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SUMMARY 

The nuclear spin-lattice and transverse relaxation times are 

measured for the chloroethanes„ The measurements are made as a func

tion of concentration in C S 2 and extrapolated to infinite dilutions 

The spin-lattice relaxation times are obtained from direct observation 

of the decay curves, and by pulsed NMR techniques. The transverse 

relaxation times are obtained by adiabatic fast passage. Measurements 

a r e made on t h e V a r i a n D P - 6 0 a n d A - 6 0 D s p e c t r o m e t e r s . M o d i f i c a t i o n s on 

the DP-60 are described in detail. 

The direct dipolar interactions contribute equally to 1/T^ and 

l/T^. The dipolar interaction between protons on the same carbon pro

vides the major contribution to relaxation. Addition of protons to an 

adjacent carbon increases the dipolar interaction, but. this is usually 

offset by a decreased correlation time. The proton-chlorine interac

tions contribute only to the natural line width. These results are then 

used to establish that the molecular motion of the chloroethanes is con

trolled more by the moments of inertia of the ethane molecules than by 

the viscosity of the CS medium. 
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CHAPTER I 

INTRODUCTION 

Important Relaxation Mechanisms 

The purpose of this thesis is to investigate the nuclear relaxa

tion processes occurring in a series of structurally related compounds. 

The nuclear spin-lattice and transverse relaxation times of the series 

of chlorinated ethanes are measured. Meausrements are made as a func

tion of concentration in CS^ and extrapolated to infinite dilution. 

Comparisons between different molecules are made at infinite dilution in 

CS^. In this way, the behavior of all the molecules is examined in a 

common medium. This is quite different than previous investigations 

where the relaxation times of the neat liquid were studied (1,2). 

In Chapter II, the relaxation mechanisms are described in detail. 

The intermolecular dipolar interaction is dependent on the concentration 

of nuclear moments in the sample and the motional correlation time of 

the molecule. The intramolecular interaction is proportional to the 

rotational correlation time and the nature, of dipolar interactions 

within the molecule. Bothintramolecular and intermolecular interac

tions contribute equally to 1/T and l/T^. The scalar coupling to a 

chlorine nucleus is proportional to the chlorine relaxation time. The 

scalar coupling contributes only to 1/T 
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Interpretation of Results 

Experimental results are compared to values calculated from the 

models of Steel ( 3 ) and Bloembergen, Purcell, and Pound ( 4 ) . The B.P.P. 

model overpredicts ( 1 / T n ) . by a factor of ten. The Steel model pre-r 1 intra J . . 

diets a value that is lower by a factor of two. The comparison indi

cates that the molecular motion of the chloroethanes is controlled•more 

by the moments of inertia of the molecules than by the viscosity of the 

CS^ medium. 

The dipolar interaction between protons on the same carbon is 

much s t r o n g e r t h a n b e t w e e n p r o t o n s on a d j a c e n t c a r b o n s . As> p r o t o n s 

are added to the same carbon, ( 1 / T n ) . _̂  will increase due to the 
1 intra 

increased number of dipolar interactions. However, adding protons to: an 

adjacent carbon will usually cause ( 1 / T _ ) . . to decrease. The 
. 1 intra 

i i • • 

decrease is due to a decrease in rotational correlation time brought 

about by a decrease in the moment of inertia of the molecule. 
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CHAPTER II 

NUCLEAR RELAXATION THEORY 

Spin-Lattice Relaxation 

According to the quantum mechanical model of Nuclear Zeeman 

splitting, a proton with nuclear moment u in a dc field H Q = H^k can̂  

exist in two spin states. The magnetic quantum number, m, for these 

states can equal ± ~ , corresponding to the energies + u
z ^ Q i respec

tively. The low energy level corresponds to the nuclear moment u 

aligned parallel to H q ; the high energy level corresponds to the anti-

parallel orientation. In a macroscopic sample at thermal equilibrium, 

there will be a slight excess of spins in the low energy level. The 

ratio of the populations will be given by the Boltzmann factor, 

exp 
2u H z o The result is a net component of the magnetization along 

H q . The magnetization, M, is the net'magnetic moment per unit volume. 

In order to induce transitions between the two nuclear spin levels, an 

oscillating electromagnetic field = H^(icoswt-jsinwt) is applied to 

the system. The rf field has equal probability of producing transitions 

in both directions. If the number of spins in each energy level were 

equal, the number of up and down transitions would be equal, and there 

would be no net absorption of energy from the rf field. However, if 

the spins are at thermal equilibrium the population of the lower level 

will slightly exceed that of the upper level by the Boltzmann factor. 

An absorption of energy will take place corresponding to the transfer 
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of some of the excess spin population in the lower level to the upper 

level. If there were no relaxation processes to oppose the effect of 

the rf field, the population of the levels would become equal, and the 

absorption of energy would cease. There are, however, relaxation 

mechanisms which tend to restore the Boltzmann distribution among the 

spin states by transferring the excess energy to a heat reservoir com

posed of all of the other degrees of freedom. The other degrees of 

freedom, when acting as a heat reservoir, are called the lattice. The 

coupling between the spin system and the lattice is through local fluc

tuating magnetic fields. The coupling is referred to as spin-lattice 

interaction and is described'by a characteristic time T^, the spin-

lattice relaxation time ( 4 ) . A strong spin-lattice interaction produces 

a short relaxation time; a weak interaction produces a long relaxation 

time. 

The spin-lattice relaxation time also measures the time required 

for the,establishment of thermal equilibrium after the application of 

H . Consider an assembly of protons not initially in a magnetic field; 

then an equal number occupy each of the spin states. Define as the 

population of the lower (+ ~) state and P^ as the population of the 

upper (- ^ state. Let W be the probability per unit time for a given 

nucleus to make an upward or downward transition by interaction with 

the lattice. The time rate of population change of each of the nuclear 

levels can be written as 

dP ».. 
1 = -W(P -P°) + W(P -P°) (1) dt 1 1 ' v 2 2 
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d P 9 n 
-^- = -W(P2-P°).+ WCPj-Pj) ( 2 ) 

where P° represents the equilibrium population of a particular level. 

Subtracting Equation ( 1 ) from Equation ( 2 ) and rearranging terms gives 

c U P t - P , ) . 
= - 2 W ( P 1 - P 2 ) + 2W(P°-P°) ( 3 ) 

Since the magnetization along the z axis, M , is proportional to the 

population difference, Equation (3) may be written as 

dM 
= -2W[M Z (T)-M z(»)] (4) 

WHERE M^C 0 0 ) IS THE EQUILIBRIUM VALUE OF M ^ C T ) . A TIME T n IS DEFINED 

BY 

T I = W ( 5 ) 

so that the solution of Equation (4) is 

-t/T 

Mz.(t) = e [M z(0)-M z(°°)] + M z(«) (6) 

where M „ ( 0 ) is the initial value of M 7 ( t ) . 
Li Li 

In a system of two spins , the time dependent coupling between 

the spins is capable of inducing transitions between the energy levels 
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of the combined spin system (7). The two spin system is described by a 

four level energy diagram as shown in Figure 1 . The chemical shift 

between the two nuclei will be neglected in the following discussion. 

The resulting simplifications are that energy levels 2 and 3 become 

degenerate, and that the transition probabilities between levels 1 and 

2 , 1 and 3, 4 and 2 , and 4 and 3 become equal. Also, the transition 

between levels 2 and 3 is not associated with a transfer of energy to 

the lattice. 

The kinetic equations describing the population changes for the 

LEVELS OF INTEREST ARE 

dP 
1 

dt -(2W 1+W 2 ) ( P 1 - P ° ) + V P 2 - P ° ) + W ( V P 3 } + W 2 ( P 4 ' P 4 } (7) 

^1 
dt - ( 2 W 1+W 2)(P 4-P°) + W 1(P 2-P°) + W 1(P 3-P°) +;W 2(P 1-P°). (8) 

The magnetization is 

[(P-^X-lj + ( P 2 ) ( 0 ) •+ ( P 3 ) ( 0 ) + (P 4)(+l)] ( 9 ) Z V 

which reduces to 

Mz = N V V p i ) / v ( 1 0 ) 

where N is the number of molecules contained in a volume V. From 

Equations (7) and (8) 
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Figure 1 . Energy Level Diagram for Two Spin System" 
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d(P u-P n) 

Equation (11) can be written in terms of the magnetization ag 

In this case 

= -2(W 1+W 2)[M Z - M z ( - ) ] . (12) 

(1 / T ) = 2(W +W ) (13) 

and 

-t/T 
M z = e [M z(0) - Mz(°°)]'+ M z(«) (14) 

which is identical to Equation (6) for a two level system. As can be 

seen from Equation (5.) and Equation (13), any calculation of requires 

a knowledge of W. 

Tramsverse,Relaxation 

As the name implies, transverse relaxation Is a relaxation proc

ess which destroys the phase coherence introduced by H ^ . From a clas

sical viewpoint, the rf field at resonance tends to force the individual 

nuclear moments to process in phase with each other about H q . This is 

because each nucleus sees the same rf field H . ,. The result is a com-
~1 

ponent of the magnetization in the XY plane. If the rf field is now 

turned off the nuclei will lose their phase coherence because the local 
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molecular fields have no coherence across the sample. The time constant 

T^ is the characteristic time in which the assembly of precessing nuclei 

lose their phase coherence. Therefore, T^ corresponds to the decay 

rates of the and My components of the magnetization after is 

turned off. 

The randomly fluctuating fields that produce the spin-lattice 

coupling are also responsible for transverse relaxation. Neighboring 

magnetic moments in the sample cause the individual moments to precess 

in fields of slightly different strength, hence they precess at differ-

ent frequencies. In addition, spin-lattice relaxation will affect 

because spin transitions will disrupt the phase coherence of the spin 

assembly. It is not surprising that both T^ and T^ are affected by many 

of the same relaxation mechanisms. 

Calculation of Transition Probabilities : : 

According to first-order perturbation theory the probability of 

a transition in a time t from a state m to a state k, for a single spin, 

is given by (5) 

t -iw t* 
P m k ( t ) = (l/ft2)|J H m k ( t f ) e m dt'| 2 (15) 

o 

where oi ̂  is the angular frequency corresponding to the energy difference 

between the states m and k in the absence of a perturbing random field. 

In order for Equation (15) to be valid, t must be much less than > the 

relaxation times. It has been shown (5) that the ensemble average of. 

Equation (15) is 
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<p, (t)>, •= (1 / i r ) 
mk Av. 

t . 
-103 . T mk _ / \ , 

t e G , ( T - ) d x mk 
- t 

(16) 

- 2 cos(u) . x )TG , ( T )dx mk mk 

where 

G . ( T ) = <m H(t'-x)k><k -H(t') m> mk (17) 

i s t h e c o r r e l a t i o n f u n c t i o n o f H ( t ) . A c o r r e l a t i o n t i m e T i s d e f i n e d 
c 

as the time T such that for T>T , G , ( T ) is much smaller than G , (0). 
c mk mk 

In general, Cx) approaches zero as x becomes large. If t can be 

chosen large compared with the correlation time, yet much less than 

and T , the second integral in Equation (16) can be neglected compared 

with the first. The transition probability per unit time becomes inde

pendent of t, and is given by 

+ 00 _ 1 ( j 0 T 

W , = / G , ( T)e d T mk J m V mk (18) 

The fourier transform of G , ( T ) 
mk 

+ ° ° -103 , T 

J(o) m k) = / e m k G_1.(x)dx mk (19) 

is called the spectral density. The transition probability per unit 

time can be written in terms of the J ( O J ) as. 
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W . = l/h2J(a)'. ) (20) mk mk 

Nuclear Dipole-Dipole Interactions 

Among the nuclear interactions responsible for proton relaxation, 

the dipole-dipole interaction between nuclei is the most important. For 

the purpose of detailed calculations, it is useful to distinguish between 

intramolecular dipole-dipole interactions and intermolecular dipole-

dipole interactions. The time dependent modulation of the intramolec

ular dipole-dipole interactions arises .exclusively from the rotation of 

t h e m o l e c u l e . I n t h e c a s e o f i n t e r a c t i o n s b e t w e e n d i f f e r e n t m o l e c u l e s , 

both the relative translat ions•and the molecular rotations should be 

considered. In order to avoid excessive complication, the rotational 

effects are neglected when calculating the intermolecular interactions. 

This introduces an uncertainty into the theoretical interpretation of 

intermolecular relaxation. 

The dipole-dipole interaction between two spins can be written 
1;" 

(6) 

2* 2 

H(t) = [A+B+C+D+E+FJ, (21) 
r 

where 

A = (l-3cos 2e)I l zI 2 Z, 

B = - i.(l-3cos 26)[I^I 2 + I'l*], 
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and 

C =. - | s i n G c c - s e e " 1 ^ ! ^ + I ^ g J , 

D = - | s i n e c o s 0 e + 1 ( | ) [ I l z I 2 + I ^ z 2 ^ 

„ 3 . 2 n -2icJ> T + T + 
E = - - s m 0e I

1

I

2 ' 

r 3 . 2 Q +2 i<J> T - T -F = - - s m 6e ^ 1 ^ . 

4 - 1 - 1 

The m a g n e t o g y r i c r a t i o , y » f ° r a p r o t o n i s 2 .67 x 10 gaus s s e c 

The a n g l e s 9 and $ a r e t h e p o l a r a n g l e s d e f i n i n g t h e d i r e c t i o n o f t h e 

i n t e r p r o t o n a x i s r w i t h r e s p e c t t o H . The g e o m e t r y i s shown i n 

F i g u r e 2 . Combin ing E q u a t i o n s ( 1 3 ) and ( 2 0 ) g i v e s t h e e x p r e s s i o n f o r 

1/T as 

1/T.. = ( 2 / n z ) [ J ( u ) ) + J(2ui ) ] 1 o o ( 2 2 ) 

w h e r e i s t h e p r o t o n Larmor f r e q u e n c y . T h e r e f o r e , 

1 / T 1 = ( 2 / t T ) 
+°° - i o j T +°° - i ( 2 o j ) T 

/ G

1 2

( T ) e ° d T + / G l u ( T . ) e ° d T 14 
( 2 3 ) 

The i n t r a m o l e c u l a r c o n t r i b u t i o n t o 1 /T^ i n v o l v e s o n l y r o t a t i o n . 

