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DETECTION OF HEXAGONAL PHASES BY ESR 
SPIN LABELING 

V 
DANILO D. LASIC and HELMUT HAUSER 
Laboratorium fiir Biochemie 
Eidgenossische Technische Hochschule Ziirich 
ETH-Zentrum 
C’ti-8092 Zurich, Switzerland 

Abstract The potential of ESR spin labeling 
in determining hexagonal amphiphilic phases 
is assessed. Spin labeled hexagonal phases 
in which the motional averaging about the 
cylinder axis is rapid on the ESR time scale 
can be readily identified by their ESR spec- 
trum. The lineshape is distinctly different 
from that of smectic lamellar phases. The 
same ESR lineshape which is characteristic 
of the hexagonal phase is also obtained with 
spin labeled rodlike micelles provided that 
the motional averaging about their cylinder 
axis is rapid. If, however, this averaging 
is slow both hexagonal phases and rodlike 
micelles give ESR spectra which are indistin- 
guishable from smectic phases ( disclike 
micelles) . 

INTRODUCTION 

Many amphiphilic molecules with one or two hydro- 
carbon chains either pure or mixed with other 
components form hexagonal phases when dispersed 
in water. Such phases are known to consist of a 
two dimensional array of infinite cylinders. In 
the case of the hexagonal I phase the interior 
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60 D. D. LASIT: AND H .  HAUSER 

o f  t h e  c y l i n d e r s  i s  composed o f  hydrocarbon c h a i n s  

and t h e  c y l i n d e r  s u r f a c e  i s  c o v e r e d  w i t h  t h e  p o l a r  

g r o u p s  and  i n  c o n t a c t  w i t h  water ,  which a l s o  f i l l s  

t h e  s p a c e  between t h e  c y l i n d e r s .  The hexagona l  11 

p h a s e  i s  t h e  i n v e r s e  phase  w i t h  t h e  c y l i n d e r s  

b e i n g  water  c h a n n e l s  l i n e d  by p o l a r  g r o u p s  and 

t h e  s p a c e  between t h e  water c h a n n e l s  b e i n g  oc-  

c u p i e d  by hydrocarbon c h a i n s .  1 1 2  

The ESR s p i n  l a b e l i n g  method h a s  been used  

e x t e n s i v e l y  i n  t h e  p a s t  t o  i n v e s t i g a t e  t h e  s t r u c -  

t u r e  and dynamics o f  smectic, l amel la r  p h a s e s  and 

a g r e a t  body of l i t e r a t u r e  h a s  accumula t ed .  See 

€ o r  i n s t a n c e  r e f .  3 .  I n  c o n t r a s t ,  t h e r e  e x i s t  o n l y  

a few examples  o f  t h e  a p p l i c a t i o n  o f  t h i s  method 

t o  s t r u c t u r a l  problems i n  hexagonal  p h a s e s  . 
Here we a p p l y  ESR s p i n  l a b e l i n g  t o  t h e  q u e s t i o n  

o f  whe the r  or n o t  t h e  method i s  c a p a b l e  of  d i f -  

f e r e n t i a t i n g  between hexagona l  and smectic amphi- 

p h i l i c  p h a s e s .  R e l a t e d  t o  t h i s  q u e s t i o n  i s  t h e  

problem of mice l l e  s h a p e .  Experiment  and t h e o r y  

have l e d  t o  t h e  c o n c l u s i o n  t h a t  micelles a re  

p r e d o m i n a n t l y  d i s c l i k e  or  r o d l i k e  r a t h e r  t h a n  

s p h e r i c a l  l i p i d  a g g r e g a t e s .  Here t h e  q u e s t i o n  i s  

whe the r  o r  n o t  ESR s p i n  l a b e l i n g  c a n  d i f f e r e n t i a t e  

between t h e s e  two fundamen ta l  micel le  s h a p e s .  

4 1 5  

THEORY 

The p r i n c i p l e  u n d e r l y i n g  t h e  ESR method i s  t h e  

m o t i o n a l  a v e r a g i n g  t h a t  l e a d s  t o  ave raged  g - fac -  

t o r  9 and h y p e r f i n e  s p l i t t i n g  & t e n s o r s .  T h i s  
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DETECTION OF HEXAGONAL PHASES BY ESR 61 

motional averaging depends on the amphiphilic 

phase or more precisely on the shape of the lipid 
aggregate present in this phase. The line shape 
of the ESR spectrum is sensitive to motional pro- 
cesses provided the motion is comparable to or 
rapid on the ESR time scale. In principle,morpho- 
logical information can therefore be deduced from 
a line shape analysis. By the same token ESR spin 

labeling should also be useful in the shape ana- 

lysis of micelles6. As in all spin labeling stu- 
dies the method is based on the assumption that 
the motion of the spin probe reflects truly the 
motion of the amphiphile in the mice13e3. 

