. Following Larsson,@) the asymptotic 
quasi-elastic line width is in the limit Ka-+co given by 

whereas it is in the limit Ka-+O given by: 

( d ~ ) p + o  = 2 “ D  ” * K’. (2)  

Here &K is tho momentum transfer in the scattering process, T~ is the 
time the molecule spends in a quasi-stable position before jumping 
to a new state or site, D, is the coefficient describing the protonic 
rotational diffusion on the surface of a sphere around the molecular 
center of gravity, and 

“ D ”  = D+Drel+Dmix (3) 

is an apparent diffusion coefficient which is a sum of the lxue self- 
diffusion coefficient D ,  a fictitious coefficient Drel > D ,  describing 
the motion of the average proton relative to its molecular centor of 
gravity and a small mixture term, Dmix, between the relative motion 
and the center of gravity motion. 

The NMR spin echo methodcs) for the determination of the 
diffusion coefficient, on the other hand, is based on the observation of 
an extra damping of the transverse nuclear magnetization due to a 
change in the Larmor frequency as a result of translational diffusion 
of the molecule across the inhomogeneous applied magnetic field. 
Rotational diffusion does not result in a significant change in the 
proton Larmor frequency during the time of the experiment and is 
therefore not observable. 

The spatial dependence of the applied magnetic field across the 
sample can be ctescribod as 

H ,  = Ho+(G.r)  (4) 

where G can be assumed to be a constant. The equatiw of ~rnotion(~) 
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S E L F - D I F F U S I O N  I N  L I Q U I D  CRYSTALS 99 

of the transverse magnetization m = M ,  + iM, precessing in the 
z - y  plane after a 90" pulse is 

6m m _ -  - iw ,m - - - iy (G * r ) m  + V * D * V m  
6t T2 (5) 

where w,  = y H ,  is the unperturbed Larmor frequency, T, is tho 
spin-spin relaxation time, and D is the self-diffusion constant tensor. 
The solution of this equation is particularly simple for a time in- 
dependent field gradient G .  After a refocusing 180" pulse applied 
at  a time T after the 90" pulse, we obtain: 

(6) 
(y2G - B * Gt3 + ")I i w O t + i y ( G . r ) ( t - 2 T ) -  __- 

12 T2 
Expression (6) predicts the formation of a spin echo at a time t = 27 
the amplitude of which depends on the applied field gradient and the 
self-diffusion constant D. By measuring the amplitude of the echo 
as a function of the applied field gradient or by varying t at fixed G 
we thus obtain D. 

All molecular displacements between the 90" and 180" pulse 
contribute to the attenuation of the echo in the above method, In 
order to limit the diffusion time as well as to be able to use larger 
field gradient*, it is often useful@) to apply the gradient in the form 
of two very short pulses of width 6 the first of which is applied after 
the 90" and the second after the 180" pulse. We thus have a pro- 
cedure to detect motion in the interval d between the two pulses. 
The additional attenuation of the echo due to molecular diffusion in 
this interval A is easily obtained from Eq. (5) and is given by 

m(d)  = m, exp [ - y2S2G * D * G A ] .  (7) 
Equation (7) reduces in the case of isotropic diffusion to the well- 

known expression : 

m(A) = m, exp [ - ya62G2 D A ] .  (8) 

Experimental Procedure 

The quasi-elastic broadening of the Be-filtered neutron beam 
has been measured with the time of flight spectrometer on line with 
a CDC 1700 computer at  the Triga, Mark I1 reactor in Ljubljana at 
the angles 6 = 24", 5 I", 76" and 110". The corresponding momentum 
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100 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

transfer in the scattering process is K = 4rr/A0 sin 612 where A, = 

3.96A. A liquid methane cold neutron source in the tangential 
channel has been used. The samples were placed into a cylindrical 
container. The thickness of the samples was such that the trans- 
mission was about 90%. The temperature was measured with three 
copper-constantan thermocouples to * 1 "C. No attempt was madc 
to orient the samples so that only the average of the diffnsion constant 
tensor was obtained in neutron scattering. 

The NMR diffusion measurements were performed on a home 
built pulsed spectrometer operating at 37 MHz. A constant as well 
as a pulsed field gradient was used. Unless otherwise stated the 
component of the D tensor parallel to the magnetic field, D,, was 
measured. 

