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T h e p a p e r presents and discusses m e a s u r e m e n t s of the p r o t o n spin Tx r e l axa t ion d i spe r s ion 
over a b r o a d f r equency range (100 H z - 3 0 0 M H z ) in the mice l la r , hexagona l , cub i c and l amel la r 
p h a s e s of lyotropic po t a s s ium- lau ra t e wa te r mixtures . T h e results clearly show that in the 
an i so t rop ic phases (hexagonal , l amel la r ) 7", at low L a r m o r f r equenc i e s is d o m i n a t e d by l iqu id 
crysta l l ine order f luc tua t ions , whereas this re laxa t ion m e c h a n i s m is negl igible or absen t in the 
i so t rop ic phases (micel lar , cubic) . At m e d i u m and h igh L a r m o r f r equenc i e s the re laxa t ion 
ref lects rota t ional and t ransla t ional mo lecu l a r mot ions . Us ing theore t ica l m o d e l s f r o m the 
l i t e ra tu re for the th ree k inds of reor ien ta t ions the obse rved f r e q u e n c y and t e m p e r a t u r e d e p e n -
dences of T\ can be descr ibed quant i ta t ive ly . In contras t to t h e o r d e r f l uc tua t ion m e c h a n i s m the 
ro ta t iona l and t rans la t ional reor ien ta t ions of ind iv idua l molecu les d e p e n d only weak ly on the 
mesogen ic s t ructure. T h e o rde r f luc tua t ion con t r ibu t ion is s t ronges t for the l ame l l a r phase . 

1. Introduction 

T h o u g h the mo lecu l a r o r gan i za t i on and m o t i o n in 

l yo t rop ic l i q u i d crystals have been s tud ied f requent-

ly b y N M R techn iques [1], the nature o f the 

processes seen by such exper iment s is not unde r -

s tood exactly, part icu lar ly in the s low m o t i o n 

reg ime. T h i s app l ie s even to the most extens ive ly 

invest igated l yot rop ic system, n a m e l y the m i x tu re o f 

po ta s s i um- l au ra te C H 3 ( C H 2 ) i o C 0 2 K w i th water, 

w h i c h exh ib i t s a var iety o f l i q u i d crystal l ine m e s o -

phases f o l l o w i n g changes o f either the concent rat ion 

o r the temperature. T h e phase d i a g r a m inc ludes a 

lamel lar , a cub ic , a hexagona l and a mice l la r struc-

ture [2], 

Ba sed o n temperature a n d f requency dependent 

mea su r emen t s o f the l ong i t ud ina l p ro ton s p i n relax-

at ion t imes r , a nd T l g relative to a s tat ionary o r 

rotat ing Z e e m a n field, respectively, C h a r v o l i n et al. 

[1, 3] essential ly separated for s o m e m e s o p h a s e s 

three k i n d s o f mo lecu l a r reor ientat ions w i t h very 

dist inct t ime scales: A fast h o p p i n g by se l f -d i f fu s ion 

( 1 0 ~ 9 s ) , a s t rong ly h i nde red rotat ion o f i n d i v i d u a l 
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molecu le s about their short axes ( 1 0 - 8 s ) , and a 

rather s low, l o ng -wave l eng th c h a i n d e f o r m a t i o n 

( 1 0 _ 6 s ) , w h i c h wa s s u p p o s e d to be s o m e k i n d o f 

p e n d u l u m mot ion . H o w e v e r , s ince the techn iques 

u sed to s tudy the re laxat ion d i s pe r s i o n on l y a l l owed 

w o r k at convent iona l N M R f requencies, that m e a n s 

ove r a m u c h too restricted range w i th a large g a p 

between the direct T, a n d ind i rect TlQ a p p r o a c h [4], 

the au tho r s e m p h a s i z e d that their exper imenta l 

data were insuf f ic ient for a quant i tat ive eva lua t i on 

o f the v a r i o u s m o l e c u l a r reor ientat ions. 

T h i s pape r presents a n d d i scusses new mea -

su rement s o f the p r o t on s p i n re laxat ion d i s -

pe r s i on in the l i q u i d crysta l l ine me sopha se s o f 

po ta s s i um- l au ra te water m ix tu re s over a m u c h 

b r oade r L a r m o r f requency range ( 1 0 0 H z - 3 0 0 

M H z ) t han p r e v i o u s w o r k s [1]. S u c h an i m p r o v e -

ment ha s b e c o m e po s s i b l e b y t ak i ng advantage o f 

m o d e r n f ie ld -cyc l ing faci l it ies [4], w h i c h e l iminate 

the restr ict ion o f f a m i l i a r N M R exper iment s to h i g h 

Z e e m a n Fields. T h e results ob t a i ned at l ow a n d 

m e d i u m f requenc ies (100 H z - 1 0 0 k H z ) g i ve clear 

ev idence that the s l ow mo lecu l a r t u m b l i n g in the 

an i s o t rop i c phases ( lamel lar , hexagona l ) is c o m -

pletely different f r o m the reor ientat ion in the 

i so t rop i c phases (cub ic , m ice l l a r ) ; in the first case 
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there exist smectic-type order f luctuations [5], in the 

second case this cooperat ive process is absent or 

negligible. A s a consequence the h i gh - f requency 

relaxation d i spers ion (10 M H z - 3 0 0 M H z ) has a 

m u c h more comp lex m e a n i n g than prev ious ly 

conc luded in the literature [1], It reflects both 

rotational and translational mo lecu la r reorientations, 

wh i ch differ on ly s l ightly in t ime scale for all 

cons idered l i qu id crystall ine structures. 