Motional processes contributing to the ave- 
raging of the g and A - tensor must be rapid on the 
ESR time scale,i.e. their frequency v must be 

greater than 10 s-I. Molecular motions such as 
translational diffusion and rotation of the am- 
phiphile about its molecular long axis are fast on 
the ESR time scale and hence contribute to the ave- 

raging. This is also true for various segmental 

motions having frequencies >>lo 
trast the tumbling rates of the amphiphilic 
agureaates a s  a who1.e are usually slow on the ESR 

tjme scale and therefore do not contribute to the 
averaging7. This is also true for micelles except 
for very small Ones with a hydrodynamic radius 15 

. In con- 8 s-l 

8 s-l 7 2 nm which would have tumbling ratesvblO 

In order to describe the effect of motional 
averaging on the g and A_ ter,sors we use the coor- 
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62 D. D. LASIZ: AND H. HAUSER 

dinate system and rotation matrices defined in 
ref. 8. In the nitroxide coordinate system the g 
and A_ tensors are diagonal with principal values 

respectively. It is gxxrgyy'gzz and A xx'Ayy'AZZ' 
convenient to express the two tensors in sample 

l,Yl,Z1 where Z coordinates X 
ma1 in smectic phases or disclike micelles whereas 
it is the cylinder axis in hexagonal phases 01: 

rodlike micelles. For the overall transformation 
of A - from nitroxide to A' - in the sample coordinate 
system: 

is the bilayer nor- 1 

1 1  
A ' = L I L  A L  L 2 -  2 1 - 

where L is the transformation matrix relating 
nitroxide axes to molecular axes, and L1 is the 
transformation matrix relating molecular axes to 

sample axes, L is the transpose of the transfor- 
mation matrix. Since both nitroxide and molecular 

axes rotate rapidly in the sample coordinate sys- 
tem the transformation includes the motional ave- 
raging, hence 

2 

T 

Due to the geometry of the 5-doxylstearic acid 
spin label used here equation ( 2 )  simplifies to 

with L 2  = 1. For smectic phases (disclike micelles) 
where the rapid and anisotropic rotation of the 
amphiphile about the molecular long axis is the 
only contribution to the averaging,thc motionally 
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DETECTION OF HEXAGONAL PHASES BY ESR 63 

averaged 6 t e n s o r  de r ived  from e q . ( 2 )  i s  diagonal ,  

and a x i a l l y  symmetric w i t h  eigenvaluesQ!'=?2 (Axx + 
A ) and <Alp = A Z z .  The s u p e r s c r i p t  s t a n d s  f o r  smec- 

t i c  and t h e  o r d e r  parameter  S =l. I n  hexagonal pha- 

ses ( r o d l i k e  m i c e l l e s )  w i th  c y l i n d r i c a l  symmetry t h e  

motion o f  t h e  amphiphi le  i s  also a n i s o t r o p i c ;  i n  ad- 

d i t i o n  t o  f a s t  r o t a t i o n  about  t h e  molecular  long  

a x i s  t h e r e  i s  t r a n s l a t i o n a l  d i f f u s i o n  a long  t h e  cy- 

l i n d e r  s u r f a c e  and r o t a t i o n  of aggrega te s .  Provided 

t h i s  p rocess  i s  s u f f i c i e n t l y  r a p i d  it then  c o r r e s -  

ponds t o  a r o t a t i o n  of t h e  amphiphi le  about  t h e  cy- 

l i n d e r  a x i s  l e a d i n g  t o  f u r t h e r  averaging  of t h e  4 

and A_ t e n s o r s .  Th i s  y i e l d s  t h e  motional  averaged 

t e n s o r  <A'> (H=hexagonal) which i s  aga in  d i agona l ,  

and a x i a l l y  symmetric wi th  e igenva lues  <A$ =?2 ( A Z z  

+AIL) and <A',? =@ =?2 (Axx+A ) f o r  S =I. 

t s  
YY 

3 

H 

S H S  
YY 3 

For t h e  o r d e r  parameter  S < l  t h e  observed 3 
va lues  of t h e  hype r f ine  s p l i t t i n g  t e n s o r  a r e  

S where TrA_ i s  t h e  t r a c e  of t h e  t e n s o r  5. Bo th<g>  

and<&$ a r e  ob ta ined  from t h e s e  equa t ions  i f  3 and 

SH ( t h e  observed o r d e r  parameter )  are  i n s e r t e d ,  res- 

p e c t i v e l y ,  where 9 

( 6 )  - -  - 2 S H .  
'3 

Replacing A i n  eqs. 1-5 by g g i v e s  t h e  cor responding  

r e l a t i o n s  f o r  t h e  9 t e n s o r .  