Results 

(1) P-azoxyanisole (PAA) : A typical dependence of the broaden- 
ing of the quasi-elastic neutron peak on the square of the mo:mentum 
transfer for nematic PAA is shown on Fig. la. The results shown on 
this figure were obtained after the inelastic background-centered 
a t  12 cm-1 and probably representing -CH, rotation-was sub- 
tracted. It can be clearly seen that no horizontal saturation value 
is approached. The slope of the tangent to the curve at high momen- 
tum transfers gives the rotational contribution, 413 D,, and the 
intersection of the tangent with the Aw axis gives 2/7,,. The slope 
of the line width curves near the origin (Ka+O) on the other hand 
gives the apparent diffusion coefficient 2 " D ". A t  120 "C we thus 
obtain T~ = 2.5 x 10-la sec, D ,  = 1.6 x cma/sec and "D" = 

(0.75 * 0.5)  x 10-5 cma/sec. The pure rotational contribution thus 
seems to represent only a small part of " D ". 

The temperature dependence of the quasi-elastic broadening is 
quite puzzling. 

In  the solid phase from room temperature up to 112 "C no quasi- 
elastic broadening could be observed demonstrating that " D " is 
lower than 10-6 cma/sec. 

In the nematic phase, on the other hand, there is a very distinct 
broadening. Contrary to expectations, however, the momentum 
transfer dependence of the broadening was found to be identical at  
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Figure 1. Quasi-elastic broadening of the incoherently scattered cold 
neutron line in (a) Na-palmitate, (b) PAA and (c) anisalazine as a function of 
the square of the momentum transfer. 
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102 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

120 O C, 126 “C and 132 “C. The apparent diffusion coefficient “ D ” 
thus does not seem to depend on temperature in nematic PAA 
(Fig. 2). 

In  the isotropic liquid phase the diffusion coefficient “ D ”  ex- 
ponentially increases with increasing temperature. Both the value 
and the activation energy E = 8 kcal/mol are rather close to the 
ones obtained by the proton spin echo method.(’) This means that 
in liquid PAA, “ D ” is determined by the translational contribution. 
The value of D , ,  measured by the proton spin echo metha’d in the 
liquid-like region right below the nematic-liquid transition is some- 
what higher than “ D  ” obtained from the neutron scattering data. 
This might be due to the anisotropy of the diffusion constant tensor. 
Preliminary measurements in nematic PAA have namely shown that 

It should be mentioned that the value of the translational self- 
D ,I > DL. 

diffusion coefficient D obtained from the Einstein equation 

-- in OK-’ 

Figure 2. Temperature dependence of the diffusion ccefficients in PAA. 
“ D ” is the apparent diffusion coefficient obtained from the neutron scattering 
data as K-jO, and D is the self-diffusion coefficient determined by PJMR. 
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S E L F - D I F F U S I O N  IN L I Q U I D  C R Y S T A L S  103 

is by a factor of ten smaller than "D" or D as determined by 
neutron scattering respectively NMR measurements. As PAA is 
far from being a spherical molecule for which Eq. (9) is valid, this 
discrepancy is not too serious. 

One way to explain the temperature independence of " D " in the 
nematic phase would be to assign "D" as being due to rotation of 
the PAA molecules around their principal symmetry axes. Such 
motion is known to occur in nematic PAA. Within this model i t  is 
however hard to understand the relatively good agreement between 
the NMR and neutron scattering data. 

Alternatively one could explain the temperature independence of 
" D  " by the fact that the components of the D tensor have opposite 
temperature dependences as is this indeed the cass for the viscosity 
coefficients. (?) 

A definite explanation of the above results and in particular of the 
puzzling temperature independence of " D " in the nematic phase 
has t o  be postponed until the temperature behavior of all the elements 
of the diffusion constant tensor is known. Work along these lines is 
in progress. 

(2) Anisalazine : The neutron scattering results for this compound 
which exhibits a nematic phase between 168 "C and 182 "C are rather 
similar to the ones obtained for PAA. The value of '' D " does not 
depend on temperature in the nematic phase and equals to " D " = 

1.3 x cm2/sec. The value of D, a t  172 "C is 2.4 x 10-6 cm2/sec. 
I n  the liquid region a normal thermally activated diffusion rate is 
observed (Fig. 3). The NMR results seem to agree with the neutron 
data in the isotropic liquid just above the nematic region. 