I t i s assumed t h a t t h e c o r r e l a t i o n f u n c t i o n f o r t h e r o t a t i o n d r o p s o f f 

e x p o n e n t i a l l y , and G ( T ) can b e a p p r o x i m a t e d by ( 5 ) 
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- T / T 

G ( T ) = G ( 0 ) e 
/ ' 

( 2 4 ) 

The i n t r a m o l e c u l a r d i p o l e - d i p o l e c o n t r i b u t i o n t o 1/T^ i s found by s u b 

s t i t u t i n g E q u a t i o n ( 2 4 ) i n t o E q u a t i o n ( 2 3 ) and c a r r y i n g ou t t h e i n t e 

g r a t i o n . Then 

( 1 / T • ) . + = ( 4 T fa ) 
1 i n t r a c 

G 1 2 ( 0 ) G K ( 0 ) 
2 2 

l + ( w T ) l + ( 2 w T ) 
o c o c 

( 2 5 ) 

From E q u a t i o n ( 1 7 ) 

G ( 0 ) = | < k | H | m > | , ( 2 6 ) 

and E q u a t i o n ( 2 5 ) becomes 

4 T 

( 1 / T J . . . 
1 i n t r a 

-ft ' 

< 1 | H | 2 > | | < 1 | H | 4 > 
— + 

L + ( O ) T ) 

o c 
L+(2u> T ) 

o c 

( 2 7 ) 

w h e r e t h e e n e r g y l e v e l s r e f e r t o F i g u r e 1 . The mean s q u a r e v a l u e s o f 

t h e m a t r i x e l e m e n t s i n E q u a t i o n ( 2 7 ) a r e computed b y a v e r a g i n g o v e r a l l 

a n g l e s ( 6 ) . They a r e ( 3 Y 4 h ^ / 2 0 r 6 ) and ( 6 y 4 h 2 / 2 0 r 6 ) f o r | < I | H | 2 > | 2 and 

< l | H | 4 > | , r e s p e c t i v e l y ( 6 ) . U s i n g E q u a t i o n ( 2 7 ) 

( 1 / T . ) . + = 
1 i n t r a . . 6 

l O r 

4 T 

2 2 2 
1 + 0 ) T 1+4(A) T 

o c o c 

( 2 8 ) 
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I f T W o < < 1 , e x t r e m e n a r r o w i n g c o n d i t i o n s a p p l y , and 

4 2 

( 1 / T . ) . + = --2. . (29) 
I i n t r a _ 6 

2 r 

I t s h o u l d be r e c o g n i z e d t h a t E q u a t i o n (22) can be g e n e r a l i z e d t o t h e 

c a s e w h e r e each s p i n i n t e r a c t s w i t h s e v e r a l s p i n s ( 7 ) . The e q u a t i o n 

dM 
= - ( l / T 1 ) C M z ( t - ) - M z ( « ) ] (30) 

i s s t i l l v a l i d w i t h 1 / T f o r n u c l e u s i g i v e n by 

( 1 / T , . ) . . = ~ l [J . V ( O J ) + J. v(2OJ ) ] . (31) 
l i i n t r a .2 , L l k o l k o 

-ft k 

U s i n g E q u a t i o n (31) 

4 2 

k 

The Debye t h e o r y g i v e s 

T = 4Trna 3 /3kT ( 3 3 ) 
c 

whe re n i s t h e v i s c o s i t y , and a i s t h e h a r d s p h e r e r a d i u s o f t h e m o l e 

c u l e ( 8 ) . Combin ing E q u a t i o n (32) w i t h (33) g i v e s 
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(1/T..). , 
li intra 

o * 2 4 3 

kT 
r -6 
k l k 

(34) 

Gutowsky and Woessner (10) have generalized this expression to include 

nuclei of a different species. The generalized expression is 

( 1 / V i n t r a 

O * 2 2 3 

I 
3k T 

o 2 V " 6

 A o V 2 " 6 

3 Y i J rik + 2 I Y f r i f 
k f 

(35) 

where the summations £ are over nuclei of the same species, and £ are 
k f 

over all others ( 9 ) . 

The relaxation due to intermolecular dipolar interactions is 

assumed to arise only from the translatibnal motion of the molecules, 

the rotation being neglected. The correlation function for the transla-

tional motion cannot-be described by Equation (24). Bloembergen, Pur-

cell, and Pound (4) have calculated the correlation function by assuming 

•that the translational motion could be described by the"classical diffu

sion equation. The result, generalized by Gutowsky and Woessner to 

include different nuclei, is 

( 1 / T i i W 

2.2 2 .. TT TI Y^nNa 
kT~ 3 Y? I - ± - + 2 I Y ^ f (36) 

which is similar to Equation (35) except that the summations arei over 

nuclei of a neighboring molecule (10). N is the number of molecules 

per unit volume, and r.. is the mean value of r.. for two molecules in-
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c o n t a c t . I n t h e c r u d e s t a p p r o x i m a t i o n , a l l t h e r ° t e r m s can b e r e p l a c e d 

b y 2a w h e r e a , t h e m o l e c u l a r r a d i u s , i s e s t i m a t e d f rom t h e m o l a r v o l u m e . 

The t o t a l d i p o l e - d i p o l e c o n t r i b u t i o n t o 1 /T^ i s g i v e n by 

( l / T J n n = ( 1 / T . ) . + + ( 1 / T . . ) . . . ( 3 7 ) 
1 DD 1 i n t r a 1 i n t e r 

The i n t e r m o l e c u l a r t e r m i s d e p e n d e n t on t h e c o n c e n t r a t i o n o f n u c l e a r 

moments as i s e v i d e n t f rom E q u a t i o n ( 3 6 ) . I t i s p o s s i b l e t o e v a l u a t e 

t h e i n t r a m o l e c u l a r t e r m b y e x t r a p o l a t i n g d / ^ ^ D D "to i n f i n i t e d i l u t i o n 

i n t h e d e u t e r a t e d a n a l o g u e . T h i s p r o c e d u r e e l i m i n a t e s t h e r e l a x a t i o n 

due t o e x t e r n a l d i p o l e - d i p o l e i n t e r a c t i o n s , b u t does n o t change t h e 

p h y s i c a l c h a r a c t e r i s t i c s o f t h e medium. Such an e x p e r i m e n t w o u l d y i e l d 

v a l u e s f o r each t e r m i n E q u a t i o n ( 3 7 ) . 

I f t h e c o r r e l a t i o n t i m e f o r t h e m o t i o n r e s p o n s i b l e f o r r e l a x a t i o n 

i s v e r y s h o r t compared t o a Larmor p e r i o d , i . e . , to T < < 1 , a l l t h e s p e c 

t r a l d e n s i t i e s become i n d e p e n d e n t o f oo, and e q u a l t o J ( 0 ) . The e x p r e s 

s i o n s f o r 1/T^ and l / T ^ become i d e n t i c a l ( 7 ) . T h i s i s t h e c a s e f o r 

. . - 1 2 
d i p o l a r i n t e r a c t i o n s w h e r e c o r r e l a t i o n t i m e s a r e o f t h e o r d e r o f 10 

s e c . I f DD r e p r e s e n t s t h e d i p o l a r c o n t r i b u t i o n t o 1/T^' and 1/1^, t h e n 

1/T = 1/T = DD. ( 3 8 ) 

S c a l a r ; C o u p l i n g 

A n o t h e r i m p o r t a n t r e l a x a t i o n mechanism i s t h e s c a l a r c o u p l i n g o f 

a s p i n I t o a d i f f e r e n t s p i n S t h a t p o s s e s s e s an e l e c t r i c q u a d r u p o l e 
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moment. The n u c l e a r s p i n S has a r e l a t i v e l y s h o r t r e l a x a t i o n t i m e 

b e c a u s e o f t h e i n t e r a c t i o n o f i t s q u a d r u p o l e moment w i t h t h e f l u c t u a t i n g 

e l e c t r i c f i e l d g r a d i e n t s . The p e r t u r b i n g H a m i l t o n i a n r e s p o n s i b l e f o r 

t h e r e l a x a t i o n o f t h e s p i n I i s ( 5 ) 

H ( t ) = h A I - S ( t ) (39) 

where A i s t h e c o u p l i n g c o n s t a n t i n s e c Because o f i t s s h o r t 

r e l a x a t i o n t i m e , t h e s p i n S can b e assumed t o b e p a r t o f t h e l a t t i c e . 

The p r o b l e m t h e n r e d u c e s t o r e l a x a t i o n i n a t w o l e v e l s y s t e m w i t h 1/T^ 

g i v e n b y E q u a t i o n ( 5 ) . The W i s c a l c u l a t e d b y assuming an e x p o n e n t i a l 

c o r r e l a t i o n f u n c t i o n and u s i n g E q u a t i o n ( 1 8 ) . The r e s u l t i n g s c a l a r 

c o u p l i n g c o n t r i b u t i o n t o 1 /T^ i s ( 7 ) 

( 1 /Vs.c. 
2A S ( S + 1 ) 

1 + (<V<V 2Ts 
( 4 0 ) 

w h e r e co^ i s t h e Larmor f r e q u e n c y o f I , dig i s t h e La rmor f r e q u e n c y o f 

S , and Tg i s t h e r e l a x a t i o n t i m e o f S. I f t h e s p i n I i s a p r o t o n and 

t h e s p i n S a c h l o r i n e (co^-tOg)T^>>1, and t h e s c a l a r c o u p l i n g c o n t r i b u t i o n 

t o 1/T i s n e g l i g i b l e . 

The t r a n s v e r s e r e l a x a t i o n t i m e o f t h e s p i n I i s g i v e n by 

( 1 / T 2 ) I = DD + - - S ^ S + 1 ) 

1 + ( V
u s ) T s 

+ T 
2 m 2 T A S 

( 4 1 ) 
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w h e r e t h e f i r s t t e r m DD i s t h e d i p o l a r c o u p l i n g t e r m and t h e s e c o n d t e rm 

r e p r e s e n t s t h e s c a l a r c o u p l i n g t o t h e c h l o r i n e ( 7 ) . The r e l a x a t i o n t i m e 

_5 

o f t h e c h l o r i n e , T g , i s o f t h e o r d e r o f 10 s e c , and ( a ) j . - u ) g ) T g > > l . 

E q u a t i o n ( 4 1 ) r e d u c e s t o 

( 1 / T 2 ) I = DD + A 2 S ( S + l ) T s / 3 . ( 4 2 ) 

O t h e r R e l a x a t i o n Mechanisms 

The i n t e r a c t i o n o f n u c l e a r d i p o l e s w i t h t h e m a g n e t i c d i p o l e 

moments o f u n p a i r e d e l e c t r o n s c o u l d be an i m p o r t a n t r e l a x a t i o n mechanism. 

3 

The m a g n e t i c moment o f t h e e l e c t r o n i s 10 t i m e s as l a r g e as t h e moment 

o f a n u c l e u s . T h e r e f o r e , r e l a x a t i o n due t o p a r a m a g n e t i c m a t e r i a l s c o u l d 

mask t h e n u c l e a r d i p o l a r i n t e r a c t i o n s , and p a r a m a g n e t i c m a t e r i a l s must 

b e r e m o v e d f rom t h e s a m p l e . D i s s o l v e d a t m o s p h e r i c o x y g e n i s t h e most 

common e x a m p l e o f a p a r a m a g n e t i c i m p u r i t y . 

I n g e n e r a l , t h e c h e m i c a l s h i f t depends upon t h e o r i e n t a t i o n o f 

t h e m o l e c u l e w i t h r e s p e c t t o H . T h e r e f o r e , r e o r i e n t a t i o n s due t o 

m o l e c u l a r c o l l i s i o n s w i l l p r o d u c e a f l u c t u a t i n g , s h i e l d i n g f i e l d a t each 

n u c l e u s . T h i s mechanism i s un ique i n t h a t i t depends on t h e s t r e n g t h o f 

H . I n t h e c a s e o f p r o t o n s , t h e c h e m i c a l s h i f t s a r e s m a l l , and t h e 

c h e m i c a l s h i f t a n i s o t r o p y i s n o t an i m p o r t a n t r e l a x a t i o n mechanism. 

A n o t h e r p o s s i b l e r e l a x a t i o n mechanism i s t h e i n t e r a c t i o n o f t h e 

m a g n e t i c f i e l d p r o d u c e d by t h e r o t a t i o n o f t h e m o l e c u l e w i t h t h e mag

n e t i c moment o f t h e n u c l e u s . T h i s i s known as t h e s p i n - r o t a t i o n i n t e r 

a c t i o n and i s measured b y t h e s p i n r o t a t i o n a l c o u p l i n g c o n s t a n t ( 1 1 ) . 
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In the case of a proton, the spin rotation coupling constant is small, 

and spin rotation is not an important relaxation mechanism (12). 
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CHAPTER III 

RELAXATION TIME MEASUREMENTS 

Sample Preparation 

Baker reagent grade CS^ was used exclusively as the solvent. 

Technical grade 1 , 1 , 1-trichloroethane, reagent grade 1,2-dichloroethane 

and sym-tetrachloroethane were obtained from Fisher Scientific Company. 

Pentachloroethane, 1 , 1 , 1 , 2-tetrachloroethane and 1 ,1 ,2-trichloroethane 

were obtained from Aldrich Chemical Company. Eastman Kodak practical 

grade 1 ,1-dichloroethane was used. The d^ - 1 , 2 -dichloroethane was 

obtained from Merck Sharp and Dohme of Canada Limited. The ethyl 

chloride was purchased from Matheson. 

The oxygen was removed by repeated distillation of the liquid in 

a vacuum manifold. Before each distillation, some of the material was 

drawn off with the vacuum pump. The material was then closed off from 

the system and the system evacuated. The vacuum pump was closed off 

from the system, and the material was distilled into a bulb cooled by 

an ice bath. The distillation was repeated at least three times.: 

After the desired number of distillations , the material was distilled 

directly into an NMR sample tube which was sealed to the vacuum system. 

The sample tube was then sealed and pulled off the manifold using;an 

oxygen torch. 

This method was well suited to the preparation of mixtures of 

liquids. The liquids were degassed individually, and the desired amount 

of each was distilled into the "NMR sample tube. This technique was best 
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suited to liquids with relatively low boiling points. The following 

compounds were degassed by this method: CS^, 1,2-dichloroethane, 

1,1-dichloroethane, 1,1,2-trichloroethane. 

An alternative method of degassing is to subject the sample to 

a series of freeze-pump-thaw cycles. The material to be degassed was 
i 

placed in the sample tube, and the tube was attached to the vacuum 

system. The sample was then frozen. The frozen sample was opened to 

the vacuum system, and the system evacuated. The sample was then 

closed off from the vacuum system and allowed to thaw. The cycle was 

r e p e a t e d a t l e a s t s e v e n t i m e s . T h i s t e c h n i q u e w a s u s e f u l f o r p r e p a r i n g 

samples with relatively high boiling points. The following compounds 

were degassed by this method: pentachloroethane, 1,1,1,2-tetrachloro-

ethane, sym-tetrachloroethane.. 