Spec t r a  w e r e  computed f o r  both smectic and hexa- 

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
 1

3:
15

 2
0 

Fe
br

ua
ry

 2
01

3 



64 

g o n a l  p h a s e s  ( d i s c l i k e  and r o d l i k e  micel les)  

u s i n g  t h e  Hami l ton ian  

D. D. LASIC AND H. HAUSER 

where t h e  f i r s t  t e r m  i s  t h e  e l e c t r o n  Zeeman a n d t h e  

second o n e  t h e  h y p e r f i n e  i n t e r a c t i o n  e n e r g y .  S and 

are  t h e  e f f e c -  I are s p i n  o p e r a t o r s ;  

t i v e  g - f a c t o r  and h y p e r f i n e  s p l i t t i n g ,  r e s p e c t i v e l y  

and a s  t h e  Hami l ton ian  ( e q . 7 )  t h e y  are r e f e r r e d  t o  

l a b o r a t o r y  c o o r d i n a t e s  X f Y f Z :  

A 

A 

g e f f  and A e f f  

( 8  1 
T 

<AX I f  z> = LO<&’> L 0 

where L i s  t h e  r o t a t i o n  m a t r i x  r e l a t i n g  sample 

c o o r d i n a t e s  X l f Y L f Z 1  t o  l a b o r a t o r y  c o o r d i n a t e s  

X , Y , Z .  E f f e c t i v e  v a l u e s  of  g - f a c t o r  and h y p e r f i n e  

s p l i t t i n g  are  

0 

I 2  2 1 2  2 1/2 = (<g,,> cos 0 +<g;> s i n  0 ) 

where 0 i s  t h e  a n g l e  between t h e  d i r e c t o r  a x i s  

and t h e  magne t i c  f i e l d  d i r e c t i o n .  S o l v i n g  t h e  

Hami l ton ian  g i v e s  

Aef f M 
- h V  

H O - g e f f p -  I 4 e f f P  

where M i s  t h e  n u c l e a r  s p i n  quantum number w i t h  

p o s s i b l e  v a l u e s  lfO,-l. I n  aqueous d i s p e r s i o n s  of 

l i p i d s  and a t  modera t e  magne t i c  f i e l d s  as  used  i n  

a n  ESR e x p e r i m e n t  a l l  o r i e n t a t i o n s  of  t h e  d i r e c -  

t o r  a x i s  are e q u a l l y  p r o b a b l e  g i v i n g  r ise  t o  a 

powder spec t rum.  The s p e c t r a l  i n t e n s i t y  P(H0) of 

such  a powder spec t rum a t  t h e  r e s o n a n c e  f i e l d  H 8  

I 
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DETECTION OF HEXAGONAL PHASES BY ESR 65 

10 is weighted by a sin8 term 

Computed absorption powder spectra for smectic 
and hexagonal phases are shown in Fig. 1A and lB, 
respectively. There are distinct differences: with 
the former AII>Aland greater spectral intensity is 
therefore associated with the inner hyperfine 
splittings whereas with hexagonal phases the si- 

tuation is reversed. Furthermore, due to the ad- 

ditional averaging in the latter the spectral an- 
isotropy IAII-A~I is halved compared to smectic 
phases. 

EXPERIMENTAL 

The lyotropic hexagonal and nematic phases were 
prepared by weighing and mixing the components 
thoroughly alternately by stirring and centri- 
fuging at room temperature until a homogeneous 
phase resulted. The amphiphilic phases were sub- 
jected to several heating-cooling cycles with the 
maximum temperature well above their Krafft point. 
Before measurement they were centrifuged at 5000 
rpm to obtain a homogeneous phase. 