2. Experimental Techniques and Results 

2.1. Sample Preparation 

Potass ium laurate ( P L ) was prepared f r om 

commerc ia l po ta s s ium carbonate and laur ic ac id 

(Me r c k ) app l y i ng s tandard techniques descr ibed in 

the literature [6, 7], After remova l o f crystal water 

by d ry ing under v a c u u m and pur i f i cat ion t h rough 

recrystall ization f rom ethanol so lut ion, one obta ins 

the desired lyotropic mesophases by m i x i n g the salt 

with water in we i ghed quantit ies accord ing to the 

phase d i a g r am [2]. H e a v y water, D 2 0 , instead o f 

norma l water was used to d i s t ingu i sh solvent f r om 

solute proton sp ins in the N M R experiments. I n 

order to accelerate the m i x i n g process in the 

extremely v i scous l iqu ids as well as to homogen i ze 

the mixtures, it proves very helpful to centr ifuge the 

materials and to treat them by u l t rasound for 

several hours [7]. T h e exact D 2 0 concentrat ions 

were selected in such a way as to a l low measure-

ments o f all lyotropic structures at the same tem-

perature, and to enable a direct c o m p a r i s o n w i th 

the data o f C h a r v o l i n [3]. T h i s meant 28 w t % for the 

lamellar phase, 36 w t % for the cub ic phase, 50 w t % 

for the hexagona l phase, and 83 w t % for the micellar 

phase. W i t h the help o f microl i t re pipettes the 

relative D 2 0 content in the N M R tubes cou ld be 

adjusted to the requi red value w i th an accuracy 

better than 0.5%. S u c h a satisfactory reproduc ib i l i t y 

is s ignif icant because relaxat ion d i spe r s i on studies 

necessitate equivalent samples o f different size. I n 

the fo l lowing the four cons idered lyot rop ic systems 

wil l be designated by P L 28, P L 36, P L 50 and P L 83, 

respectively. 

2.2. NMR Apparatus 

T h e s hown measurements o f the long i tud ina l 

proton relaxation t ime T, as a funct ion o f L a r m o r 

frequency v and temperature 5 were per fo rmed by 

means o f three complementary N M R spectrometers 

operat ing in different frequency ranges: F r o m zero 

up to 2 M H z us ing a home-bu i l t fast f ie ld-cycl ing 

device [8a], between 2 M H z and 80 M H z u s ing a 

home-bu i l t frequency var iable pulsed spectrometer 

[8 b], and at 300 M H z with a commerc ia l B r u k e r 

mach ine C X P - 3 0 0 [8 c]. Deta i l s about the under ly -

ing field-cycles, pulse programs, data process ing and 

temperature control have been descr ibed p rev ious l y 

[4, 8]. A s a rule the r a n d o m error o f the compute r 

assisted T, eva luat ion cou ld be reduced to less than 

± 8 % by averag ing both the s ignal ampl i tudes a n d 

the decay functions up to 10 times. O u r apparatus 

a l lowed us to observe the relaxation d i spe r s i on 

essentially with one sample size (1 cm 3 , 1 c m 0 ) , 

on ly the 300 M H z samples (0.2 cm 3 , 0.5 cm 0 ) h a d 

to be prepared separately. T o check the equiva lent 

compos i t i on in this case we compared T, at 68 M H z . 

Mea su rement s at frequencies lower than app rox i -

mately 300 H z revealed a surpr i s ing ly large exper i -

mental scatter because o f diff iculties to compensate 

the earth's field exactly and to avo id fields f r o m 

eddy currents; they will not be cons idered in this 

paper. 

2.3. Results 

F i gu re 1 illustrates the frequency dependent Tj 
measurements for the ind iv idua l mesophases at 

; p o t a s s i u m l a u r a t e / D 2 0 7 0 ° C 

r 

+ yr p 

• / / 
° PL 83 ( m i c e l l a r ) 

- A x PL 50 ( h e x a g o n a l 1 
/O + PL 36 ( c u b i c ) 

" "1 ' ' • i ' " " 1 ' ' ' 

o PL 28 ( l a m e l l a r ) 

102 103 104 105 105 107 108 

v [Hz] 
Fig. 1. T\ proton spin relaxation dispersion in the lyotropic 
phases of potassium-laurate D 2 0 mixtures at 70 °C. The 
water component was adjusted to 83 wt% for the micellar 
phase, to 50 wt% for the hexagonal phase, to 36 wt% for the 
cubic phase, and to 28 wt% for the lamellar phase. The full 
lines are curve fits of (2) using the model parameters listed 
in Table 2. 
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70 °C. The L a r m o r frequency var ia t ion by a factor 

o f 3 • 106 involves changes o f the relaxat ion t imes by 

almost three orders o f magn i tude, and obv i ou s l y the 

most str ik ing effects occur outs ide the range o f 

conventional spectrometers. Qual i tat ive ly, one can 

d i s t inguish three reg imes with quite different 

properties: 