Measurements on A-60D 

The magnetization of a sample grows to its equilibrium value with 

a time constant T^ after the sample is introduced into a dc magnetic 

field. If the observing rf field is small enough to avoid appreci

able saturation of the spin system, the growth of the v-mode (absorption 

mode) signal will follow the rate law 

-(t-t )/T 
S(t). = e ° ±[S(t )-S(»)] + S(~) (43) 

o 

where t is the time, S(t ) is the initial value of the signal, :and S(°°) 

is the equilibrium value. 



23 

A n o t h e r method o f d e t e r m i n i n g i s t o s t u d y t h e r e c o v e r y c u r v e 

o b t a i n e d a f t e r t h e sample has b e e n s a t u r a t e d b y a s t r o n g H . The s p i n 

1/2 

s y s t e m i s s a t u r a t e d by an r f f i e l d when yli»(T^T!^) . When t h e a m p l i 

t u d e o f ,H i s s u d d e n l y r e d u c e d t o a non s a t u r a t i n g v a l u e , t h e r e c o v e r y 

o f t h e v -mode s i g n a l w i l l a g a i n f o l l o w E q u a t i o n ( 4 3 ) . The method o f 

d e t e r m i n i n g T^ b y t h e g r o w t h o r r e c o v e r y o f t h e v -mode s i g n a l i s 

r e f e r r e d t o as t h e d i r e c t m e t h o d . 

D i r e c t method measurements w e r e made u s i n g t h e V a r i a n A-60D 

s p e c t r o m e t e r . Time c u r v e s w e r e r e c o r d e d on a V a r i a n G-10 g r a p h i c 

r e c o r d e r e q u i p p e d w i t h a 4 i n / m i n c h a r t d r i v e m o t o r . A H e w l e t t P a c k a r d 

350D a t t e n u a t o r was c o n n e c t e d b e t w e e n t h e r e c o r d e r and t h e A-60D t o p r o 

v i d e a d d i t i o n a l c o n t r o l o v e r t h e s i g n a l . The s i g n a l was t a k e n f rom t h e 

r e c o r d e r o u t p u t j a c k a t t h e r e a r o f t h e A - 6 0 D . 

Measurements w e r e made b y s w e e p i n g t o t h e c e n t e r o f t h e r e s o n a n c e 

l i n e u s i n g t h e s l o w s w e e p . The d i s p l a y was a d j u s t e d t o a c o n v e n i e n t 

h e i g h t on t h e G-10 r e c o r d e r by means o f t h e a m p l i t u d e c o n t r o l on t h e 

A-60D c o n s o l e and t h e H e w l e t t P a c k a r d a t t e n u a t o r . The sample was t h e n 

p h y s i c a l l y r e m o v e d f rom t h e m a g n e t i c f i e l d f o r a t i m e e q u a l t o a t l e a s t 

f o u r r e l a x a t i o n t i m e s . A t t h e end o f t h i s p e r i o d , t h e s ample was i n t r o 

duced a g a i n i n t o t h e m a g n e t i c f i e l d , and t h e s i g n a l r e c o r d e d as a f u n c 

t i o n o f t i m e . I t i s e s s e n t i a l t h a t t h e m a g n e t i c f i e l d i s s u f f i c i e n t l y 

i n h o m o g e n e o u s , o t h e r w i s e t h e l i n e w i l l b e t o o n a r r o w . F o r na r row l i n e s 

i t i s d i f f i c u l t t o k e e p t h e r e c o r d e r on t o p o f t h e p e a k . A s l i g h t d r i f t 

o f t h e main m a g n e t i c f i e l d w i l l move t h e s p e c t r o m e t e r away f rom t h e 

r e s o n a n c e c o n d i t i o n c a u s i n g a d e c r e a s e i n s i g n a l i n t e n s i t y . F o r t h i s 



F i g u r e 3 . An Example o f a R e c o r d i n g Used t o D e t e r m i n e T-[_. The 
Sample i s 80 Volume P e r Cen t 1 , 1 , 1 - T r i c h l o r o e t h a n e i n 
CS . The Time Marke r s Occur a t S i x - S e c o n d I n t e r v a l s 
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r e a s o n t h e l i n e was p u r p o s e l y b r o a d e n e d b y abou t 3 0 c p s . T h i s was 

c o n v e n i e n t l y done b y n o t s p i n n i n g t h e s a m p l e . A d d i t i o n a l l i n e b r o a d e n -

i n g may be a c c o m p l i s h e d b y o f f s e t t i n g t h e Y - g r a d i e n t f i n e c o n t r o l . 

F i g u r e 3 i s a t y p i c a l r e c o r d e r t r a c e o b t a i n e d b y t h e d i r e c t 

m e t h o d . The c h a r t s p e e d was c a l i b r a t e d s o t h a t t i m e c o u l d b e r e a d 

d i r e c t l y f rom t h e c h a r t . The d e c a y was assumed t o b e e x p o n e n t i a l and 

"S(«0-S(T) 
t o f o l l o w E q u a t i o n ( 4 3 ) . A p l o t o f l o g 

a s t r a i g h t l i n e w i t h a s l o p e g i v e n b y 

S ( » ) - S ( t ) 
a g a i n s t ( t - t ) g a v e 

S l o p e = l / ( 2 . 3 0 - 3 ) ( T ) . ( 4 4 ) 

Data was t r e a t e d b y t h e method o f l e a s t s q u a r e s and f i t t o 

Y = mx + c . A d a t a p o i n t w h i c h v a r i e d more t han 2 .5 t i m e s t h e s t a n d a r d 

d e v i a t i o n was r e j e c t e d . New s l o p e and i n t e r c e p t c o n s t a n t s w e r e c a l c u 

l a t e d u n t i l a l l d e v i a t i o n s w e r e l e s s than t h e p r e s c r i b e d l i m i t . The 

c a l c u l a t i o n s w e r e programmed i n A l g o l f o r t h e Bur roughs B - 5 5 0 0 . 

The d i r e c t method has t h e a d v a n t a g e s o f s i m p l i c i t y and a 

s t r a i g h t f o r w a r d i n t e r p r e t a t i o n o f t h e e x p e r i m e n t . I t can b e used w i t h 

most NMR s p e c t r o m e t e r s and r e q u i r e s l i t t l e o r no m o d i f i c a t i o n o f t h e 

s p e c t r o m e t e r . Wi th t h e d i r e c t m e t h o d , t h e r e l a x a t i o n t i m e o f i n d i v i d u a l 

c h e m i c a l l y s h i f t e d l i n e s o f t h e NMR s p e c t r u m can b e d e t e r m i n e d . The 

method i s a p p l i c a b l e t o r e l a x a t i o n t i m e s b e t w e e n 1 s e c o n d and 40 

s e c o n d s . The 1 s e c o n d l o w e r l i m i t i s due t o t h e e s s e n t i a l r e q u i r e m e n t 

t h a t a l l c i r c u i t t i m e c o n s t a n t s b e s h o r t enough t o f o l l o w t h e i n c r e a s e 

i n t h e NMR s i g n a l . F o r t i m e s a b o v e 40 s e c o n d s , s a t u r a t i o n e f f e c t s 
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a r t i f i c i a l l y l o w e r t h e r e l a x a t i o n t i m e . The s e n s i t i v i t y o f t h e d i r e c t 

method i s l i m i t e d b y t h e s t e a d y s t a t e n a t u r e o f t h e e x p e r i m e n t and i s 

n o t as g r e a t as can b e a c h i e v e d b y t r a n s i e n t m e t h o d s . 

T^ Measurements on A-60D 

The method used f o r m e a s u r i n g T^ was t o o b s e r v e t h e d e c a y o f t h e 

t r a n s v e r s e m a g n e t i z a t i o n i n t h e p r e s e n c e o f a s t r o n g r f f i e l d ( 2 5 ) . 

The m a g n e t i z a t i o n i s t u r n e d i n t o a p l a n e p e r p e n d i c u l a r t o t h e main 

f i e l d by d o i n g an a d i a b a t i c r a p i d p a s s a g e i n t o t h e c e n t e r o f t h e 

r e s o n a n c e l i n e ( 1 3 ) . I n o r d e r f o r an a d i a b a t i c r a p i d p a s s a g e t o o c c u r , 

t h e i n e q u a l i t i e s 

' 2 H 

dH 
o 

d t « y H 1 f H ( 4 5 ) 

must b e s a t i s f i e d ( 1 4 ) . Under t h e s e c o n d i t i o n s , t h e m a g n e t i z a t i o n 

r e m a i n s a l i g n e d a l o n g H = H - — 
~ e f f [ o y, 

£ + H n i . A t r e s o n a n c e H i s 
1 e f f 

p a r a l l e l t o H ^ . S i n c e Y H ^ is l a r g e compared t o 1/T , t h e m a g n e t i z a t i o n 

w i l l m a i n t a i n i t s p o s i t i o n a l o n g H . H o w e v e r , t h e m a g n i t u d e o f t h e 

m a g n e t i z a t i o n w i l l d e c a y w i t h a t i m e c o n s t a n t t o be d e n o t e d by T ( H ) . 

T ( H ^ ) i s n o t n e c e s s a r i l y e q u a l t o T^ b e c a u s e T ( H ^ ) i s t h e d e c a y c o n 

s t a n t o b s e r v e d i n t he p r e s e n c e o f t h e r f f i e l d , w h e r e a s T^ c h a r a c t e r i z e s 

t h e d e c a y i n t h e a b s e n c e o f H^ ( 1 5 ) . 

I t has b e e n shown f o r a s y s t e m whose r e l a x a t i o n i s c a u s e d , i n 

p a r t , by s l o w m o t i o n s such as c h e m i c a l e x c h a n g e o r s c a l a r c o u p l i n g t h a t 

1/T(H. ) = KT / ( l+tA 2) + 1/T. (46) 
1 c 1 c 1 
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where K c o n t a i n s t h e c o n s t a n t s o f t h e s l o w r e l a x a t i o n mechanism and 

1/T i s t h e c o n t r i b u t i o n f rom mechanisms i n v o l v i n g s h o r t c o r r e l a t i o n 

t i m e s . I n t h e l i m i t OJ —>0 , E q u a t i o n ( 4 6 ) r e d u c e s t o l / T ^ . T h u s , 1^ 

can b e o b t a i n e d by m e a s u r i n g 1 / T ( H ) as a f u n c t i o n o f and e x t r a p o 

l a t i n g t o oj = 0 . 

T^ f o r 1 , 2 - d i c h l o r o e t h a n e was measured a t f i e l d s t r e n g t h s f rom 

0 .3 t o 10 m i l l i g a u s s . T 2 was found c o n s t a n t o v e r t h i s r a n g e , i n d i c a t i n g 

t h a t y H ^ T c < < l f o r t h e s e s a m p l e s . T h e r e f o r e , e x t r a p o l a t i o n t o OJ = 0 was 

n o t n e c e s s a r y . 

The V a r i a n A-60D S p e c t r o m e t e r e q u i p p e d w i t h a V a r i a n V-5058A 

s p i n d e c o u p l e r was used f o r t h e measu remen t . A V a r i a n G-10 r e c o r d e r 

and a H e w l e t t P a c k a r d 350D a t t e n u a t o r w e r e used as d e s c r i b e d f o r t h e 

d i r e c t method e x p e r i m e n t s . 

The s p i n d e c o u p l e r was s e t t o t h e " H I FIELD H ^ M p o s i t i o n . H^ 

and a f i e l d sweep r a t e w e r e c h o s e n such t h a t t h e a d i a b a t i c c o n d i t i o n s 

o f E q u a t i o n ( 4 5 ) a p p l y . I n a d d i t i o n , t h e m a g n i t u d e o f H^ was made 

l a r g e compared t o t h e i n h o m o g e n e t i e s o f t h e a p p l i e d m a g n e t i c f i e l d 

a c r o s s t h e s a m p l e . A s i m p l e check o n . t h e c o n d i t i o n s chosen was p e r 

f o r m e d by, o b s e r v i n g t h e s i g n a l on t h e A-60D r e c o r d e r as t h e f i e l d was 

s w e p t t h r o u g h r e s o n a n c e . I f t h e c o n d i t i o n s f o r a d i a b a t i c f a s t p a s s a g e 

w e r e m e t , t h e l i n e was i n v e r t e d when s w e e p i n g f rom a l ow t o a h i g h 

f i e l d . A f t e r s e v e r a l T ' s , s w e e p i n g back t h r o u g h r e s o n a n c e f rom a h i g h 

t o a l ow f i e l d p r o d u c e d an u p r i g h t l i n e . 

Measurements w e r e a c c o m p l i s h e d b y s w e e p i n g t o t h e c e n t e r o f t h e 

r e s o n a n c e l i n e and s t o p p i n g t h e s w e e p . The c e n t e r o f t h e r e s o n a n c e 
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l i n e i s i n d i c a t e d b y a maximum y-mode ( d i s p e r s i o n mode ) s i g n a l . The 

decay o f t h e s i g n a l f rom a maximum v a l u e was r e c o r d e d on t h e G-10 

r e c o r d e r as a f u n c t i o n o f t i m e . A f t e r t h e s i g n a l had r e a c h e d i t s 

l i m i t i n g v a l u e o f z e r o , t h e f i e l d was s w e p t away f rom t h e r e s o n a n c e 

c o n d i t i o n . An e x a m p l e o f a r e c o r d e r t r a c e used t o d e t e r m i n e T^ i s 

g i v e n i n F i g u r e 4 . The e f f e c t o f s t o p p i n g t h e sweep e i t h e r b e l o w o r 

a b o v e r e s o n a n c e has b e e n d i s c u s s e d b y Bone ra et al. ( 1 3 ) . The c h a r t 

s p e e d was c a l i b r a t e d and t h e t i m e r e a d d i r e c t l y f rom t h e c h a r t . The 

d e c a y was e x p o n e n t i a l and o f t h e fo rm o f E q u a t i o n ( 4 - 3 ) . Da ta was 

t r e a t e d i n a m a n n e r i d e n t i c a l t o t h a t d e s c r i b e d f o r t h e d i r e c t method 

measurement o f t h e s p i n - l a t t i c e r e l a x a t i o n t i m e . 

