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ABSTRACT 

The work presented in this thesis may be conveniently divided 

into three sections. 

Firstly the development of a Carr-Purcel l-Me iboom-Gi ll pulse 

sequence for use in the pulsed field gradient experiment in orde r 

to examine diffusion over long diffusion times is described . 

Secondly diffusion coefficients of both components of binary 

mixtures of methanol and benzene have been measured using pulsed 

field gradient fourier transform NMR . Results showed self­

association to be dominant over AB association and a brief 

qualitative explanation of the reasons for this is given. 

In the third section , which is the major part of this thesis , 

diffusion coefficients of water in the caesium perfluoro-octanoate , 

water system have been determined at various weight fractions and 

temperatures by pulsed field gradient NMR. The liquid crystalline 

phases occuring within the system are the isotropic micellar 

solution, the nematic amphiphilic mesophase and the smetic larnellar 

mesophase . Water was found to pass through the system in an 

unrestricted and virtually unhindered manner . These results were 

discussed in terms of the known structures of the phases and with 

respect to possible permeation mechanisms . No definite conclusion 

as to the permeation mechanism is possible. The limitations in the 

use of surfactants as membrane models is discussed. 
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SECTION ONE -- - - - --- --- ----

NUCLEAR MAG NETIC RES ONANCE THE_QRY 

A. Qu a ntum Mec ha ni ca l Tr ea t ment (1,2) 

1.1 N. M. R. En e rgy Lev e ls 

Most nuclei behave as th ou gh the y possess s pin a ngula r mom entum (~). 

Th e magnitude of Pis giv e n by : 

P = -r; VI ( I + 1 ) 

a nd its dir e ction by m
1 

which are the c ompon ents of£ along a 

r e f e r en c e dir ec tion . I is the qu a ntum numb e r for nu c l ea r sp in which 

ca n h av e ha lf int eg r a l v a lu e s a nd 

1 
e .g. H 

m
1 

= +I, + I-1 , ••• , -1 • 

I 1/2 

ma gnitud e of P -n Jf (I+l) = V3/411 

a nd m
1 

= +1 /2 or -1 /2 

fl · ·· ····· Dl41i 
2 

d iagram 1 

(di ag r am 1) 

The spin and charge of the nucleus confers a magnetic mom e nt (µ): 

µ = YnI 

= y p 
l 



wh e re Y is the ma gn e togyric ratio, the ratio of magn e tic mrnnent 

to angular momentum , and is a con s tant for a giv en nucleus . 

The following djsc u s sion will be mainly confin ed to the I= 1/2 

nucleus since this th e sis wa s primarily concern ed with 
1

H. 

If a stea dy m~gn e tic field (~) is a ppli ed to th e nu c l e us th ere is 

an inter a cti on b e tw e en the fjeld and th e mag n e tic moment whjch may 

be r e pr e s ent ed by: 

U = - -~. B 

( wl1ere U is the e n e rgy of the int e r a ction ) • If the dir ection of 

th e ma gn e tic fi e ld is in the z direction the int e r actjon may be 

r ewritt en : 

u [4] 

u 

diagram 2 

1 
ml=+ 2 

B 

The selection rule for the transition between energy levels is 

t.m = ±1. 

t. u = h v = Yn B 

Therefore v = y B /2 rr 
[ 5] 

where v is the frequency of radiation needed to bring about transition. 

Note that the energy separation d epend s upon the strength of the 

magnetic field (diagram 2 ). 

The allowed values that the spins will take will be in a Boltzmann 



distributiono If there are N0 spins in the lower state and Np 

spins in the upper state; the ratio of atop spins is: 

For example : 

NP= exp(- ynB/kT) 
Na 

B = 1. 4 Tesla 
0 

for a 
1

H nucleus. 

T= 300 K 

That is, only a very sma ll (but detectable) excess of spins exis t 

in the lower, a, state. 

1.2 The Chemical Shift 

[ 6] 

The resonance line s from liquids are exceeding ly narrow and 

consequently very small int eractions can be detected. The two types 

of interaction which are important are the nuclear zeernan inter­

action and nuclear spin-spin coupling. The sur rounding electrons 

in a molecule produce shielding effects which change the zeeman 

term from 

to 

U = - ytun B 
I 

U = - y1im
1 

(1- o)B 

This is because the actual field at the nucleus is the sum of two 

magnetic fields; B, the applied field and - o B, the local field 

at the nucleus arising from the induced electronic currents . 

B. Classical Treatment (1,2,3) 

1.3 Precession 

It can be shown by classical mechanics that the torque exerted on a 

magnetic moment by a magnetic field inclined at an angle 8 relative 

to the moment causes the magnetic moment to precess about the 

direction of the field (diagram 3). 

3 

[7] 



8 

dfagr a m 3 

Th e frequ e ncy of pr ecess ion is kn own a s th e Lamour fr e qu ency . 

d_l? 
!:_ X B 

dt 

si n c e µ y p 

d I: 
µ X ( y i ) 

dt 
[8] 

/\ 
If B=B t 

0 
wh ere k is the z u nit vect0r,th e n th e spin will preces s 

at a n angula r f requ ency where 

[ 9] 

1 . 4 Th e Rota ting F rame of Ref e r e nce 

In the tr ea tm ent of pulse me thods it is u s ually s i mpl e r to r e fer the 

motion of ma gn e tism to a coordina te syst em that rotat e s about B in 
0 

the same direction wh ic h ~he nu c lear moments pr ec ess , r a the r than 

the fix e d c oor dina te syst em of the laborator y ( diagr am 4 ). 

Bo 

~bserver 

d iagram 4 

4 



If M is the vector s um of all the µ 's (di ag ram 5), th en by summing 

equation 8 over all µ the following r elation is obtained: 

dM = y~XB 
M 

z 
z 

H 

X X 

diagram 5 

M can be considered in t erms of components a]ong the thr ee cartesian 

axes: 

" " " M = M i + M . + M k 
X y .l z -

A d M ~ " Id M i c)M k 
Ther efore dM 

= ~ d: 
y__ _J_ z 

dt + d t + d t 

" " M el k 
+ ( 

M c)i M d. 
) .z -

+ 
y__ _J_ 

+ 
z-

c t d t c)t 

A A A 

i, i, k are unit vectors and therefore their time derivatives 

can only rotate the vectors: 

di ~ d i A " " = wx l -'-0 = w X i, ck = w X k , 
c) t d t ct 

The speed and direction of the unit vectors are defined by the same 

w; hence equation [12] becomes: 

( 
dM \ 
-J 

dt fixed 

+ w X " (M i 
x- + 

A .._ 

-
j +Mk) z-

r 

[ 10] 

[ 11 J 

[ 12] 

(13] 



( :~) ' + 
rot 

w X M 
[ 14] 

From equation [10] 

(: ~)rixed y M X B 

a nd from equation [14) 

( =~) Y!'! X B W X M 

rot 

rearranging: 

( :~) YM X B + YM X W 

rot y 

= y_!i X ( 
B + w ) 

y [ 15] 

The term w /y can be considered as a fictitious field that ar ises 

from the effec t of the rotation. Alternatively equa tion [ 15] may be 

r ewri tten : 

dM 

(d~) 
rot 

= YM x B 
--eff. 

where ~ff is the effective field, that is 

~ff = B + w/y 

[ 16] 

[17] 

In the rotating frame, therefore,~ precesses about ~eff" If in 

addition to Ba radi~f~equency field B
1 

is applied at right angles, 

then in the rotating frame at the Larmor frequency 

6 



and the fictitious fie]d ex~ctly cance ls B
0 

along the z axis an d 

l eav e s only B
1 

in the xy plan e to interact with M. Howeve r in most 

situations B and the rotating frame move at a fr equency different 
1 

from the resonance fr equen cy _as so the relation depic ted in diagram 

6 occurs where the fjctitious fieJd d oe s not cancel B an d le a ves 
0 

a component of the effective field in the 2' djrection. 

Mathematically the result is: 

Providing 

= [ {B 
0 

» w - w) then 
0 

diagram 6 

1.5 The Bloch Equations 

Bloch et al. (4) found that the motion of the macroscopic magnetization 

in the presence of a magnetic field could be explained in terms of 

differential equations. 

The vector product of equation [10) may be expanded in terms of 

components along the three cartesian axes and the unit vectors along 

these axes. 



:-' 

( 
A 

) ( 
~ 

) M X B i M + "M + k M X i B + . B + k B 
X J_ y z X J_ y z 

A ,.. 
k M B "M B k M B + i M B 

X y J_ X z - y X y z 

+ . M B - i M B J_ z X z y 

,.. 

M x B ( M B M B ) i + ( M B M B ) i y z z y z X X z 

,.. 
[ 18] + ( M B - M B ) k 

X y y X 

In general this equatio n consists of both the static appli ed field , B 
0 

and the magnetic vector of the r .f. field , Bl • The radio frequ ency 

f j eld can be thought of as two vector fields rotating in opposite 

directions ( diagram 7 ) . 

Bx {tl 

diagram 7 

B (t) B (t) i 
X 

= 2B
1 

cos wt i 

= B
1 
[ i cos wt + l sin wt] + B

1 
[ i cos wt - j sin wt J 

The only field that needs to be considered is the one that rotates 

in the :same direction as the nuclear. moments , therefore 

Bl (t) = B1 [! cos wt - 1 sin wt ] [20] 



Hence dM 
sin X = yB M + y Mz Bl wt [20]a 

dt 
0 y 

dM 
- y B y M B cos wt [20) b _x = M + 

dt 
0 X z 1 

dM 0 - y MX Bl sinw t -yM Bl cos wt [20) C 
z y 

dt 
These equations are not complete since they do not account for the 

relaxation that must occur following a r.f. pulse. Decay to 

equilibrium occurs via a first order process with M and M decaying 
X y 

to zero and M to the equilibrium value of M . Hence: 
Z 0 

dM -y M Bl sin wt -')'M Bl cos wt + M M 
z X y 0 z [21) 

dt Tl 

dM ')' B M + M Bl sin wt 
M = ')' - X 

X 0 y z 
dt T2 

[22) 

dM - ')' B M + ')' MZ Bl cos wt -
M 

_x 0 X 
J_ 

dt T2 
[ 23) 

These are the Bloch equations. T
1 

and T
2 

are the longitudinal and 

transverse relaxation times respectively since they are time constants 

for decay along and perpendicular to B . 
0 

There are two methods for observing nuclear magnetic resonance; the 

continuous wave technique and pulse methods. The continuous wave 

method consists of sweeping the frequency of the r.f. field applied 

to a sample in a fixed magnetic field (or sweeping B with a fixed r.f. 
0 

field). The signal is observed as an absorption line. The pulse 

method makes use of short bursts of r.f. power at a discrete frequency 

with the observation of the nuclear spin system being made after the 

r.f. field is turned off. Pulse methods are the superior being 

quicker and more versatile . 

