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ABSTRACT 

Intermolecular di pole, intramolec □ lar dipole, 

and spin-rotation coupling-relaxaiti.on mec.b&nisms are 

studied in a pulse,d n .m .r. invest igat :ion of trif luoro­

toluene in carbon disulfide. The viscosity dependence 

of each mechanism is examine d and the relative contri­

bution of each to the overall relaxation rate is esti­

mated. 



I. INTRODUCTH N 

The nuclear magnetic resonance spectroscopy of 

trif luoI'o1,oluene is complica ted by f lU!Onene relaxa-

t i oh through i.ntramolecular nnd j nt ermolecular dipole 

transfe r, in addition to s pin-rot at1ona l coupling. 

Mnny of the details of this lat t __ r coupling have been 

worked out, alt hough the t heoretical det erminetion 

of good correlation times st rains a t heorist wJ;ose 

formulas deal with hard spheres rr:tber than sulE:ti-

tutea t olue.ne molecules. This investigation follows 

c l osely the work of Mr. Thoma s E. Burk e on the viscosity 

dependence of the lon~itudinal rela~ation time, T1 . 

T1 characterizes the behavior of the z-component 

of the magnetization in a system described by t he simple 

Bloch equation, 
~ = - ( IVl i!:-11-?o) 
dt ,. 

• 
Carring:t nn expresses T 1 in terms of the off-diagonal 

matrix elements of V(t), t he local potential of A s pin 

in the system, as 
et:? 

S -,c" ( ) ,·~ "t; 
,;-' = .:,. VOl,,a(t+'i:)V~ t: e iZl cit: 

-a:, 

where ~ is the frec;uenc :•' at wr,i ch relaxation may occur. 

Theory exists to estimE,te H·e :i.ntEgrend , since it is 

found tiJat the c;uenti t y G('i;), celle d the antocorrela-



tion f uncti on of f(t ) , 

G('1::)-=- t ~( t-t-"L) -fC-f-) 
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may be described for !nany physical processes by 
~ - le/ /-r, 

(,-C'"t) ,:. -+ {t-) f(t) e. C 

w!1ere "t'c is c n l le d t h e correla t i cn time. 'l'h is tiii1e 

may be interprete d a s £n a pproximate lifetime of a fluc­

tua tion inf. De bye's c a lculation C\ f 't"c. for h a r d ~pheres 

in a liquid, 3 
/'r' = 4'71.Jlo;;. 

1.,c. 3 k2.r 

has proved to be extremely useful. 1 

F igure one, after that appearing in lfuhn's famous 

descriptive a rtic l e of 1953, i ndicates the p~inciples 

of pulse n . m.r., or free inducti 1n de cay. The general 

feBtures of the e xperiment a l arrangement are t lie same 

as those used i n cont inu cus wave spectroscopy. The 

usual large, h omogeneous mag.aetj_c field H
0

, trndition­

a lly oriented in the plus-z directi on on t h e dr Pwin£, 

is e mployed, " hile a s ma l le r c scilla tin~ field, n1 , 

is app l ied in the x-direction. The ma~nitutle c f H1 

is greeter than that employed for continuous wave ex­

periments, but the distinctive cha r &ct Eristic of this 

perpendicular field is that it is a pplied only in pulses. 

of such durc: ti on to cause the n et ri1agn et ization vector 



t 

F IGUR£ 



-4-

to precess from a direction perpendicular to the x-y 

plane to one Jorallel to it. 

The oscilla ting field is ~ufficiently strong tha t 

the magnetization, which is an ensemble r:•verage of spins, 

does not lose coherence. After the pulse, cslled a 

"90-degree 11 pulse, the prece.ssing spins lose this 

coherence; the frequency of each nucleus's precession 

is determined by its environment; inhomo~eneity of 

H
0 

also causes small differences in frequency. Whet 
Cl.-

was single vector precessing iu the x-y plane imme-

diately after the pulse is transformed to a ''pancake 11 

of magnetization. 
~ 

A second pulse is applied after time \v. This pulse, 

of duration tw, rotates the plane of magnetization 

vectors by 180 degrees about the x axis. Vector s of 

lower frequency, wbich had II la[(ged" bdJind faster 

vectors, now lead them, and at time 2-t the vectors 

regain coherence Bnd are ~onitore d by the receiver 

coil. If relaxation is occurrin~, successive measure-

ments of the magnet iuC) t ion will show smaller ;::md smaller 

2 volues. 