The a d i a b a t i c f a s t p a s s a g e method o f m e a s u r i n g T^ i s a p p l i c a b l e 

t o a l a r g e c l a s s o f i n t e r e s t i n g m a t e r i a l s , i . e . , many o r g a n i c l i q u i d s . 

T r a n s v e r s e r e l a x a t i o n t i m e s b e t w e e n 5 s e c o n d s and 4-0 s e c o n d s can b e 

measured by t h i s m e t h o d . The l o w e r l i m i t o f a p p l i c a b i l i t y o f t h e method 

i s due t o t h e r e q u i r e m e n t t h a t a l l c i r c u i t t i m e c o n s t a n t s be s h o r t 

enough t o f o l l o w t h e change i n t h e s i g n a l i n t e n s i t y . The u p p e r l i m i t 

i s s e t by t h e a b i l i t y o f t h e s p e c t r o m e t e r ' s l o c k s y s t e m t o compensa t e 

f o r d r i f t i n t h e m a g n e t i c f i e l d . Measurements can b e p e r f o r m e d on t h e 

A-60D w i t h o u t m o d i f i c a t i o n t h a t w o u l d a f f e c t t h e use o f t h e s p e c t r o m e t e r 

as a r o u t i n e a n a l y t i c a l t o o l . The method o f a d i a b a t i c f a s t p a s s a g e has 

s e v e r a l a d v a n t a g e s o v e r t h e more commonly used p u l s e t e c h n i q u e s f o r t h e 

measurement o f T ^ . ; The C a r r - P u r c e l l method o f s p i n e c h o e s i s e x c e l l e n t 

f o r T^ l e s s than one s e c o n d , b u t becomes l e s s u s e f u l f o r l o n g e r v a l u e s 

o f T b e c a u s e o f e x t r e m e s t a b i l i t y r e q u i r e m e n t s on t h e p u l s e t r a i n . The 
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method o f a d i a b a t i c f a s t p a s s a g e a l s o a l l o w s measurement o f on i n d i 

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

m o l e c u l e as i s o f t e n t he c a s e i n p u l s e m e a s u r e m e n t s . 

Measurements on DP-60 

A v a r i a t i o n o f t h e d i r e c t method o f m e a s u r i n g i n v o l v e s t h e 

r e v e r s a l o f t h e m a g n e t i z a t i o n b y means o f an a d i a b a t i c r a p i d p a s s a g e . 

The m a g n e t i z a t i o n can t h e n b e m o n i t o r e d p e r i o d i c a l l y w i t h a weak r f 

f i e l d . The t i m e d e p e n d e n c e o f t h e v -mode s i g n a l w i l l f o l l o w E q u a t i o n 

( 4 3 ) . 

Measurements w e r e made u s i n g t h e V a r i a n DP-60 s p e c t r o m e t e r and 

an a u d i o phase s e n s i t i v e d e t e c t o r o f t h e t y p e d e s c r i b e d b y N o g g l e ( 1 6 ) . 

The s i g n a l f rom o u t p u t N o . J31.4 o f t h e V4311 r f d e t e c t o r was s u p p l i e d 

t o t h e s t a b i l i z e r s e c t i o n o f t h e s p i n d e c o u p l e r ( p h a s e s e n s i t i v e i i 

d e t e c t o r N o . 1 ) d e s c r i b e d i n r e f e r e n c e 1 2 . The dc o u t p u t o f t h e phase 

d e t e c t o r was d i s p l a y e d on a V a r i a n G-10 r e c o r d e r . A H e w l e t t P a c k a r d 

"200CDR o s c i l l a t o r s u p p l i e d t h e a d d i t i o n a l a u d i o - f r e q u e n c y m o d u l a t i o n 

n e c e s s a r y t o p r o d u c e an a d i a b a t i c r e v e r s a l o f t h e m a g n e t i z a t i o n . 

The m a g n e t i c f i e l d was m o d u l a t e d a t 1 k c / s e c on t h e NMR s p e c t r u m 

d e t e c t e d a t 60 M c / s e c . A l l measurements w e r e p e r f o r m e d on t h e l o w f i e l d 

s i d e b a n d . The V4311 u n i t was o p e r a t e d a t 20db a t t e n u a t i o n and a 

r e c e i v e r g a i n o f t w o . The m o d u l a t i o n l e v e l and s i g n a l l e v e l w e r e 

a d j u s t e d a t t h e s p i n d e c o u p l e r t o p r o v i d e an a d e q u a t e s i g n a l - t o - n o i s e 

r a t i o . The H e w l e t t P a c k a r d 200CDR o s c i l l a t o r was a d j u s t e d f o r a 1 

k c / s e c o u t p u t . D u r i n g one sweep t h r o u g h r e s o n a n c e , t h e 200CDR was c o n -

n e c t e d t o t h e f i e l d m o d u l a t i o n i n p u t on t h e V4352 u n i t . The i n c r e a s e d 



31 

m o d u l a t i o n a l l o w e d more r f power: t o e n t e r a t t h e s i d e b a n d f r e q u e n c y s o 

t h a t t h e a d i a b a t i c c o n d i t i o n s a p p l i e d . The m a g n e t i z a t i o n was t h e n 

m o n i t o r e d p e r i o d i c a l l y w i t h t h e l ow r f , i . e . , t h e 200CDR was d i s c o n 

n e c t e d . The s a m p l i n g p e r i o d was d e t e r m i n e d b y t h e sweep r a t e c o n t r o l s 

on t h e V4352 f a s t sweep u n i t . F i g u r e 5 shows a r e c o r d i n g o f t h e s i g n a l s 

f rom t h e d o u b l e t i n a sample o f 80 vo lume p e r c e n t 1 , 1 , 2 - t r i c h l o r o e t h a n e 

i n C S 2 . 

Data was t r e a t e d i n a manner i d e n t i c a l t o t h a t d e s c r i b e d f o r t h e 

d i r e c t method measurement o f t h e s p i n - l a t t i c e r e l a x a t i o n t i m e s on t h e 

A - 6 0 D . The V435 2 sweep r a t e was c a l i b r a t e d and., t h e peaks i n F i g u r e 5 

o c c u r a t 4 .00 s e c i n t e r v a l s . , The peak h e i g h t s w e r e assumed t o measure 

t h e s i g n a l , S ( t ) , o f E q u a t i o n ( 4 3 ) . 

As w i t h t h e d i r e c t method on t h e A - 6 0 D , t h i s t e c h n i q u e a l s o 

a l l o w s measurements t o b e p e r f o r m e d on i n d i v i d u a l c h e m i c a l l y s h i f t e d 

l i n e s . S i n c e t h e m a g n e t i z a t i o n i s s amp led b y s w e e p i n g o v e r t h e l i n e 

r a t h e r than by s i t t i n g on t h e l i n e , s a t u r a t i o n e f f e c t s a r e n o t n e a r l y 

as l a r g e . T h e r e f o r e , l o n g e r T ' s can be measured than a r e a c c e s s i b l e 

on t h e A - 6 0 D . R e l a x a t i o n t i m e s b e t w e e n 10 and 100 s e c o n d s can b e 

m e a s u r e d . The l o w e r l i m i t i s a g a i n due t o c i r c u i t t i m e c o n s t a n t s . The 

uppe r l i m i t i s g o v e r n e d by t h e s i g n a l - t o - n o i s e r a t i o , and t h e n e c e s s i t y 

o f a v o i d i n g s a t u r a t i o n o f t h e s p i n s y s t e m by t h e o b s e r v i n g r f f i e l d . 

The method e l i m i n a t e s t h e p r o b l e m o f d r i f t i n h e r e n t i n t h e d i r e c t method 

e x p e r i m e n t on t h e A - 6 0 D . A s m a l l d r i f t w i l l n o t a f f e c t t h e r e s u l t s and 

a l a r g e d r i f t can be compensa t ed f o r by o b s e r v i n g t h e s i d e band r e s o 

nance s i g n a l on an o s c i l l o s c o p e and a p p l y i n g a f i e l d c o r r e c t i o n w i t h 
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the 'V3507 slow sweep and drift controls. Since the growth of the signal 

begins from a negative value for the inverted magnetization, a larger 

number of data points are available. 

Pulse Measurements on DP-60 

A pulse of rf energy at the resonance frequency rotates the 

magnetization away from its equilibrium direction along the main mag

netic field (17). The magnetization rotates with an angular velocity 

yH^, where is the amplitude of the rf field. If the rf field is, 

turned on for a time interval of t seconds, the magnetization will 

rotate through an angle of yH t radians. If and t are chosen such 

that yH t = TT/2, the magnetization will be turned into a plane perpen

dicular to the main field. Such pulses are referred to as TT/2 pulses. 

Pulses for which yH^t = TT are TT pulses, and have the effect of reversing 

the direction of the magnetization (18). In practice is made large 

and the duration of the pulse made short so that relaxation effects are 

"negligible during the pulse. 

The spin-lattice relaxation time was measured by applying a TT 

pulse followed by a TT/2 pulse at some later time. The TT pulse sets the 

initial conditions for the experiment by inverting the magnetization. 

The magnetization would then recover its equilibrium value with a time 

constant T . A TT/2 pulse applied during the recovery caused the magne

tization to rotate into a plane perpendicular to the main field. The 

signal produced by the TT/2 pulse was proportional to the magnetization 

at the time of the pulse. The TT/2 response was taken as a measure of 

the S(t) in Equation ( 4 3 ) . 
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M e a s u r e m e n t s w e r e made a t 6 0 M c / s e c u s i n g a V a r i a n D P - 6 0 NMR 

s p e c t r o m e t e r w h i c h w a s m o d i f i e d i n a m a n n e r s i m i l a r t o t h a t d e s c r i b e d 

b y M e i b o o m ( 1 9 ) . T h e p u l s e s y s t e m c o n s i s t e d o f t w o T e k t r o n i x 160 s e r i e s 

p u l s e g e n e r a t o r s , a T e k t r o n i x t y p e 162 w a v e f o r m g e n e r a t o r a n d a t y p e 

160A p o w e r s u p p l y . A T e k t r o n e x t y p e 360 i n d i c a t o r w a s u s e d f o r o b s e r v 

i n g t h e o u t p u t o f t h e p u l s e g e n e r a t o r s . T h e p u l s e s y s t e m w a s s i m i l a r 

t o t h a t u s e d b y M e i b o o m . A b l o c k d i a g r a m o f t h e e x p e r i m e n t a l a r r a n g e 

ment i s s h o w n i n F i g u r e 6 . T h e t r a n s m i t t e r s e c t i o n o f t h e V 4 3 1 1 u n i t -

w a s m o d i f i e d s o t h a t i t c o u l d b e g a t e d on u s i n g n e g a t i v e s i g n a l s f r o m 

t h e T e k t r o n e x 160 s e r i e s p u l s e g e n e r a t o r s . T h e t r a n s m i t t e r m o d i f i c a t i o n 

w a s d e s c r i b e d b y M e i b o o m ( 1 9 ) . The M e i b o o m m o d i f i c a t i o n o f t h e r e c e i v e r 

s e c t i o n o f t h e V 4 3 1 1 u n i t w a s n o t u s e d . T h e o u t p u t o f t h e V 4 3 1 1 t r a n s 

m i t t e r w a s a m p l i f i e d b y a t u n e a b l e r f p o w e r a m p l i f i e r w i t h a p o w e r g a i n 

o f 4 0 d b . A s c h e m a t i c d i a g r a m o f t h e a m p l i f i e r i s g i v e n i n F i g u r e 7 . 

The p r o b e w a s m o d i f i e d b y r e m o v i n g t h e v a r i a b l e c a p a c i t o r f r o m t h e 

t r a n s m i t t e r i n p u t s e c t i o n . A c o u p l i n g c i r c u i t s h o w n i n F i g u r e 8 w a s 

u s e d t o r e p l a c e t h e c a p a c i t o r . T h e o u t p u t o f t h e r f p o w e r a m p l i f i e r 
i 

w a s a p p l i e d t o t h e c o u p l i n g c i r c u i t a n d t h e c o u p l i n g c i r c u i t o u t p u t 

a p p l i e d d i r e c t l y i n t o t h e t r a n s m i t t e r c o i l . T h e t w o v a r i a b l e c a p a c i t o r s 

i n t h e c o u p l i n g c i r c u i t w e r e t u n e d t o m a t c h t h e i m p e d a n c e o f t h e r f 

a m p l i f i e r a n d o p t i m i z e t h e p o w e r t r a n s f e r t o t h e t r a n s m i t t e r c o i l . T h e 

t i m e i n t e r v a l b e t w e e n t h e IT a n d TT/2 p u l s e s w a s m e a s u r e d w i t h a H e w l e t t 

P a c k a r d 5245L e l e c t r o n i c c o u n t e r e q u i p p e d w i t h a 5262A t i m e i n t e r v a l 

u n i t . T h e V 4 3 1 1 r e c e i v e r o u t p u t w a s r e c o r d e d on a T e k t r o n i x t y p e 564B 

s t o r a g e o s c i l l o s c o p e . A b l o c k d i a g r a m o f t h e ' e x p e r i m e n t a l a r r a n g e m e n t 

i s s h o w n i n F i g u r e 6 . 
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Measurements w e r e made by o b s e r v i n g t h e b e a t p a t t e r n p r o d u c e d b y 

phase d e t e c t i o n t h e f r e e i n d u c t i o n s i g n a l a t t h e V4311 r e f e r e n c e f r e 

q u e n c y . The m a g n e t i c f i e l d , H , was a d j u s t e d s o t h a t yH 0/2TT was 200 

cps f rom t h e V4311 u n i t f r e q u e n c y . The 200 cps b e a t p a t t e r n was d i s 

p l a y e d on t h e s t o r a g e o s c i l l o s c o p e a t a 5 m s e c / d i v sweep r a t e s o t h a t 

t h e b e a t o s c i l l a t i o n s w e r e c l e a r l y v i s i b l e . The d i f f e r e n c e b e t w e e n 

yH q/2TT and t h e V4311 f r e q u e n c y was a l w a y s r e a d i l y known b y t h e f r e q u e n c y 

o f t h e b e a t p a t t e r n . The 200 cps p o s i t i o n was m a i n t a i n e d b y a p p l y i n g a 

f i e l d c o r r e c t i o n w i t h t h e V3507 s l o w sweep and d r i f t c o n t r o l s . The 

a m p l i t u d e o f a c o n v e n i e n t o s c i l l a t i o n i n t h e b e a t p a t t e r n was a s s u m e d 

t o be p r o p o r t i o n a l t o t h e m a g n e t i z a t i o n . The V4311 r e c e i v e r was momen

t a r i l y s a t u r a t e d b y l e a k a g e d u r i n g each p u l s e . The r e c o v e r y t i m e o f t h e 

r e c e i v e r was l e s s than 10 m s e c . T h e r e f o r e , t h e o s c i l l a t i o n measured was 

chosen t o o c c u r 10 msec a f t e r t h e end o f t h e IT . p u l s e . The t i m e i n 

E q u a t i o n (43) i s t h e t i m e i n t e r v a l b e t w e e n t h e TT and TT/2 p u l s e s . 

