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PROTON AND ELECTRON SPIN RELAXATION IN }
AQUEOUS SOLUTIONS OF NICKEL(II) AND COBALT(II) IONS

Thomas Michael Hynes

' Inorganic Materials Research Division, Lawrencevﬁerkelevaaboratory
and Department of Chemistry; University of .California,
Berkeley, California 94720
ABSTRACT

Measurements were ﬁade éf the NMR lipewidths of bulk water protons
in aqueous solutions qf nickel(II) ions, at magnetic.fields of l4.l,_
23.5 and 51.7 kilogauss and temperatures from -50°C to +155°C. Pfoton
relaxation was caused by dipolar intéraction with the magnetic momént
of the nickel ion,_interruptedlby longitudinal and ﬁrans&e;se relaxation
of the electron spin. Other sources of proton relaxation were found
to be negligible. Rapid proton exchange, catalyzed By'added acid, was
used to avoidvthe condition in whicﬁ rélaxation of the bulk protons
is rate limited by chemical exchange of profons. Below room temperature,
and T

Tle 2e

reasonable agreement with results of 17O studies. Tlé increased with

were not equal. The absolute magnitudes of Tle were in

decreasing temperature and with increasihg magnetic.field, reaching

a value of 3.5"10—ll sec at -45°C and 51.7 kG. Thé temperature deﬁendence_:'

of T, was noticeably less than that of the viscosity of water.

le
Relaxation ofvthg gpin of the nickel was attributed to random
fluctuations of the,éégq field sblitting. Otherrmgchanisms were
considéred and found'td be ineffective in comparison. . Tle was signif-
igantly less dependent upon magnetic field than predicted.' This

discrepancy was tentatively attributed to violation of the requirement,

common to theories of relaxation, that the relaxation rate be slow



-vi-

vcompared.to the pfeqeésional fréquency and to the fréquenéies of the

motions which cause the relaxation. With the aim of extending the valid
range of theory, a different method of accounting for the épectrum of
motipnal frequenciesvwas developed; This caiculatiqn was successful

in explaihing the observed magnetic field dependence?‘but unsuccessful

in explaining the observed temperature dependencé. |

Measurements were also made of the NMR linewidths of bulk water protons

in aqueoué solutions of cobalt(II) ions, at temperatﬁres from -50°C to +158°C
and magnefic fielﬁs of 14.1, 23.5 and 51.7 kilogauss. Proton T1 measurements
- were made at 51.7 kG at temperaturés from -3°C to 4148°C. Proton longitudinal
relaxationvwaé caused by dipolar»intéraction with the magnetic moment

of the cobalt ioh, interrupted by relaxation of the electron sbin.

Pfoton transVerée relaxation was caused by this diéplar cqupling and

also by the AW mechanism. This mechanism was sufficiéntly'strong to ,
make the pfotoﬁ'T2 at 51.7 kG and 0°C a full order of magnitude shorter

than either Tl under the same conditions, or T2 at. fields below 8 kG.

Thé exchénge fate of whole water molecules appeafed to be the same as

thé exchange rate for pfotons, provided the pH was aBove 2. The_electrbn
Tle was found.to be extremely short, independent of magneﬁic field; |

and almost independent of temperature. Due to the shortness of T2e’

it was not possiblé to determine if T1e

4

= 2.4x10713 gec, and at 130°C,

and.T2e were different. If

= o
T1e T2e’ then at 5°C, T
' 13

= X =
Tle 1.2x10

1
those derived from 7O measurements, yet are consistent with earlier

le

sec, These times are shorter by a factor of five than

proton studies. The discrepancy has not been explaihed. All observed

characteristics of the electron relaxation may be explained by the resonant

relaiation mechanism of Orbach.

«
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SYMBOLS
A _ scalar coupling constant in ergs
AgrAy - amplitudes of FID signal after 90° pulse at times
t=®®and t =T in a 180°, T, 90° experiment
a _  molecular radius
b ' anisotropic hyperfine interaction constant; see
' Eq. (3-22)
C",Cl spin rotation comstants parallel and perpendicular to
the symmetry axis '
D axial ZFS constant
d . distance

d (as subscript) due to dipolar coupling -

En - ' énergy of state n
g v Lande g factor
g",gl | g values parallel and perbendicqlar to the symhetry_axis
bg g - g
Ag” g - 2.0023
Agl g - 2.0023
H,Ho ' _ ' external magnetic‘field
’ Hm v ' amplitude of magnetic field modulation
Hy o . half the amplitude of the radio fréquency field
[H+] hydrogen in concentration ' | /
h - Plank's éonétant
ﬁi(t) "timevdependent perturbation
AH# | enthalpy.of activation
I | nuclear spin Quantum number
Iz k z component of_the nuclear spin

I 1 moment of inertia ‘ ‘ N
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ast

sc (as subscript)
T

Tp

Tpd

~viii- .

first Bessel function of the first kind

spectral density at frequency w; see Eq. (5-20)

frequency averaged spectral density about a center
frequency wo; see Eq. (5-21) '

Boltzmanh's constant
constant in Ed.’(2-16a)
cbnsfaﬁt in'Eq. (5-19)
molafity

magnetization along the magnetic:field axis

—~equilibrium value of.Mz

. Avagadro's number

number of ions per unit volume -
oxygen seventeen nucleus
fraction of nuclei coordinated to metal ion

1.987 cal deg-1 mole-;

. distance from proton to electron

spin quantum number of the elecéron; éignal height
entropy of activation |

due to scalar‘éoupling'

temperature .