(3) 4,4'-Diheptyloxy-azoxybenzene (PAH) : This compound 
which is a higher homologue of PAA, exhibits a smectic mesophase 
between 65" and 89 "C and a nematic one between 89 "C and 118 "C. 
The neutron scattering results are again very pnzzling: " D " is 
temperature independent throughout the smsctic and the nematic 
phase (Fig. 4). I ts  value is " D " = (0.5 f 0.05) x 10-5 cm*/sec. 
D,, on the other hand, equals 3 x 10-6 cm2/sec in the smectic phase 
and significantly changes on going to the nematic region. I n  the 
liquid phase above 118 "C we again find a normal, thermally activated 
temperature dependence of '' D ". The self-diffusion coefficients D, 
determined by NMR, agree rather well with the neutron data. 
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S E L F - D I F F U S I O N  IN LIQUID CRYSTALS 105 

To throw some additional light on these surprising results we 
measured the Zeeman and the dipolar (Fig. 5 )  proton spin-lattice 
relaxation times as a function of temperature. The Zeeman re- 
laxation time measured at w0/27r = 37 MHz is rather long in the solid 
phase and drops abruptly on going to the smectic phase, where it 
continues to increase with increasing temperature throughout the 
smectic and nematic phase until leveling off just before the nematic- 
liquid transition. On going to the liquid phase, there is again a dis- 
continuous drop in T, ,  followed by an exponential increase with 
increasing temperature in the liquid phase. 

The dipolar proton spin-lattice relaxation time TlD, on the other 
hand, shows a different behavior. It decreases with increasing 
temperature in the solid and discontinuously increases on going to 
the smectic mesophase, where it exponentially increases with 
increasing temperature. This means that the characteristic t-ime T 
for diffusion-which, however can be of rotational or translational 
origin-is longer than 10-4 sec in the solid and shorter than that in 
the smectic mesophase, where it behaves like T = T~ exp (EIkT). 
In the nematic mesophase, on the other hand, TID is practically 
temperature independent, and hy a factor of 4 shorter than T,.  
Whether T I D  is in the nematic phase dominated by order fluctuations 
or by diffusion is still an open question. Here as well as in PAA, 
measurements of the anisotropy of the diffusion constant tensor 
might help to solve this problem. 

To see whether the sur- 
prising temperature independence of “ D ” is limited to homologues 
of PAA or whethgr it is a more general characteristic of liquid 
crystals we decided to investigate anhidrous NaP which is known to 
undergo five different smectic liquid crystal transitions@) before 
melting. 

In  contrast to the previous cases “ D ” was found to be exponen- 
tially dependent on temperature (Fig. 6), and varied between 
10-8 cmZ/sec in the “subcurd” and cm2/sec in the “super- 
waxy ” phase. Because of the too large broadening of the quasi- 
elastic peak, “D” could not be measured at higher temperatures. 
An estimate of D, and of the mean square displacements obtained 
from the Debye-Waller factor shows that the translational contribu- 
tion to “ D ” is very small. 

(4) Anhidrous Na-palmitate (Nap): 
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Figure 7. 
as determined by NMR. 

Temperature dependence of the self-diffusion coefficient D in NaP 

isotropic liquid occurs and a lower one at  which ejection of water 
takes place and an amorphous solid or gel is formed. The neat phase 
(Fig. 8 )  is lamellar and smectic : the hydrocarbon chains are arranged 
in parallel equidistant double layers which alternate with inter- 
vening layers of water. In  the hexagonal middle phase, on the other 
hand, the hydrocarbon molecules form a two dimensional laktice of 
parallel cylinders with intervening water channels (Fig. 8). It was 
the purpose of our study to investigate the diffusion properties of the 
H,O molecules in these channels. 