The p u l s e g e n e r a t o r s ; w e r e a d j u s t e d s o t h a t .one p r o d u c e d a TT/2 

p u l s e and t h e o t h e r a TT p u l s e . T h i s was c o n v e n i e n t l y a c c o m p l i s h e d w i t h 

a w a t e r s ample whose l i n e w i d t h : was a r t i f i c i a l l y b r o a d e n e d t o 8 cps b y 

a d d i t i o n o f p a r a m a g n e t i c m a t e r i a l . The r e s p o n s e t o t h e p u l s e was 

o b s e r v e d t o p a s s t h r o u g h a maximum as t h e p u l s e d u r a t i o n was i n c r e a s e d . 

Tha t p u l s e d u r a t i o n w h i c h p r o d u c e s t h e maximum r e s p o n s e i s a TT/2 p u l s e . 

I f t h e p u l s e d u r a t i o n was i n c r e a s e d f u r t h e r , t h e a m p l i t u d e wen t t h r o u g h 

a minimum. The p u l s e p r o d u c i n g t h e minimum was a TT p u l s e . The d u r a t i o n 

o f t h e TT p u l s e was a p p r o x i m a t e l y t w i c e t h a t o f t h e TT/2 p u l s e . The TT 

p u l s e used f o r T^ measurements had a d u r a t i o n o f 0.35 m s e c , i n d i c a t i n g 

an r f f i e l d s t r e n g t h o f 1400 c p s . 
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The sample was p l a c e d i n t h e p r o b e , and s e v e r a l r e l a x a t i o n t i m e s 

w e r e a l l o w e d t o p a s s . The s a mp le was t hen s u b j e c t e d t o t h e TT - TT/2 

p u l s e s e q u e n c e . As soon as t h e r e s p o n s e t o t h e TT p u l s e a p p e a r e d on t h e 

o s c i l l o s c o p e , t h e f i e l d was c o r r e c t e d t o t h e 200 cps f rom r e s o n a n c e 

p o s i t i o n . The TT p u l s e was e r a s e d f rom t h e o s c i l l o s c o p e i n a n t i c i p a t i o n 

o f t h e TT/2 p u l s e r e s p o n s e . The TT p u l s e was u sed t o s t a r t t h e e l e c t r o n i c 

c o u n t e r , and t h e TT/2 p u l s e t o s t o p i t . The t i m e i n t e r v a l b e t w e e n p u l s e s 

was r e a d d i r e c t l y f rom t h e c o u n t e r . N e x t , t h e t i m e i n t e r v a l b e t w e e n t h e 

p u l s e s was c h a n g e d , and a f t e r w a i t i n g s e v e r a l r e l a x a t i o n t i m e s , t h e 

e x p e r i m e n t was r e p e a t e d . T h i s p r o c e d u r e was c o n t i n u e d u n t i l t h e d e s i r e d 

number o f d a t a p o i n t s had b e e n c o l l e c t e d . The e q u i l i b r i u m v a l u e o f t h e 

s i g n a l was d e t e r m i n e d , b y . a n a v e r a g e o f a t l e a s t t h r e e m e a s u r e m e n t s . The 

e q u i l i b r i u m s i g n a l - i s t h e r e s p o n s e t o a s i n g l e TT/2 p u l s e . A p e r i o d o f 

s e v e r a l r e l a x a t i o n t i m e s must p r e c e d e e a c h d e t e r m i n a t i o n o f t h e e q u i l i b 

r ium a m p l i t u d e . 

The f r e e i n d u c t i o n s i g n a l w i l l s a t u r a t e t h e V4311 r e c e i v e r i f 

i t i s t o o l a r g e . The V4311 u n i t was d e s i g n e d f o r a m p l i f i c a t i o n o f much 

w e a k e r s t e a d y s t a t e s i g n a l s . R e c e i v e r s a t u r a t i o n was e l i m i n a t e d by 

k e e p i n g t h e f i n a l o u t p u t o f t h e VM-311 r e c e i v e r b e l o w 0 .50 v o l t s when 

r e s p o n d i n g t o a TT/2 p u l s e . The r e c e i v e r was o p e r a t e d i n t h e l o w e s t 

g a i n p o s i t i o n , and t h e i n p u t s i g n a l t o t h e r e c e i v e r was r e d u c e d by 

d e t u n i n g t h e c o u p l i n g c a p a c i t o r i n t h e r e c e i v e r s e c t i o n o f t h e p r o b e . 

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

s t a n t s . 



40 

Data was t r e a t e d by a g r a p h i c a l m e t h o d . A p l o t o f l o g 

1 -
S ( t ) 

a g a i n s t t i m e g a v e a s t r a i g h t l i n e w i t h a s l o p e g i v e n b y 
S ( » ) 

S l o p e = - 1 / 2 . 3 0 3T ( 4 7 ) 

A t l e a s t s e v e n d a t a p o i n t s w e r e used f o r . each d e t e r m i n a t i o n . 

The p u l s e method i s t h e most a c c u r a t e method f o r m e a s u r i n g T . 

The s e r i o u s p r o b l e m o f s a t u r a t i o n , wh ich l i m i t s t h e d i r e c t m e t h o d s , does 

n o t o c c u r i n t h e p u l s e t e c h n i q u e . R e l a x a t i o n t i m e s as l o n g as t h r e e 

minu te s h a v e b e e n m e a s u r e d . The uppe r l i m i t i s s e t by t h e s i g n a l - t o -

n o i s e r a t i o and m a g n e t i c f i e l d d r i f t . A T^ o f 70 msec was measured f o r 

a doped w a t e r s amp le w i t h t h e a p p a r a t u s d e s c r i b e d . S m a l l e r T ^ ' s a r e 

r e a d i l y a c c e s s i b l e w i t h an i n c r e a s e i n r f p o w e r . The p u l s e m e t h o d , as 

d e s c r i b e d , i s n o t a p p l i c a b l e t o compounds p o s s e s s i n g more than one l i n e 

i n t h e i r NMR s p e c t r u m . 
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CHAPTER I V 

INTERPRETATION OF DATA 

Compar i son o f E x p e r i m e n t a l T e c h n i q u e s 

W h e r e v e r p o s s i b l e , more than one e x p e r i m e n t a l t e c h n i q u e was used 

t o measure T ^ ' s . T h i s p r o v i d e d a t e s t o f t h e v a l i d i t y o f t h e v a r i o u s T 

m e a s u r i n g t e c h n i q u e s used i n t h i s i n v e s t i g a t i o n . I t was a l s o u s e f u l 

i n d e t e r m i n i n g which t e c h n i q u e -was b e s t s u i t e d f o r a p a r t i c u l a r r a n g e 

o f T ^ ' s . U n f o r t u n a t e l y , o n l y one t e c h n i q u e , t h e a d i a b a t i c f a s t p a s s a g e 

m e t h o d , was s u i t a b l e f o r m e a s u r i n g t h e T ' s . 

The p u l s e method was t h e most r e l i a b l e b e c a u s e o f t h e a b s e n c e o f 

s a t u r a t i o n e f f e c t s . The p u l s e method d a t a i n T a b l e s 1 and 2 i s t h e 

r e s u l t o f o n l y one measu remen t . An e s t i m a t e o f t h e e r r o r i n t h i s 

e x p e r i m e n t was made b y p e r f o r m i n g t h r e e measurements on a s a mp le o f 

20 p e r c e n t 1 , 2 - d i c h l o r o e t h a n e i n C S ^ . The a v e r a g e d e v i a t i o n o f t h e 

t h r e e measurements was 5 p e r c e n t . The p u l s e method w a s f a p p l i e d t o a l l 

compounds e x h i b i t i n g one l i n e s p e c t r a . The d i l u t i o n p l o t s i n F i g u r e s 

9 t h r o u g h 17 f o r one l i n e compounds w e r e c o n s t r u c t e d f rom t h e p u l s e 

d a t a i n T a b l e s 1 and 2 . The A-60D d a t a - f o r t h e one l i n e compounds i s 

used o n l y f o r c o m p a r i s o n o f e x p e r i m e n t a l t e c h n i q u e s . 

The d i r e c t method on t h e A-60D i s a p p l i c a b l e t o measurement o f 

r e l a x a t i o n t i m e s up t o about 40 s e c . Both l i n e s i n t h e e t h y l c h l o r i d e 

s p e c t r u m as w e l l as t h e d o u b l e t s i n 1 , 1 - d i c h l o r o e t h a n e and 1 , 1 , 2 - t r i -

c h l o r o e t h a n e w e r e measured on t h e A - 6 0 D . The v a l u e s f r o m DP-60 
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T a b l e 1. R e l a x a t i o n Times as a F u n c t i o n 
o f C o n c e n t r a t i o n i n CS„ 

Volume 

2> Sec S e c ( P u l s e ) 
T l 

S e c ( A - 6 0 D ) 

I3I3I-Tviohlovoethane 

N e a t 
80 
60 
40 
20 

10 . 3 9 + 0 . 0 3 2 
1 1 . 4 6 ± 0 . 1 8 
1 1 . 8 3 ± 0 . 0 5 
1 2 . 4 3 ± 0 . 1 2 
1 2 . 6 1 + 0 . 3 0 

10 .40 
12 .30 
13 .00 

14 .90 

1 0 . 2 4 ± 0 . 2 5 
1 1 . 8 3 ± 0 . 1 7 
1 3 . 5 2 ± 0 . 4 8 

1 4 . 6 8 ± 0 . 9 8 

Sym-Tetrachloroethane 

N e a t 
80 
60 
40 
20 

1 8 . 5 0 + 0 . 6 2 
22 . .20±0 .63 
2 6 . 4 6 ± 0 . 1 8 
, 2 9 . 5 0 ± 0 . 4 4 
29 s 7 8 ± 1 . 9 5 

21 .20 
29 .80 
43 .50 
50 .07 
6 3 . 4 0 

132-Viohlovoethane 

N e a t 
80 
60 
40 
•20 

1 0 > 6 1 + 0 . 3 1 
1 2 . 4 5 + 0 . 0 8 
1 4 . 2 0 ± 0 . 3 9 
1 6 . 4 8 ± 0 . 2 3 
1 8 . 1 2 + 0 . 0 2 . 

11 .50 
1 3 . 8 5 
16 .70 
21 .00 
26 .50 

1 1 . 2 2 ± 0 . 3 6 
1 4 . 8 3 ± 1 . 1 9 
1 6 . 2 8 ± 0 . 2 7 
1 9 . 6 2 ± 0 . 9 7 
2 3 . 8 8 ± 0 . 3 6 

1)1,1) 2-Tetvachlovoethane 

N e a t 
80 
60 
40 
20 

9 . 1 0 ± 0 . 1 4 
1 1 . 4 9 ± 0 . 3 6 
1 3 . 7 5 ± 0 . 0 6 
1 5 . 1 3 ± 0 . 3 4 
1 6 . 6 0 ± 0 . 1 2 

9 .05 
12 .20 
15 .20 
16 .90 
20 .30 

8 .60±0 .05 
1 1 . 6 8 ± 0 . 3 4 
1 4 . 6 6 ± 0 . 5 9 
1 6 . 9 4 ± 0 . 7 2 
2 0 . 1 1 ± 1 . 3 5 

Tentachlovoethane 

N e a t 
80 
60 
40 
20 

3 3 . 4 1 + 0 . 3 2 
4 2 . 0 5 ± 0 . 2 0 
4 4 . 8 3 + 1 . 8 0 
4 7 . 7 3 + 2 . 6 0 

43 .50 
91 .30 

126 .09 
1 6 0 . 1 3 
186 
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T a b l e 1 . C o n t i n u e d 

Volume 
T 2 , Sec ' S e c ( A - 6 0 D ) 

T l 
S e c ( D P - 6 0 ) 

1j1-Diahloroethane(Doublet) 
N e a t 
80 
60 
40 
20 

9 . 3 0 ± 0 . 2 7 
1 0 . 9 8 1 0 . 2 9 
1 1 . 5 9 1 0 . 1 1 
1 1 . 7 4 1 0 . 2 5 
1 2 . 0 9 1 0 . 2 6 

1 0 . 4 0 ± 0 . 2 5 
1 2 . 3 7 1 0 . 0 4 
1 3 . 1 9 1 0 . 1 1 
1 4 . 1 1 1 0 . 2 4 
1 5 . 2 3 + 0 . 1 5 

1 0 . 6 0 1 0 . 0 8 
11 .88±0 . ,32 
1 3 . 0 2 ± 0 . 5 0 

1 4 . 4 3 ± 0 . 2 5 
1 4 . 8 8 ± 0 . 1 0 

lj1-Diahloroethane(Quartet) 
N e a t 
80 
60 
40 
20 

1 2 . 9 0 1 0 . 3 8 
1 5 . 9 4 1 0 . 4 9 
16 .48+0 .09 
1 6 . 7 0 1 0 . 3 8 
1 8 . 3 5 1 0 . 3 5 

2 5 . 5 8 + 1 . 0 5 
3 7 . 7 5 + 1 . 3 3 
4 7 . 8 7 1 0 . 1 4 
6 3 . 7 9 + 2 . 0 3 
7 4 . 0 2 1 2 . 5 3 

l3l32-Tridhloroethane (Doublet) 
N e a t 8 . 3 8 + 0 . 0 2 8 . 1 8 + 0 . 4 0 8 . 3 2 + 0 . 2 6 
80 1 0 . 7 1 1 0 . 0 4 1 0 . 7 5 1 0 . 1 5 1 0 . 7 0 1 0 . 3 0 
60 1 1 . 9 3+0 .30 1 3 . 4 1 1 0 . 1 5 1 3 . 8 7 1 0 . 3 4 
40 1 4 . 4 3 + 0 . 3 8 1 5 . 5 8 + 0 . 1 6 1 5 . 0 0 + 0 . 2 0 
20 1 6 . 4 4 + 0 . 3 5 1 8 . 7 5 + 0 . 7 0 2 1 . 0 0 + 0 . 3 2 