(i) A t small frequencies (v :$ 100 k H z ) the an i so-

tropic mesophases (lamellar, hexagona l ) s h ow a 

strong d ispers ion o f TX, namely TX ~ v1, whereas for 

the isotropic phases (cubic, micel lar) a s ignif icant 

d i spers ion does not exist. A c o m p a r i s o n for con-

stant v gives 7",(mic) > T, (cub) > T, (hex) > r , ( l am) . 

(ii) A t m e d i u m frequencies ( l O O k H z ^ v ^ l O 

M H z ) there develops a plateau o f TX both for the 

anisotropic and the isotropic phases, i.e. the d i sper-

s ion vanishes. I n this range one f inds TX (hex) ~ 

7", ( lam) % r , ( m i c ) > TX (cub). 

(ii i) A t h i gh frequencies (v ^ 20 M H z ) the Tx 

plots o f all s tudied samples look very s imi lar, i.e. 

r , ( h e x ) ^ r , ( l a m ) % r , ( m i c ) % (cub). U p to the 

highest avai lable va lues the d i sper s ion is small, but 

non-negl igible. 

M o s t o f these observat ions are in qual itat ive 

agreement with TX and TXQ results k n o w n in the 

literature [1, 3], in part icular the dist inct ion o f three 

relaxation regimes and, consequently, o f three k i nd s 

o f under ly ing molecu lar motions. Howeve r , a quan -

titative compar i son reveals s ignif icant dev iat ions in 

the low-frequency range. F i gu re 2, wh i ch inc ludes 

Cha r vo l i n ' s measurements o f the lamellar and 

hexagonal phase, clearly demonstrates that the l ow-

field TX d i spers ion is much weaker (TX ~ v1) 

than the corresponding asymptot ic TXG b ehav i ou r 

(TXQ-^V2). Obv i ou s l y , the indirect rotating f rame 

approach to slow t ime scales in N M R is not just the 

extension o f Tx (v) as generally a s s umed ! 

T o obta in more details on the three distinct 

relaxation regimes, we per fo rmed addit iona l tem-
perature dependent Tx studies at L a r m o r frequencies 

characteristic o f the three cases. T h e results at 

temperatures between 30 ° C and 1 1 0 ° C are s u m -

mar ized in Figs. 3 and 4, where one s hou l d note the 

fo l lowing: 

(i) T h e slope o f the TX plots as a funct ion o f 

temperature <9 greatly varies w h e n the L a r m o r fre-

quency is reduced. T h i s var iat ion is different for the 

anisotropic structures (lamellar, hexagona l ) f r om 

the isotropic structures (micellar, cub i c ) ; in the first 

SU
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Fig. 2. Compar i son of the Tx proton spin relaxat ion dis-
persion in potass ium-laurate D 2 0 mixtures with TXg 
measurements f rom the l i terature [3d]. Top: Lamel la r 
phase. Bottom: Hexagonal phase. 

3 0 
a r t ] 

3 0 

300 
a[K] 

300 
-a- [K] 

Fig. 3. Tempera tu re dependence of the pro ton spin relax-
ation t ime Tx in the anisotropic mesophases of po tass ium-
laurate D 2 0 mixtures at high, m e d i u m and low L a r m o r 
frequency. Left: Lamellar phase. Right: Hexagonal phase. 
Note that the t empera tu re axis is l inear in 1/5. The 
transition t empera tu re to the gel state is indicated 
by Tc [2], 

case the slope decreases, in the second case it 

increases. Fur thermore, in the isotropic phases the 

temperature dependence at m e d i u m and low fre-

quencies is identical w i th in exper imental error, in 

contrast to the f ind ing for the anisotropic phases. 

(ii) N e a r 40 ° C there exist d iscontinuit ies in the 

TX(,9) plots, in particular at the lowest L a r m o r fre-
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Fig. 4. Temperature dependence of the proton spin relax-
ation time Tj in the isotropic mesophases of potassium-
laurate D 2 0 mixtures at high, medium and low Larmor 
frequency. Left: Micellar phase. Right: Cubic phase. 

quency . T h e y ind icate the t rans i t ion to the gel state 

o f the m i x t u r e s [2], w h i c h is not s ha rp because o f 

hysteres is effects. 

( i i i ) A l l h i g h - f r e q u e n c y plots s h o w a tendency to 

deve l op a s h a l l o w T, ( 5 ) m i n i m u m . M o s t l ike ly the 

gel t rans i t ion prevents this t rend to b e c o m e v i s ib le 

in the other curves. 