The composition of the two lyotropic nematic (ca- 
lamitic) phases was (a) 38.1% sodium dodecyl 
sulphate(SDS),6.8% n-octanol and 55.1% water and 
(b) 32.8 potassium laurate ( K L ) ,  2.8% KC1,64.4% 
water; that of the discotic nematic phase was 
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66 D. D. LASIC AND H .  HAUSER 

30.9% KL, 1.9% KC1, 6.7% n-octanol and 60.4% H 2 0 .  

Unless otherwise stated 5-doxylstearic acid was 
used as the spin probe. For comparison a spin la- 
beled phospholipid was used (l-palmitoyl-2-(5- 
doxylstearoy1)-sn-phosphatidylcholine) in some in- 
stances.In systems containing octanol the spin 
probe was added as an octanol solution. In all 

other cases the spin label was dried on the glass 
wall and the dried label was equilibrated with 
the amphiphilic phase. Phospholipid dispersions 
were prepared by dissolving the lipid(s) and the 
spin label in organic solvent; the lipid was de- 
posited as a thin film on the glass wall of the 
vessel by evaporating the solvent on the rotary 
evaporator and dried. 

RESULTS AND DISCUSSION 

ESR spectra of spin labeled SDS amphiphilic phases 
at different detergent concentrations and tempe- 
ratures are shown in Figs. 2 and 3. At 50 wt% SDS 
and temperatures between about 40 and 100°C there 
is greater spectral intensity associated with the 
outer hyperfine splitting which is characteristic 

of the hexagonal phase. This is also true €or the 
less concentrated SDS phase (30 wt%) (Fig.3) and 
20 wt% SDS dispersion in 1M NaCl (spectra not 
shown). At temperatures 
lineshape changes(Fig.3)which can probably be as- 
cribed to reduced motion about the cylinder axis. 
In the limit of restricted motion about this axis 

4OoC there are distinct 
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DETECTION OF HEXAGONAL PHASES BY ESR 67 

the line shape approaches that characteristic of 

thesmectic phase: under these conditions the only 
fast motion contributing to the averaging of the 
3 and tensor and hence determining the line shape 

is the rotation of the spin probe about its mole- 
cular long axis. For comparison the ESR spectra of 
a 40 wt% dispersion of potassium palmitate in H 0 
at different temperatures are shown in Fig.4.Under 
the conditions of our experiment this system has 
been reported to form hexagonal phase I l3  and the 

ESR spectra in Fig. 4 support this conclusion. The 
temperature dependence of the order parameter S of 
different amphiphilic systems is depicted in Fig.5. 
In hexagonal phases of SDS the order parameter is 
higher and its decrease with temperature (dS /dT) 
smaller the more concentrated the dispersion i s .  

The addition of an excess of counterions produced 
a significant increase 
shown in Figs.2-4, which are characteristic of 

the hexagonal phase, are contrasted by the spec- 
tra from equimolar egg phosphatidylethanolamine- 
cholesterol dispersion in water labeled with 5 

doxy1 stearic acid.(Fig.G). Over the temperature 
range 20-90°C the line shape is characteristic of 
the smectic (lamellar) phase: greater spectral 
intensity is associated with the inner hyperfine 
splittings (compare Fig. 1B with Fig.6) . 31  P 
NMR measurements indicate that this lipid mixture 
undergoes a phase change lamellar-to-hexagonal 
in the temperature range 30-350c13. The tempera- 

2 

3 

3 

in S 3 .  The ESR spectra 
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68 D. D. LASIC AND H. HAUSER 

Fig.1: ESR absorption powder spectra were com- 
putedfor 5-doxylstearic acid incorporated in the 
hexagonal phase (A) and the smectic (lamellar) (B) 
phase using eq.1-12. The following parameters 
were used: S=1/2,1=1,H=3300 G 

and the order parameter S was varied between 1 
and 0 -2 (see numbers top ta bottom) . 

Fig.2: Temperature dependence of ESR first de- 
rivative spectra of 5-doxylstearic acid(FASL) 
incorporated in the lyotropic,hexagonal phase 
of SDS/water (5:5,by wt) . 
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DETECTION OF HEXAGONAL PHASES BY ESR 69 

Fig.3: Temperature dependence of ESR first de- 
rivative spectra of FASL in the lyotropic,hexa- 
gonal phase of SDS/water(3:7,by wt.). 