Debye temperature

phonon temperature

longitudinal relaxation time

trahsverse relaxation time

longitudinal relaxatibn time qf'the électron

transverse relaxation time of the electron



V(0),V(1),V(2)
v

Wio

AV

AwH 0

Aw

Aw

Heff

-i{x-

T, of nuclei bound_to~metal»ion'
T2 of nuclei bound to metal ion

T1 of nuclei in bulk solution (in absence of chemical
exchange to metal ionms)

T, of nuclei in bulk solution (in absence of chemical
exchange to metal ions)

contribution to puclear T1 arising from paramagnetic ions
contriﬁﬁtion to nuclear Té arising from paramagnetic ions
volume ‘

terms in cryst#l_field potent131 ex§énsion; see Eq. (3-2)
Velocity of SOuﬁd

transition»rate between states l.énd 2

Bohr magneton

magnetogyric ratio

" magnetogyric ratio of the nucleus
" magnetogyric ratio of the electron

tms value of the ZFS constant in solution; an unspecified

crystal field splitting
full width of absorption signal at half height, in H,

difference in resonance frequency between the sample
and pure water

_ the difference between the resonance frequency of nuclei
"in the first coordination sphere (without exchange) and

the actual resonance frequency of the sample
see Eq. (2-1) |

sfrain constant

viscosity

effective magnetic moment
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Abbreviations

 see Eq.

EFF ..
EPR
"FID

kG

S,

vibrational frequency

phoron density per unit volume - -

time between radio frequency pulses in 180° - T - 90°
sequence ' ‘ S

unspecified cdrrelation»times
tfanslational diffusion cofrelatiop time
see Eq. (2-19)
(2-20)
see'Eq. (2-23)
(2-24)

see Eq.

time a nucleus spends bound to a metal ion before
exchanging to the bulk

time a water molecule .spends bound to a metal ion before
exchanging to the bulk ' '

rbtational cofrelation time: see Eq. (3-23)

angular momentum éorrelation timel |

nuclear Larmor precession frequency

frequency of fﬁe magnetic field mbdﬁlatioq

see Eq.b(3—6)

Larmor.p:ocessiop freqﬁency

Larmor precession frequency of thé eleétron

fréquency sepatatioﬁvof energy levels 1 and 2
' i

electric field fluctuation

electron paramagnetié resonance

free induction decay .

kilogauss

o«
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rf
ZFS
Aw méchanism

90°,180° pulses

Cexi-

radio ffequency
zero field splitting .

see Eq. (2-26)

rf fields which rotate the nuclear'mvagnetization 90° and

180°, respectively

P
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~ I. INTRODUCTION

This thesis is a nuclear magnetic resonance study of the ldngitudinal
and transverse relaxation times of protons and dnpaired electrons in
aqueous solutiéns,bf Ni(II) and Cd(II)viQns. These relaxation times
indicate the rates at which the properties of é:spiﬁ'sys;em approach
thelr equilibrium values. |

When a éoliection of ﬁuélear or electron'spinsiié placed in a
magnefic field, it exhibits a hew}magnetic moment élong the field axis.
This resulté from_a Boltmmuuidistributioﬁvof spiné'among the allowed
energy levels. If the system is disturbed from eéﬁilibrium, the

magnetizatibn along the field axis will return to its equilibrium value

" with a time constant Tl, or longitudinal relaxation time. At equiiibrium,

there is no net magnetization perpéndicular to the magnetic field axis

"due to the random phases of the precessing spins. If a transverse

magnetization is created, as by applied microwave or radio frequency

radiation, this magnetization will return to zero with a time constant

T2, or transverse relaxation time. Studies of these relaxation rates

assumed an important role-early in the history of mégnetic resonance
spectroscopy because of the observational difficulties which arise when
these relaxation times are inconveniently short orilong (Bloch, Hansen
and Packard, 1946; Bloembergen, Purcell and Pound, 1948).

| Relaxation studies have come to yield a great.deal of physical-énd
chemical information about liquids; This includes translational andv
rdtational correlation times of molecules, rates of conformational

changes and chemical exchange rates of molecules, electrons and protons.



Such_infdrmation can be deduced from relaxation meashreménts because
these moleculér motions give rise ﬁbithe time indepen&ént local fields .
which are_requnsible forvthe rela#a;ion.'

Electron spin rélaxation in liquids ié on the Qhole, less well
undérstobd than nuclear rela#ation. The first reaéoﬁ fqr this is that
electron spin relaxation can be caused by a greater-npmber of interactions
than can nucleér relaXAtion. While both nuclear and électfon'spins aré
affected by ﬁagnetic fields, eleétroﬁ spins are also influenced by
~electric fields. This 1is due to theVCOupling of'the orbital and spin
angulaf moments of the electron. This spin orbif coupling can allow the
épih of a transition metal ion to.interactvwith the.étatic énd time
dependent crystalline electric fields caused by liquias surrounding the
ion. The second reason thaﬁ electron spin'réiakatidh'is less well
understood is that the relaxation timés are oftenvso short that direct
me#surement.is difficult or impossible} Whereas nuclear relaxatioh
times ‘are usqally'in the range of 10-5_sec to 10 ééc, electron spin’
felaxation times of transition metal ioné'in-solutiohvare often in the
range of 10-9:sec to 10._12 séc.v All tecﬁniques fbr:directly measuriﬁg
longitudinal relaxation times havg fundamental limitations.that make it
impossible to work at time sééles this shorf. These ﬁetﬁods and diffi-
culties have béen discussed by McCain.(l966), and-by‘Standley and
Vaughan (1969). The method of coﬁtinuous power §aturation cannot measure o
longitudinal relaxation times shorter than 10_9 sec because not ehough
noise ffee microwave power can be produced and appliéd to the sample
to achieve saturation. The method of spin echoesb(Hahn, 1950) fails

due to the difficulties of producing a microwave pulse of length less than
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10—9 sec. The method of pulse saturation followed by monitored recovery
of the magnetization encounters similar difficulties. McCain (1966)

has descfibéd a dynamic nuclear polarization technique for measuring

relaxation times as short as 10_10 sec. This, hoWever, seems. to be

about the present limit of'the_ability to measure short longitudinal

!

relaxation times of the electron.
The transverse relaxation time of the electron is less difficult

to measure. T2 may be obtained by measuring the linewidth of the.

resonance signal in a conventional EPR spectrometer. Then

T - h , (1-1)

m /igB(Apr)

where g is the Lande g factor, B is theiBohr magneton; and Apr

is the peak to peak linewidth of the first derivative_of the absorption
signal. Instrumental limitations make it impossible.to defect and measure
signals that are much wider than 2000 gauss. A signal this wide has a

Té of 3.3"10“ll sec, which is the lower limit of relaxafion‘timeslthat

can be measured with EPR techniques.