C lea r l y , the occur rence o f un l i ke T } ( 5 ) s lopes 

qua l i t a t i ve l y s uppo r t s the concept that (at least) 

three m o t i o n a l processes cont r ibute to the o b s e r v e d 

re laxat ion d i spe r s i on , s ince there exist sys temat ic 

cor re lat ions be tween the f requency and temperature 

dependences . I n add i t i on , the c o n s p i c u o u s d i s t inc-

t ions be tween the i so t rop ic a n d an i so t rop i c s amp le s 

i m p l y that the s lowest o f these m e c h a n i s m s d i s -

appea r s in the m ice l l a r a n d c u b i c state. S o m e w h a t 

s u rp r i s i n g l y the b o a r d f requency va r i a t i on i nvo l ve s 

o n l y one s ing le r , (.9) m i n i m u m , n a m e l y i n the 

h i g h - f i e l d l imit. T h i s h i gh - f i e l d 7", b e h a v i o u r is i n 

excellent a g reement w i t h C h a r v o l i n ' s p r e v i ou s w o r k 

[1, 3]; o n the cont rary , the l ow- f ie ld T, data con -

s i de rab l y dev ia te f r o m the related T l e results [1, 3], 

w h i c h are not o n l y s t ronger f requency dependent as 

s h o w n in F i g . 2, but a l so m u c h st ronger temperatu re 

dependent . 

3. Discussion and Conclusions 

3.1. The Model 

B y m e a n s o f c o m p u t e r f i tt ing techniques it p r o ved 

pos s ib le to descr ibe the extens ive new T i ( v , 5 ) 

m e a s u r e m e n t s quant i ta t i ve l y in te rms o f ava i l ab le 

theoretical m o d e l s o n nuc lea r s p i n re laxat ion in 

l iqu ids . O u r m o d e l essent ia l ly fo l l ows C h a r v o l i n ' s 

qua l i ta t i ve a r gumen t s [3] that very s l o w osc i l latory, 

s l ow rotat ional a n d fast t rans lat ional mo lecu l a r 

reor ientat ions cont r ibute to the p r o t on re laxat ion i n 

po ta s s i um- l au ra te water mixtures . H o w e v e r , the 

r ich expe r imenta l deta i l s exc lude an acceptable 

interpretat ion ba sed o n th is concept w i t hou t con-

s iderab le mod i f i c a t i o n s , w h i c h for instance exp la in 

the l inear T, (v) d i s p e r s i o n at low L a r m o r f requen-

cies a n d the ext remely s h a l l o w T:(&) m i n i m u m at 

h i g h f requenc ies . S u c h a n o m a l i e s are a l so k n o w n in 

the f ield o f t he rmo t r op i c l i q u i d crystals l i ke M B B A , 

and there exists a f a r - r each ing s im i l a r i t y between 

the results o f this w o r k a n d the f i n d i n g s i n t he rmo -

tropic m e s o g e n s [4, 9], The re f o r e w e m a k e use o f 

the theoret ical r e f i nement s deve l oped for t he rmo -

tropics, t h o u g h even th i s a p p r o a c h s h o u l d be con -

s idered as a r o u g h a p p r o x i m a t i o n i n v i e w o f the 

m o r e c o m p l e x m o l e c u l a r structures o f l yo t rop ic 

mesogens . 

F o r t h e r m o t r o p i c s y s t ems it is n o w wel l -estab-

l i shed that the total p r o t o n sp i n re l axa t i on rate 

( T f 1 ) o r i g ina tes f r o m the s upe rpo s i t i o n o f at least 

three processes, n a m e l y re l axa t i on by 

(i) o sc i l la tory f l uc tuat ions o f the l i q u i d crystal l ine 

o rder w i t h t ime constant r 1 Q F [5], 

( i i ) an i s o t r op i c ro ta t ion o f i n d i v i d u a l mo lecu le s 

w i th t ime constant 7"1 R o t [10], and 

( i i i ) a p p r o x i m a t e l y i s o t rop i c m o l e c u l a r se l f -d i f fu-

s i on w i th t ime constant r 1 S D [ l l ] . 

N e g l e c t i n g pos s ib le cor re la t ions a n d w i th restric-

t ion to exponent i a l r e l axa t i on this s upe rpo s i t i o n is 

expressed b y 

1 1 1 1 
+ , (1) 

T\ (V, S ) r , OF T 1 R o t T 1SD 

where the three con t r i bu t i on s l / r 1 0 F , 1/^iRot a n d 

L / ^ I S D d i f fe r character i s t ica l ly b y the i r L a r m o r 

f requency a n d tempera tu re dependences . T a b l e 1 

s u m m a r i z e s the deta i l s o f Eq. (1) con s i de red to 

interpret the expe r imenta l results for the l yo t rop i c 

po ta s s i um- l au ra te sys tems. C r o s s te rms are d i s -

rega rded in v i ew o f the un l i ke t ime scales o f the 

u n d e r l y i n g mot i on s , a n d the a s s u m p t i o n o f expo -

n e n t i a l l y is ju s t i f ied b y the c i r cumstance that the 

total decay rate s h o w s n o dev iat ions . F u r t h e r m o r e 

one s h o u l d note that the i so t rop ic a p p r o x i m a t i o n o f 

the se l f - d i f f u s i on te rm is reasonab le because the 
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Table 1. Model relations of the individual relaxation contributions in (1), namely for smectic liquid crystalline order 
fluctuations [5], for anisotropic rotation of single molecules [10], and for isotropic molecular self-diffusion [11], The 
notation essentially follows the original papers, but makes use of SI units. //0: magnetic permeability of vacuum; 
y: proton magnetogyric ratio; h = h/2n: Planck's constant divided by 2TT; 9: absolute temperature; v: proton Larmor 
frequency; R: gas constant. 

