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1. Introduction

The relaxation time of water protons in an externally
applied magnetic field 1s about 3 sec. The addition of
paramagnetlic lons decreases the relaxation time markedly,
as was flrst shown by Bloch, Hansen, and Packard.! This
effect was explained by Bloembergen, Purcell, and Pound?
in terms similar to the nuclear-dipole relaxation inter-
action, and they derived for T (the transverse, longltud-

inal, or spin-lattice relaxatisn time) the formula
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where 7Y = gyromagnetic ratis of proton
Mm = visensity of solution
N~ = concentration of paramagnetic ion
S = magnetic moment of ion

This present work investigated the dependence of Ty upon
the concentratiosn of the paramagnetic ilon for very low
concentrations using aquenus Fe*? solutions. The solutions
were degassed using a freeze-thaw technigue to remove
dissolved oxygen which 1s also paramagnetic. The method
used for measuring T1 was the spin-echon méthod of Hahno

using a pulse sequence describedby Grr and Purcell.4

2. Theory
Let M be the total magnetic moment per unit volume
of an ensemble of nuclel with gyromagnetic ratin 7.

The differential equation governing the relaxation of



the spins is
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with H(t) = kH, + H{(t)
Thus, in the absence of Hy(t), M, will approach the value
Mo with a characteristlc time constant Ty, the longitudinal
relaxation time. If ¥ makes an angle with H, 1t will
precess about H with a frequency ~7|E|. If a rotating
magnetic fileld of frequency w = -Y\HE\is applied, 1t
will cause the magnetic moment to nutate about this
field away from the direction of the field kH, in the
z-~direction towards the xy-plane.

Viewed fTrom a coordinate system which is ratating
with a freguency Just equal to the fregquency o»f precession
of M, the magnetic moment vector ¥ appears to be stationary.
Wheg;}he rotating magnetic fisld §1(t) is applied, 1t also
appears stationary and the magnetic moment M precesses
absut it through an angle YH{t in a time t. If the fleld
31(t) is applied along the x'-axls in the rotating cHror-
dinate system for a tilme tgo such that E1t90 = %, then
M will be rotated fr-om the z-axis through an angle »f 90°
to the y'=axis in the rotating coordinate system. The
applicatisn of Hy forh tlme gy is a "90° pulse." In
a time %18y =2tgp, the magnetic moment ¥ will have been
rotated thr-ugh an angle of 1809 t» the -z-axls., This
1s a "180° pulse."

In the present experiments, T1 was measured using

a 180° pulse frllowed at a later time by a 90° pulse.



The 1807 pulse reverses the directi-n ~f the magnetization
from the +z to the-z direction. Then the spins begin to
relax and the z e-~mponent ~f ¥ changes fr-m =M, to +M,
with a characterlstic tlme constant Ty, 1.e.

M,(t) = =M (2e~/T1 - 1)
At varying times during this prncess, a 900 pulse is
applied. This rotates the partially relaxed magnetic
moment fr-m along the z-axis int~ the xy-plane where it
can be detected in the reciever c¢onil. The strength of
the signal depends upon the magnitude ~¢ ¥ when the 90” pulse
was applied., If it applied soom after the 180° pulse,
then the magnetic moment M will not have relaxed 2 grsat

deal and the signal will be close to maximum amplltude.
If it 1s applied long after, then ¥ will have relaxed back
to maximun magnitude in the +z directinsn and the siznal
will also be strong. The time for which the magnitude
of MZ = 0 and for which o signal results upon applica-
tion of a 90° pulse is called?,,yy and is glven by
Ttu1l = T1 1n2.  In the present experiments, the gov
pulse was shifted to the point in time of minimunr sigunal
from the reclever coll and the time interval between the
pulses measured for Taull? and T1 was computed.

The effect of the addition ~f paramagnetic lons
on the relaxation times of the protrons is that of two sep-
erate proncesses, the electron-nuclear dipnle~dipole inter-
actli-n and the scalar coupling »r spiln-exchange interacti-n.
The spin-exchange interactisn is present to a significant

o+

degree in only certain cases, such as Mn solutions?

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



by the dipolar interactisn alone., In the case »f most
paramagnetic lons, the electron relaxati-n time of the
ion is too short to allow any interaction with the
protons, and the ratio T,/T, is about unity with 1/T,
and 1/T2 having a linear dependence upon the concentra-
tion of the ion.

The corntributions »f both interactions are given
by the Hamiltonians.6
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where 8 = spin of the ion
I = spin of the pr~ton
The relaxati-n times are added reciprocally:
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The approxiamate relationships resulting are:
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where 7, = correlati-n time f-r the dipolar interactinn

S~

Ce = correlation time for the exchange interaction

#

Q =coupling constant for the exchange interaction
P = probability of finding a given proton
in the hydrsti-n sphere of a paramagnetic
ion and is proportional to the ionic
concentration
7. will have an exponential temperature dependence:
T, =1 exp(Ve/RT)
where V, is the activation energy f-r the molecular
motisn nf the hydrated ion. 7. will depend in general

upon the electron relaxation time of the paramagnetic

ion, s, and upon the correlation time for proton chemical



exchange as well., Either process, a change in the gquan-
tization of the electron spin or the chemiczl exchange
of the electron spin or water molecule, can disrupt the
scalar coupling between the electron and proton mag-
netic moments. Whichever process 1s faster will govern

the correlatlon time for the exchange reaction.