In contrast, NMR methods are available for deterﬁining even the shortest
of electron spin,relaxation‘times in solutioﬁ. The‘most direct of these
methods is the measgrement of the,relaxation.ratesVof ﬁuclei in water
mblecules Codrdinated to metal ions. In this casé,ithe relaxation times
of the electron spin can be calculated using well_known equations
describing nuclear relaxation caused by dipolar and scalar coupling with

electron spins. This method has the limitation that the nucleus

muSt, on the average, stay bound to the metal ion for a time longer



thaﬁ the ﬁﬁcléar relaxation time. for:aqueous sélﬁpioﬁs; this condition
usually limits fhe applicability of the method tb temperétures below

0°cC or even -30°C. This is a fathér restricfed‘£eﬁpefature region in which
to study relaxation mechanisms.

A similar procedure can be used over a much widerftemperature range.
If certaiﬁ‘iimiting conditions, té be detailed late;; éfe satisfied,
the reléxation times of the nuclei iﬁ the‘bulk ofbtﬁe solution are
related in a simple mahper to the relaxation times of.the electron spin.
One of these conditions ié that the electron spin reléxation must Eé
the fastest of the processes which can interruptvthe'magnetic couplingv
of the nucleus and electron. ‘This in turn usually limits the technique
to the study of just those métal iqné whiéh cannot be studied by
EPR tecﬁhiques. Such measurements of the relaiatibh'times of bulk
"protons in aqueous solutioﬁs of nickel and cobalt ions are the eiperimental
part of this thesis. .

Nickel(II) and coBalt(II) ions were chosen for_thié stud§ because
their relaxation .in solution is extremely fast.  Ear1y‘proton NMR
studies:of aqueous nickel ion (Hausser and Ladkien,'i959; Morgan and
‘Nolle, 1959) and of cobalt ion (Nolle and Mofgan, 1§57; Hausser and
Laukien,‘1959; Bernheim, et al;,‘1959) were p:imarily'concerﬁed with
the nuclear relaxation, and conditions wefe never adjusted so as to
learn a maximum amount about the electron spin reléxation. Later NMR
studies of aqueous nickel (Connick and Fiat, 1966; Chmelnick and Fiat,
| 1971; Neelyvaﬁd Cﬁnnick, 1972) and of Cobalt (Chmelniék and Fiat, 1967;
Fiat, Luz:and Oliver, 1968; Natwiyoff and Darley,_i96§; Zeltman;

Matwiyoff and Morgan, 1969) have still left unanswered basic questions
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regerding thevcauses of the electrcn Spin relaxation.

Neither ion has an aqueous chemistry complicated enough to be a
source of difficulty in the interpretation of the present results.
Hydrolysis can be prevented-if the-pH is kept below abogt four; Both
ions are known to have.six water moiecules in the first coordination
sphere. Evidence for this has been given by'various.NMR studies of
nickel at temperatures ranging from -30°C to +200°C (Sw1ft and

Welnberger, 1968 Chmelnick and Fiat, 1971), and for cobalt at temperatures

from -63°C to +183°C (Matw1yoff and Darley, 1968 Chmelnick and Fiat,

1967) .

Nickei(II) has a d8 configuration, with S = 1. In en octahedral
crystal field the ground state is an orbital singlet. The threefold
spin degeneracy of thie state may be lifted by tﬁe combined effects of
spin orbit coupling and deviationsifrom perfect octahedral symmetry.

The time dependence of this direction dependent splitting has previously
been considered'the only important cacse of the relaxation ot Ni(II)
ion in scluticn ‘(McLaughlin, 1964; Lewis and Morgan, l968),>despite

the scarcity of data regarding the magnetic field dependence of the

relaxation. ‘

Cobalt (II) has a d7 configuration, with S = 3/2.- In an octahedral
crystal field, three orBital states lie lowest, but tﬁey are split
abart by spin orbit coupling. As a result, the'groﬁnd state is a spin
doublet, separated from the nearest excited state by some 300 cm—l.
Relaxation of the electron spin in the solid is attributed to transitione
between the ground state and nearby excited states, and this process

is 'usually presumed to operate in solution as well.
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‘11, THEORY OF NMR RELAXATION

A. Introduction

This chapter will conéidér macroscopic quantities and then work '

_ backwards to the relevant'molecular processes., First, the time

dependence of bulk magnetization will be related to T and T, of the -

1 2

will be related to

1 2

the relaxation rates the protons would have 1f they

protons in the'solutiqﬁs studied. Then T, and T
Tlﬁ and sz, »
remained in water molecules bound to the paramagnetic ion, and also

to rates of‘proton exchange between the bound and unbound (i.e., bulk)
epvironments. Then these felaxation'rates'will ih'turn be.related

to the ratés of electrbn spin relaxation, whose elucidétion is a
major aim of this work.

Unéurprisingly, classical physiés suffices.to explain much of the
behavior of_bulk magnetization, while quantum méchanics Becomes more
and more necessary as our focus becomes microécopic.‘

'The phenomenological equatiohs ovaloch.(1946a;b) provide a
helpful physical.picture of magnetic resonance. ‘As we shgll see,
they can be exteﬁdéd to treat sucﬁ conditions as éhemipal‘exchange
and magnetic field modulatiop. The ofigins of nucleér reléxatiqn
theory are more varied. The typical theoretical ﬁfocedure,.howéver,
is to treat the spin syétem quantum.mechanicélly,vwhilé describing
the.relavant molecular motions classicélly. It is often helpful to
consider a.relaxatibn'raﬁe as a product of two factors; the first
being the squére of an interaction energy, and the.éééond being
a function of the time scalé of the molécular motions wﬁichvinterrupt
the iqteraction. TWO excellent general discussions of relaxation

theory are found in the books by Sliphter (1963) and Abragam (1961).
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B. Measurement of Nuclear T2 and Tl

" A nuclear transverse relaxation time, T2, may - be measﬁred by
observing the resonance signal with a continuous wave spectrometer.
TheABloch equations for the conditions of continuous rf irradiation
have been previously discussed (e.g., by Pople, Schnéider and
Bernsteiﬂ, 1959). Effects caused by field mddulatioﬁ and detection
methods are described by Acrivos (1962) and by Héworth and Richards (1966).
Wﬁen the modulation frequency exceeds (Tz)—l, sidébénds are produced.