Tiop term, a: effective proton-proton separation; tpa: effective proton pair orientation; k: Boltzmann's constant; 
S: liquid crystalline order parameter; average elastic constant; coherence length; vloc: low-field dispersion cut-off 
frequency. 

rIRot term, b: effective proton-proton separation; cp: effective proton pair orientation; r : time constant of 
reorientations about the long molecular axis; Tx: time constant of reorientations about the short molecular axes 
(Woessner writes r 1 R o t in terms of the rotational diffusion constants = 1/r and R2= 1/r^ [10]); r°, r®, E , E±: 
related preexponential factors and activation energies of Arrhenius laws. 

r1SD term. Np: local proton spin density; c: distance of closest intermolecular proton-proton approach; r,: time con-
stant of translational molecular jumps; E, \ related preexponential factor and activation energy. 

Reorientation Relaxation rate 

Smectic order 
fluctuations 

Anisotropic 
molecular 
rotation 

1 O F 

Mo 
4 n 

2 9 Afj2 k 9 S2 (3 cos2 (pa — l)2 1 
8 '' ' 4 

with A = const (.9) 

Mo l2 9 

1 Rot 

4 a( 
(v2 + v L ) W 2 

= A(.9, S , K e l , <pa, a ) / O F ( V , V1 O C) 

4 n 

Y.P2 

p- • 

15 b6 

3 (3 cos2 <p — l)2 Tj_ 3 sin2(2i/))T ^ 3 sin (p x 
24 1 + (^Trvr^/3) 2 4 \+{p2nvx)2 16 1 + (p n v r /2)2 

= B(b) /Rot(v, Tj_, r ,<p) 

Self-diffusion 

with 

B = const (9), (p= const (9), t x = t^ exp (EL/R9), r = r° exp (E /R9) 

Mo 
4 n 

2 

2 

p-l X4 

5c3 

X 1 
— exp(— x) 2 x 

x 1 
~2 ~x 

sin .Y + 
X 1 
— + — + 2 
2 .v 

= C(7Vp, c) / S D ( V >
 Tt) 

with 

.x = (p \2nvT,)w2, C = const (5), r, = r? e x p ( E , / R 9) 

an i so t ropy o f the se l f -d i f fu s ion constant in l i q u i d 

crystals is s u rp r i s i ng l y smal l , whe re data are 

ava i lable, and its effect o n 7", wa s u n o b s e r v a b l e so 

far [12]. 

T h e mathemat ica l re lat ions l isted in T a b l e 1 

demonstrate w h y mea su remen t s o f the re laxat ion 

d i spe r s i on are essential in o rde r o f s tudy mo l e cu l a r 

reor ientat ions by Tx: W h e r e a s the f requency 

dependence, T, (v), is very t ransparent a n d thus 

easi ly make s poss ib le to d i sentang le a s upe rpo s i t i o n 

o f processes, the temperature dependence, Tx (5 ) , 

m a y be extremely comp lex d u e to the n u m e r o u s 

quant i t ies invo lved, w h i c h genera l l y prevents the 

eva lua t i on o f i nd i v i dua l m o d e l parameters. I n the 

present case the Tx (3) data are p r i m a r i l y u sed to 

test i f the mode l , obta ined f r o m the d i s pe r s i on plots 
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at constant temperature, can be made compat ib le 

wi th the temperature dependent results at constant 

frequency. F o r s impl ic i ty we take into account on ly 

var iat ions caused by the thermal ly activated re-

or ientat ion processes, wh i ch most l ikely dominate 

the properties o f 7 , ( 5 ) , and neglect potential effects 

due to changes o f the molecu lar structure. A 

detai led separat ion o f the ind iv idua l temperature 

dependences o f the under l y ing structural elements, 

such as the interspin separation, orientation or order 

parameter, is not poss ible solely by Tx measure-

ments. 

