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1. Introduction 

The. relaxatian time of water protons in an externally 

applied magnetic field is about 3 sec. The addition of 

paramagnetic ions decreases the relaxati')n time markedly, 

as was first shown by Bloch, Hansen, and Packard. 1 This 

effect was explained by Bloembergen, Purcell, and Pound 2 

in terms similar to the nuclear-dipole relaxation inter­

action, and they derived f0r T1 (the transverse, longitud­

inal, or spin-lattice relaxati0n time) the formula 
'1.-
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where "{ = gyromagnetic ratio 0f pro t on 

'Y\. = viscnsity of s0lution 

N(64.. = concentration of paramagnetic ion 

f'eH = magnetic moment of ion 

This present work investiga ted the de pendence of T1 upon 

the c :mcentra ti on of the paramagnetic ion for very low 

c0ncentrations using aque1us Fe+3 solutions. The soluti ons 

were degassed using a freeze-thaw technique to rem '.) ve 

diss~lved oxygen which is also paramagnetic. The meth~d 

used for measuring T1 was the spin-echo ~ethod of Hahn3 

using a pulse sequence descriibe:l by Carr and Purcell. 4 

2. Theory 

Let M be the total magnetic m0ment per unit volume 

of an ensemble of nuclei with gyrnmagnetic rati o ~. 

The differential equation g'.)verning the relaxation of 
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the spins is 

dM 
dt = (M x H) - ~~ - J ¥~ - k ..... ( M_z--..;-

1
~ 

with H(t) = kH0 + H1(t) 

Thus, in t he abs ence of H1(t), Mz will approa ch the value 

M0 with a characteristic time c~nstant T1 , the longitudinal 

relaxation time. If M makes an angle with H, it will 

precess about H with a frequency -1\HI. If a rotating 

magnetic field 0f frequency tv = .1lH\is applied , it 

will cause the magnetic moment t o nutate about this 

field away from the direction nf the field kH0 in the 

z-direction towards the xy-plane. 

Viewed from a coordinate system which is ratating 

with a frequency just equal t o the frequency af precession 

of M, the magnetic moment vect0r M appears to be stationary. 

When the r0tating magnetic field H1(t) is applied, i~ also 

appears stationary and the magnetic moment M precesses 

ab:,ut it thr,-,ugh an angle r/ H1 t in a time t. If the field 

H1 (t) is applied along the x '-axis in the r1tating c1or-

dinate system for a time t90 such that H t " 1 90 = ]., then 
2 

M will be rotated fr ;m the z-axis thr , ugh an angle of 90° 

to the y' -axis in the rotating coordinate system. The 

applicati:m of H1 fo119, time t90 ls a "90° pulse. It In 

a time t 130 =2tg0 , the magneti c m1ment M wi l l have been 

rota ted thr .,ugh an angle of 180° t'.) the - z-axis. This 

is a 11 180° pulse." 

In the present experiments, T1 was measured using 

a 180° pulse f1llowed at a later time by a 908 pulse. 
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The 180 8 pulse reverses the directi,n ~f the magnetization 

from the +z to t he-z direction. Then the spl ns begi n to 

relax and the z c ,mp')nent 0f M changes fr ---m - M0 to +M 0 

with a characteristic time c0nstant T1 , i.e. 

Mz(t) = -MJ(2e-t/T1 - 1) 

At varying times during t~is pr0cess, a 90° p~lse is 

appli ed. This rotates the partially relaxe d magnetic 

moment fr --:m al cm g the z-axis int-: the xy-plane 1•:rhere it 

can be detected in the reciever coil. The streng th of 

the signa l depends upon the magnitude ~~ M when the 90 8 pulse 

was applied. If it applied s oom after the 180° pulse, 

then the magnetic m~ment i will not have relaxed a grea t 

deal and the si gnal will be close to maximum ampli tu.de. 

If 1 t is a pplied long after, then M will have relaxed back 

to maximum magnitude in the +z directi 8n and the signal 

will als~ be strong . The time f1r which th0 magnitude 

of Mz = 0 and f')r which no signal results upon applica­

tion of a 90 1 pulse is called~null and is given by 

'tnull = T1 ln2. . In the present experiments, the 90° 

pulse was shi fted to the point in time of minimu~ signal 

from the reciever coil and the time interval between the 

pulses measured f-1 r 'tnull' and T1 was computed. 

The eff ect of the addition ,.:if pa r amagnetic ions 

on the relaxation times of the protons is that of two sep­

arate processes, the electr0n-nuclear dip0le-dipole inter­

acti ~n and the scalar c~upling 1r s pin-exchange interacti,n. 