When either of the first sidebands (following phasg detection) is
observed, and saturation and :apid passage effecté are negligible,

the ‘signal height, as given by 'Acrivos, is

2
@2/x)[J,x)]° YH,T :
g = 1 122Mo _ (2-1)
1+ (TzAwi) -

where
H
w °? + o m
o .

and S is thé observed signal height

J, is the firsf Bessel function 6f the first.kind

H 1is the amplitude of the field modulation |

H, is half the amplitude of the radio frequency field
Y is the magnetogyric ratio of the detected nucleus

T, is the nuclear transverse relaxation timev

M 1is the equilibrium magnetization of the detected nucleus
w is the radio frequency

w is the frequency of the field modulation



wo is the Larﬁor precessiénal frequency of>£he detected
| :nucleus in a static field_Hé
woiwm are the first sideband resonance freqﬁencies in the presence
| of field modulation |
The siénal S Will have a maximum at wo =vYHo = —(iwm - w); whether
w or Ho is swept. 1In eithér case, Awi is a variéble; and Eq. (i) is
" seen to be Lorentz in shape. S will be at half_maximum'when (TZA'(»i)'2 = 1.

Therefore,

,%e = dw, = > = mAv , R (2-2)

where Aw is phe'full width (in radiaﬁs‘sec—l) at half height for either
of the two signals.

A nuclear longitudinal relaxation time, Tl,}ﬁay ﬁe measured byv
changing Mz,ithe magnitude of the z component 6f'méghetization, and
monitoring its return to Mo’ its equilibrium vaIUef :In practice this
may be done by a 180° - T —90° pulse sequence (Carr and Purcell, 1954;
farrar'and Becker, 1971). The 180° pulse is a stroné radio frequency
field, of strength and length just'sufficient to invert the'z
magnetization. Then Mz begins to return tovMo. After a time delay
T, a 96° pulse is applied, and_the resulting free induction decay is
observed. _The initial amplitude of ghis free indﬁc;ion aecay is

proportional to the value of Mz at time T. A series of such sequences

finds Mz as a function of T. Solution of the Bloch equafions yields-
= ) - -T . . -
M_(T) Mo{l 2 exp( /Tl)} . | (2-3)

Rearrangement of Eq. (3) gives



' lh{Mo - MZ(T)}'= In(24)) - L% S | (2-4)

an equation which may be used to find Tl'

If more than one resonance signal contributes to the frée
Induction decay, measurement of the separate T1 values is more
difffcult (Vold, Waugh, Klein and Phelps, 1968).

C. Relaxation in the Presence of Chemical Exchange

McConnell (1958) modified the Bloch equationé5tb include the

- possibility of chemical exchange of detected nuclei. Swift and

Connick (1962) considered the case of'an aqueous solution of para-
magﬂetic ions dilute enough so that the nuclei sbendzavsmall fraction
of their time in the coordination sphéres of the[ioﬁs (i,e., boﬁnd),
and the detected resonance ié that of the bulk nuclei. When rapid
passage and saturation effects are negligible, they showedvthat the
contribution to nuclear transverse relaxation arising from the
paramagnetic ions is given by

P (1/T2m)(1/T2m+i/rm)+Aw2

1 1 _ 1 _'n =
T = (25),

, T N2, 4,02
2p 2 2H,0 m (1/T2m+1/Tm) +Awm

where T, is the measured transverse reléxaﬁion_time'

is the transversebrelaxation time fbr.protons in the

bulk solution (in the absence of chémical exchange to
paramagnetic ions)

Tém is the transverse relaxation time f@r'protpns in the

first coordination sphere (in the absence of chemical

exchange)
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Tﬁ is the time a proton spends bounﬂvto ; metal ipn before
exchanging to the bulk . . o _ v | .
Awm.is the difference between the resonanCe‘ffquency of protons
in the first coordination sphere (without exchange) and the
actual resonance frequency of the sample.
Thg qﬁantity Pﬁ is the ratio of fhe number éf p?otons in first .
coordination spheres of ions to the total number.of protons in the.

solution (Lee; 1970). The quantity T includes the effects of

2H20

inhomogeneoﬁs magnetic fields and of relaxationvoééurring.outside the
first coordination sphere of the metal ion. It is common to plot
PmT2p in order to compare.solutions of different métal ion concentrations.

Equation (5) may be simplified for certain éonditions realized

in this study. If

: %__ <« T':'L'" , ‘ . . (2-6)
m 2m
then
P
1 _m -
T_' - T s (2 7)
2p m

and relaxation is controlled by the rate of ghemical,exchange. This

condition was found at lowered temperatures for nickel $olut10ns low

£

in aecid.

If

1 1 ’ 2 : |
T >> 7~ and >> Awm = (2-8)

2m

=

1
T2
m
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~then

e - | (2-9)
T m|T m m

- T2p 2m : '

and relaxation is controlled both by relaxation in the first coordination
sphere’and by the AW mechanism. The later is a mechanism, nof effective

for T, whereby nuclei in the bulk solution lose precessional phase

1
coherence by exchanging between the magnetically dissimilar bulk and
bound environments. Equatibn (9) was used to tfeat the linewidth data

for the cobalt solutioms. ' _ .

If
%—— >> —T—l— and ‘(T‘l’r_')‘ >> - (2-10)
m 2m » 2m m " '
then
P _ . y
. - o (2-11)
2p 2m '

~ and relaxation is controlled solely by the rate of relaxation in the
 first coordination sphere. This conditioﬁ was found to hold at all
‘temperatures for the nickel solution high in acid, but was not
obtainable for cbbalt'solutions. This‘condition was sought in this
study, since well known equations for dipolar and»écalar coupling
(see Section D-1 of this chapter) relate sz to Tie énd Tée.