3.2. Curve Fitting 

T h e theoretical curves d r a w n in Figs. 1, 3 and 4 

were calculated by evaluat ing the expressions o f 

Tab l e 1 with the help o f a I B M Personal Compute r , 

and then successively op t im i z i ng all model pa ram-

eters so that the dev iat ions between the experi-

mental data points and the theoretical predict ions 

van i shed or became smal l compared with the 

experimental scatter. F o r the fitting procedure 

Eq. (1) is suitably rewritten in the form 

TT' = /OF (V, V1oc) + B f R ot(v, Tj_, r , (p) + C / S D ( v , r,), 

(2) 

wh i ch explicitly shows the different k inds o f adjust-

able model constants in the d ispers ion law Tx(v), 
name ly intensity factors A, B, C , mot iona l t ime 

constants r ± , t , r,, the low frequency cut-off v loc, 

and the sp in pai r or ientat ion (p. Deta i l s o f this 

notat ion are g i ven in Tab le 1. T h e ampl i tudes A, B, 

C o f the three relaxat ion terms have to be treated as 

adjustable parameters because the microscop ic 

distances, angles, lengths and densities wh i ch govern 

these quantit ies are not k n o w n for potassium-laurate 

systems. N o t e the most he lpfu l c ircumstance that 

these ampl i tudes, un l ike all other fitting constants, 

l inearly depend on the re laxat ion rate. Once Tx (v) 

has been opt imized, the related evaluat ion o f TX(S) 
is not only a means to observe changes o f the 

molecu lar structure and dynamic s , but also a critical 

method to el iminate amb igu i t i e s of the analysis. 

However , any temperature dependence inc luded in 

Eq. (2) by add i t iona l mode l relations compl icates 

the fit so that at the m o m e n t approx imat ions are 

indispensable. Based on the arguments o f Sect. 3.1, 

we cons idered on ly the reorientation t imes by 

a s s um ing the A r r h e n i u s laws 

Tj_ = t® exp (E±/R ,9), ( 3 a ) 

r = r° e x p ( E / R , 9 ) , ( 3 b ) 

r, = r ° exp (E,/R ,9) (3 c) 

with preexponent ia l s r°, r ? and activation 

energies E±, E;, E, as new fitting constants. 

Desp i te the n u m e r o u s mode l coordinates the 

procedure a lways led to a definite so lut ion i f both 

Tx (v) and Tx (,9) were interpreted by the same set o f 

parameters, and i f the translational j u m p i n g t ime z, 
was made compat ib le with measurements o f the 

sel f -d i f fus ion constant [13]. T h i s restriction increases 

the importance o f the rotational c ompa red with the 

translational re laxat ion term, and thus al lows to 

determine the two rotational j u m p i n g t imes T 
with better accuracy. E x a m p l e s o f the i nd i v idua l 

contr ibut ions to Tx (v) and TX(S) are illustrated in 

F igs. 5 and 6, the complete results are listed in 

Tab le 2. R o u g h l y speak ing , A and vloc describe the 

d i spers ion at low frequencies, C, r, and r are 

responsible for the h i gh - f requency range, whilst B , 

102 

101 

10° 

JE 

^ r, 
103 

102 

Fig. 5. Illustration of the individual relaxation contribu-
tions in potassium-laurate D 2 0 mixtures obtained from 
the curve fit of (2) to the relaxation dispersion measure-
ments shown in Figure 1. Top: Lamellar phase. Bottom: 
Cubic phase. For details see text. 
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Fig. 6. Illustration of the individual relaxation contributions in potassium-laurate D 2 0 mixtures obtained from the curve 
fit of (2) and (3) to the temperature dependent measurements shown in Figure 3. Right: Lamellar phase, low frequency 
regime. Left: Lamellar phase, high frequency regime. The temperature axes are linear in l/,9. Note from the extensions 
of the calculations to temperatures below the proper mesophase range (top) that the relaxation minima due to molecular 
rotations and self-diffusion are observable only at very high Larmor frequencies, where the maximum relaxation rates 
shift to higher temperatures. In contrast to conclusions in the literature [3] the process responsible for the T, minimum 
detectable near 100 MHz is the slow molecular tumbling about the short axis (Rot ± ) and not the much faster self-
diffusion (SD). For details see text. 

Table 2. Model parameters obtained by curve fits of (2) to 
the experimental proton spin relaxation in micellar, 
hexagonal, cubic and lamellar potassium-laurate D 2 0 
mixtures. 

Model 
parameters 

Micellar 
phase 
PL 83 

Hexagonal Cubic 
phase phase 
PL 50 PL 36 

Lamellar 
phase 
PL 28 

A/s-2 0 5.1 • 104 0 2.1 • 105 

v l0C/Hz - 165 - 400 

B/s~2 3.6- 109 2.1 • 109 2.2- 109 3.6 • 109 

r (70 °C) / s 5.0- 10" 11 5.0- 10" li 8.0- i o - 11 4.0- i o - 11 

tj_ (70 °C) /s 4.0- 10" 9 8.0- 10" 10 4.1 • 10- 9 3.0- i o - 9 

E /kJ mo l - 1 22 8 14 22 

r ° / s 2.2- 10" 14 3.0- i o - 12 5.9- 10- 13 1.8 • i o - 14 

EJkJ mol"1 43 30 35 38 
r V s 1.1 • io - 15 2.1 • i o - 14 1.9 • 10- 14 4.9 • 10- 15 

<p/° 44 27 34 41 

C / s " 2 3.0- 107 8.2- 109 9.5- 109 7.0- 109 

r, (70 °C) / s 1.8- 10" 9 1.4- 10" 10 1.7- 10- 10 1.2- 10" 10 

EJ kJ m o r 1 30 20 22 22 
T ® / S 4.7- 10-•14 1.2- 10" 13 7.6' 10- 14 5.4- 10- 14 

T_L and <p govern the transit ion regime. N o t e f r om 

the d i a g r ams that with the exception o f the T_|_ 

process the characteristic rotational and trans-

lational T } (.9) m i n i m a appear at temperatures 

where the mesophase s no longer persist. Systemat ic 

var iat ions o f the mode l parameters are disclosed for 

all three relaxat ion terms, but on ly the order fluc-

tuat ion cont r ibut ion exhibits d ramat ic changes. 