The spin-exchange interaction is present t ~ a significant 

degree in only certain cases, such as Mn++ s olutions1 

in which the T1/T2 ratio is larger than that :predicted 

4 



by the dipolar interacti1n alone. In the case nf most 

paramagnetic ions, the electron relaxati,n time of the 

ion is too short to allow any interaction with the 

protons, and the ratio T1/T2 is abnut unity with 1/T1 

and 1 /T2 having a linear dependence up-:m the concentra­

tion of the ion . 

The c;ntributions 0f both interactions are given 

by the Hamiltonians. 6 
[ (..,, \'-, \ -'I _,,,] 

CT{ 
1 

-::. _ (_~.,_-I!:. 7~ //\. '3) 3 I -~ '-S • A! l - T • S 

where s = spin of the ion 

I = spin of the pr,ton 

The relaxati ':>n times are added recd.pro caliy: 

1 1 + 1 
-T = Tdip0le °T;xchange 

The approxiama te relationships resulting are: 

-( 
'Z. "l. "L 

[ J1°t, + l "t._ 1 s (st--1) ¥\z.f 
[ 

'le. 1 J_ 4 S(S+I) :i: ~ /1. e ~ -:: 3o + ~ -z.. 
T, /\.' I.,. t..J~t. ---C-._"'" 3 "i\"l. l + ws 't".._ 

I '-I s(s1-1) ix.,_ "J'I- /3 -z. ;p 
[7'1"~ + l3 '1'-c. l .!.. s Cs + <) I.!\ z. _p [ '1-~ 

-=- +- 3 
T'Z. 

(,0 
11."' 't. - ?. \ '?. I t- ws i.. "r c..'l. t -1- "'s Cc.. '~-] 

where -'tc. ::: correla ti 1n time i',r the di polar i nteracti0n 

"c~ = correlation time fir the exchange interaction 

~ : coupling cnnstant for the exchange interaction 

p = probability of finding a given prot 1n 
in the hydra ti1n sphere of a paramagnetic 
ion and is pr0partional to the ionic 
concentration 

~~ will have an exponential temperature dependence: 

where Ve is the activation energy f-r the molecular 

moti'.)n of the hydrated ion. 1:-c. will depend in general 

upon the electron relaxation time of the paramagnetic 

ion,~s, and u pon the correlation time f~r proton chemical 
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exchange as well. Either pr0cess, a change in the quan­

tization of the electron spin or the chemical exchange 

of the electron spin or •ater m~lecule, can disrupt the 

scalar coupling between the electr0n and proton mag ­

netic 210men ts. ~fuichever process is faster will g0vern 

the correlation time for the exchange rea ction. 

3. Preperation of Solutions 

'J.1he Fe+3 solu,ti.'ms were made up by d i ss -i lvi ng reag ent 

grade iromrnire in cone en tra ted nitric acid, bo 11 ing off 

the NO produced, adding H202 to oxidize any Fe(II) ta 

Fe(III), and boiling off excess H2o2 as 02. These solu­

ti~ns were slowly immersed in liquid nitrogen; then the 

air above the fr ·, zen S'1luti'1ns wa s pumped 0ut to a b0ut 

.005 mmEg.; the s olutions were wa r med a nd a llowed to melt. 

This procedure was repeated at least three times f0r 

each sample and f0ur times f ~r the lower concentration 

ranges. The tubes containing the samples were then sealed 

off while still under vacuum at a constricti0n prepared 

in the tube beforehand. 

4. Measurement ')f T1 

The spin ech') pulse sequence us ed in these experi­

ments is described ab0ve. The experimental appar a tus 

used to genera te the pulses and 0bserve the induction 

signals is shown belnw schematically in Fig.1. 

The sequence is as f ollows: 1) The ER C genera.. t')r 

puts ,ut a square wave whic~ triggers the sawt ~oth gener-
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ator, 2) the sawt') , th generator wave triggers t he 180 

and 90 degree pulse generators wi ti a variable de l ay, 

3) The t wo pulses ') pen the 9 .. P. gate f -)r thmi r duration 

whi ch 4) allows the R. F. generator t, trans ~it the RF wave 

through the trans□i tt.er and amplifier t, the sa~ple. 

5) the induction signal fr1 m tho sample is the amplified 

by th e reciever and either displayed on the scope ar sent 

to th 8 counter. 

Fr)m the traces on the sc,pe, "(' null can be f'.)Und 

by 1) adjusting t he delay between the 90 and 180 degree 

pulses t1 give zer0 signal 1r.;. the scope and -:ibserving 

the positi~n 0f the spi ke duet ~ the 9O~ pulse or 2) by 

talcing a multiple expnsur e -,f several seque nces with dif­

ferent~~ and observing fr,~ the picture where the curve 

of the maximum peak height : ehvelope cuts the horizontal 

axis. A x0re a ccurate ~ethod, h1wever, is by use of the 

counter. The signal f ::-"'m th0 sample, tn passing thr-::u gh 

the voltace t J fr equency c ~nverter, is c0nverted fr 1m a 

v0ltage re ading t , a proporti~nate frequency read i n3. 