In the continuous wave experiment B
1 

is small a~d the sweep rate is 

slow. 

i.e . dM 

dt 
x,y,z = 0 

MASSEY UNIVERSITY 
LIBRAR 

9 



Under th ese conditi o ns the Bloch eq u <1 tions can be so lv e d to give the 

line s hape for the absorption signal g(w). The line shape is 

Lor entzia n and is given by (2): 

K T2 
g(w) = 

T2 w )2 1 + ( w 
2 0 

[ 24 J 

K is a constant . 

1.6 Pul sed Nucl ea r Magnetic Resona nce 

If the r.f. fi e ld , a t the Lamour fr equ ency, is turned on for a time 

t , th en viewed in the rotating frame the eff ec tive fi e ld b ecome s 

aligned with the x axi s a nd the magne tiza tion vector will b egin to 

tip towards this axis (diagram 8). 

z z 

M 

. ,8 
~ - ------;;- y -------.... -~ y 

M 
X 

di«gram 8 

e y ~eff t 

i.e. t= e 
y Bl 

When B
1 

is off the magnetization will return to its equilibrium 

value along B • 
0 

[25] 



X 

z 

0 
Evolutjon of M following a 180 pu l s e 

z 

z z 

~ ------ Y 1------ Y 

X X 

diag ram 9 
0 The evolution starts i mmediate ly following the 90 pulse . 

M ( t =0) - M 
Z 0 

M (O) 0 
X 

M (O) = 0 
y 

using the Bloch equations 

dM 
M - M z 

0 z 
dt 

Tl 

tz dMz 

M - M 
z 

M=Mo 

H (t) M ( 1 -
z 0 

=r dt -
Tl 

t=o 

2exp(-.!_ ) (diagram 10) 

Tl 

0 
Evolution of M , M and M following a 90 pulse · ( diagram 12 ). 

X y Z 

[26] 



+ mo ........ .. . . .. ...... .... .. . . . . . . . ... . -~ -·-._. _ . . . .. . 

-mo .... ...... ....... ........ .. . 

diagram 10 

z z 

,,...------ y 

X X 

diagram 11 

M (0) 
z 

0, M (0) 
X 

Using the Bloch equations 

(a) Evolution of M 
z 

0 , M ( O) 
y 

0 

dt f
t 

t= O Tl 

ln(M M) + ln M = t/T
1 0 Z 0 

M (t) = M ( 1 - exp( -t/T
1
)) 

Z 0 

time 

z 

X 

[ 27] 



ti me 

Diagram 12 

(b) Evolution of M 
X 

dM yM B 
M 

= X 
X y 0 

dt T2 

d
2

M 
B dM dM 1 X y 

0 _y X 

dt
2 ---

dt dt T2 

Substituting first ly for dM /dt from equat i on [ 20)b and secondly for 
y 

M from equa tion [ 20]a gives a second order differentia r equat i o n which 
y 

h a s the solution: 

V t 
0 

The resulting spectrum is known as a free induction decay or 

FID: 

di agram 13 



Similarly it can be shown that 

[ 28] 

1.7 Measurement of Relaxation Times 

(a) T
1 

by Inversion Recovery 

This is the most common proc edure used. It consists of varying T 

in the 180° - T - 90° pulse sequence. The 180° pulse takes~ out 

of thermal equilibrium , but still along the z axis. After a time T 

14 

a 90° pulse takes the remaining M into the transverse plane so that its 
z 

magnitude can be detected in the transverse detector coils . From 

equation [26] : 

[ 29] 

AT is the initial amplitude of the F. I.D. following the 90 ° pulse 

at a time T , and A
00 

is the limiting value for a very long interval between 

the 180 ° and 90 °pulses . T 
1 

is det ermined from the slope of a plot 

of ln ( A
00 

- AT ) versus T. 

(b) Measurement of T
2 

If B was perfectly homogeneous then one could 
0 

determine T
2 

simply by observing the decay of M after a 90° 
x,y 

pulse. Because B is not perfectly homogeneous some of the nuclear 
0 

magnets precess faster than 

therefore occurs, .lowering 

w and some slower. Dephasing of spins 
0 

M and shortening the observed 
x,y 

Because of this problem T
2 

is connnonly measured by the modified Hahn 

spin-echo method (5). This method greatly reduces the effect of 



field inhomogeneities. It consists of the application of a 

90°/x T 180°/y pulse sequence and the observation at 

a time 2T of the free induction echo . The full Hahn expression 

is: 

A (2 T C( exp[ -2 1 

T2 

2 

3 

2 2 3 
y G D T ] [30) 

This equation shows that the echo amplitude does not decay in a 

simple exponential fashion. The spin - echo method is limited in 

its range of applicability due to the effect of molecular diffusion. 

If diffusion causes nuclei to move from one part of an inhomogeneous 

field to another the echo amplitude is reduced. The effect of 

diffusion is particularly pronounced for large values of 

thus may affect measurements of long T
2

• 

T and 

Carr-Purcell-Meiboom-Gill method for measuring T
2 

(CPMG) ( 6, 7) 

Because of the limited range in applicability of the spin-echo 

method a CPMG 

in this study 

180°/ 
-y 

at 2T 
' 

4T , 

sequence 

consists 

2T 

6T , BT 

may often be used. 

of a 90° /x - T 

The pulse sequence used 

18QO /y 2T 

sequence with observation of echo heights 

, etc. There are two distinct advantages 

of the CPMG sequence. Firstly; there is a considerable saving in 

time, for a train of n echoes may be obtained in a single sequence . 

Secondly; the effect of diffusion may be virtually eliminated by 

making T short since it is only during a time 2T that diffusion is 

effective in reducing the amplitude of an echo . For the CPMG 

sequence : 

A(t) 0:: 1 Y 
2 

G
2 

D 
3 

2 
T t] [31] 

2 3 
Note the T term of the CPMG method compared with the T term 

of the spin-echo method. The change of phase of the 180° pulses 
0 

from the initial 90 pulse (from being applied along the X axis, 

to they axis) and the change in direction of application of the 

r.f. pulses ( y, -y, y etc.) reduces the cumulative error from the 

not exactly accurate pulse time, t. 
p 

15 



1.8 Fourier Analysis and Fourier Transformation 

It is often useful to sort out what frequencies are present in a 

complex waveform and to determine the intensity of each of the 

frequencies present. By using the principles of fourier analysis 

it is possible to transform from the F.I.D. to the corresponding 

frequencies. A function A(t) can usually be expressed as an infinite 

series of sines and cosines : 

A(t) = I <X> A cos(nrr/T)t +I 00 B sin(nrr/T)t 
n=O n n=1 n 

[ 12] 

(A and B are variable constants ) 
n n 

The r.f. signal emitted by the sample induces an oscillating e.m.f., 

o(t), in the probe detector coil: 

o(t) o 
O 

exp (-t/T 
2

) sin2 v rr t 
0 

( 33] 

A phase sensitive detector is used \o shift the signal to the audio 

range: 

O(t) = o
0
exp(-t/T2){asin2rrtwt + p cos2n t:.v t} [ 34] 

where t:.v= v 
O 

- vr ef and a and p depend upon the phase setting of the 

r.f. reference. 

1 [ 35] 

(a) Sine Transform 

s 
F (v) ={~t) sin 2rrv tdt t=O {00 = 6

0
a exp(-t/T

2
) sin 

t=o 

2nt:.v t sin 2rr v t dt 

+ 6
0
P f: exp(-t/T2) cos2rr~ v t sin2rr v t dt 

6 a (1/T-,) (1 /T 2) 
0 L. = 2 2 2 

(l/T2)2 
2 

+ (2rr(v-~v)) (l/T
2

) + (2rr( v+~v)) I 

16 



+ 6 p 
0 

2 

2n( V + t:,. V) 

(b) Cosine Transformation 

Fe (v) =1 00

o(t) cos 2rr v t' dt 
t=O 

l / 

+ 2rr(v -l:,.v) 
2 2 

(l/T
2

) + (2n(v-!:,.v)) 

[36] 

2n(v-!:,.v) - oa ·l2rr(v+t:,.v) 
- ~ . -(-l/~T-

2
_)_2_ +-'-(-2_rr_(_v_+_t:,._v_)_) _2 . 2 2 

(l/T
2

) + (2rr(v-!:,.v)) 

+ 6 p 
0 

2 2 
+ (2rr( v -!:,.v)) 

1/T + - 2 
2 2 

(l/T
2

) + (2rr(v+!:,.v)) 

[ 3 7] 

Only the positive fr equencies are displayed. To obtain an absorption 

sp ec trum it may be necessary to admix the positive fr equency parts of 
S C . 

F (v) and F (v) in the proportions 

The r esult is 

A 

2 2 
(l/T

2
) + (2n(v-ll.v)) 

Where A is the absoption peak height. The shape of the curve is a 

Lorentzian curve 

u 

V 

diagram 14 

[ 38] 



The fr e qu e ncy width at half th e max i mum pea k h e ight e:qu.qls 

1/ nT
2

, th e r e fore T
2 

is rn easur e able fr om the .q b sorption s ignal. 

This me thod will be disadvantag eous if either 

(i) Broa d ening from ma gnetic fi e ld inh om og eneities 

occurs. 