The quantity Awm is related to the observed cheﬁical shift for
the system relative to pqre water; AwHZO, by a relation due fo Swift
and Connick (1962):

-P Aw
m m

Aw = (2-12)
HZO (t /T, + 1)2 + szTz :
m 2m m m
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In the case where %—->> El— and ?l->> szrm, Eq. (12) yields
m 2m m e
= - () . . '_.
oy o = oty | (2-13)
P

Thus chemicél shift measurements may be used to help interpret
relaxation méasurements. |

The analogous equation for 16ngitudinal reléxéﬁion in the presence
of chemical~exchange wés first given by Bloembergen and:Morgan-(1961),
and first derived by L#z and Meiboom (i964c). Tﬁe rélaxation due to

the paramagnetic ion is given by

P . .
1 1 1 m
—_— = = . = : . ' (2-14)
T b4 ) .
e 1 T Tmte '
where T1 is the measured'qUantity, T1m is the longitudinal relaxation

time for protons in the first coordination sphere iﬂ.the absence of

" chemical exéhange, and TlH 0 is the longitudinal relaxation time for
o 2 o _ :

protons in the bulk solution (in the absence of chemical exchange

to paramagnetic ions).  For the Tl measurements made. in this study,

Tlm >> Tm,'so that

2]

T1 -2 . | L (2-15) .
1p Im ’ ' ' '

+

The temperature dependence'of Tlp and sz will often indicate

which terms in Egs. (5) and (14) may be neglectéd; The temperature

T ‘
dependence of mHZO, the exchange lifetime of whole water molecules,

is expectéd to follow the equation of Eyring (1935),'
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ST
ho o [ar as

“mH0 ~ Ef'éxP[RT R ] S - @18

£ ’ ¥ v : .
where AH and AS are the enthalpy and entropy of activation for water

‘exchange. Values for AH:t are usually in the range of 8-12 keal njlole_1
for first row transition metals (Swift and Connick, 19625. This
temperature dependence exceeds that expecfed for molecular rotation

or for electron spin relaxation in solution.  If Eqs. (6) and (7) are

valid, T, will rapidly become longer asvthe tempera:ufe drops. iIf

2p
Eqs. (8) and (9) are valid, and_szT >-—£— , then T
. m m sz 2p

exactly the opposite temperature dependence. If Eqs. (10), (11) and

will have

(15) are valid, the temperature dependences of Tlp and T are expected

2p

to be smaller. If acid is present in the Solution, protons may

exchange between the bulk and bound environments by'an acid catalyzed

mechanism which differs from the mechanism for whole water exchange,

as discussed by Swift, Stephenson, and Stein (1967). 1In this case Tm

is" given by

?l == 1 . kZ[H+] . (2-16a)
m mH20

The k2[H+] term seems to have little temperature dependence ineaquedus
solutions of metalvions (Swift and Stephenson, 1966). For some ions,
the presence of acid is sufficient to change the svstem from condition
(6) to condition (10). This is the case for aqueous Ni(iI) below

room temperature.
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D. Expressions for Nuclear Relaxation

This section will describe all mechanisms which'may affect the
measured T, and T,. Mechanisms that may affect both T, and T, are
. 1 2 , T Im 2m
dipolar coupling between the proton and the electronic spin, scalar
coupling with the electronic spin, nuclear spin rotation interactioh,
and anisotropic chemical shift. The previously mentioned AW mechanism

only affects T Nuclei in the bulk solution may be relaxed by long

2p°
range dipolar coupling with the electronic spin, and by several mechanisms
which are independent of the presence of paramagnetic ions.

1. Mechgnisms for Tlm and sz Relaxationf

a. Dipolar Coupling. Early work on relaxation caused by dipolar

coupling between two spins Was that of Solomon (1955) and of Solomon and
Bloembergen (1956). VOthéf important diécussioﬁs of nuclear relaxatibn
caused by time dependent dipolar coupling to electronic spins are those
of Bloembergen and Morgan (1961), Abragam (1961, p. 289ff), and.Connick
and Fiat (1966). The relaxation rates of a nuclear spin I at a fixed

distance r from an electronic spin S are givén_by

L ss+ 1 yaat [ T, :
(:f—) = 3 S T} (2-17)
1m/d 15r . 1+ w.T
. 5 2
and
1 S(S + 1) Yiyéhz 131'2 ‘ o
(’f—)‘ - : ™Mt T3 (2-18)
2m/d 15r 1+ W
S 2
where we have already assumed that witf << 1 and that wI << ws. Here

YI and YS are the mégnetogyric ratios of the protons and electrons,
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respectively, and wI and wS are the respective Larmor precessional
frequencies. These two equations are correct only for paramagneticv
iohs having no orbital contribution to the magnetism. For other ions

the quantity~Y§hZS(S + 1) must be replaced by the mean square of the

magnetic moment (Abragam, 1961, p. 303). The quantities Tl and Tz are

defined by
1 1 1 1 o ;
O (2-19)
Tl m r Tle
and
1.1, 1,1 ' . -
A2t @20
2 m r 2e
where T, and,TzE-ére the longitudinal and transversé;relaxation times

of the electron, and"l'r is the rotational correlation time.fo? the
‘ camplex.._More precisely, the T used in this work will be the
.fotational correlation time for spherical harménics of order two, a
time egﬁél to one third the time characteristic of dielectric

relaxation (Abragam, 1961, p. 300). B |

Diﬁoiar coupling ﬁill later be shown to be virtually the SOie
“mode of relaxation for protons bound to nickel or cobalt ions in
aqueous solution. | | |

b. Scalar Coupling. A nuclear spin I may_éouple with an electronic v'

vspin S through a scalar interaction. The corresponding term in the
Hamiltonian is AT*S. Solomon and Bloembefgen (1956)’and BloemBergen (1957a)
first proposed this scalar coupling as a mechanism for nﬁcleér |
.relaxation, and the subject has.been discussed in detail by Abragam