Deuteron resonance measurements(s) have shown that the motion 
of the D,O molecules in such systems is not completely isotrolpic and 
that there is on the time average a small amount of preferential 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
08

 2
3 

Fe
br

ua
ry

 2
01

3 



S E L F - D I P F U S I O N  I N  L I Q U I D  CRYSTALS 109 

ordering of the D,O molecules. The temperature dependence of the 
quadrupole splitting of the D,O NMR spectrum for a 30% Na.P-700/, 
D,O mixture is shown in Fig. 9. The spectra are of the (‘ powder ” 
type as expected for randomly oriented regions of spin 1 nuclei with 
a zero asymmetry parameter. The splitting first increases with 

l a m e l l a r  mesophase 

hexagonal  mesophase 
Figure 8. 
mesophases of Nap-H,O systems. 

Structures of the ‘‘ neat ” lamellar and the ‘‘ middle ” hexagonal 
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110 M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L 9  

increasing T, stays nearly constant and then disappears on going to 
the isotropic liquid. It should be mentioned that a similar behavior 
was observed in the lamellar as well as in the hexagonal phase. In 
view of the fact that the maximum splitting increases with decreasing 
D,O content it is tempting to explain the observed D,O splitting as a 
result of " fast " exchange between " free " D,O molecules within 
the channel and " bound " D,O molecules a t  tho polar ends of the 
hydrocarbon chains. This model also explains tl).e,fact that a single 
deuteron line is observed except very close to the temperature of the 
transition to the isotropic liquid. The deuteron spins thus see a time 
averaged electric field gradient 

(10) 

where p is the fraction of the time the D,O molecule spends in a 
" bound " state and qbound and qiree are the maximum components 
of the electric field gradient tensor in the " bound " respectively the 
(' free " state. In case of an axially symmetric field gradient (q  = 0) 
q is related to the quadrupole splitting of the deuteron NMR line by 
dv =fezqQ/h, where Q is the quadrupole moment of the deuteron. 
As the electric field gradient tensor of a free D,O molecule in water 

- 
q = qboundp d- qfree D,O ( l  

2oo t 
50 

Ouadrupole splitting o f  010 line 
in 30% Na-palmitale -70'/. 010 

I I 
I I 
I 

I ! 

isotropic 

i'"" 

I I 
1 . 1  l L  I lo 

300 350 100 150  
T I ' K I  

Figure 9. Temperature dependence of the quadrupole splitting of the 
deuteron D,O NMR spectrum in a 70% D,O-30% NaP system. 
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is averaged out by molecular motion, one may assume that qfreeDzO > 0, 
and that 

(r = qhoondp- ( 1 1 )  
If this model is correct one can immediately obtain the tempera- 

ture dependence of the self-diffusion coefficients of the H,O moleculcs 
as : 

(12) D,, = DNaP'p +DII,O * (1 -P) 
where DNaP is the self-diffusion coefficient of those H,O molecules 
which are rigidly bound t o  the NaP groups and DHzo is the self- 
diffusion coefficient of the free H,O molecules. As D N a P g  DHz0, 
in the liquid crystalline state, we have 

D u  DH,O(l < Tl.~.-*i . l .  (13) 
The experimental results are shown in Fig. 10 for both the hexa- 

gonal and the lamellar phase of the NaP-H,O system. In both cases 
the diffusion coefficients exponentially increase with increasing 
temperature before dropping on going to  the isotropic liquid. 

The self-diffusion coefficients in the water channels are quite large 
and are a t  350°K in the 30% NaP-70% H,O system only by a 
factor of 3 lower tham the ones measured in pure H,O at the same 
temperature and with the same spacing (40-100 msec) between the 
90" and the 180" pulses. The values of D increase with increasing 
H,O content. 

It should be also mentioned that in the isotropic liquid state the 
self-diffusion coefficients for a 30% NaP-70y0 H,O and a 30% 
NaP-70y0 D,O mixtures are identical and are of the order of 3.10-6 
Cma/Sec. This means that in the isotropic liquid in contrast to 
Eq. (13). 

i.e., p M 1, what can be understood only if a significant change in p 
accompanies the liquid crystal + isotropic fluid transition. 

D D N ~ P ,  T > Tl.c.+i.l. (14) 
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Figure 10. ,Temperature dependences of the self-diffusion coefficionts D of 
the H,O molecules in both lamellar and hexagonal NaP-H,O systems. 
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