(ii) Th e re is a broa d ening due to ov erl apping p eaks 

of s imilar ch emical shift. 

1.9 Definition of the Diffusion Co efficient 

Mo l ecula r mi g ration in cond en sed pha s e s may be tr ea t e d a s point to 

point jumps of the e l ementary pa rticles gov e rn e d by a r a te con s t a nt ( 8). 

Con s ider the s imple case of a sy s t e0 with mol ecul e s which are 

suffici e ntly alike so that the whol e may be thought of as f o r ming 

a more or l es s p e rf e ct lattice. 

k 
~ 

k -

f .. . .... . . . . . ).. . ........ . .. . • 

diagram 15 

If C. is the concentration per cubic centimeter at the i
th 

position, 
1 

then the amount of material in a volume with a cross section of 

one square centim e ter and length ).. is X C. (diagram 15 ) • Let K 
1 

represent the number of_ times per second a molecule jllIIlps , and Q be 

the amount of C passing per second through a square centimeter of 

surface , then : 

Q [39] 



The concentration gradient between the i th and the (i + l) th 

position is : 

Thus 

de 
dx 

Q 

-K>.
2
dc 
dx 

C.) 
1. 

This is Fick's First Law , normally written as: 

2 
where D = KX 

Q = -D dC 
dx 

i.e. D has dim ensions 
2 -1 

L T 

1.10 Methods of Measurement of Diffusion Rates 

(1) Steady Gradient Technique 

The full modified Hahn spin-echo equation is: 

A ( 2T) 
2 2 3 

Kexp[-2T/T
2 

- 2/3 y G DT J 

[40J 

[ 41] 

[ 42] 

[ 30] 

where Kis a constant. D can be measured by setting up an experiment 

to eliminate the first term of this sequence (-2T/T
2

) , i.e. by 

keeping T constant and varying G. The result is: 

J_ 2 2 3' exr\t Y G DT ) 

In principle D can be measured over a wide range but in practice 

there are limitations 

[ 43] 

(a) It is extremely difficult to achieve T values of 

1 9 



less than 50 µ sec . 

(b) The magnetic field gradient , G, must be present 

at all times. As G b ecomes larger ( in order to measure the slower 

diffusion rates ) the width of the echo env o lope b ecome s sma ller. The 

consequences of this are 

(i) the information available from the ec ho decreases 

(ii) the band width of the d e t ec tion system must be 

incr eased to obs e rve the narrower echoes , lower ing the signal / noise, 

and 

(iii) with incr easing lin ewidth the power output of the 

pul se tran sm itter will have to be increased to keep the r.f. field 

amplitude , B1 , greater th a n the linewid th. 

As a result of these problems the best r esults yet r epor ted have a 

reproducibility of ±1% and an overall accuracy of ±2% ( 9 ). Furthermore , 

for systems in which the diffusion coefficien t is spatially 

d ependent it is desirable that the precise period of time during wh ich 

diffu sion is being observed be clearly defined . It is a lso desirable 

to make this time as shor t as possible . 

(2) The Pulsed Field Gradient Method (1~ 

This consists of applying two magnet ic field g r a di ent pulses (G) 

of duration o before a nd after the 180° pulse of the modified 

Hahn sp in-ec ho method ( diagram 16) 

l-t,-: --
i 

G TT/ y 

diagram 16 

G echo 

On application of the first gradient pulse there is a nearly 

instantaneous phase shift depending upon the location of each nucleus . , 

.a phase shift which records its position in the magnetic field. 

,, 



0 This phase shift persists until it is inverted by the 180 pulse. 

A second phase shift occurs on application of the second gradient 

pulseo A nucleus which has had no net movement from its original 

position will refocus completely. Any motion that has occured results 

in incomplete refocusingo This , therefore, is a method for 

detecting net motion during a time interval ( t:.- 6/3) • The effect 

on the echo amplitude by the application of the two gradient pulses 

is given by (10) : 

2 3 2 2 2 
lri:A(2T)/A(O)] = -y D{½T go + o (t:.- o/3) G 

- o[ (t/ + t/) + o(t1 + t 2 ) + ;o2 
- 2/J G.g

0
} [ 44] 

where t
2 

= 2 T - ( t
1 

+ t:. + o) and is the time between the end of the 

second gradient pulse and the peak of the echo, t
1 

is the time at 

which the first gradient pulse occurs, and g is a uniform and 
0 

stationary field gradient ( due to field inhomogeneity). When G 

vanishes the result is the same as that obtained by the two pulse 

steady gradient spin- echo experiment , as expected . As g
0 

approaches 

zero ( but not equal to zero since then there would be no loss of phase 

coherence) only the term in G
2 

remains and the result is 

ln[A(2T)/A(O)J = -/oc2
o

2 
(t:.- o/3) [ 4 SJ 

When T (t:.) , g or G are large then all three terms in the general 
0 

equation may contribute. However if T ( or t:.) and g are small the 
0 

diffusion coefficient can be determined by varying either G or t:.. 

Of the two variables, G is normally varied • In practice the 

direct determination of G is tedious and inaccurate . It is, 

therefore, usual to vary the current, I, supplied to the field 
2 2 2 

gradient coils and to plot ln A(G)/A(O) versus y o ( t:.- o/3) I 

and determine the diffusion coefficient from the slope. This is 
• 0 

possible for by the use of water at 25 C, where Dis known , a 

conversion factor between I and G can be calculated. 

1.11 Restr~cted Diffusion 

( t:.- 6/3) may be regarded as the effective diffusion time for the 

21 



experiment. The experimental mean square distance is thus : 

z2 = 2D(l:i.- 6/3) (11) • Sincel:i.is the order of a few milliseconds 

restricted diffusion effects may become visible. In practice z2 

2 
is required to be greater than ( 100 nm ) for any significant 

attenuation to be observed. If within a system there are no 

barriers or obstructions to the diffusing species , or if there 

are barriers they are separated by distances greater than the distances 

being experimentally observed , then unrestricted diffusion will be 

observed. Such diffusion may be regarded as being in three dimensions. 

This , however , is not always the case for in some systems layers 

or capillaries may exist with dimensions smaller than the experimenta l 

mean square distance that is being measured. If such a system is in 

layers, diffusion will be observed as being in two dimensions. If the 

system exists as capillaries , diffusion will occur in only one 

dimension. From the linearity, or non-linearity, of the 
2 

ln[A(G)/A(0)] versus G plot information as to whether the system 

is unrestricted , layered or in capillaries and the distance between 

the barriers may be obtained(21) , 

22 

1.12 Inherent Errors andTheir Solution Through a Modified CMPG Sequ ence (12) 

As stated previously ; when g and T ( or l:i. ) are of significant 
0 

magnitude then all three terms in the general equation of the pulsed 

field gradient technique may contribute. This problem may be overcome 

by using a modified CMPG sequence. A TT/2 pulse is followed by a 

series of pairs of TT and TT pulses , each TT pulse following at a 
y -y 

time 2T after the previous one. Application of the first field 

gradient pulse is during an interval when the nuclei are dephasing. 

The second field gradient pulse is applied during a rephasing interval 

at a time l:i. after the first one (diagram 17 ) • 

The result is (12) 

ln[A(t ) /A(0)] = 
n . 

- G.gJ>[ (t
1

2 + t 
2

) + O(t + t ) + 262 - 2T
2

]}) 
3 1 3 3 

[46] 



Wl1ere A(t) is the amp]itude of the echo that f orms at the time 
n 

tn an d t
3 

= T - t
1 

- 6 

Unless g
0 

is very large this can be approxjmated by: 

G G 

diagram 17 

If only n is varied the effect of field inhomogeneity is 

removed and equation [47) becomes an equality . 

[4 7) 



SECTION 'IWO 

EXPERIMENTAL PROCEDURES 1 METHODS AND EQUIPMENT 

2.1 FX 60 Description 

The spectrometer used was a JEOL FX60 60Mhz high resolution pulse 

spectrometer with Fourier transform capabilities. The magnetic field 
0 

strength was approximately 1.4 tesla. To induce a 90 change in 

. . f h l orientation o t e H nuclear magnetization vector required a r.f. 

pulse of duration 26 ~sec. The computer was a Texas Tnstruments980A 

with 16K software storage c apac ity; BK al located to data 

manipulation and system control and BK allocated to data storage. 

Entry into and manipulation of the computer software storage was 

by use of a light pen. The light pen is an input/output device 

u sed with a visual display unit. When pointed at a cathode ray 

tube it can sense whether or not a particular region is 

illuminated. This facility enables direct entry into the compute r 

which allows quick and easy alteration of experimental parameters. 

2.2 Diffusion Measurements 

The diffusion measurements were made by interfacing the JEOL FX60 

with a pulsed field gradient system designed and built by Callaghan 

et al. (13). The system used an external deuterium lock which in 

conjunction with signal averaging facilities enabled the more 

precise and accurate measurement of the diffusion coefficients. 

This a bility is particularly important for the investigation of 

rates of diffusion of species in low concentrations. A set of 

CJB / dX, CJB / CJY, CJB / c) z homogeneity coils are in the probe. 
z z z 

These coils give a residual gradient which is sufficiently small to 
1 

resolve H resonances -60hz apart enabling independent measurement 

of diffusion coefficients in some multicomponent systems. It is 

also useful for increasing signal/noise when working with dilute 

species. The magnitude of the field gradient pulses is varied by 

varying the current applied to the field gradient coils. Since the 

current, I, within a coil is proportional to the resultant magnetic 

field, the echo attenuation versus r 2 
6 

2 
(fl - 6 /3) may be plotted 

(see pg.21) and the diffusion coefficient may be obtained from the 
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slope. 

The pul sed field gradient system consists , in part , of a pulse 

p rogrammer. The funct ion of the pu]se programmer is to provjde 

external switching of the current to the fi e ld gradjent coils in 

accura tely t imed intervals ( ti , 6 and t 1) in specific re f erence to 

the 90° /180° spin- echo pulses . The experimental parameters 
X y 

ti , 6 a nd t 1 are ad justed directly on BCD coded thumbwheel 

switches . 