The order of pulses is reversed in the present 
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experiment. A 180-degree pulse is first applied, send­

ihg M
0 

into the minus-z direction. After a variable 

intervalt, the 90-degree pulse rotates the magneti­

zation into the -y direction where it is measured. 

Another measurement is performed once the sample .i' as 

reached equilibrium again, after an interval of several 
3 

times T1 . 

II. EXPERIMIDNT.AL PROCEDURE 

Figure 2 illustra tes the expErimental arrange­

ment in block form. A positive square wave from the 

function generator triggers the Tektronix 162 waveform 

generator. The latter sends a ?Ositive sawtooth to 

the first of the identical Tektronix 163 pu lse genera­

tors and a ne~a tive sawtooth to tte second generator. 

The first pulse generator sends a control pulse of t h e 

proper length for the 180 de~ree pulse to tbe r.f. 

gate. When the s awtooth to the second generator 

reaches a preset value, thet generator produces the 90 

degree pulse, correctly delayed. The second generator 

a lso tri~~ers the t hird generator, whicb sends a 

g r ting pulse to the hp 5245L counter. Together with 

t he voltage-to-frequency converter, ti.tis counter s amples 

the magnetization. A TSI 361 general purpose co~nter 
4 

measures the 180 - 90 degree~pulse interval . 
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Reagent grE0de ce-rbon/ disulfide end trif luorctol­

uene were used in the investigo tion. Sa~ples were 

allowed to enuilibr1•t e in r ~?5 degree water b-f1th, after 

which t heir density was determined by w~i~hing and their 

viscosity measure d by a time-of-flow device c a libra te d 

by Ilifr. Burke to an expansion 

"'1 = a.~ t + h;>/t:: 

wbere 17 is the viscosity, /' is the density, t is the 

time re qu ired for the fluid to pass be tween tvvo r:1erks, 

and e and b Are empiricAlly determined constants. 

The sam~les ~ere dec anted into narrow-neck tubes , 

frozen with liquid nitrogen and pumped on a vacuum 

lihe for t ll irty minutes. After two more freeze-pump 

cycles the tubes were sealed ,,vith a torch. TJ.ds J)ro­

cess is believed to have been effective in re moving 

dissolved oxygen, wtose pa ramagnetic property is suff i ­

cient to change exp erimental T1 values by a factor of 

5 two. 

In the determ.;_ nation of T1 , different intervals 

between the 180 and 90 degree pulses ½ere c h osen by 

varying the slope of the s awtooth trigte r to the second 

pulse generator,and by v a rying the trigger leyel. 

Five reading s of t he mat,;ne t iz2t ion we3'.'e taken at e a ch 

"t . Seventeen values of 't ive re used by the author 
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and thirty-five by Mr. Burke when he repe at ed the pro­

cedure. As a later discussion will s h ow, pro ver ch oice 

of~ values was critica l. 

Alt t ough in fact the magne tizet ion has the value 

- M
0 

for =0 and increases monotonica l ly to +M
0

, 

the digital re adou t ga ve only / M I ; for t hi s reas on , z 
J~ . Burke wrote the Bloch e quation in tbe fo llowing 

form for computation. Included is 5, the r oot-me an-

scuare noise. • 
,. M.l..:: -Mo +-,2 S + 2 ( /Ylc,- a') ~p(- t: /T,) 

/\12; :: /\1
0

- 2{m0 -8) exp (--t/r,) 

-t. ~ ,,In er, 
t; ~ .,.e,,._ 2. r; 