3., Preperation of Solutions
+3

The Fe solutions were made up by diss~lving reagent
grade ironwwire in concentrated nitric acid, bolling off
the KO produced, adding HnOn to oxidize any Fe(II) to
Fe(IIl), and boiling off excess Hy0, as Op. These solu-
tins were slowly immersed in liquid nitrogen; then the
air abovathe frozen snlutisns was pumped nut tn about

.005 mmEg.; the solutions were warmed a2nd allowed to melt.
This procedure was repeated at least three times for

each sample and four times for the lower concentration
ranges, The tubes contalning the samples were then sealed

off while still under vacuum at a constriction prepared

in the tube beforehand.

4, Measurement »f Ty
The spin echo pulse sequence used in these experi-
ments is described sbnve. The experimental apparatus
used to generate the pulses and observe the 1lnduction
slgnals is shown below schematically in Flg.t.
The sequence 1s as follows: 1) The ERC generator

puts ~ut & sguare wave which triggers the sawt-oth gener-
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Filg. 1: Pulse NMR device



ator, 2) the sawt--th generatsr wave triggers the 180
and 20 degree pulse generators wita a variable delay,
%) The two pulses -2pern ths 2.7. gate for their duration
which 4) allsows the R.¥. generator - transmzit the RF wave
through the transmitter and amplifier t» the sample.
5) the induction signal from the ssmple i1s the amplified
by the reciever and elther displayed on the scope or sent
to the counter.

From the traces on the scope, Ty,1y can de found
by 1) adjusting the delay between the 90 and 180 degree
pulses t» give zern signal ~r the scope and »bserving
the position »f the splke due t~ the 90 pulse or 2) by
taking a multiple expnsurs ~f several sequences with dif-
ferent s and observing from the picture where the curve
of the maximum peak height envelope cuts the horizontal
axis. A pore accurate method, however, 1s by use nf the
counter. The signal fr-m the sample, in passing thr-ush
the voltage t» freguency couverter, is converted fr-m a
voltage réading t~» a proparti-nate frequency readina,
The counter counts the indivlidual beats ~f the freguency
and thereby integrates the signal truce and displays the
result in dizital frrm oh the counter dials. This integral
is set to its minimux value by adjusting T, the delay
between pulses. The counter is then adjusted to measure
112 the T setting at the minlimum sisnal 2oint.

The measurement oI the T1’s wage spresd ~ut over a
perisd »f tw~ weeks. However, ithe temperaturs, walch has

a propartional effect Hn T1, wags qulte constant at



21-220C. The pulse widths (or duration) of the 90 and

180 degree pulses were set by visual observation of the
signal on the scope. The 90 degree pulse was set for max-
imum freé induction decay signal following the pulse and
the 180 degree pulse set for minimum, or zero, free in-
duction decay. Care had to be taken in setting the
repitition rate for the pulse sequences., It is neces-
sary to allow the magnetic moment vector ¥ to relax com-
pletely back to its equilibrium value, EMO,_before repeat=-
ing the 180-9C pulse sequence again, or else the moment

M would start out partially relsxed for the next sequence.
For this reason, the frequency »f the ERC generator was

set to give a perlod of about 20T, for each sanmple.

This invelved rates nof 16 tn .0157 cycles per second

or periods of .06 to 60 seconnds per sequence. The RF
frequency used was 9 mc. The data for 17 snlutlons of
varyigg Fe+3 corncentrations is tabulated in Table 1.

The T, are plotted versus the log of the ve*3 concentra-

tion in Graph 1.

5. Conclusions

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

linear with log(Pe) with slope clnse to =1, as predicted
by Bloembergen, Purcell, and Pound.2 There does, how=
ever, appear to be some indicati-n ~f two seperate

1017 ions/ml. and

concentration dependences, one abrve
the other below. This may be the result »f the spin-ex~
change interaction becomlng significant at very low ion
concentrations.

The experimental values of T, weee reproducible to
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within 3%. Ths errors in concentrati-ns probably con-

tributed another 1% to the final error.

Table 1: T, for Fe+3 s»>lutlions. 9 nc.
219¢@,
) _
FPe*? conc. 4 log, ~(Fet3)
fons/ml. ggéé_ seé. 10
1.08 x 1019 2,23 3,00 x 1077 19.033
6.4 x 10'8 3,93 5,57 18.806
L.or " £,90 8.52 u ; 18.610
2,03 n 11,99 1.73 x 102 18.307
1,12 - o 20.9 3,02 18,049
7.00 £ 1017 | =437 Lo w 17,851
2,82 n 84.17 1,21 x 10™ - 17,450
1.6 » 299.6 4,32 17.204
1,01, » | 300.1 4,33 | 17.004
8.04-x 10181 618.9 8.9h w " 16,905
3,00 n | 890.8 1,29 sec.. 16,477
1.5 n 125% 1,81 16,176
1,01 » 1613 2,33 16,004
4,97 % 1012 | 2083 3,0 ; 15,595
3,000 1 2102 3,03 s 15,477
1,99 ~w 2113 3,05 » 15,299
1.00 = 2117 3,06 - 15,000 !
i
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