2.3 Temperature Control and Sample Space Geometry 

teflon---~ 
t ape 

~ 
air outlet 

0..---.-d-e-...,a r 

gradient 
coil 

j..f 
coil 

i .__ thermocouple 

diagram 18 

110mm 

The temperature was controlled by using a copper-constantine 

thermocouple sensor in a conventional hot-air feedback system . 

Temperature was measured by a thermistor (quartz thermometer 

calibrated) placed in a NMR tube in the exact position the sample 

occupies . Temperature _measurements were taken frequently to check 

for possible fluctuations. This involved removing the sample s~nce 

it is not possible to simultaneously obtain spectra and temperature 

measurements . Temperature , when set, was accurate to ....., O.s0 c 
using a temperature control d evice (JES- V -T-3) made by J E O L. 



2.4 Deuterium NMR Spectra 

2 
These were obtained by use of the D lock channel. The lock is 

continuous wave and data is stored in the first lK of the 

computer memory . The spectra can be displayed and analysed. 

2.5 Inherent Errors in the use of a Modified Hahn Spin-Echo Sequence 

for Diffusion Experiments and the Soluti on of this Error by the use 

of a CPMG Sequence 

As described earlier (pg. 22) advan tages exist in using a CPMG 

pulse sequence as the basis for applying field gradient pulses during 

diffusion rate measurements. Over long diff usion distances this 

becomes desirable if accuracy is to be retained and over very large 

diffusion distances it becomes essential . Such large distances are 

often necessary when investigating restricted diffusion. The original 

field gradient pulse programmer could only accept two pulses from the 

spectrometer per echo sequence. After the first field gradient pulse was 

applied a variable amount of time (n) passed before application of 

the second rephasing field gradient pulse. If a CPMG sequence is 

occuring during this time interval more than two pulses will be 

received by the pulse programmer causing a malfunction and therefore 

excluding any CPMG diffusion experiment. Circuitry was built to 

overcome this problem. A diagrarnatic representation of the 

operation and circuitry are shown (diagrams 19 and 20). A general 

description of the circuit components follows (see appendix for 

additional information). The DN74LSOON integrated circuits (IC's) 

are NAND gates and the CD4017BC IC is a divide by ten counter being 

used here only in the '2' output. The SN74LS123N IC is a 

multivibrator which functions as a timing lock. Upon receiving 

a pulse at pin 10 of the multivibrator a change of state occurs 

at the Q and Q output .terminals. This change of state exists for 

a time interval,dependent upon the resistor and capacitator 

values RT and C , and then returns back to the respective 
ext 

original state. The retrigger capability of the SN74L123N IC 



made design considerably easier. Upon application of an additional 

pulse to the input terminal (pin 10) of the SN74L123N IC, during 

the timing interval, the timer is retriggered and timing is begun 

again without any change in state at the output . This retrigger 

capability simplified the generation of output pulses of long 

duration. The length of the output pulse is primarily a function 

of the external capacitor C and resistor (RT). The output 
ext. 

pulse width ( t ) is defined as: 

Here 

therefore 

w 

t 0.33 x RT C ( 1 + 0.7/RT) w ext. 

C 
ext 

t 
w 

100 F 

4 -4 4 
0.33 X 10 X 10 (1 + 0.7/10) 

0.33 seconds 

This wa s found by experiment to be true. 

The principle of the circuit is tha t the pulses from the spectrometer 

enter the first NAND gate IC (IC 1 on the diagram) where they 

are converted to positive logic pulses. They then enter the counter 

(IC 2 on the diagram). After two pulses are received by the system 

an output pulse occurs from pin 4 of the counter . This pulse is 

received at pin 10 of the multivibrator, (IC 3), causing the 

multivibrator to switch into the timing mode, i.e. the logic of 

pin 5 changes from low to high. This change of state has two 

influences. Firstly the change of state is received at a NAND gate 

(pin 5 of IC) which stops any subsequent pulses entering the 

pulse programmer, and secondly, the change of state is observed 

at another NAND gate (pin 2 of IC 2) which allows pulses occuring 

from the spectrometer to bypass the counter and continually retrigger 

the multivibrator. When the r.f. pulses have been stopped for 

n 



0.33 seconds the multivibrator finishes its timing, changes state, 

and resets the whole circuit ready for the next experiment. 

An addition to this circuitry was the installation of a reset 

capability. This is of practical use since when setting and 

checking the instrumental settings of the spectrometer it is 

sometimes useful to use and observe a single pulse. Applic a tion 

of such a single pulse will be registered and countered by the 

circuitry. If the system is not reset the first experiment applied 

will cause the circuitry to count only once more giving, therefore , 

just one field gradient pulse (the first experiment will give no 

signal but subsequent experiments will be normally executed) . 

Such a mista ke would be most inconvenient since a reduced signal 

would be recorded. To reset the circuitry a switch wa s added so 

that a pulse could be applied to the reset pin of the multivibra tor 

(pin 10) . 

An example of a CPMG pulse sequence with and without field gradient 

pulses is given in Figure 1. 

A series of diffusion experiments on pure wa ter were made u sing 

the modified Hahn spin-echo pulse sequence with the usual 

applica tion of the field gradient pulses and the CPMG PFG 

sequence . The time between field gradient pulses wa s v a ried 

between 10 and 600ms and plots of versus were 

ma de and compared to the theoretical curve (Tables 1 and 2, Figure 

2). From Figure 2 it can be seen that as ~ gets large 

) 60ms) error is introduced, with the modified Hahn spin-echo 

diffusion experiment suffering the greatest loss of accuracy. 

A comparison of the dominant error terms of each diffusion technique 

is helpful. 

When G))G the dominant error term in the modified Hahn spin-echo 
0 

is (See equation [44) ). 

- 2/3 "( 
2 

D G 
2 

0 

3 
T 

[48) 
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and in the CPMG method it is (See equation [46) ) 

- ( l/12n 
2 

) Y 
2 

D G 
2 

t 
3 

o n 

In the CMPG method n is the nwnber of TT pulses in an experiment . 

This equals t /2T. The d ominant error in the CPMG method may 
n 

therefore be rewritten: 

- 1/3 '( 
2 

D T 
2 G 

2 
t 

o n 

As a ratio of CPMG method/Hahn method errors : 

As a n example of the errors consider a n experiment with a 

diffusion time of 100 ms: 

Therefore 

T = 10 ms 
CPMG 

T = 100 ms 
Hahn 

t = 100 ms 
n 

2 
T CPMG tn 

2T
3 

Hahn 

1/200 

[ 49) 

[50) 

[51) 

Thus when it becomes necessary to measure diffusion rates over long 

time intervals the use of a CPMG sequence is advantageous in 

reducing the systematic error . 
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Hahn spin-echo diffusion experiment 

t:./ms D/10- 9 2 -1 ~ /l0-6m m s 

20 2.20 (2) 6.63 (3) 

50 2 .26 (2) 10.6 ( 1) 

100 2.09 (5) 14.5 (2) 

150 1. 99 (4) 17.3 (2) 

200 1.89 (2) 19.4 (1) 

300 1. 73 (9) 22.8 (6) 

400 1. 52 (3) 24 .7 ( 2) 

500 1. 27 (5) 26 .0 ( 2 ) 

600 1.15 (6) 26 .3 (7) 

T.ible 1 

CPMG diffusion experiment 

t:./ms D/10- 9 2 -1 \i'ED /l0- 6m2 
m s 

10 2 .38 (2 ) 4.88 (2 ) 

50 2 . 26 (3) 10.6 · (1) 

90 2 .18 (6) 14.0 (3) 

130 2.26 (2 ) 17.1 (1) 

170 2 . 23 (4) 19.5 (2) 

21 0 2 . 23 (4) 21.6 (2) 

290 2.22 (3) 25.4 (2 ) 

370 2.18 ( 4) 28.4 (3) 

450 2.05 (5) 30.4 (3) 

570 2.13 (6) 33.8 (3) 

690 2.13 (5) 38.6 (5) 

Table 2 

The numbers in brackets are the statistical error involved from the 

calculation of D. All measurements were ma de at 25°c. 
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3.1 I ntroduction 

SECTION THREE 

The Self-Diffusion of Water within the 
Water/CsPFO System 

The understanding of the passive transport of solute and sol vent 

across cell membranes has practical importance for example in 

anaesthetics which are though to effect the permeability of membranes 

(14). Considerable study and speculation on possible diffusion 

mechanisms has therefore taken place (15). It seems certain that cell 

membranes consist of one or more bilayers and although consisting 

mainly of phospholipids the structure is basically very similar to 

that of surfactants in the lamellar phase (16). Diffusion 

studies of transport across the surfactant lamellar phase may lead to 

some understanding of passive diffusion across cell membranes. 

3.2 Experimental 

Materials ; production, purification and identification. 

Caesium perfluoro-octanoate (CsPFO) was prepared by neutralization of 

perfluoro-octanoic acid (Koch Light Laboratories Limited - England) 

with caesium carbonate . The caesium carbonate was prepared by the 

addition of a slight excess of CsCl to Ag
2
co

3 
and the Cs

2
co

3 
so 

formed separated by filtering off the AgCl precipitate and washing 

several times through a sintered glass filter . Drying of the cs
2
co

3 
was by rotary evaporation to near dryness and by vacuum to complete 

dryness . After neutralization of the perfluoro-octanoic acid the 

resulting CsPFO was washed thoroughly with distilled/deionized water 

to remove any CsCl and any excess cs
2
co

3
. The CsPFO was purified by 

recrystallization using a 1:1 butanol/hexane mixture and drying under 

vacuum for about five hours . 

An initial series of tests on the purity of the CsPFO prepared was 

made by running infra red spectra on the original perfluoro-octanoic 

acid and on the final product. The final IR spectrum showed 

the normal red shift of the peak at 1780cm-l which 
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is indicat ive of a carbo xyl ic ac id to carboxylate i on ch,,nge, 

Figures 3 an d 4. 