1 3 1 j 2-Tviohlovoethane ('Triplet) 
N e a t 
80 
60 
40 
20 

1 5 . 6 2 + 0 . 2 1 
2 0 . 8 5 1 0 . 3 5 
2 2 . 6 0 + 0 . 1 4 
2 8 . 3 9 + 0 . 4 8 
2 8 . 9 6 1 0 . 2 6 

2 3 . 9 7 + 0 . 1 6 
32 . 5,4+0 . 86 
4 2 . 7 9 + 0 . 4 4 
6 1 . 0 0 + 0 . 3 4 
6 8 . 1 2 1 1 . 2 2 

Ethyl Chloride(Quartet) 
N e a t 
80 
60 
40 
30 
20 

1 3 . 3 7 + 0 . 1 8 
1 5 . 1 8 + 0 . 5 8 
1 5 . 9 310 .17 
16 .86+0 .50 

1 6 . 9 8 1 0 . 3 9 

, 2 5 . 8 6 + 0 . 4 8 
2 9 . 1 3 + 0 . 7 4 
2 7 . 8 7 + 1 . 5 6 
3 3 . 1 5 + 1 . 1 7 

. 3 1 . 6 3 1 0 . 4 1 
3 6 . 9 1 + 1 . 5 3 
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r 

T a b l e 1 . C o n t i n u e d 

Volume 
T 2 , Sec S e c ( A - 6 0 D ) S e c ( D P - 6 0 ) 

EthyI Chloride(Triplet) 
N e a t 
80 
60 
40 
30 
20 

1 1 . 7 6 1 0 . 1 3 
1 2 . 6 3 1 0 . 8 8 
13 .5 310 .53 
1 3 . 5 0 ± 0 . 3 1 

1 4 . 8 8 ± 0 . 5 3 

2 0 . 8 6 1 0 . 4 0 
2 1 . 1 1 1 0 . 5 1 
2 2 . 3 7 1 0 . 5 5 
2 5 . 0 8 1 0 . 9 0 
2 6 . 8 2 1 0 . 3 7 
2 8 . 3 8 1 1 . 0 7 

T a b l e 2 . R e l a x a t i o n Times o f 1 , 2 - D i c h l o r o e t h a n e 
as a F u n c t i o n o f C o n c e n t r a t i o n i n 
d ^ - 1 , 2 - D i c h l o r o e t h a n e 

Volume 
% T 2 , Sec T l 9 S e c ( P u l s e ) 

N e a t 1 0 . 6 1 1 0 . 3 3 11 .50 
90 12 .00 ' 
80 1 1 . 1 9 + 0 . 0 7 1 2 . 0 0 
60 * 11 .6 3 + 0 . 2 7 1 3 . 2 3 " 
50 1 4 . 2 0 
40 1 3 . 1 4 + 0 . 2 2 1 4 . 6 8 
20 - 1 6 . 0 0 
15 14 .5 3+0 .36 -
10 1 6 . 0 0 
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Figure 9. 1 /T]_ as a Function of Mole 
Fraction 1,2-Dichloroethane 
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Figure 10.. 1/T 2 as a Function Mole 
Fraction 1 ,2-Dichloroethane 



Figure 11. 1,2-Dichloroethane in 
cL-1,2-Dichloroethane 
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Figure 13. l/T-J_ as a Function of Mole 
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measurements w e r e used o n l y f o r c o m p a r i s o n o f t h e e x p e r i m e n t s ; t h e 

d i l u t i o n p l o t s w e r e c o n s t r u c t e d f rom t h e A-60D d a t a . The e r r o r l i m i t s 

i n T a b l e s 1 and 2 r e f e r t o t h e a v e r a g e d e v i a t i o n o f t h r e e m e a s u r e m e n t s . 

The 1 , 1 - d i c h l o r o e t h a n e ( q u a r t e t ) and 1 , 1 , 2 - t r i c h l o r o e t h a n e ( t r i p -

l e t ) w e r e measured on t h e D P - 6 0 . B e c a u s e t h e T ^ ' s f o r t h e s e l i n e s a r e 

l o n g e r than 40 s e c , t h i s was t h e o n l y method a v a i l a b l e . Some s h o r t e r 

T ^ ' s w e r e measured w i t h t h e DP-60 s o t h a t a c o m p a r i s o n b e t w e e n A-60D 

and DP-60 methods c o u l d b e made . E x a m i n a t i o n o f t h e d a t a i n T a b l e s 1 

and 2 i n d i c a t e s e x c e l l e n t a g r e e m e n t b e t w e e n t h e s e e x p e r i m e n t a l t e c h 

n i q u e s , i . e . , l e s s than 10 p e r c e n t d e v i a t i o n i n mos t c a s e s . 

One p o s s i b l e s o u r c e o f e r r o r i n c o m p a r i n g e x p e r i m e n t s on t h e 

A-60D and DP-60 i s t h e d i f f e r e n c e i n p r o b e o p e r a t i n g t e m p e r a t u r e s . The 

o p e r a t i n g t e m p e r a t u r e s o f t h e DP-60 and A-60D p r o b e s a r e 28C° and 34C° , 

r e s p e c t i v e l y . The v i s c o s i t y o f t h e s a m p l e changes v e r y l i t t l e o v e r t h i s 

t e m p e r a t u r e r a n g e , h e n c e t h e v a r i a t i o n i n T^ i s n e g l i g i b l e . F o r t h e 

p u r p o s e o f c a l c u l a t i n g T ^ ' s , an a v e r a g e s a mp le t e m p e r a t u r e o f 31C° i s 

u s e d . 

1 , 2 - D i c h l o r o e t h a n e Study 

The d a t a f o r 1 , 2 - d i c h l o r o e t h a n e w i l l b e d i s c u s s e d f i r s t i n : o r d e r 

t o p o i n t ou t t h e main f e a t u r e s o f t h e r e l a x a t i o n r e s u l t s . E q u a t i o n ( 3 6 ) 

p r e d i c t s t h a t ( 1 / T . , ) . ^ s h o u l d d e c r e a s e as t h e c o n c e n t r a t i o n o f p r o -
1 i n t e r r 

t o n s d e c r e a s e s . T h i s p r e d i c t i o n can b e t e s t e d b y c a r r y i n g ou t the : d i l u 

t i o n i n t h e f u l l y d e u t e r a t e d a n a l o g u e o f t h e m a t e r i a l under e x a m i n a t i o n . 

D i l u t i o n w i t h t h e d e u t e r a t e d m a t e r i a l does n o t a p p r e c i a b l y a l t e r t h e 

m o l e c u l a r e n v i r o n m e n t , h e n c e t h e c o r r e l a t i o n t i m e s do n o t c h a n g e / T h e 
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o n l y change i s t h e s u b s t i t u t i o n o f p r o t o n s f o r d e u t e r o n s . The m a g n e t i c 

moment o f t h e d e u t e r o n i s s m a l l and i n c o n s e q u e n t i a l i n c o n t r i b u t i n g t o 

r e l a x a t i o n . The r e s u l t o f such an e x p e r i m e n t i s shown b y t h e t o p c u r v e 

i n F i g u r e 9 . As t h e m o l e f r a c t i o n o f o r d i n a r y m a t e r i a l i s r e d u c e d 1 / T 

d e c r e a s e s as e x p e c t e d . The i n t e r c e p t on t h e o r d i n a t e c o r r e s p o n d s t o t h e 

i n t r a m o l e c u l a r c o n t r i b u t i o n t o 1 /T . , . , i . e . , ( 1 / T . , ) . _̂  
1 1 i n t r a 

The l o w e r c u r v e i n F i g u r e 9 r e p r e s e n t s t h e same t y p e e x p e r i m e n t 

e x c e p t w i t h C S 2 as t h e s o l v e n t . I n C S ^ j t h e e n v i r o n m e n t abou t a s i n g l e 

1,2 - d i c h l o r o e t h a n e m o l e c u l e changes as t h e d i l u t i o n p r o c e e d s . The 

result is t h a t t h e correlation times f o r both t h e rotational and trans-

l a t i o n a l m o t i o n change i n a d d i t i o n t o t h e change i n t h e number o f p r o 

t o n m a g n e t i c moments . S i n c e 1 / T ^ i s p r o p o r t i o n a l t o t h e c o r r e l a t i o n 

t i m e , t h e g r e a t e r s l o p e o f t h e d i l u t i o n c u r v e i n CS^ i n d i c a t e s t h a t t h e 

c o r r e l a t i o n t i m e s a r e d e c r e a s i n g as t h e s o l u t i o n becomes more d i l u t e . 

T h i s i s n o t s u r p r i s i n g s i n c e t h e 1,2 - d i c h l o r o e t h a n e m o l e c u l e s a r e b e i n g 

r e p l a c e d b y t h e s m a l l e r CS^ m o l e c u l e s . I t i s t o b e e x p e c t e d t h a t t h e 

r e m a i n i n g 1,2 - d i c h l o r o e t h a n e m o l e c u l e s w o u l d move w i t h l e s s r e s t r i c t i o n . 

From F i g u r e 9, ( 1 / T . ) . f o r 1,2 - d i c h l o r o e t h a n e i s l e s s w i t h 
1 i n t r a 

CS^ as t h e s o l v e n t t han when d ^ - l , 2 - d i c h l o r o e t h a n e i s t h e s o l v e n t . 

T h e r e f o r e , t h e c o r r e l a t i o n t i m e must b e l e s s i n t h e CS^ t han i n t h e 

d e u t e r a t e d s o l v e n t . T h i s k n o w l e d g e abou t t h e c o r r e l a t i o n t i m e s ; c a n b e 

r e a d i l y a p p l i e d t o a s t a t e m e n t abou t t h e r e l a t i v e m o t i o n o f t h e'1,2-

d i c h l o r o e t h a n e m o l e c u l e i n t h e t w o s o l v e n t s . The c o r r e l a t i o n t i m e s 

i n d i c a t e a l e s s r e s t r i c t e d m o t i o n o f t h e 1*2- d i c h l o r o e t h a n e m o l e c u l e 

when i t i s s u r r o u n d e d b y CS, ? m o l e c u l e s than when i t s n e i g h b o r s a r e 

o t h e r 1,2 - d i c h l o r o e t h a n e s . 
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From E q u a t i o n ( 4 2 ) 

1 / T 2 = DD + d / T 2 ) s > c > ( 4 8 ) 

where DD i s t h e d i p o l a r c o u p l i n g c o n t r i b u t i o n t o b o t h 1/T^ and l / T ^ . 

( 1 / T 2 ) g i s t h e c o n t r i b u t i o n f rom s c a l a r c o u p l i n g t o t h e c h l o r i n e . 

From E q u a t i o n ( 4 0 ) , ( 1 / T ) i s p r o p o r t i o n a l t o t h e r e l a x a t i o n t i m e 

o f t h e c h l o r i n e . T h e r e f o r e , a f a s t m o t i o n i s a s s o c i a t e d w i t h a l a r g e 

s c a l a r c o u p l i n g c o n t r i b u t i o n . 

F i g u r e 10 e x a m i n e s t h e c o n c e n t r a t i o n d e p e n d e n c e o f 1/T^ i n t h e 

d ^ - 1 , 2 - d i c h l o r o e t h a n e and C S 2 s o l v e n t s . S i n c e d i l u t i o n i n t h e d e u t e r 

a t e d s o l v e n t does n o t change t h e c o r r e l a t i o n t i m e s , t h e s l o p e of . t h e 

t o p c u r v e i s s i m p l y due t o a change i n t h e ( 1 / T . ) . t e r m . As i n t h e 
F ^ J . 2 i n t e r 

c a s e o f ( 1 / T . , ) . , t h e change i s due t o a d e c r e a s e i n t h e c o n c e n t r a -
1 i n t e r 

t i o n o f p r o t o n moments . I n t h e C S 2 s o l v e n t , t h e ( 1 / T 2 ) g ^ t e r m 

i n c r e a s e s and ( 1 / T _ ) . d e c r e a s e s as t h e c o n c e n t r a t i o n d e c r e a s e s . 
2 i n t r a 

A t l o w c o n c e n t r a t i o n s o f t h e e t h a n e , ( 1 / T ) becomes an i m p o r t a n t ' 

c o n t r i b u t i o n t o t h e t o t a l l / T ^ . S c a l a r c o u p l i n g does n o t c o n t r i b u t e 

t o 1 / T 1 « F o r t h i s r e a s o n t h e s l o p e o f 1 / T 2 i s l e s s t han f o r 1/T v 

The ( 1 / T ) b e g i n s t o compensa t e f o r t h e d i m i n i s h i n g d i p o l a r c o n t r i b u 

t i o n t o 1 / T 2 a t l o w c o n c e n t r a t i o n s . T h i s e f f e c t i s c l e a r l y o b s e r v a b l e b y 

n o t i n g t h e l a r g e r d i v e r g e n c e f o r t h e 1/T c u r v e s i n F i g u r e 9 t h a n . f o r 

t h e 1 / T 2 c u r v e s i n F i g u r e 1 0 . 

F i g u r e 11 i s a c o m p a r i s o n o f t h e e f f e c t o f d i l u t i o n on 1/T and 

1 / T 2 i n t h e d e u t e r a t e d s o l v e n t . The o n l y change t h a t o c c u r s i s w i t h 
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t h e i n t e r m o l e c u l a r i n t e r a c t i o n . S i n c e t h e i n t e r m o l e c u l a r i n t e r a c t i o n 

a f f e c t s b o t h 1/T and l / T ^ t h e same , i d e n t i c a l b e h a v i o r on d i l u t i o n i s 

e x p e c t e d . The f a c t t h a t t h e c u r v e s i n F i g u r e 11 a r e p a r a l l e l s u b s t a n 

t i a t e s t h i s p r e d i c t i o n . The d i f f e r e n c e b e t w e e n t h e t w o p a r a l l e l l i n e s 

e q u a l s ( l / T ^ g Q 

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

d i l u t i o n i s t o r e m o v e t h e i n t e r m o l e c u l a r c o n t r i b u t i o n t o 1 /T^ and 1 / T 2 > 

The i n t e r c e p t on t h e o r d i n a t e o f t h e 1 / T 2 p l o t i s d / T ^ i n t r a + 

( l / T 2 ) g Q . T h e r e f o r e , t h e d i f f e r e n c e b e t w e e n t h e o r d i n a t e i n t e r c e p t s 

i s ( 1 / T ) . U s i n g p r e v i o u s a r g u m e n t s , t h e s c a l a r c o u p l i n g c o n t r i b u -

t i o n s h o u l d b e l e s s i n t h e d e u t e r a t e d s o l v e n t t han i n C S 2 > From F i g u r e 

- 2 - 1 
1 1 , t h e ( 1 / T ) Q i s 0 . 9 x 10 s e c i n t h e d e u t e r a t e d s o l v e n t . From 

- 2 - 1 

F i g u r e 1 2 \ ( 1 / T 2 ) g c i n C S 2 i s 1.9 x 10 s e c , w h i c h a g r e e s w i t h t h e 

p r e d i c t i o n . The d i v e r g e n c e o f t h e 1/T and 1 / T 2 c u r v e s i n F i g u r e 12 i s 

common t o t h e e n t i r e s e r i e s o f c h l o r i n a t e d e t h a n e s . The d i v e r g e n c e i s 

caused b y t h e i n c r e a s e i n ( l / T ^ g ^ as t h e s o l u t i o n becomes more d i l u t e . 