Fig.4: Temperature dependence of ESR first de- 
rivative spectra of FASL incorporated in the 
hexagonal phase of the potassium palmitate/water 
lyotropic system (4 : 6, by wt . ) D
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70 D. D. LA& AND H. HAUSER 

ture dependence of the ESR spectra (Fig.6) shows 
that this phase transition has practically no ef- 
fect on the ESR line shape. Our results are in 
agreement with previous work14. From the ESR spec- 
tra we conclude that in this lipid system the ad- 
ditional motional averaging about the cylinder 
axis of the hexagonal phase is slow on the ESR 
time scale. The only observable change in the 
ESR spectra (Fig.6) up to -9OOC is a continous 
decrease of the spectral anisotropy (41- All. 
At 98OC the rate of the motion about the cylin- 
der axis is still slow but apparently sufficiently 
increased to give an intermediate spectrum com- 
parable to the slow motion spectrum discussed 

before (cf Fig. 3,38OC ,Fig. 4 , 5 3  C )  . While Figs. 
3 and 4 clearly show the transition from inter- 
mediate to rapid motional averaging, such a tran- 
sition is not apparent in the temperature depen- 
dence of the hexagonal phase of egg phosphatidyl- 
ethanolamine-cholesterol up to 98OC. Similar 
observations were made with 10 % egg phosphati- 

dylethanolamine dispersions in water.Under the con- 
ditions of our experiment this lipid dispersion 
was shown to undergo a phase transition lamellar- 
to-hexagonal I1 and again smectic type ESR spec- 
tra were observed both below and above the tran- 
sition temperature.Only at 100 C spectra indi- 
cative of limited averaging about the cylinder 
axis were obtained. To fully understand these 
spectra one would have to introduce time dependent 
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0.6 

0.4 

0.2 

20 40 60 80 loo TrC) 
Fig.5: Temperature dependence of the order pa- 
rameter S for various lyotropic systems:potas- 
sium palmitate/water,4:6,(A); SDS/water,5:5,(@); 
SDS/water , 3 : 7, (0)  ; SDS/lM NaCl in water I 2 : 8 I (0) ; 
of the nematic calamitic phase(38.1%SDS,6.8% oc- 
tanol and 55.1% water),(o); and the nematic, 
discotic phase(30.9%potassium laurate,l.9% KC1, 
6.7% octanol and 60.4% water) I (m). The order 
parameter is the "lamellar" order parameter,i.e. 
it is referred to the cyli der surfflce in case 
of hexagonal phases:S =-2s ,where S is the 
observed order paramezer . 

3 

R 

A 

Fig.6: Temperature dependence of ESR first de- 
rivative spectra of FASL incorporated in equi- 
molar egg phosphatidylethanolamine/cholesterol 
dispersion in water. The total lipid concen- 
tration was 13.5 wt%. 
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12 D. D. L A S I ~  AND H. HAUSER 

r o t a t i o n  matrices i n  eq  ( 3 )  . 
For comparison, t h e  tempera ture  dependence 

of  t h e  ESR s p e c t r a  of two l y o t r o p i c  nematic 

phases  i s  shown i n  F ig .7 .  The nematic phase i n -  

v e s t i g a t e d  i n  Fig.7A was desc r ibed  t o  c o n s i s t  of 

e longa ted ,  r o d l i k e  aggrega te s  ( c a l a m i t i c  phase)  

whi le  t h a t  of Fig.7B w a s  shown t o  c o n s i s t  of 

f l a t t e n e d ,  d i s c l i k e  aggrega te s  ( d i s c o t i c  p h a s e ) .  

From X-ray and neu t ron  s c a t t e r i n g  it w a s  con- 

c luded12 t h a t  bo th  t h e  d i s c l i k e  ( o b l a t e  sphe ro ids )  

and r o d l i k e  aggrega te s  ( p r o l a t e  sphe ro ids )  a r e  

organized  w i t h  some o r i e n t a t i o n a l  o r d e r  bu t  

wi thout  any t r a n s l a t i o n a l  o r d e r .  Such l y o t r o p i c  

phases  then  r e p r e s e n t  an i n t e r m e d i a t e  s t a t e  b e t -  

ween wel l -ordered phases  such as  t h e  smect ic  o r  

t h e  hexagonal phases  and t h e  t o t a l l y  d i s o r d e r e d  

phase of  an i s o t r o p i c  micel lar  s o l u t i o n .  They 

may be viewed as  m i c e l l a r  d i s p e r s i o n s  w i t h  some 

long  range  o r d e r  and are t h e r e f o r e  r e l e v a n t  t o  

micellar s y s t e m s  i n  g e n e r a l .  The ESR s p e c t r a  re- 

corded from t h e  calamitic phase are t y p i c a l  for 
c y l i n d r i c a l  symmetry a t  l e a s t  a t  t e m p e r a t n r e s a  