3.3 Characterization of the D2O/CsPFO System 

Character ization was achieved by running a series of deuterium NMR 

spectra and comparing the results to those published by Boden et al . 

(16 ). The phase di agram of the D2O/CsPFO system has been included 

fo r reference , Figure 5. 

Between the weight percentages of 38% and 77% o2o three thermotropic 

phases exist. Within the isotropic phase , which occurs a t the 

highest t emp e ratures , the perfluoro-Octa.noate and wa ter molecule s 

have en tirely random orientations . Existing at l ower tempe ratures 

to the i sotropic phase is the n e ma tic phase ; it is thought to consist 

of disc shaped micelles within the aqueous continuous pha se . The 

third liquid crystalline phase , which occurs at l ower temperatures 

tha n the isotropic and nema tic phases , is known as the l ame ll a r pha se . 

The l amellar phase consists of bilayers of amphiphile mo ] ecules in 

the form of crystallites alternat ing with l ayers of water molecules. 

If a sampl e is cooled from the isotropic to the l ame llar phase within 

a ma gn e tic field the bil ayers align in a direction p e rpendicular to 

the ma gnetic fiel d (diagram 2 1 ). 

- ----0 
0-------0 0----0 0- ---0 

0-- ---0 0--------0 0-----0 0-----0 

0--- 0-- ------0 0------0 0-- ----0 

0 0-- ---0 H20 0--------0 H20 0-----0 
H2o~~ H2o Hz o-- ----0 0--- ------0 0--- ------0 

0------<> 0-- -----0 0-- ------0 0-- ------0 

0---~ 0 - ----0 0-- ------0 0-- ----0 

0-- ---0 0---- ----0 0-- ---0 0-- ----0 
0---4) 0-- ---0 0-- -----0 0-- ----0 

0----<> o----,, 0-- --0 0-- ----0 

0------0 0-------0 0---- ---0 0-- ------0 

0------0 0------0 0-----0 0--------0 

0-- -----0 0-----0 0--- -----0 0-------0 
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0-- -----0 0-- ----0 0-- ---0 0-- ----0 
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B 

diagram 21 

The various phases may be identified by deuterium NMR as follows 

(1 7, 18.) : 
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MOLE RATIO 2H2 0 / CsPFO 
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(i) in the isotropic phase a single 2H peak occurs. 

(ii) in the nematic phase a doublet occurs which will reorientate 

(iii) 

upon twisting within the magnetic field. 

in the ordered l ame llar phase a doublet occurs which will not 

reorientate upon twisting within the magnetic field. 

The deuterium doublet observed in the nematic and l amellar phases is 

a consequence of the electric quadrupolar directors being uniformly 

aligned. Because of the attraction of water molecules to the bilayer 

the reorientationa l motion of water b ecome s anisotropic on average 

and hence the qua drupole interaction of a deuterium spin is only 

partially averaged and will have cylindrical symmetry about the 

bilayer normal. One would expect a large doublet splitting if water 

molecules were permanently associated with the bilayer surface. 

This, however, is not observed since a fast exchange process occurs 

with the bulk solvent and a time averaged splitting is observed 

which depends both on temperature and concentration of CsPFO. 

The splitting of the doublet varies according to 3cos28-1, where 

.e is the angle between the l ayer normal and the direction of the 

applied field (1 8). Figures 6 and 7 show the results of varying 

the angle 8 for a 50 % by weight o2o sample at 312 K. As can be 

seen the 3cos 28-1 dependence is faithfully obeyed. In this figure 

the splitting for, e = o0 is assigned the value 2.0. 

To obtain the liquid crystal within the l amella r or nematic phases 

the samples were heated to a t emperature well within the iso tropic 

phase and the n, while in the magnetic field of the spectrometer, 

coo l ed slowly at a rate of no more than two or three degrees per 

minute to the desired temperature. Figure 8 shows the deuterium 

spectra obtained upon cooling a sample from isotropic to lamellar 

temperatures. When a sample was within the nematic or lamellar 

phases the temperature was never raised. The reason for this was 

that layer dislocations may occur. 

The phase diagram for the D2O/CsPFO system (Boden) was reproduced 

and the system characterized by deuterium NMR as described above. 

However this technique · can not be used for protons since the
1

H 

nucleus does not possess a quadrupole moment, but by 

calculating the mole ratio of 1 tt
2
o/CsPFO, and knowing 

J 

-0 
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the temperature for any given sample, the liquid crystalline structure 

may be deduced from the phase diagram. 

All the 2H spectra were made on relat~vely large samples in 10 mm 

O.D. tubes. Because the 1H20/CsPFO proton studies were made on 

samples in 4 mm O.D. tubes there was the possibility of surface 

orientational effects becoming important. A deuterium spectra was, 

therefore, run on a 64% by weight o
2
o sample in a 4 mm O.D. tube 

placed within a 10 mm O.D. tube (diagram 22). The spectra showed all 

the isotropic, nematic and lamellar properties at the expected 

temperatures (Figure 9). 

----10mm 0 .0. Tube 

- - +----~ 4mm. 0 .0. Tube 

~-----640,·0 (½O Samp{e 

H-zO 

diagram 22 

3.4 Results and discussion 

Measurements of the self-diffusion of 
1

H
2
o by PFG NMR were made 

on the 1H
2
0/CsPFO system at various temperatures and weight 

perc~ntages. For each weight percentage self-diffusion coefficients 

were determined over a temperature range wide enough to include the 

isotropic, nematic and lamellar phases, and in all measurements a 

least squares analysis was performed and statistical errors 

calculated. Results are shown tabulated in Tables 3 to 8 and as 

Arrhenius plots in Figures 10 to 15. For all self-diffusion 

coefficient measurements t:. = 10 ms; <S = 2 ms and 2T = 16 ms. 



4 5 

64 % BY WEIGHT o
2
o SAMPLE WITHIN A 4m.m 0.0. TUBE 

27°( 

F.igure 9 



The discussion which follows will concentrate almost entirely on the 

46% and 52% by weight water samples since these were the only samples 

which showed the expected D
11

;o1 anisotropy due to the difficulty of 

producing consistent sample orientations on 9ooling from the isotropio 

to the lamellar region. Slow cooling was necessary and a useful pair 

of results took several hours to obtain. This difficulty in 

obtaining sample reproducibility has previously been experienced by 

Boden et al. (17). 

Despite all the care taken the Arrhenius plots have scatter well 

outside the statistical errors involved in the calculation of the 

diffusion coefficients. One possible explanation is the presence 

of impurities within the sample. The two possible types of impurity 

are paramagnetic and nonparamagnetic. The presence of paramagnetic 

impurities adhering to the inside of the tube could c a use anisotropy 

of diffusion since such material interferes with the pulsed field 

gradient magnetic flux. This effect would be the same in all phases 

and so a measure of the error ma y be obtained from the isotropic 

phase, where no an isotropy should exist. Refering to Table 4 

and Figure 14, for example, one observes that within experimental 

error D'1 equals o
1
J in the isotropic region. 

38% by Weight Water 

Temp. ; 0 c -1 -3 
(D 

-9 2 -1 
D I J /D .l (Temp./K) 10 

.l DI I) /10 m s 

44.0 3.153 1.83 (1) 

62.8 2.976 2.22 (1) 2.14 (2) 

67.5 2.935 2.70 (2) 

67.8 2.933 2 . 97 (2) 2.89 (2) 

70.0 2.914 3.25 (3) 

75.5 2.868 3.40 (3) 

81.0 2.823 4.2 (2) 

Activation Energy (1) 19 kJ/rnole 

The numbers in brackets are the errors involved in the last figure. 

Table 3 
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46% by Weight Water 

0 -1 -3 
(D .1 

9 2 -1 
DJ I/Di Temp./ C (Ternp./K) .10 o

11
)/10rns 

22.0 3.388 0.850(7) 1. 657 (9) 1. 95 (3) 

24.4 3.360 0.964(6) 1. 74 (1) 1.80 (2) 

24.6 3. 35H 0.950(7) 1. 76 (1) 1.85 (2) 

27.0 3.331 1.008(5) 1.84 (1) 1.83 (2) 

30.2 3. 296 1.129(7) 1.972(9) 1. 75 (2) 

32.5 3.271 1.243(7) 2.05 (1) 1.65 (2) 

35.0 3.245 1.317(5) 2 .08 (2) 1. 58 (1) 

36.8 3.226 1. 419 (9) 2.16 (2) 1.52 (2) 

38.0 3. 213 1.63 (1) 2.00 (2) 1. 23 (2) 

38.9 3.204 1.54 (1) 2.17 (2) 1.40 (2) 

40.7 3.186 1.40 (2) 2.14 ( 3) 1. 53 (4) 

42.5 3.168 1.820(8) 1.84 (1) 1.01 (1) 

44.7 3.146 1.65 (2) 1.85 (1) 1.12 (2) 

45.0 3.143 2 .19 ( 1) 2.09 (1) 0.954(9) 

45.5 3.138 2 .00 (4) 1.90 (4) 0.95 (4) 

47.0 3.123 2 .33 (2) 1. 97 (2) 0.85 ( 2 ) 

47.8 3.115 2 .30 ( 3) 

49.2 3.102 2.35 (4) 2.35 (3) 1.00 (3) 

50.9 3.085 2 .4 20(5) 2.45 (1) 1.012(6) 

Activation Energy (.1) 23 kJ/rnole 

Table 4 



4.7% by Weight Water 

0 -1 3 -9 2 -1 Temp./ C (Temp. /K) .10 (Dl D
1 

I) /10 m s DI I /D1 

29.7 3.301 1.594(6) 2.17 (6) 1. 36 (4) 

42.5 3.168 1.716(7) 1.813(5) 1. 057 (7) 

54.6 3.051 2.71 (2) 2.689(9) 0.99 (1) 

61. 7 2.986 3.00 (1) 2.97 (2) 0.99 (1) 

70.5 2.910 3.41 (2) 3.55 (1) 1.041(9) 

82.0 2.815 4.11 (2) 4.28 (4) 1.04 (1) 

Activation Energy ( l.) 17 k J/mole 

Table 5 

This shows that parama gnetic impurities are not a dominant error . 