3.3. Interpretation 

O n the bas is o f C h a r v o l i n ' s p ioneer ing work [3] 

ou r analys i s demonstrates that the mot iona l l y 

i nduced proton sp i n relaxation in a s imple b inary 

lyotrop ic system can be interpreted quantitatively. 

T w o aspects o f the model fit by means o f three 

k i nd s o f mo lecu la r mot ions are o f particular im -

portance: 

(i) T h e s low reorientat ion in the lamellar and 

hexagona l phase is a cooperat ive mechan i sm, 
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namely a thermal ly generated o v e r d a m p e d osci l la-

t ion o f the director field (director order f luctu-

ations). T h i s process is more effective in the 

lamellar than in the hexagona l phase, and it is 

completely absent in the cub ic and micel lar phase 

where the director is not defined. 

(ii) T h e translational and rotational reorientations 

o f i nd i v idua l molecules depend only weak ly o n the 

mesogen ic structure. M o s t obv i ou s are the increased 

activation barriers in the micel lar sample. 

W h a t d o we learn f rom the related n u m b e r s in 

Tab le 2 about the geometry and dynam i c s o f the 

potas s ium molecu les ? Let us cons ider the three 

processes separately. 

T h e ampl i tude factor o f the order f luctuat ion 

term, A , differs between the lamellar phase and the 

hexagonal phase by a factor 21/5.1 = 4 . 1 . A c c o r d i n g 

to the mode l relation 

Mo 
471 

2 9 4 f ; 2 1 (3 cos 2 (pa — l ) 2 k!)S2 

a6 4 4Kd c ' V 

the observed var iat ion m a y be attributed to changes 

o f the proton-proton separat ion a, the p rotonp air 

or ientation q>a, the order parameter S, the elastic 

constant Kd or the coherence length Su rp r i s i ng l y , 

the effect can be descr ibed who l l y by S [14], 

because the molecules in the lamel lar state a l i gn 

approx imate ly parallel to the director ( 5 ^ 1 ) , 

whereas in the hexagona l state they a l i gn perpen-

d icu lar to this axis ( S ^ — 1 / 2 ) . Consequent l y , i f 

one puts a = b, <pa = (p and makes use o f the values 

for b and cp der ived f r om the rotational contr ibut ion, 

Eq. (4) impl ies Kd £ ( l am) = 1.0 • 10~1 7 N m and 

Kd c (hex) = 2.1 • 1 0 ~ 1 7 N m , and thus a l lows to 

estimate the magn i tude o f <;. W i t h the a s s umpt i on 

that Kei is comparab le to the splay constant o f 

typical thermotropic l i qu id crystals, i.e. Kd = 5.0 

• 1 0 ~ 1 2 N [15], one obta ins £ ( lam) ^ 2.0 • 1 0 ~ 6 m 

and £ ( h e x ) ^ 4.3 • 10~ 6 m, respectively. T h i s is 

about 100 to 200 t imes the length o f the po ta s s i um 

molecule ( 1 7 - 1 0 ~ 8 m ) and o f the same order as 

experimental results for nematics [16]. T h e est ima-

tion reveals that in both cases the cut-off f requency 

o f the relaxation d ispers ion, v loc, is determined by 

internal d ipo la r fields and not by the longest order 

f luctuation mode, since an order f luctuat ion l imited 

cut-off shou ld entail vloc ~ l / £ 2 [5] instead o f 

vjocflam) > vioc (hex). 

T h e ampl i tude factor o f the rotational term, 

Mo B = 
4 71 

2 9 4 
— y4 h2 

15 b6 ' (5) 

is s l ightly different for the var ious mesophases, and 

thus leads to un l ike values o f the average intra-

molecu lar proton-proton separat ion b o f rotating 

d ipo le pairs: 6 ( l a m ) = 1.90 • 10~1 0 m, b(cub) = 

2.07 • 10~1 0 m, fc(hex) = 2.08 • 10~ 1 0 m, and 6 ( m i c ) 