(196l,> p. 306ff). The relaxation rates of a nucleus in this case are
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2T

L EICEY) (A/h)2 ———‘-’.——, - (2=21)
T1 3 14+ mZTZ
®/se . S. 4 :
and
1 S(S + 1‘ 2 *y |
(T ) = 3 ) (A/h) T3 + ——-——2~-§ (2-22)
2m : ' "1+ wiT : ]
'8¢ , ‘ S 4 | ’ :

where we have assumed that W <<'ws, that’l/T3_>> A/h, and that

I
/T, > A/h. The quantities T, and T, are defined by
T—l = T—l + ——-Tl : L | o (@-23)
.3 m le ' : : '
and
22 - (2-24)
4 m - 2e > ' '

The symbols A and A/h represent the scalariceupliug constant, expressed
in ergs and in radiens sec_l, respectively. The ﬁagnitude of A may

Be obtained through chemical shift measurements. An eqﬁation of
Bloembergee (1957b) gives the chemical sﬁift of the bouna-protons

relative to pure water as

low | + [Aw, | ;Qs(s + 1) s oA (2-25)
m’ H20 I . ‘YI 3kT '
where Awm >> AwH 0 for dilute solutions. This equation is only
2

approximately correct for ions whose magnetic susceptibility'deviates
significantly from the Curie law. The more general ease is discussed
by Golding (1964) and by Kurland and McGarvey.(1970). The shift Awm is
related to the observed chemical shift through Eq. (12). Relaxation

through scalar coupling can be important for protons when the electronic
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relaxation times are relatively long. However, it will be shown to be
quite unimportant in this study, since the transitioun metal ions used
were specifically chosen to have very short electron relaxation times.

c. Other Mechanisms. Three other conceivable mechanisms for

Tlm and sz relaxation arebmentioned here fer:completeness. Each will
be quickly dismissed as beiﬁg negligible in the preeent work.

Relaxation through spin rotation interaction arises frqm the
coupling of spiﬁs'with magnetic moments generated by molecular rotation.
The time scale for the inte;action is the time between interruptions
of the moiecular rotation, a time usually quite short compared to the
rotationel correlation.time. This spin rotation interaction has been
discﬁssed as a weak relaxation mechanism for nuclei‘in diaﬁagnetic
molecules (Hubbard, 1963), and for electrons iﬁ pafamagnetic.complexee
(Atkins and Kivelson, 1966; Nyberg, 1967). In the later case, the
interaction strength was related to the amount of orbital angular
momentum in the complex. In principle, nuclear spin rotation relaxation
should be much more effective in paramagnetic complexss havingrerbitel.
angular momentum than it is in diamagnetic molecules. In the absence
of a quantitative treatment, it may nevertheless be seen why'nuelear
spin rptation relaxation may be neglected in the presence of dipolar
couplihg with an electronic spin. First,,since.dipolar coupling
includes contributions from both electron spin and orbital angular
momentum, it is expected to be a stronger interaction.than spin rotation,
which has no contribution from electron spin angular momentum. Second;
the correlation time for dipolar coupling will be longer than the time

scale for spin rotation interaction, even in the presence of rapid
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electron spin relaxation (Atkins and Kiyelson, 1966).

Relaxation through anisotropic chemical shift Has been described
by Abragam_(1961). This is an extremely weak mechanism, and is rarely
observed (Farrar and Becker, 1971, -b. 60). An ordér of magnitude
calculation by Lee (1970, p. 45) shows‘that it'ma& aiways be neglected
for nuclei coupled to ﬁafamagnetic iﬁns;,

Relaxation through quadrupole coupliﬁg has been.described by .
Abragam (1961), Howevér, protons éénnét relax by this means, since
‘nuclei of spin one-half db not couple with electric field gradients.

2. Other Mechanisms fo; Tl and fgpiRelaxation

a. AW Mechanism. This}mechanism has been discussed'bylMcConnell
and Berger (1957) and by Swift and Connick (1962). It was shown in
Section C that when chemical exchange of protons is fast enough,

. ]
———Tl = P "Tl + Awi‘rm . (2-26)
The coptribution from the Aw mechanism is then just.PmAwiTm. The
magnitude of Awm may be obtained from chemical shift measurements,
according to Eq. (12). This mechanism was important for cobalt
solutions, especially at high fields and low tempetratures, but

negligible for the nickel solutions.

b. .Second Coordination Sphere Relaxation. Nuclei in the bulk
water may be relaxed through dipolar coupling with paramagnetic ions.
Equations (17) and (18) may be used t§ describe the relaxation if proper
modifications are made. The interaction is no lqnger interrupted by

rotation of the complex, and Tm must be replaced by a translational



P

p_.
o
i‘"’i
N
e
L
&
-L
E
gore
“he
o
L]
N
o
5.;"3

~-19-

diffusion correlation time T for solyent molecules which may be a

D
function of r (Bloembergen, Purcell and Pound, 1948). Since r76 and =
are not Constants,‘the whole expression must be integrated over all
possiblé values of r. Following Abragam (1961, b. 304), Wuthrich

and Connick (1967) gave the result when the interruption by
translational diffusion is faster than the interruption by eiectron
spin relaxation. Luz and Meiboom (1964¢) gave the result when eleétron
spin relaxation is faster than translatiénal difﬁﬁsicn; but made the

e 2e

modes of interruption must be considered simultaneously. If we use

assumption that T1 = T. . Pfeifer (1961) gave the result when both. -

the integration procedure of Luz and Meiboom, and assume that

T << T_ and that T, <<T_, we find that the contribution of second
le D 2e D :

coordination sphere relaxation to the total relaxation is given by

1 4ms(s + 1) v2y2n? ‘ 14T ' '
_ I'S 2e
7 = 3 6T, + —5 5 (2-27)
1p 454 S R o
. S 2e
and
4mns(s + 1) Y2y2n2 121, |
1 _ I'S 2e
T. 3 Me* ™52 | - (2-28)
2p 454 1+ wSTZe :

Here d is the distance of closest approach of bulk pfbtons to the
péramagnetic ion. The quantity n is the number of paramagnetic ions

per unit_volume of solution, given by Nﬁ, where N is A&ogadro's_

number and M is the molar concentration of the metal ions. As discuséedv
folldwing Eq. (18), the expression YgﬁZS(S + 1) is strictly correct

only for ions which have no orbital magnetism. This contribution
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to the overadall relaxation is much smaller than that of relaxation
in the first coordination sphere, but it cannot always be neglected.