The remaining type of impurity to consider is the presence of non­

paramagnetic material. Non-paramagnetic impurities would not 

necessarily show in the isotropic phase but may lead to significant 

dislocations in the bilaye r structure. This c an not be overruled as 

the sensitivity of the bilayer structure to impurities is unknown, 

but grea t care wa s taken in sample preparation so such error is un­

likely. 

Another possible contribution to the observed scatter is inexact 

twisting of the sample tube by 90° since an error in rotation of about 

5° is possible. Because orientation of the bilayers is due to the 

magnetic field of the spectrometer Dl. measurements will have perfect 

alignment across the lamellar phase and will have no angular error 

unless the sample is rerotated to perhaps repeat measurements. To 

obtain 0
11 

measurements a rotation of the sample tube is made and an 

error is introduced. However i 5° is small and should have little 

effect on such measurements. It is observed that DJ 
I 

results have the 

greatest scatter, but this difference is slight. 
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52% by Weight Water 

0 
Temp./ C -1 3 (Temp./K) .10 (D1 D

11
)/10- 9m2s-l 

22.0 3.388 1.09 (1) 1.074 (8) 

22.5 3.382 1.08 (1) 1. 78 (2) 

22.7 3.380 1.129(9) 1. 77 (1) 

23.5 3.370 1.08 (1) 1.81 (2) 

24.5 3.359 1.22 (2) 

24.8 3.356 1.18 (1) 1.84 (1) 

25.0 3.353 1.15 (1) 

26.7 3.334 1.27 (1) 1.904 (6) 

28.0 3.320 1. 24 (1) 1.90 (1) 

29.1 3.308 1. 23 (1) 2.00 (1) 

29.2 3.307 1. 27 (1) 1. 91 (1) 

29.6 3.302 1. 322 (6) 1.98 (2) 

29.7 3.301 1. 36 ( 1) 2.033 (7) 

29.7 3.301 1. 33 (1) 1.97 (2) 

30.0 3.298 1. 30 (1) 2.06 (1) 

30.3 3.295 1. 23 (2) 1.97 (1) 

31.0 3.287 1.44 (2) 1. 73 (2) 

31.6 3.281 1. 334 (7) 

32.0 3.277 1.57 (1) 1. 58 (1) 

33.0 3.266 1.560(8) 1.62 (3) 

33.2 3.264 1.48 (2) 2.16 (1) 

33.5 3.261 1.64 (2) 1.59 (1) 

33.8 3.257 1.47 (1) 1.64 (2) 

35.9 3.235 1. 78 (2) 1. 75 (1) 

36.0 3.234 1.86 (1) 2.27 (4) 

36.8 3.226 1.67 (3) 1. 70 (1) 

39.0 3.203 1.999(7) 1.98 (1) 

39.5 3.198 2.02 (2) 1.958 (8) 

55.7 3.040 2.81 (1) 

Activation Energy ( J.) 19.4 k.J/mole 

Table 6 
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.99 (2) 

1.65 (3) 

1.57 (2) 

1.68 (3) 

1. 56 (2) 

1.50 (2) 

1.53 (2) 

1.63 (2) 

1.50 (2) 

1.50 (2) 

1.49 ( 2) 

1.48 (3) 

1.58 (2) 

1.60 (3) 

1.20 (3) 

1.01 (1) 

1.04 (2) 

1.46 (3) 

.97 (2) 

1.12 (2) 

.98 (1) 

1.22 (3) 

1.02 (2) 

.990(8) 

.97 (1) 



0 
Temp.] C 

23.5 

24.0 

24.5 

24 .5 

31. 5 

34.8 

39.5 

44.0 

47.0 

54 0 

0 
Temp ./ C 

20 .4 

21.6 

24.3 

27.8 

29.0 

30.1 

33.8 

37.0 

41.5 

47.0 

47.7 

57.6 

68.0 

71.0 

56% by Weight Water 

-1 3 
(Temp. /K) .10 (D l D11 

)/10-9rn2s -l 

3.370 1.214(5) 1. 75 (1) 

3.365 1.16 (2) 1.69 (1) 

3.359 1.40 (2) 1.524 (7) 

3.359 1. 39 (1) 

3.282 1. 94 (2) 

3.247 2.088(9) 

3.198 2.38 (2) 

3.153 2.55 { 4) 

3.123 2.87 (2) 

3 . 056 3 . 13 (3) 

Activa tion Energy ( l) 20 k.J/mole 

Table 7 

60% by Weight Water 

-1 3 
(Temp. /K) .10 {D l 

-9 2 -1 
D 11 ) /10 m s 

3.406 1. 226 (4) 

3.392 1.381(6) 

3.361 1.554(5) 

3.322 1.68 (1) 

3.309 1.937(7) 

3.297 2.08 (1) 

3.257 2.09 (1) 

3.224 2.19 (1) 

3.178 2.54 (2) 

3.123 2.81 (2) 

3.116 

3.023 3.47 (1) 

2.931 3.95 (2) 

2.905 4. 224 (9) 

Activation Energy ( l ) 

Table 8 

1.286 (5) 

1. 30 (1) 

1.515 (3) 

1.682 ( 6) 

1.939 (8) 

2.041 ( 6) 

2.ll (2) 

2.17 (1) 

2.62 (8) 

2. 73 (1) 

2.805 (6) 

3.49 (1) 

3.99 (3) 

4.15 (2) 

16 kJ/mole 

26 

so 

D1/D1 

1. 44 (1) 

1.46(3) 

1.09(2) 

Dll/D1 

1.016 (7) 

0.94 (7) 

0.975 (5) 

1.00 (1) 

1.001 (8) 

0.981 (8) 

1.01 (1) 

0.991 (9) 

1.03 (4) 

0. 97 (1) 

1.01 (1) 

1.01 (1) 

0. 982 (7) 
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The sources of errors discussed above are unlikely to fully account 

for the observed scatter. It seems likely that thennodynamic 

irregularities are occuring at the positions of greatest scatter. 

Why these exist is only speculative but temperature variation is 

probably critical within these regions. Any sudden lowering or 

increase in temperature may affect the bilayer formation and stability . 

A similar conclusion was reported by Boden in a personal communication . 

The fact that the deuterium NMR of orientated samples shows good 

doublet resolution does not preclude the possibility of dislocations 

in the bilayers . The rate of cooling is an extra variable which could 

well determine the extent of dislocation and so a fixed cooling rate 
-1 was adopted (2K min ) for all samples. 

In all the measurements of the water diffusion rate parallel to the 

bilayers , o 11 , and perpendicular to the bilayers, D1 , the plots of 

ln [A(G)/A(o)) versus G
2 were linear, indicating that no restricted 

diffusion occurs over the experimental diffusion distance. 

i.e. 
-2 
z 

RMS distance 

= 2D ( l!.. 0/3) refer to equation (pp22] in theory 
-9 -3 2 

2 X 2 X 10 (10-2/3) X 10 ID 

3. 7 X 10-ll m2 

6000nm 

A similar conclusion was obtained on the lithium perfluorooctanoate 

system by Tiddy (19). It is a lso noticeable that there is only one 

discontinuity in the diffusion rates, occuring at the nematic/ 

larnellar phase transition. For the most dilute solution, 60% by 

weight H2o, where the N/D boundary is approximately at room 

temperature , no anisotropy in the diffusion rate was observed. This 

could well be due to the fact that the system was in the N rather than 

the D phase . For the more concentrated samples anisotropy is evident 

below the N/D boundary temperature . In each case, _however, the 

anisotropy is small with values of 0 11 /D~ being typically around 

1.4 but never greater t~an 2.0. Previous work has shown that the 

distance between bilayers of surfactants such as CsPFO is a function 

of the water content, but still of the order of 1.5 run (20). If the 

water was confined between the bilayers no attenuation of the echo 

amplitude on application of the field gradient would be observed since 
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in practice 
-2 
z is required to be > (100 nm)

2 
for any significant 

attenuation in the echo to occur ( 11) . The fact that there is a 

measureable diffusion rate perpendicular to the bilayers means that 

water is getting through . In fact it is diffusing through the layers 

without too much difficulty . A Di: o
11 

ratio of 0.7 which is typical 

in this study may be compared to an isotropic protein water system 

(20) where the pure water diffusion coefficient can be reduced to 

0.7 D 
0 

at about 15% protein by weight. 

obstruction and hydration effect (21). 

The reduction is simply an 

While CsPFO is much smaller 

than protein molecules the concentrations used in this study are much 

greater and hydration at the polar head groups could well lead to 

an attenuation of the free water diffusion coefficient . 

An explanation for the penetration of surfactant l ayers and membranes 

by solvent has often been explained by the presence of relatively 

large defects or holes . Water (or solvent) is considered to move 

across the membrane via pores of sufficient size so that the wa ter 

inside them has essentially bulk properties. Using this model pores 

as small as 30 nm have been calculated in biological membranes (22). 

One expects at most a small energy barrier to be encountered by a 

water molecule entering the pore; within the pore the only energy 

barriers are those due to the diffusive or viscous resistance and 

thus the effective energy barrier for permeation is the activation 

energy for the self-diffusion of free water .-.... 19 KJ/mole. 