The Mz(t 1 ) were put into a c omputer progrem, essen­

tially a leas t s quares fit, that evaluate d T1 , M
0

, 

and subject tot~ condition that 

J. ~ [ M~ lt.J - M~].::: 
YI l=1 

be a minimum. The relaxat ion times were comput ed to 

be on the order of t wo seconds. 
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III. DISCUSSICN 

The mos t generel expression f or T1 that includes 

well-studied relaxet:i.on mechanisms may be written 

T, 

The fo urth term, arising from the coupling of electron 

and nucle e- r spins, may be ig.norecl if naramagnetic 

species have been e liminated, Pnd ~n fact neither oxy ­

gen nor stra y metal ions e re expecte d to interfere in 

this experiment. 'I'he last term arises from the aniso­

tropic che mical shift. :fulr Burke computes tbr::t its con­

tribution s hould be small; he also observes thet inde­

pendence· of T1 upon fiel d strength supports the c o:npu­

t at ion. 

li_;xpre ss :i. ons for the three terms remaining are 

available in the literature. When the viscosity is 

t aken to be t he variable of interest, tl;e expressi M1 

f or T11 may be written 
.l. - A-,,, + 13 + xC"7 
T, - "1 

where x is the mole fr t' ction of trifluorotoluene, and 

A ,B, r nd C de pend Lrnon the solvent and t be solute. 

d • lf • ~ 11 • • 11 • t 11 The c hoice of carb on 1su 1ae, a raagnet ica y 1ner 

solvent, o llows solute-solvent exciH:n1r:e to be :ninimize ti . 
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The intra-molecula r di pole term, A~ m::-; v ' ,, 

be written 
A'>'/-= f\

0

"1::,e 

where '1:0 is the c orrelet ion time for the prece ss . 

The subscrip t 0 is used f ollowint; t he e ,11p.i.-::i sis Gf 

Powles <'n d Green u-'._} on the 0- de 1)endence of i ntramolEc­

ula r dipole relRxati on in contr0st to t he ~-de pendence 

of s p1n-rotation rela x a ticn. 

If fl uorin e-hydrogen cou plin~ is i~~ored, 
' ~ 'i;-t,/! A::. ;;, 

.... ,,.~ 
C! 

where iYFis t he gyroma gnetic r at io of fluorine. 0 

The Debye re su lt is used for~e , 

1:0:::. 471 ~ 
3 k.T" 

The importance of De bye I s deri vo t ion inen~.ence c1 by t be 

fact t Lat exprePs i ons for t he correla tion times corres­

ponding to € and B be ve been c: erived only :i.n terms of 

~O. ~bragam treats the case of i n termolecular di pole ­

dipole relax~ ti on, fi nding 
(1;-'), .. te,.. N G 

" 311 rFF 

(r;-'),,..tfrO-. Sa9 

where N is the density of spins per c ubic centimeter 

end requires P f e ctor of t wo thirds fo r unlike soins. 7 

Thus 

The s pin-rot a ti c: n correlntion time, c:<.,.) i s 
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not as well-documented as 't'e . Powles and Green8give a 

simple diffusion ,~r p,ument to sf:0w t bs.t the two times 

a re reh1ted by 

'l:'w'te =- I/hk.T" 

Hubbard 9 finds n to be six using a more complete 

me t boc1. This rela tionship indicates that ,1.c.> varies 

inversely with the viscosity, since 1"0 is known to be 

line a r in'>'/ 

The "moment of inertia" of trifluorotoluene is 

taken to be the sum of the two larger moments. Also 

nece ssary in computinf,:: B is the spin-rotation coupling 

constant, C~ , and t he moment of the CF_ top, I~ . 
t,.} "" 

The final expression for B reduces to 
e 

J3"' 8c"" 1:. ·I:,,,_ 
q t\o? "t.e 

The g;eneral e r,ua t ion for T-1 
l ' 

is inconvenient for determinin~r A and B; multipli­

cation by~ gives an ex pression ,:,hose s lope is A 

and intercept B when (i~cx,.,) 

of "'7
2 (see Figure 3): 