The cc>Un ter c0un t s th e individual bea ts- ,, f t~e frequency 

and the r eby inte:;rates the sige1aJ. tr ,.i. ce and dis plays the 

result in di gital f,:cr:J 0h t i1e countar dials. This integral 

is set to its minirnu i value by adjusting~, the delay 

between pulses. T'ne c Junter is ti1en ad j usted to measure 

"t'null' the 't setting at the minimum si snal p0int. 

peri0d 1f t~~ we eks . H,wever, the te~pera ture, which ha s 

a pr'.)p,; rtional effect ;ll T1 , was quite constan t at 
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21-22°0. The pulse widths (or duration) of the 90 and 

180 degree pulses we r e set by visual observat i 6n of the 

signal on the ~cope. The 90 degree pulse was set for max­

imuE free induction decay si ~nal fJ llowi ng the pulse and 

the 180 degree pulse set fJr mi ni~um, or zero, free in­

duction decay. Care had to be taken in setting the 

repititio n rate for the pulse sequences. It is neces-

sary to allow the magnetic moment vector M to relax com­

pletely back to its equilibrium value, kM0 , before repeat­

ing the 180-90 pulse sequence again, or else the ::noment 

M would start out partially relaxed fnr the next sequence. 

F'.)r this rea son, the frequency 'Jf the ERO genera tor was 

set to give a period of ab0ut 20T1 for each sample. 

This involved rates of 16 tn .0167 cycles per sec'Jnd 

or periods of .06 to 60 seconds per sequence. The RF 

frequency used was 9 me. The data for 17 s0lutions of 

varylng ft'e +3 c0ncentrati'Jns is tabulated in Table 1. 

The T1 are plotted versus the lo g of the Fe +3 cnncentra­

ti'.)n in Graph 1. 

5. CJnclusi ons 

From the graph, it can be seen that T1 is ab8Ut 

linear with log(Fe) with slJpe cl0se to -1, as predicted 

by Bl0embergen, Purcell, and PJ und. 2 There does, ho--:,v­

ever, appear to be some indi ca ti '1 Il --,f tw0 sepera te 

concentration dependences, Jne ab-,ve 1017 ions/ml. and 

the ot her below. This may be the result 0 f the spin-ex­

chang e interaction becoming significant at very low ion 
. ,.., •. y ,!I 

concentra t ions . 

The experimental values of T1 ws:ee reprJduc,1.ble to 
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within 3%. The errors in cancentrati ~ns probably con­

tributed another 1% to the f inal err~r. 

Ta ble 1: T1 f or l., e+3 s1 lu tions . 9 r:i c . 
21 ° 0. 

,ll · · - ·- ' "T~---------r---------, 

Fe+3 cone. ! T1 log10 (Fe+3) 
i rn~/ml null , o ~ ~ . msec. sec . 

_ _ ,, .... .. .... ... ,..,,,_ • .,., ... ..-•• - . + ..... -, - - -~ - - · - · · ···•,,, . ··--·· - ~ .. - ... ... --.. ----~-~----·· · .. - - . --.. ... _ ,.,_ - --~ · ·----... ...... _ ,,._ •• ,,,.,_ _ ......... .,.._,.,~---·--•~-- ·•·· ··~·-- · - ·~ -· , -

1.08 X 1019 2.23 
6.4 X 1018 3 ■ 93 

3.22 X 10-3 19.033 
5. 67 II 18.806 

4.07 ° 5,90 
2':03· u 11 • 99 

8 . 52 11 18.610 
1.73 X 10-2 18. 307 

1 • 1 2 11 20 • 9 3 
7. 09 X 1017 34.37 
2 ■ 82 . • I f 8/+ • 1 7 

3.02 ,, 18. 049 
4.96 If 17. 851 
1.21 X 10-1 17.450 

1 ■ 6Q: II 299 • 6 4.32 !! 17.204 
, . or:·· ·tt .. . 300.1 
8 . 04: • :>t 10 1 6 61 8 . 9 

4 . 33 II 17 . 004 
8.94 II 16 . 905 

3 • oo. . • ' 11 8 9 0 • 8 1. 29 sec. , 16.477 
l. 5 • 11 1 253 1. 81 16. 176 

·1.01 ,_ n 1613 
4.97~x 1015 2089 

2. 33 16 . 004 
3.c1 15. 696 

3 • 00· It • 21 02 
, . 99 •• " . I 2113 
1 • 00 n • .· 2117 

3.03 15.477 
3. 05 1 5. 299 
3.06 , 15 .ooo 
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