Tiddy has studied the H
2
0/LiPFO system and concluded that a large 

pore model is incongruous with the data (19) . The results presented 

in this thesis also do not conform to a large pore model. Take, 

for example, the 52% by weight water sample at 300K which has a 

D
1 

1.3 x 10-9
m

2
s-

1 . Since the distance between adjacent bilayers 

is of the order of 1.5 nm (23) any diffusion over this distance will 

be undetectable with the pulse spacings used here . The diffusion rate 

of water between adjacent bilayers will therefore be seen to be very 

much slower than that of the free water which travels through the 

holes, diagram 23 . 
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bilayer bit ayer holes 

diagram 23 

Therefore (refering to diagram 23) 

d 
between adjacent 
bilayers 

X Percentage of Surface in 
Bilayers 

+ D X Percentage of Surface in Cracks or Holes 

free water 

and since d 
between adjacent 
bilayers 

<< D 
free water 

the percentage of the surface area of a bilayer in cracks or holes 

= D1 X 100 

DH O 
2 

= 50% 
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Using the similar liquid crystal LiPFO Tiddy et al. (19) found that 

the lithium ion diffusion showed a larger anisotropy of diffusion 

than did water, with a o
11

/D
1 

value of approximately 1.92 compared 

to a water D /D v alue of approximately L 38. Therefore more than 
11 1 

50% of the water transport must occur in regions small enough to 

exclude the diameter of a hydrated lithium ion, ~ 0.5nm. If the 

diameter of the holes, or cracks, are on average smaller than 0.5 nm 

diameter and 50% of the bilayer consists of such holes or cracks then 

(refering to diagram 24): 

X &-;8-d-;8-d- . 
11 I 12 13 · 

r 
- ~ 

x~ 
d 

l 

b 
I 

('1;)- d- ... 
x~ 

diagram 24 

Total area [(0.S+d) x N] x [(0.5+d) x M] 

= MN (0.5 + d)
2 

area of holes = MN TT ( 0;5 y 

···---d~~ 
1~ 

··· ·. --d~e 

But 50% of the total area equals the area of the holes. 

Therefore: 

0.5 MN (0.5 + <l/ = MN TT (o;s)2 

hence d 0.1 nm 

l , ; 



When a PFO sample is cooled into a lamellar phase, without the 

presence of an external magnetic field, small randomly orientated 

crystallites of PFO occur. A minimum size of these crystallites is 

gauged from the observation of deuteron quadrupole splittings in such 

a sample (19). They must be greater than 2 nm in diameter for if they 

were smaller the deuteron quadrupole splittings would be averaged to 

zero . Thus the defects, large pores or cracks, can not be those 

between individual crystallites since it was shown above that for 

such a model diameters of - 0.1 nm would be needed . The large 

pore model is inconsistent with the results (19). 

Fundamental to the above conclusion is the estimation of the 

percentage of surface area in holes or cracks. This was deduced from 

the different anisotropies of diffusion of the lithium ion and water 

molecule as being a measure of the average hole/crack diameter . 

There is thought to be a high degree of counter ion binding occuring 

within this system ( 2 0). Such a binding would slow diffusion 

parallel to th~ bilayers and decrease the anisotropy. The anisotropy 

value of 1.92 may therefore be considered as a lower limit. From this 

additional consideration and the noticeably low anisotropy of water 

diffusion it is intuitively evident that a 50% estimate for the area 

of holes is not excessive. 

The large pore model has also been considered to be inappropriate for 

biological lipid membranes, although a recent article supports the 

model (24). The reasons for discounting the large pore theory are: 

(i) the high electrical resistance for the bilayers is considered 

incongruous (25). 

(ii) since the self-diffusion for water should be proportional to 

the total area of the holes it is reasoned that the self­

permeability determined from tracer experiments would be 

different to the self permeability determined by osmotic 

pressure, with the latter being considerably larger as a result 

of a hydrostatic pressure or osmotic gradient (22, 26-30). 

Recent work has · determined the permeabilities to be equal 

( 31-33) . 

(iii} Activation energies are always larger than 19 k~/mole (15}. 

(iv} It is considered that no structural defects occur above 
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the temperature of the crystalline/liquid crystalline 

transition, and quite possibly that no defects occur below 

this temperature . Evidence for this comes from sonication of 

phospholipids (34). 

Other models which have been proposed for passive transport of solvent 

across lipid membranes are: 

(i) 

(ii) 

(iii) 

(iv) 

small pore 

solubility-diffusion 

energy barrier 

thermal conformational disturbance 

A brief description of each theory follows: 

(i) small pore 

In this model water is considered to pass through the membrane 

via pores which are sma ll enough so that the water inside them 

does not exhibit bulk properties. Estimates of the activation 

energy range from 19 to 67 kJ /mole (15). 

(ii) solubility-diffusion 

This theory was first proposed by Zwolinski et al 

8 ) a nd is given in terms of the Eyring absolute reaction 

rate theory (35). The membrane is assumed to be effectively a 

homogeneous l ayer in which water dissolves a s discrete 

molecules and moves across by diffusion. The central idea of 

the theory is that the diffusion process consists of a series 

of molecular jumps and that the rate of jumping is constant. 

Price and Thompson have concluded that the activation energy 

would be between 44 and 52 kJ/mole for the rate limiting step 

occuring within the core of the bilayer (16). If the rate 

limiting step was diffusion through the bilayer/solution 

interface predictions were only that it would be larger. 

(iii) energy barrier 

This idea was first used by Langmuir and Schaeffer in 

reference to monolayer penetration by water and simple gas 

molecules at the. air/water interface ( 36). Tien and Ting 

have considered this theory in conjunction with the theory 

proposed by Zwolinski et al and have postulated that water 

molecules cross membrane bilayers by 'barging' their way 

through, causing the creation of holes along the pathway as 
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the molecules penneate across (30). In terms of reaction rate 

theory only those water molecules striking the interfacial 

region with sufficient energy will get across the bilayer at 

the biface. The activation energy considered appropriate to 

the theory is about 28 kJ/mole. No activation is given for the 

case when the membrane interior is rate limiting since this 

possibility was discounted. Evidence for this was from 

observing the effects on permeation upon alteration of the 

ordered interfacial region (solution/membrane) by the intro­

duction of ionic and neutral solutes. Also; from the 

addition of a certain proteinaceous material it was found that 

the de resistance of the lipid membrane was lowered 

considerably while the permeability coefficient of water was 

little affected (3 7 ) . It was therefore thought that ionic 

movement across the lipid membrane is governed by the n a ture 

of the membrane whereas water permeation is prima rily 

determined by the orderliness of the interfacial region. 

(iv) thermal conformational disturbance (38) 

This is a theoretical model for tra nsport of small neutral 

molecules, with an effective volume equal to or slightly 

larger than the volume of a CH
2 

monomer, across membranes. 

The theory is concerned with thermal fluctua tions in the 

hydrocarbon chains of the membrane lipids which cause 

conformational isomers of the hydrocarbon chains, or so 

called kink-isomers,to occur. Small molecules may enter 

the free volumes caused by such kinks and migrate across the 

membrane together with the kinks. The diffusion coefficient 

of kinks is calculated to be 10-9m
2
s-l and the activation 

-1 
energy of the process to be 20 kJ mole . The hydrocarbon 

phase of the lipid membrane is considered as a defective 

ordered structure and so the model will not be applicable 

when the degree of disorder is so high that the hydrocarbon 

phase resembles a fluid more than an ordered structure. 
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In the literature there is a general disposition towards either 

the solubility-diffusion or activation energy barrier mechanisms, 

with perhaps opinion in favour of the solubility-diffusion process. 

The relevancy of a particular mechanism is often discussed in terms 

of the observed and predicted activation energies. However implicit 

within any such discussions concerning activation energies is the 

assumption that the composition and structure of the membrane do not 

change over the temperature range studied. If such a structural 

change occurs it may affect the diffusion activation energy of water 

movement across the membrane . This has previously been discounted 

since results for biological membranes using osmotic pressure, P , 
OS 

revealed a linear relationship between LnP and 1/T arguing 
OS 

against any abrupt change (14). It was considered that within the 

temperature range observed a sudden structure change would be due to 

a 'melting of the hydrocarbon chains' and would be shown as a 

discontinuity in permeability. 

Examination of the results of the 46% and 52% by weight water 

samples (Figures 11 and 13) shows an abrupt and distinct discontinuing 

in the parallel diffusion measurements at the isotropic/nematic 

transition. No sharp discontinuities are observed within the lamellar 

region suggesting that no structural changes are occuring. A 

possible explanation of these larnellar phase results may be obtained 

by a comparison with results from studies of water diffusion in clay 

minerals by neutron spectroscopy (39). Water layers of reproducible 

thickness have been found to be producible between the 

alurninosilicate sheets of vermiculites and montmorillonite clay 

minerals. The measurements were confined to diffusive motions less 

than or of the order of the layer thickness, i.e. < 0.5 nm. 

Results revealed a linear relationship between the logarithm of the 

diffusion rate perpendicular to the layers and the reciprocal of the 

distance between layers. Theory in explanation of these results was 

given by combining the Stokes-Einstein and Eyr~ng theories for 

viscosity and diffusion ( 35) with the Kelvin equation (40) for the 

free energy of water in thin layers between curved surfaces. 

The following relation was obtained 

D = D Bulk exp- [;T] 
where dis the water layer thickness and K is a constant. 
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The activation energy f o und from a n Arrhe nius plot will , therefore , 

be equal to K/dR. With respect to permeation mecha ni sms an impo rta nt 

assumption so far has been that , for a given sample, the calculation 

of the activation energy is independen t of processes other than the 

processes of permeation and viscous movement of water mo l ecules. 

From Olejnik and White ' s work on clay minera ls one may see that a 

layer width dependence upon temperature could be occuring , and in 

such a way as to lower the observed activation energy of permeation . 

Such a layer width d ependence is a reasonable postulate since it has 

been shown that the water layer width varies upon alteration o f 

weight fraction or upon the addition of a solvent such as octanol (23). 

Evidence for such a dependence is observed from examination of the 

D
11 

/temperature results of the 46% and 52% by weight water samples 

studied here . The activation energies for D11 are very small , much 

smaller than the free wa ler value. The very small decrease in 

diffusion rate with decrease in temperature can be explained by the 

bil ayers separating. As the bilayers separate more water move s in 

between l essening the effect the head groups h a ve in restricting water 

movement parallel to the bila yers. If the v o lume of water between the 

bilayers increases , the wa ter must be coming from the bilayer structure . 