11 (-=f-Cx1,) :: l-l"'t~.,.13 

is gr a phed a s a function 

The t heoretical intermo lecular dipol e coefficie nt 

C was calcula ted and u.se d to "co i·rect" each value 



0.00 

o.o 
• IO 

T -
t 

' ~ f 
t 

. 
I -

+- ·--+ 
t 

C ___,___ 

C _ __J 

I 
r--1 

j 
l 

~l;-

I 

, I 

·L· .. 
j 

-l 

j 
t 

7 . - I 

l 
+-

t • + 
1 
+ -+ r-• 

t I 

I -

• I 



-13-

E~ch corr ection was ten per cent or less for each 

T-1 value of 1 . 

Two sets of T1 values were used in the calcu­

lation, both from the same samples. The author used 

seventeen values of~ , th~ 189 - 90 degree pulse dif­

ferenc_e, while Mr. Burke took thirty.-five 't values for 

each sample. The standard error in the author's results 

was roughly five times higher than Mr. B~rke's error. 

The better , a,ccu,ra,cy of t he l atter's T1 's probably 

resulted fr-0m better distribution of the~ 's as well 

as their greater number. 

Two assumptions were made in the theoretical 

predict.ion of 7e • The first wa s that a, the "radius" 

of trifluorotoluene, could. be determined from a 

bexagonal-pac.ki~_g model . for spheres, in which 

o.,3 
... '14f M 3 

-;, •~ftld 

The se_cond assumption was that t he fluorine-fluorine 

distance could be given by t he distances and aAties 

used for the moment of inertia calculation~ The cal-
-12 . -1 culated value bf ·~ was 12.7 x 10 sec. poise . 

:to,w • 

Mr . . Burke's data agreed closely , giving 12 .6 x 10-12 , 
:t ·'-

while the aut bor"' s da1;a yielded 8 .6 x 10-12 . ,._., 
The predicted va lue of B, 3.95 x 10-3 poise sec., 

is higher than. Mr. Burke's value of . 77 x 10-3 , or 
*·Of 



the author's 1.17 x 10-3 . Such poor agreement is 
:l.QS 

unexpected after the success of the predict ion of t'e , 

but the expected crudenes~ of a , theory t ha t depends 

upon a hard s phere model suggests that the di f ference 

between the measured and predicted B values is nonethe­

less reasonable, that of the ~0 values extraordinary. 

Since the theoretical expressi on for B depends upon 

"rg , the latter is bound to be better predicted than 

B, which s uffers from inadequacies in two t heories, 

not only one. 
~ ..; 

N_o attempt was made to check experiment a lly 

the i ntermolecular relaxation constant, C. Other 

va lues might have given a better linear fit in Fig-

ure 3, but C is t oo small to be determined acc urately in 

this type of experiment. To e~tima te the relative im­

portance of the three relaxation mechanisms, we 

may choose x = 1.0 and find (using Mr. Burl: e's exper­

imental dat a ) 
'f. ; A "'I ~ 1J/"1 • C. "1 

I 

• 43 a • 2 <. ~. 14 +- • 0 3 

Thus t ~e c ontributi on of intramolecular dipole r e lax­

a tion is about ten times t hat of its intermolecul ar 

analogue, and twice t hat of s pin-rotational relaxa t ion. 

It is certainly possible that ot her relaxati on 
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m~c t anisms do contribute in trifluorotoluene-ca~bon 

disulfide solutions. It is a lso possible that t he 

tt1eoretica l models for 1 8 ,B, and C c ontain errors. 

Tbe experiments repor ted ::nc! ice te, bcwEver, tliat the 

viscosity dependence of the theoretical expres s ions is 

cor redtly given. The findings are consistent both 

with the Debye model and with the more recent work of 

Powles and Green. It should be emphasized t bat no 

correlation times were actually measured; at the 

frequency employed (13.2 me), whose associated time is 

-8 of the order of 10 seconds, a correlation time of 

some lQ-ll seconds may only be determined indirectly. 
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