D i p o l a r I n t e r a c t i o n s 

The members o f t h e s e r i e s o f c h l o r i n a t e d e t h a n e s i n c l u d e a l l 

p o s s i b l e c o m b i n a t i o n s o f p r o t o n s and c h l o r i n e s bonded t o t w o c a r b o n 

atoms w i t h a s i n g l e bond b e t w e e n t h e c a r b o n s . The p e n t a c h l o r o e t h a h e was 

was s t u d i e d , bu t does n o t r e a d i l y f i t i n t o t h e r e m a i n d e r o f t h e s e r i e s 

b e c a u s e o f t h e l a c k o f i n t r a m o l e c u l a r d i p o l a r i n t e r a c t i o n . T h r e e mem

b e r s o f t h i s s e r i e s , 1 , 1 , 2 - t r i c h l o r o e t h a n e , 1 , 1 - d i c h l o r o e t h a n e , and 

e t h y l c h l o r i d e , p o s s e s s n o n - e q u i v a l e n t p r o t o n s , hence t h e y e x h i b i t t w o 

c h e m i c a l l y s h i f t e d m u l t i p l e t s . The r e m a i n i n g members o f t h e s e r i e s 
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c o n t a i n o n l y e q u i v a l e n t p r o t o n s and a r e c h a r a c t e r i z e d by one l i n e 

s p e c t r a . 

I n T a b l e 3 t h e s p e c t r a l l i n e s a s s o c i a t e d w i t h t h e s e r i e s o f com

pounds a r e g r o u p e d a c c o r d i n g t o t h e number and l o c a t i o n o f t h e p r o t o n s 

r e s p o n s i b l e f o r t h e l i n e . The d i p o l a r i n t e r a c t i o n b e t w e e n p r o t o n s 

d i m i n i s h e s as t h e s i x t h power o f t h e i n t e r p r o t o n d i s t a n c e . T h e r e f o r e , 

p r o t o n s on t h e same c a r b o n ( a d i s t a n c e o f 1.8A a p a r t ) a r e more e f f e c t i v e 

i n p r o m o t i n g r e l a x a t i o n than p r o t o n s on an a d j a c e n t c a r b o n ( a d i s t a n c e 

o f 2 .5 o r 3..1A a p a r t ) . The m a g n i t u d e o f t h e d i p o l a r i n t e r a c t i o n i s 

e s s e n t i a l l y determined by t h e i n t e r a c t i o n w i t h d i p o l e s on t h e same c a r 

b o n . I n t e r a c t i o n s b e t w e e n p r o t o n s ' a c r o s s , t h e c a r b o n - c a r b o n bond a r e 

o b s e r v a b l e , b u t s m a l l i n c o m p a r i s o n t o t h e same c a r b o n i n t e r a c t i o n s . 

The d i f f e r e n c e i n m a g n i t u d e b e t w e e n i n t e r a c t i o n s on t h e same 

c a r b o n and on a d j a c e n t c a r b o n s i s i l l u s t r a t e d i n F i g u r e 1 3 . The t h r e e 

l i n e s w i t h t h e s m a l l e s t 1/T^ a r e a s s o c i a t e d w i t h p r o t o n s on c a r b o n s 

c o n t a i n i n g no o t h e r p r o t o n s . The m i d d l e s e t o f f o u r c u r v e s c o r r e s p o n d s 

t o a p a i r o f p r o t o n s on a c a r b o n . The r e m a i n i n g t h r e e l i n e s a t t h e t o p 

a r e due t o s p e c t r a l l i n e s a s s o c i a t e d w i t h t h r e e p r o t o n s on t h e same c a r 

b o n . From t h i s d a t a , i t i s c l e a r t h a t t h e d i p o l a r i n t e r a c t i o n s on t h e 

same c a r b o n a r e r e s p o n s i b l e f o r t h e dominant c o n t r i b u t i o n t o 1 / T ^ . 

The e f f e c t on 1 / T 1 b r o u g h t a b o u t by c h a n g i n g bo,th t h e number o f 

d i p o l e s and t h e c o r r e l a t i o n t i m e i s c o n t a i n e d i n t h e e x p r e s s i o n 

( l / T . . ) . + = kt y dT6 

l i i n t r a i in 
(49) 

1 
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Table 3. Location of Protons Responsible 
for Spectral Lines Associated with 
Series of Chlorinated Ethanes 

Spectral Line 

Number of 
Protons on Number of 

Carbon Under Protons on 
Consideration Adjacent Carbon 

Penta Chloroethane 
Sym-Tetrachloroethane 
"1,1,2-Trichloroethane(Triplet) 
1,1-Dichloroethane(Quartet) 

1,1,2-Trichloroethane(Doublet) 
1,1,1,2-Tetrachloroethane 
1,2-Dichloroethane 
Ethyl Chloride(Quartet) 

1,1,1-Trichloroethane 
1,1-Dichloroethane(Doublet) 
Ethyl Chloride(Triplet) 

K is a constant containing the collection of constants in Equation (32), 

T is the rotational correlation time, and d̂ .. is the interproton dis

tance. The addition of protons will increase the value of the summation 

and in turn increase (1/T..). . On the other hand, the addition of 
1 intra ' 

protons will cause a decrease in the correlation time, leading to a 

decrease in (1/T..). . It is important to note that the effects 1 intra r 

oppose each other. 
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v -6 

T a b l e 4 . I n t e r a t o m i c D i s t a n c e s A s s o c i a t e d 
w i t h R o t a t i o n a l I s o m e r s 

Atoms 
I n t e r a t o m i c 

D i s t a n c e A ( d " 6 x l 0 2 ) A 6 ( K d " 6 x l 0 1 0 ) s e c 2 

H-H(Same C a r b o n ) 

H - H ( G a u c h e ) 

H - H ( T r a n s ) 

H - C l ( S a m e C a r b o n ) 

H - C I ( G a u c h e ) 

H - C l ( T r a n s ) 

1.80 

2 . 5 1 

3 .08 

2 . 3 8 

2 . 9 1 

3 .70 

2 . 9 8 

0 .40 

0 .12 

0 . 5 4 

0 .17 

0 . 0 4 

2 . 5 4 

0 . 3 4 

0 .10 

0 .003 

0 . 0 0 1 

0 .000 

I n t e r a t o m i c d i s t a n c e s a r e c a l c u l a t e d by assuming a t e t r a h e d r a l g e o m e t r y 

-about each c a r b o n and a s t a g g e r e d m e t h y l g r o u p c o n f i g u r a t i o n ( 2 0 ) . The 

c h l o r i n e - p r o t o n i n t e r a c t i o n s a r e s e e n t o be n e g l i g i b l e . The CC, CH, 

and CC1 bond d i s t a n c e s w e r e assumed t o be 1 . 5 5 A , 1 . 1 0 A , and 1 . 7 8 A , 

r e s p e c t i v e l y . 

E n e r g y d i f f e r e n c e s b e t w e e n r o t a t i o n a l i s o m e r s , and t h e p o t e n t i a l 

b a r r i e r s s e p a r a t i n g t h e i s o m e r s h a v e b e e n d e t e r m i n e d ( 2 1 ) . The 

r -6 

p r e f e r r e d r o t a t i o n a l c o n f i r m a t i o n s w e r e used m c a l c u l a t i n g K I d. . m 
v -6 . . . . j • 

T a b l e 5 . K l d . . i s p r o p o r t i o n a l t o t h e m a g n i t u d e o f t h e d i p o l a r m t e r -
j 1 1 1 

a c t i o n s and i s r e f e r r e d t o as t h e g e o m e t r i c a l f a c t o r . I n c a s e s w h e r e 

b o t h t h e gauch and t r a n s i s o m e r s w e r e e q u a l l y l i k e l y , an a v e r a g e was 

u s e d . T h e s e c a s e s a r e i n d i c a t e d by ( a v ) , i n T a b l e 5 . 

C o n t r i b u t i o n s t o K ) d . . f rom v a r i o u s i n t e r a c t i o n s a r e shown m 

T a b l e 4 . 



Table 5 . Comparison of B.P.P. and Steel 
Models with Experimental Data 

SPECTRAL LINE (GEOMXLO 1 0 ) S E C 
[T(DIFFUSION)* . 

~ ^ T A 1 2 T (.1/1 -, ) , 10L4L JSEC - 1 1 
-1 

.P.P. 
[T(STEEL)X. ( 1 / T J 

10 I C I]SEC 
-1 

1 STEEL" (1/T. .) . , SEC" 1 EXP 

CHC12 

L,L-DICHLOROETHANE(QUARTET) 
1,1,2-TRICHLOROETHANE(TRIPLET) 
SYM-TETRACHLOROETHANE 

0.78 
0.44 
O.LO(S) 
0.34(A) 

12,4 
13.9 
15.4 

0 =10 
0.06-
0.02 
0 .05 

6.38 
8.83 

11.22 

Q .005 
0.004 
0.001 
0 .004 

0.008 
0 .010 
0.013 

CH2C1 
1,2-DICHLOROETHANE 
1,1,2-TRI CHLOROETH ANE(DOUBLET)(AV) 
1,1,1,2-TETRACHLOROETHANE 
ETHYL CHLORIDE(QUARTET) 

CH3 

1,1-DICHLOROETH ANE (DOUBLET) (AV) 
1,1,1-TRI CHLOROETHANE 

ETHYL CHLORIDE(TRIPLET)(AV) 

CC1 3 

PENTACHLOROETHANE 

2.9 8 11.6 0.35 
2.76 I3.9 " 0.38 
2.54 15.8. 0.40 
3.36 10.5 0.35 

5.34 12.4 0.66' 
5.08 15.0 . 0.76 
5.60 10.5.' 0.59 

0.008 '17.7 0.001 

4.92 0.012 .030 
8.83 0.024 .046 

10.92 0.028 J.042 
4.10 0.014 '.028 

6.38 0.034 0.062 
8.74 0.044 0.065 
4.10 0.023 0.033 

12.93 0.0001 0.004 
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f Two methods a r e a v a i l a b l e f o r c a l c u l a t i n g t h e c o r r e l a t i o n t i m e . 

B l o e m b e r g e n , P u r c e l l , and Pound ( 4 ) h a v e assumed t h a t t h e m o l e c u l a r 

r a t e o f r e o r i e n t a t i o n i n l i q u i d s i s c o n t r o l l e d by t h e v i s c o s i t y o f t h e 

medium and t h e v o l u m e o f t h e m o l e c u l e . D e b y e ' s m o d e l o f i s o t r o p i c 

r o t a t i o n a l d i f f u s i o n was used t o c a l c u l a t e t h e c o r r e l a t i o n t i m e , Equa

t i o n ( 3 3 ) . V a l u e s f o r t h e m o l e c u l a r r a d i u s w e r e c a l c u l a t e d b y assuming 

t h a t t h e m o l e c u l e s a r e s p h e r i c a l and u s i n g d e n s i t y d a t a ( 3 ) . The v i s 

c o s i t y i s t h e v i s c o s i t y o f CS^ a t 3 1 C ° , and i s e q u a l t o 0 . 3 5 3 c e n t i -

p o i s e ( 2 6 ) . The t e m p e r a t u r e , 3 1 C ° , i s c h o s e n t o b e r e p r e s e n t a t i v e o f 

t h e o p e r a t i n g t e m p e r a t u r e s o f t h e A-60D and DP-60 p r o b e s . C o r r e l a t i o n 

t i m e s c a l c u l a t e d f rom t h i s m o d e l a r e shown i n T a b l e 5 unde r T ( d i f f u 

s i o n ) . The p r o d u c t o f T ' and Geom. i s ( 1 / T , ) . and i s shown i n T a b l e 

r 1 i n t r a 

5 as ( 1 / T ) _ _ . V a l u e s c a l c u l a t e d b y t h e B . P . P . t h e o r y a r e u s u a l l y 
1 B. i . i . 

l a r g e r than t h e o b s e r v e d v a l u e s by a f a c t o r o f t e n . I n o t h e r w o r d s , 

t h e i s o t r o p i c d i f f u s i o n r e l a x a t i o n p r o c e s s i s t o o e f f i c i e n t . 

An a l t e r n a t i v e method o f c a l c u l a t i n g t h e c o r r e l a t i o n t i m e ( was 

p r o p o s e d b y S t e e l et al. ( 3 ) . S t e e l assumed t h a t t h e m o l e c u l a r r o t a 

t i o n r a t e was d e t e r m i n e d b y t h e moment o f i n e r t i a o f t h e m o l e c u l e . 

S t e e l g i v e s t h e e x p r e s s i o n f o r t h e r o t a t i o n a l c o r r e l a t i o n t i m e o f a 

s p h e r i c a l t o p as ( 3 ) ' ' . 

• . 1 i ( S t e e l ) = l / 2 ( 7 T l / 3 f e T ) 1 / 2 . , ( 5 0 ) 

w h e r e I i s t h e moment o f i n e r t i a . The c h l o r i n a t e d m o l e c u l e s a r e asym

m e t r i c t o p s , and E q u a t i o n ( 5 0 ) was used by r e p l a c i n g I b y an a v e r a g e 
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moment o f i n e r t i a I d e f i n e d by 

: " 1 = J ( I A ' + I B 1 + ^ ( 5 1 ) 

where I , I , I a r e t h e p r i n c i p a l moments o f i n e r t i a . The p r i n c i p a l 
A JD C ^ 

moments o f i n e r t i a w e r e c a l c u l a t e d u s i n g a p rog ram k i n d l y s u p p l i e d by 

J . Q. W i l l i a m s o f t h e G e o r g i a I n s t i t u t e o f T e c h n o l o g y S c h o o l o f P h y s i c s . 

- 1 / 2 . • . 
The p r i n c i p a l moments o f i n e r t i a and I a r e l i s t e d m T a b l e 6 . 