This is plausible considering the extent of water permeation into 

hydrocarbon micelle interiors (41) and the liquid like nature of a 

liquid crystal. Such a trend would give a bilayer structure of 

variable PFO d ensity . A representation of this t rend is shown in 

diagram 25. 
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Due to the low anisotropy in diffusion parallel and perpendicular, 

diffusion willnot be strictly confined to such axis and so it may be 

necessary to consider water as h aving 3 dimensional diffusion 

properties but with obstructions greatest in the perpendicular 

direction. Even with this model diffusion p a rallel to the bilayers 

will still be facilitated as the distance between the bilayers 

increase s. 

As the fluorocarbon chains approach one another within a bilayer the 

diffusive movement of wa ter across the bilayer will be effected. A 

closing of the chains would reduce the volume of the water within 

the actual bilaye r reducing the rate of diffusion of water by a 

volume effect but also increasing the diffusion rate by reducing 

hydrogen bonding. The vo lume effect would be the more dominant. 

This, therefore, must exclude the small p o re theory since a 

reduction in the core size would increase resistance to permeation 

c a u s ing a discontinuity in perpendicular diffusion rates at the 

isotropic/nematic , l arnel lar phase boundary. 

The thermal conformation disturba nce model is unlikely since, 

according to Tra uble, such a mech a nism is inapplicable when the 

degree of disorder is so high that the hydrocarbon phase (in this 

c ase f luorocarb on ) resembles a fluid more than an ordered structure. 

The activation energy barrier and solubility-diffusion mechanism 

are more difficult to interpret but in either case rate limiting 

diffusion steps within the interior of the bilayer would reflect in a 

similar discontinuity to the small pore theory. However for these 

mechanisms the possibility of a rate limiting step at the biface is 

shown by the lack of any large discontinuities in Dl ;values over the 

thermotropic phase transitions. Over the diffusion distance 

measured along the perpendicular axis a water molecule would meet, on 

average, the same number of head groups irrespective of the phase and 

thus no permeation related discontinuity would be expected to be 

observed. Any slight discontinuity occuring may be due to the fact 

that water movement is effected by a transitory association of water 

and head groups since with the bilayers formed an associated water 

molecule would be stopped, lowering the diffusion rate, whereas in 
-12 2 -1 

the isotropic phase the random movement of PFO chains (5 x 10 ms 

(19) at 315K} would not retard water diffusion as much. 
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More work must be carried out to achieve finer distinction 

between theories. In particular, it has been mentioned, in 

reference to lipid membranes, that a disturbance of the interfacial 

region may help distinguish between the activation energy barrier 

mechanism and the solubility - diffusion mechanism (15). Use may, 

perhaps, be made of Gurney's order/disorder concept of water (42). 

According to this concept water possesses distinctive structural 

features. Depending upon the size of ionic species introduced those 

ions which are most comparable in size to the structural vacancies of 

the water lattice will disrupt the lattice least. A typical 

disorder producing ion is given as Cs+ and a typical order producing 

ion as Li+ and, therefore, one may perhaps observe a difference in 

water diffusion between LiPFO and CsPFO. 

CONCLUSION 

The rigid impermeable bilayer model of the CsPFO lamellar phase is 

inconsistent with the water diffusion data. No restricted 

diffusion was observed across an experimental RMS distance of 6000 nm 

and there is only low anisotropy in the diffusion coefficients 

parallel and perpendicular to the surfactant bilayers. Attempts to 

explain the permeation of the bilayers in terms of the theories 

offered for passive diffusion across biological lipid membranes 

were generally unsuccessful. The large pore theory was discounted 

and the diffusion data was inconsistent with either the small pore 

or thermal conformational disturbance mechanisms. The attenuation 

in D is so small that it could well be the result of hydration at 
i ' 

the bilayer boundary and a small obstruction effect from the 

fluorocarbon chains. 

This work suggests that there are sufficient structural differences 

between surfactants and lipid bilayers as to render the use of 

surfactant bilayers as models for transport across biological 

membranes unsatisfactory. In the surfactant system there is a 

distinct likelihood that it is the bilayer structural dependence 

on temperature which is the deciding factor in determining 

diffusion coefficient activation energies rather than the permeation 

mechanisms for transport across the bilayers. 
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APPENDIX 1 

DIFFUSION RATES OF BINARY MIXTURES 
A COMPARISON BETWEEN FOURIER TRANSFORM 

AND ISOTOPIC METHODS 

A.1.1 Introduction 

The examination of the diffusivity of species within a binary 

mixture is of both practical and theoretical importance. From a 

theoretical point of view it is of importance in describing transport 

properties of fluid systems (43). There is also interest in the 

isotopic mass effect of self-diffusion (44 ). 

The majority of diffusion studies have involved the use of diaphragm 

cells (45), optical methods (46), gel sectioning (44), or steady field 

gradient NMR using appropriately deuterated samples (47). The aim 

of this section was to illustrate the use of PFG FT NMR for such work 

and its advantages to using the isotopic PFG NMR method. 

A.1.2 Experimental 

Determination of the self-diffusion of both components of the 

benzene/methanol mixtures was by PFG FT NMR with integration of the 

appropriate signal peaks. The self-diffusion coefficient of methanol 

was also determined for methanol/benzene- D[6] mixtures. 

The reagents used were benzene of analar grade and methanol of 

univar grade. The only additional purification of benzene was by 

molecular sieves. Methanol was purified by treatment with magnesium 

activated by iodine (48). The purification removes any water, since 

water is the main impurity, with dehydration being essentially due 

to the magnesium methylate formed. Samples were prepared 

gravimetrically. 

The diffusion coefficients determined for methanol in methanol/ 

benzene-D[6] mixtures is in agreement with methanol diffusion 

coefficients in undeuterated samples. This is as expected and gives 

confidence in the technique. 
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A.1.3. Results and discussion 

Diffusion coefficient data are shown tabulated in Table 9 and 

graphed in Figure 16 

Diffusion measurements of methanol/benzene mixtures have been made 

by Ansari and Kratochwill by the use of deuterated samples and 

the steady gradient method (47). The results had a 10% error, which 

is far higher than with the technique used here, and significant 

differences in the trend in diffusion coefficients were observed. 

The results of this study differ from those of Ansari and Kratochwill 

in that here it is observed that benzene diffusion coefficients are 

higher at low benzene concentration and lower at high benzene 

concentrations, and that for methanol, diffusion coefficients are 

significantly larger at high and low methanol concentrations. 

From the shpaes of the benzene and methanol diffusion coefficient/mole 

fraction curves it may be seen that self-association is the dominant 

interaction (47). This conclusion is supported by the existence of 

a positive enthalpy of mixing (0.67 kJ/mole) (49). The variation in 

diffusion coefficients must be as a result of a change in the average 

size of the associated species. There is a general agreement that the 

system is composed of a mixture of polymeric chains and rings of 

methanol but no consensus on the size or relative amounts of each (50). 

It is however thought from work using chemical shift data and IR 

spectroscopy that cyclic tetramers of methanol are a dominant 

component. 

There must be competing interactions occuring within the system 

since the diffusion coefficient of methanol versus mole fraction 

curve goes through a minimum whereas the diffusion coefficient of 

benzene is approximately constant. At "-0.5 mole fraction the 

tendency of methanol to associate is at a maximum. This may well 

be due to benzene acting as directors to the methanol molecule 

since it has been shown that the interaction of the hydroxyl 

group with the rr- electron system of benzene decreases on 

increasing dilution with benzene (47). 
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Further work on this system is required. In particular it would be 

of interest to study the region around 0.8 mole fraction methanol 

to determine if the very high diffusion coefficients for benzene and 

methanol are real. One of the main problems in the case where one 

of the components is in great excess is that with the low resolution 

probe used here the signal from the low concentration component 

tends to be superimposed on the wings of the very large excess 

c omp onent peak . This introduces a much greater uncertainty in the 

diffusion coefficients for these mixtures. 

Since this work was completed a high resolution PFG probe has been 

developed which would enable accurate diffusion coefficients to be 

obtained in the limits where the concentration of either component 

tends to zero . 
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Diffusion coefficients of Methanol/Benzene mixtures 

25°C 

mo1e fraction D/10- 9 m2 -1 
s 

methanol methanol benzene 

1.000 2.53 (2) 

0.914 3.16 (8) 

0.888 2 . 4 (1) 2.81 ( 4) 

0.803 2.25 (2) 2.54 ( 3) 

0. 777 2.65 (3) 2.62 (4) 

o. 762 2.22 (2) 2.44 (4) 

0.682 2.09 (2) 2.49 (3) 

0.662 2.18 (3) 2.45 (3) 

0.604 2.19 (3) 2.43 (3) 

0.568 2.03 (2) 2.40 ( 2) 

0.482 2.19 ( 3) 2.44 ( 2) 

0.397 1. 96 ( 4) 2.28 (2) 

0.346 2.05 (4) 2.42 (3) 

0.327 2.18 (2) 2.49 (3) 

0.220 2.40 (2) 2.06 (4) 

benzene - D[6] 

0. 711 2.10 (1) 

0.518 2.31 (8) 

0.399 2.09 (2) 

0.159 2.39 (3) 

Table 9 
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APPENDIX 2 

The 74LS1 23N multivibr ator f ea ture s de triggering from ga ted low-l e vel­

active (A) and high-level- a ctive (B) i nputs a nd also h a s overriding 

di rect cle ar inputs. Complimenta ry outpu t s a re p rov jde d. The over­

riding clear c ap ability permits a ny o u t put pulse to be t e rminated at 

a p rede t ermine d time ind epende ntly of the timi ng c omp one nts R a nd C. 

Di a gram 26 illus tra t e s trigge ring t h e one- s h o t with the high- l evel­

a ctive (B) inputs. 
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diagram 26 

The t r u t h table i s shown. 
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I'l. = one high-level pulse 
"'l..r = one low-level pulse 

The CD4017B is a -~ - ~tage Johnson counter having 10 decoded outputs 

and inputs which include a clock, a reset and a clock inhibit. The 

counter is advanced one count at the positive clock signal transition 

if the clock inhibit signal is low but not if the signal is high. 



A high rese t signal clears the counter to its zero coun t. 
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