5OoC. Below t h i s  tempera ture  t h e  s p e c t r a  are  i n d i -  

c a t i v e  of i n t e r m e d i a t e  mot iona l  averaging .  S i -  

mi la r  s p e c t r a  were ob ta ined  when t h e  c a l a m i t i c  

phase w a s  l a b e l e d  w i t h  5 -doxy l s t ea r i c  a c i d  and 

phosphol ip id  s p i n  probe .  The ESR s p e c t r a  ob ta ined  

from t h e  d i s c o t i c  phase(Fig.7B) are c h a r a c t e r i s t i c  

of t h e  smectic phases .  The ESR ev idence  i s  con- 

s i s t e n t  w i t h  t h e  conc lus ions  drawn from X-ray 
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DETECTION OF HEXAGONAL PHASES BY ESR 13 

A 

B 

Fig.7: Temperature dependence of ESR first de- 
rivative spectra: (A) calamitic phase (38.1%SDSI 
6.8%octanol,55.l%water) labeled with 5-doxyl- 
phosphatidylcholine and (B) discotic phase(30.9 
%KL,1.9%KC1,6.7%octanol160.4%water) labeled 
with 5-doxylstearic acid. 
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14 D. D. LASI~: AND H. HAUSER 

and neutron scattering'' as well as 'H NMR measure- 
ment~'~. It also implies that ESR spin labeling 
can differentiate between disclike and rodlike mi- 
celles. However, as with the hexagonal phase,the 
detection of rodlike micelles by ESR is only pos- 
sible if the motional averaging about the cylin- 

der axis is rapid on the ESR time scale. 

We conclude that ESR spin labeling can be 
used to detect hexagonal phases provided that 
motional averaging about the cylinder axis is 
fast on the ESR time scale. If the motion about 
this axis is slowed down the spectral line shape 

approaches that characteristic of smectic( la- 
mellar) phases; in the limit of restricted 
motion about this axis the spectrum becomes 
indistinguishable from the smectic type spectrum. 

REFERENCES 

1.R.M.WilliamslD.Chaprnan,Proqr.Chem.FatsOther 
Li~ids,I.l-,l(1970) . 
2.H.Hauser in"Water,a comprehensive treatise", 
Ed.F.Franks(Plenum Press,New York,1975) ,pp.209. 
3.J.Seeli.g in "Spin labelinq",Ed.L.J.Berliner 
(Academic Press,New York,1976) ,pp.373. 
4 . J . S e e l i g , H . L i m a c h e r l M o ~ . C r ~ L i a . C r Y s t .  25, 
105 (1974) . 
5.M.ScharaIF.Pu~nik,M.3entJurclCmt.C hem. Acta I 

- 48,147 (1976) . 
6.D.D.Lasi6,H.HauserIsubmitted for publication. 
7.F.Perri.11, J.Physique Radium 5,497(1934). 
8.0.H.GriffithIP.C.Jost in"Spin labeling",Ed.L.J. 
Berliner(Ac.Press,New York,1976) ,pp.454- 
9.J.Charvolin,P.RignylJ.Chern.Phys.58,3999(l973). 
10.J.E.Wertz,J.R.BoltonlElectron Spin Resonance 
Elementary Theory and Practical Applications, 

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
 1

3:
15

 2
0 

Fe
br

ua
ry

 2
01

3 



DETECTION OF HEXAGONAL PHASES BY ESR 15 

(Mcgraw Hil1,New York,1972) ,pp.156. 
ll.Y.Hendrikx,J.Charvolin,M.Rawiso,L.Li~bertl 
M. C . Holmes , J. Phys . Chem. 8 7 I 3 991 (1983) . 
12 .D .D . LasiE . M . E  .Marcondz, L. W. Reeves I M. Szarka , 
Croat.Chem.Acta !57,129 (1984). 
13.P.R.CullislB.DeKruijff, Biochim.Biophys.Acta, - 513,31(1978). 
14.M.G.Taylor,I.C.P.Smith,Chem.Phys.Lipidsl 
- 28,119 (1981) . 
15 .B . J .For re s t ,L .W.Reeves lChem.Rev .81 ,1 ( l981) .  

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
 1

3:
15

 2
0 

Fe
br

ua
ry

 2
01

3 