T ( S t e e l ) i s found f rom E q u a t i o n ( 5 0 ) . ( 1 / T . ) _ . i s ( 1 / T . ) . ^ , c a l -
• 1 S t e e l 1 i n t r a 

culated using Steel's model. From Table 5 , Steel's model underprediets 

( 1 / T n ) , i . e . , r e l a x a t i o n i s more e f f i c i e n t t han p r e d i c t e d b y S t e e l ' s 
1 exp 

m o d e l . I n most c a s e s , h o w e v e r , t h e S t e e l m o d e l i s much b e t t e r f o r p r e 

d i c t i n g t h e o b s e r v e d , v a l u e s than t h e B . P . P . m o d e l . T h e r e f o r e , r o t a 

t i o n a l m o t i o n o f t h e m o l e c u l e s i s d e t e r m i n e d e s s e n t i a l l y by t h e moment 

o f i n e r t i a r a t h e r than by t h e v i s c o s i t y o f t h e medium. 

I n t h e c a s e o f s y m - t e t r a c h l o r o e t h a n e t h e r e i s a l a r g e d i f f e r e n c e 

b e t w e e n t h e g e o m e t r i c a l f a c t o r s f o r t h e s y m m e t r i c and a s y m m e t r i c i s o 

m e r s . F o r t h i s r e a s o n t h e y a r e c o n s i d e r e d i n d e p e n d e n t l y . The asym

m e t r i c i s o m e r g i v e s g o o d a g r e e m e n t w i t h t h e S t e e l m o d e l ; t h e s y m m e t r i c 

g o o d a g r e e m e n t w i t h t h e B . P . P . m o d e l . The o t h e r c h l o r o e t h a n e s o n l y 

a g r e e w i t h t h e S t e e l m o d e l . T h e r e f o r e , i t seems r e a s o n a b l e t o e x p e c t 

t h a t t h e a s y m m e t r i c i s o m e r i s t h e dominant i s o m e r i n s o l u t i o n . 

It was p r e v i o u s l y l e a r n e d t h a t d i p o l a r i n t e r a c t i o n s b e t w e e n p r o 

t o n s on t h e same c a r b o n w e r e l a r g e l y r e s p o n s i b l e f o r d e t e r m i n i n g 

( 1 / T . . ) . _̂ . The e f f e c t o f d i p o l a r i n t e r a c t i o n s a c r o s s t h e CC bond 
1 i n t r a 1 
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T a b l e 6 . Moments o f I n e r t i a 

xlO 
40 

gm 
2 

2m 
Y - l / 2 1 n 2 0 . 1/2 
( I x i o )gm cm Compound h h J c 

Y - l / 2 1 n 2 0 . 1/2 
( I x i o )gm cm 

C H 3 C H 3 
1 0 . 8 4 2 . 4 4 2 . 4 4 . 6 3 

C H 3 C H 2 C 1 4 6 . 1 152 169 9 .39 

CHC1 2 CH 3 133 264 372 14 .6 

C H 2 C l C H 2 C l ( s y m ) 2 9 . 3 568 587 8.9 

( a s y m ) 93 341 407 13 .6 

C H 3 C C 1 3 361 361 503 20 .0 

C H C l 2 C H 2 C l ( a s y m ) 227 580 780 2 0 . 1 

( s y m ) 315 415 602 2 0 . 3 

C C 1 3 C H 2 C 1 444 762 820 2 5 . 0 

C H C l 2 C H C l 2 ( s y m ) 511 ' 6 39 1122 2 6 . 1 

( a s y m ) 456 728 885 2 5 . 3 

CC1 CHC1 729 864 1130 2 9 . 6 

cc^ccig 995 1183 1183., 3 3 . 4 • 

i s much l e s s . The f i r s t t h r e e s p e c t r a l l i n e s i n F i g u r e 5 a r e a s s o c i a t e d 

w i t h a CHC1 2 g r o u p . The t h r e e l i n e s d i f f e r i n t h e number o f p r o t o n s on 

t h e c a r b o n a d j a c e n t t h e CHC1 2 g r o u p . I f d i p o l a r i n t e r a c t i o n s a c r o s s 

t h e CC bond w e r e d e t e r m i n i n g ( 1 / T . . ) . _,_ , ( 1 / T . . ) w o u l d i n c r e a s e as 
1 i n t r a 1 exp 

p r o t o n s w e r e added t o t h e a d j a c e n t c a r b o n . ^ ^ i ^ e x p a c " t u a H y d e c r e a s e s 

as p r o t o n s a r e a d d e d . The e f f e c t o f a d d i n g p r o t o n s i s t o d e c r e a s e t h e 
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moment o f i n e r t i a , h e n c e t h e c o r r e l a t i o n t i m e a n d 1 / T ^ . A l t h o u g h , t h e 

d i p o l a r i n t e r a c t i o n s a r e i n c r e a s e d by t h e a d d i t i o n o f p r o t o n s , t h e 

d e c r e a s e d c o r r e l a t i o n t i m e more t h a n compensa te s f o r t h e i n c r e a s e d 

d i p o l a r i n t e r a c t i o n . T a b l e 5 shows e x c e l l e n t a g r e e m e n t b e t w e e n t h e 

moment o f i n e r t i a , ( I ) , and ( 1 / T . , ) . I n a l m o s t a l l c a s e s , an i n c r e a s e 
1 exp 

i n I i s a ccompan ied by an i n c r e a s e i n 1 /T^ . The o n l y e x c e p t i o n i s 

b e t w e e n 1 , 1 , 1 , 2 - t e t r a c h l o r o e t h a n e and l , l , 2 - t r i c h l o r o e t h a n e ( d o u b l e t ) . 

As I i n c r e a s e s , ( 1 / T . , ) d e c r e a s e s . The e x p l a n a t i o n i s t h a t t h e a d d i -
' 1 exp r 

t i o n a l d i p o l a r i n t e r a c t i o n i n t h e t r i c h l o r o e t h a n e ( d o u b l e t ) i s more 

i m p o r t a n t t h a n t h e d e c r e a s e in. c o r r e l a t i o n t i m e . 

The p o s s i b i l i t y o f i n t e r n a l m o l e c u l a r m o t i o n s c o n t r i b u t i n g ( t o 

r e l a x a t i o n must b e c o n s i d e r e d . T o r s i o n a l f r e q u e n c i e s and b a r r i e r s t o 

r o t a t i o n a r e g i v e n i n r e f e r e n c e ( 2 1 ) . The t o r s i o n a l f r e q u e n c i e s a r e o f 

12 . 

t h e o r d e r o f 10 cps o r t w o o r d e r s o f m a g n i t u d e l a r g e r than t h e r o t a 

t i o n a l t r a n s i t i o n f r e q u e n c i e s . C o l l i s i o n s w i l l n o t b e e f f e c t i v e i n 

i n d u c i n g t o r s i o n a l t r a n s i t i o n s , h e n c e t o r s i o n a l m o t i o n s w o u l d n o t b e 

e x p e c t e d t o c o n t r i b u t e t o r e l a x a t i o n . U s i n g t h e p o t e n t i a l b a r r i e r s t o 

i n t e r n a l r o t a t i o n f rom r e f e r e n c e ( 2 1 ) and t h e e x p r e s s i o n f o r t h e a b s o 

l u t e r a t e c o n s t a n t ( 2 2 ) , a c o r r e l a t i o n t i m e f o r i n t e r n a l r o t a t i o n was 

c a l c u l a t e d . E thane was found t o h a v e t h e s m a l l e s t c o r r e l a t i o n t i m e , 
—11 —6 

T = 2x10 s e c . H e x a c h l o r o e t h a n e had t h e l a r g e s t , T = 3x10 s e c . F o r 

i n t e r n a l r o t a t i o n t o b e i m p o r t a n t , i t s c o r r e l a t i o n t i m e w o u l d h a v e t o 

be s i m i l a r t o t h a t f o r e t h a n e . Those m o l e c u l e s w i t h c h l o r i n e s on o n l y 

one ca rbon a r e s i m i l a r t o e t h a n e i n t h a t t h e y h a v e t h e s m a l l e s t p o t e n 

t i a l b a r r i e r s and t h e s h o r t e s t c o r r e l a t i o n t i m e s . T h e r e f o r e , t h e m o l e -
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cules, 1,1,1-trichloroethane, 1,1-dichloroethane and ethyl chloride, 

are most likely to receive, contributions from internal molecular rota

tion. 

In Figure 14, the l/T^ curve for 1,l-dichloroethane(quartet) 

is out of line with the other two members of the series. This may be 

due to internal rotation making an additional contribution to (1/T 2)g ^ 

The proton responsible for the quartet is on a carbon with two chlorine 

atoms. Therefore, scalar coupling might be expected to make a contribu

tion to 1/T 2. 

The proton on pentachloroethane is unique in that there are no 

other protons on the molecule by which it can be relaxed. From Figure 

17, the (1/T,). _,_ is 0.004 Sec which is small in comparison to 1 intra ^ 

situations where there are other proton magnetic moments available. 

One possibility for this intramolecular contribution is the dipolar 

interaction with the chlorine magnetic moment. From the B.P'.P. model, 

the intramolecular contribution from the chlorine magnetic moments is 

found to be 0.001 sec This is in fair agreement with the experi

mental value. 

Scalar Coupling 

From Equation (41), (1/T ) is proportional to the chlorine 

relaxation time. The chlorine relaxation is due to the interaction of 

the chlorine nuclear quadrupole moment with fluctuating electric field 

gradients and is given by the expression (15) 

1/T C 1 = (l/20)eVz 2Q 2 T C (52) 
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whe re eq i s t h e e l e c t r i c f i e l d g r a d i e n t , and eQ i s t h e n u c l e a r q u a d r u -

p o l e moment, T i s t h e r o t a t i o n a l c o r r e l a t i o n t i m e as o c c u r s i n t h e 
c 

i n t r a m o l e c u l a r d i p o l a r mechanism. From E q u a t i o n ( 6 ) and E q u a t i o n ( 4 1 ) , 

(l/T^Og £ i s i n v e r s e l y p r o p o r t i o n a l t o t h e r o t a t i o n a l c o r r e l a t i o n t i m e . 

T h i s i s i n c o n t r a s t t o ( 1 / T . , ) . ^ w h i c h i s p r o p o r t i o n a l t o t h e c o r r e -
1 i n t r a c 

l a t i o n t i m e . 

The e l e c t r i c f i e l d g r a d i e n t s a l o n g t h e CC1 bonds a r e a p p r o x i m a t e l y 

t h e same f o r a l l CC1 bonds i n a l l o f t h e e t h a n e s . T h i s i s p r o b a b l y t r u e 

t o abou t 15 p e r c e n t , as can b e s e e n f rom d a t a on t h e c h l o r i n a t e d 

methanes ( 2 3 ) , and e t h y l c h l o r i d e ( 2 4 ) . T h e r e f o r e , changes i n ( l / T ) 

can b e e x p e c t e d t o r e f l e c t changes i n t h e number o f c h l o r i n e s and t h e 

r o t a t i o n a l c o r r e l a t i o n t i m e . An i n c r e a s e i n t h e number o f c h l o r i n e s 

s h o u l d i n c r e a s e ( 1 / T 2 )g ^ • An i n c r e a s e i n c o r r e l a t i o n t i m e s h o u l d 

cause a d e c r e a s e i n ( 1 / T ^ ) ^ * and an i n c r e a s e i n ( 1 / T . . ) . _,_ 
2 S . C . 1 i n t r a 

The s p e c t r a l l i n e s i n F i g u r e 14 a r e a s s o c i a t e d w i t h a CHC1 2 t y p e 

p r o t o n . The a d j a c e n t c a r b o n may c o n t a i n e i t h e r 1 , 2 , o r 3 p r o t o n s . 

( 1 / T 2 ) S c i s g i v e n i n T a b l e 7 a l o n g w i t h j } i n t T a ' A s ^ " V s . C . 
i n c r e a s e s f rom 1.3 s e c ^ t o 4 . 7 s e c \ ( l / T . . ) . ^ d e c r e a s e s f rom 1.3 

1 i n t r a 
s e c ^ t o 0 . 8 s e c \ The i n c r e a s e i n ( 1 / T ) i s due t o a d e c r e a s e i n 

r o t a t i o n a l c o r r e l a t i o n t i m e , w h i c h c a u s e s a c o r r e s p o n d i n g d e c r e a s e i n 

( 1 / T . , ) . ^ . F i g u r e 15 c o n t a i n s d a t a f o r l i n e s a s s o c i a t e d w i t h a CH^Cl 
1 i n t r a • ' 2 

t y p e p r o t o n . F i g u r e 16 d a t a r e f e r s t o a CH^ t y p e p r o t o n . The ( l / T ^ ^ 

c o n t r i b u t i o n i s g i v e n i n T a b l e 7 . 
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T a b l e 7 . Compar i son o f S c a l a r C o u p l i n g and 
I n t r a m o l e c u l a r I n t e r a c t i o n s 

S p e c t r a l L i n e s 1 A 2 - 1 
x lO s e c i n 2 - 1 

xlO s e c 
S . C . I n t r a 

S y m - T e t r a c h l o r o e t h a n e 1. 3 1 . 3 
1 , 1 , 2 - T r i ch l o r o e th ane ( T r i p l e t ) 1. 9 1 . 0 
1 , 1 - D i c h l o r o e t h a n e ( Q u a r t e t ) 4 . 7 0 . 8 

1 , 1 , 2 - T r i c h l o r o e t h a n e ( D o u b l e t ) 0 . 7 4 . 6 
1 , 1 , 1 , 2 - T e t r a c h l o r o e t h a n e 1. 0 4 . 2 
1 , 2 - D i c h l o r o e t h a n e 1. 

C
O

 3. 0 
E t h y l C h l o r i d e ( Q u a r t e t ) 2 . 9 2 . CO

 

1 , 1 , 1 - T r i c h l o r o e t h ane 1. 2 6 . 5 
1 , 1 - D i c h l o r o e t h a n e ( D o u b l e t ) 1 . 9 6 . 2 
E t h y l C h l o r i d e ( T r i p l e t ) 3 . 3 3 . 3 

W i t h i n each g r o u p , ( l / T n ) 0 • i n c r e a s e s a ( 1 / T . ) . . d e c r e a s e s 
r 2 1 i n t r a 

T h i s i s c o n s i s t e n t w i t h changes i n c o r r e l a t i o n t i m e s s u g g e s t e d by; t h e 

1 / T 1 d a t a . • . 
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