¢. Mechanisms Independent of Paramagnetic Ibns, Relaxation of

pro;ons in watérvhas contributions from_dipolarvcoupling with other
protons (BPP, 1948), spin-spin interaction with natural abundance
oxygen 17 (Meiboom, 1961), and spin rotationl(Smith and Powles, 1966).
This subject has beeﬁ reviewed by Krynicki (1966); .Dissolved diamaghetic
salts may lengthen or shorten protoh relaxation rates by changing thé
correlation time of the proton—pfoton dipolar.coupling (Hertz, 1967

P. 216). Diséolﬁed oxygen, being paramagnetic, will relax nuclei in
water (Chiarotti and Giulotto, 1954). These effects are all smali, and
magnetic field inhomogeneity will usually have a.greater effect on

2

carefully tuned magnet.

measured T, than any of the relaxation mechanisms mentioned, even in a

There are twb reasoﬁs why none of these interactioﬁs need be
considered in detail here. ' First, their effecté aré amali compared. to
those of dissolved-paramagnetic'ions. Second, if is easy to correct
fbr their éffecés_by making duplicate relaxation meésurements on

similar solutions which lack the paramagngtic ions;

oy
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I1I. THEORY OF ELECTRON SPIN RELAXATION

A. Introduction

It has been shown how nuclear magnetic relaxation times are re-
lated to electron spin relaxation times. This chapter, in turn, will
show how electron spin relaxation is related to fundamental properties
such as crystal fields, orbital angular momentum, ani molecular mdtioné.

"In general, electron spins relax much moré répidly than‘do nuclear
-spiné.  Their larger magnetic moments enable them to respénd more
rapidly to fluctuating magnetic fields. In_addiﬁion, spin orbit
coupling allows electrons to be relaxed through the effects of fldcf
tuating electric fields..

Mechanisms for electron spin relaxation of transition metal ions
in solutioﬁ may be divided into two general ﬁlasses: those that are
important in solids as well as. in liquids, aﬁd those that are im-
portant only in liquids. The principal mechanisms belonging to tﬁe
" first class are the Van Vleck direct, the Van Vleck Raman, and the
Orbach pr§cess. The principal mechanisms belohging'to the second ciass
are: modulation of zero field splitting, anisotropic hyperfine inter-
éction, anisotropic Zeeman interaction, and spin rocation interaction.
The genéral theoretical approaches of the two classes‘are quite
different.

Mechanisms of electron spin relaxation in the‘solid_étate'aCt
through the combined effects of fluctuating electric fields and spin
orbit interaction. Just as.the st&tic electric field produced by the

ligands in a complex produces a crystal field splitting of the orbital
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levels, 80 can fluctuations of the ligand field occurring at the proper
frequency induce trénsitions.setween the levels. Ihe.spins‘afe af_
fected to the extent that spin‘orbit coupling mixes orﬁital and spin
functions togethef. The matrix eleménts to be calculated are fhose
of electric field.potehtials, This is in contrast to the usual theory -
of relaxation in liquids, which calculates métfix'eiements of thé'spin
operators found.in the spin Hamiltonian‘of the system. As spins flip,
the crystal lattice loses or gains energy in the form of quantized lat-
_tice vibrations, or phoﬁons. VRélaxation :ateslin solidé are strongly o
dependent upon the existence of sﬁffiéient phonoﬁs ﬁa?ing the proper
frequency. These same electric fiéld fluctuation (EFF) mechanisms also
operate in liquids. Here, however, the concept of phonons loses its'
simplicity, and alternate concepts are needed to describe the motions
in liquids.

Most mechaﬂisms‘of electron spin relaxation which are effective
only in liquids act by‘making time dependent tﬁose interactions alread&
present in solids gﬁd described by terms in the spin Hamiltonian. Re-
laxation through spin rotation interactién is an gxception.. The streﬁgths
of these interactions, which can be expressed in magnétic field units,
can often be estimated by making measurements of shifts énd éplitting
of EPR signals of hydrated metal ioms in single crysﬁals or glasses. .
For example, suppose'that the slow rotation of such a crystéllin an
external magnetic fieldvproduces an EPR signal shift of 10 gauss. Then

if that'crystal is dissolved in water, and the symmetry of the ligand
field at the ion is not changed, we may guesé that the rotating iom is

now seeing an oscillating magnetic field of the order of 10 gauss. The
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wotions in liquid which afe'important to relaxation are usually‘treated
classically. The common model of?rota;ion, for example, is that of |
Debye (1929), who pictured a moieéule as a’sphere’in a viscousvmedium,
subject to many small random changes of aﬁgle. Theo;ies,of EPR reiaxa—
tion in liquids, like those for NMR relaxation, have been devéloped
along the lines of first order perturbation theorfg since the fluétuatihg.
magnetic fields are usually very much smaller.than'the external mﬁgnetic
fiéld."An expression for a relaxation rate may usua11y be'thought of as
the prodﬁct of the square of aﬁ interaction energy, and a functibﬁ‘of the
time scale for the molecular motion. | |

It should be mentioned that if a crystal prvé solutibn has a high .
concentrétion of paramagnetic ibﬁs,'the ions can interact with eaﬁh
other via dipolar coupling or spin exchange.. Both effects can influence
relaxation times, but can be eliminated by keeping the con;enprétion of
the paramagnetic ion. low enough. There is no reason to expect éither
of these interactions to be present in the particular solutions used in
this stud&, and'sé neither.effect will be considered furthgr.