= 1.90 • 1 0 - 1 0 m. A s seen f rom Tab le 2, these 

var iat ions are related to changes o f the average 

p ro ton pair or ientat ion angle (p. Both observat ions 

indicate un l ike conformat ions o f the tumb l i ng 

molecules. Unfortunate ly , our present measurements 

cannot d iscern i nd i v idua l sp in sites and therefore do 

not a l low to evaluate wh i ch molecu lar segments are 

respons ib le for the effect. Fu r thermore, the under ly -

ing a s sumpt i on that the particles subject to rota-

tional j u m p s are r ig id symmetr ica l el l ipsoids wh i ch 

tumble as a who le about their long and short axes 

w i th time constants r and z±, respectively, is 

certainly a coarse approx imat ion . Nevertheless, our 

concept is supported by dielectric relaxation studies 

o f lyotropic systems, where one usual ly f inds re-

or ientat ion rates o f s imi la r magn i tude [17]. A 

s ignif icant aspect is the large x j x ratio o f 5 0 - 8 0 

(70 ° C ) in the macroscop ica l ly isotropic phases, 

because it is a clear ind icat ion for the mic ro -

scopical ly an i sotrop ic order ing potential even in 

these structures. F o r an el l ipsoid with d imens ions o f 

a po ta s s i um molecule ( long axis 2a = 17- 1 0 ~ 1 0 m , 

short axis 2 6 ^ 5 - 1 0 ~ 1 0 m , b/a = 0.3) and in an 

i sotropic v i scous s u r r ound ing this ratio shou ld be 

on ly 19.9 [18]. T h e mic roscop ic anisotropy is also 

seen by the un l ike act ivat ion energies, E± > E |, 
w h i c h means that r ± / r further increases at smal ler 

temperatures. 

T h e se l f -d i f fus ion term, characterized in Tab le 2 

by the ampl i tude factor 

C = Mo 
4 n 

2 9
 y 4 f i 2 3 2 * j V p 

5c J 
(6) 

and the translational j u m p i n g t ime r,, p rov ide the 

least effective relaxat ion m e c h a n i s m as illustrated in 

F i g u r e 5. T h i s c ircumstance, unusua l l y in v iew o f 

the results k n o w n for nemat ic thermotropic l i qu id 

crystals [9], make s it diff icult to determine precisely 

the mode l parameters C and r, or the related proton 

sp i n density Np and the distance o f closest inter-
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m o l e c u l a r p r o t o n a p p r o a c h c. I n the present case the 

p r o b l e m is s o m e w h a t s i m p l i f i e d because ( i ) the 

s e l f - d i f f u s i on constant D o f p o t a s s i um- l au r a t e m i x -

tures, w h i c h relates c a n d t, by the E i n s te i n r e l a t i on 

C2=6DZ,, ha s b e e n m e a s u r e d i n d e p e n d e n t l y [12], 

a n d because ( i i ) the p r o t o n s p i n den s i t y Np c a n be 

e s t imated re l i ab l y f r o m the n u m b e r o f p ro ton s pe r 

mo l ecu l e , the m o l e c u l a r length a n d the area o f p o l a r 

h e a d g r o u p s [3, 19]. S o the c u r v e fit es sent ia l l y 

de t e rm ine s the v a l u e o f c. U s i n g for the l a m e l l a r 

p h a s e yvp = 3.56 • 10 28 m ~ 3 , D = 2.2 • 10~ 6 c m 2 s~\ 

f o r the c u b i c p h a s e Np = 5.76 • 10 2 8 n T 3 , D = 1.8 

• 1 0 - 6 c m 2 s - 1 , for the h e x a g o n a l p h a s e i V p = 5 . 1 0 

• 10 2 8 m - 3 , D = 2.\ • 1 0 - 6 c m 2 s _ 1 , a n d for the 

m i ce l l a r pha se Np = 5.79 • 10 28 m " 3 , D = 2.6 • \0~6 

c m 2 s - 1 (all v a l ue s at 70 ° C ) g i v e s c ( l a m ) = 3.95 

• 1 0 ~ 1 0 m , c ( c u b ) = 4.20 • 1 0 _ l ° m , c ( h e x ) = 4 .20 

• 1 0 _ 1 ° m , a n d c ( m i c ) = 4.29 • 1 0 ~ 1 0 m , respect ive ly. 

T h i s d i s tance is s l i gh t l y less t h an the shor t d i a m e t e r 

o f the m o l e c u l a r e l l i p s o i d a n d hence r ea sonab le fo r 

the closest a p p r o a c h o f two effective sp in s po s i t i oned 

at the centre o f n e i g h b o u r i n g mo lecu le s . R e f i n e -

ment s o f the s e l f - d i f f u s i o n m o d e l for the m ice l l a r 

state b y Z u m e r et al. [20], w h i c h take in to account 

t ran s l a t i ona l l y i n d u c e d m o l e c u l a r ro ta t ions a n d thus 

i n vo l ve a m o r e c o m p l e x reo r i en ta t i on t ime constant 

r,, c o u l d not be a n a l y s e d w i t h the a va i l ab l e exper i -

menta l da ta d u e to the presence o f the d o m i n a t i n g 

c o m p e t i n g r e l a xa t i on process . H o w e v e r , the results 

for r, a n d E, i n T a b l e 2 c lear ly i nd i ca te that self-

d i f f u s i o n i n the m i c e l l a r p h a s e is m o r e s t rong l y 

h i n d e r e d a n d the j u m p i n g t ime is s o m e w h a t s l ower 

than i n all o ther states. 
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