As we saw earlier, an ion with én EPR signal tob wide to observe
has a $2e< 3.3 x 10;11-sec, and therefofe a relaxaticn rate

-1 10

(TZe) >3 x 10 sec-l. Therefore as we consider each mechanism for

electron spin relaxation, we may neglect any mechanism that does not

- seem capable of producing (Tze)_l_= 3x1010 sec_; for Ni(II) or Co(II);
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- B. Mechanisms Effective in Solids and Liquids

1. Relaxation.in Solids

Theory for élgctroh spin relaxation in solids reflects the fact
that it was developed to explain EPR measurements made upon ions,
usually of effective spin oﬁe half, in crystalliné solids, usually beldw
20°K. Fairly good description has been made of the.obéerved temperature
and field débendences of relaxation, although calculations of absolute
values of relaxation rates are rarely‘good to better than an order of
magnitude. We shall see that the successes of existent theorf_are due
1n large measuré to an'adeqqate description of ghe cryStalline lattice
rather than to é detailed understanding of the methodhof energy trans-
fer between spin and latti¢e.l Thus it is only with difficulty that
equations destiibing‘relaxation ié solids may be adapted for the liqﬁid
caée§. | | |

" The mosf'importantycontributionsvto the szjeét of elec¢tron spin
| relaxation in solids have been those of vaﬁ Vleck (1940) and of Orbach
(1961). General discuséions of relaﬁation in éolidé are those of
Stevens (1967), Orton (1969), Abragam and Bleaney (1970), and Abragam
(1961, pp. 401-8). Standley and Vaughan (1969) give a COmpilation
of experimental resulfs. | | |

vSince relaxation depends upon energyltransferlbetween
the spin system and the lattice, careful consideration muét be‘
made of the manner in thch thermal eﬁergy appears in Crystallipe
iattices. This lattice energy is quantized as bﬁonons. These are

energy carrying waves of lattice vibration, whose frequencies are
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related to such éryétal properties as interatomic spacings and force
‘constants (Kittel, 1966). The phonon distribution is known in detail
for only a few simple solids. In the absenpe of accurate knowledge

of a particular crystal, it is typical to make the Debye,'origontiﬂuum,
aﬁproximatién to‘the'phonon spectrum. This‘abpréxiﬁation waé utilized
at an éafly.date tb explain‘the théfmal properties éf soiids (see, e.g.
Kittel, 1966, Cﬁ. 6). If the difference between transverse and .
iéngitudinal wave velocities is negiected; ;he phonon density per unit

volume in the frequency range w to w + dw may be approximated as

5 ) . A
3w dw 1 b | | | (3-1)

p_dw = _
P 23 h -
exp( w/kTph) 1

27y
where v is the velocity of sound and Tph is the phonon temperature. At
temperatures below about 5°K, the spin system may transfer energy to the
phonons faster than the phonons can transfer energy to the bath sur-.
rounding the crystal. This situation, known as the phonon bottleneck,

leads to T ., > T. Expression (1), shown in Fig. 1, méy be seen as a

ph
product of the number of phonon modes, (3w2dw/2ﬂ2§3), times the number
of phononsvﬁér mode. For temperatures above a fgw &egrees Kelvin,
most phonons have ffequencies'far exceeding a typical Larmor frequency.
As we'éhall see,_this leads to the rather striking témperature depend;
ences often observed for electron relaxation in solids.

The phonons play their role in relaxation by ihtroduéing a timé

dependence into the crystal field potential seen by the central métal.

ion. Following Orbach (1961), it has become common to expand the

crystal field potential V in powers of the strain ¢:
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XBL 7312~ 6765

Fig} 1. Usual continuum approximation of the phonon density in
crystalline solids as a function of phonon frequency. Here
x = hw/kT. ' ' :
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Ve eV + . . (32

Here V(O) is just the static field potential,. and the other terms
represent,the additional potential generated by the alteration of fhe
' crystai'field caused by phonons._ Of course, each term in Eq. (2)
actually represents a small sum of terms of differen; symmetries. The
uﬂitléss'étrain consfant € may be thought of'as.a fréctional éhange

qf distance of tﬁe\ligaﬁds."Scott and Jeffries (1962) and others‘have
obtaiﬁed order of magnitude correspondence betﬁeen theory and experi-
‘ ment by introducing the simplificatién that V(0) = V(1) = V(2).

Waller (1932) considered processes in which phdnons modulated-the
magnetic dipolar coupling between.pargmagnetic ions. These proﬁesses
were found to be too weak by many orders of magnitude, and will not be
considered here. | |

Since Eq. (2) givés the time dependént operator, we sée_that the
‘maﬁrix elements to be calculated will follow the selection rules for
.‘eleCtric field induced transitions. The most important of these rules
is that there are no allowed matrix elements of an eleétrié perturba-
tion between a pair of Kramers conjugate states.z-This ié just a re- -
statement of Kramers' rule. It means that, to first qrder,'a fluétuétipg
electric field cannot inducevtransitidns between the two 1évels_6f a
Spin doublet. fhis transition will be allowéd, however; to the extent
that an external magnetic field mixes excited states into the.ground
state (Abragém and Bleaney, 1970, p. 558). This admixture is of order
(hw/A), whefe A is a crystal field.splitting, and therefore depends .

upon the strength of the external magnetic field. Tons with even spin
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Fig. 2. Electric field fluctuation mechanisms for electron spin relaxation between levels
1 and 2. Solid lines represent electron transitions. Dotted lines represent lattice
N : transitions. The Van Vleck process utilizes a virtual excited state n.
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are not limited by this selection rule diffiéulty; and show relaxation
behavior somewhat different from that of Kramers' ions.
The strain cOnSCant‘is also considered an operator. It acts upon

the phonon states, and has matrix elements analogous to those of a

 harmonic oscillator (Orton, 1969, p. 160). These elements are inde~

pehdent of field and vary with the square root of the frequeﬁcy.

' Wé may nbw consider the three important'mechanisms fdr-électron.
spin relaxation in the solid state. All three conéern themselves only
with the lpﬁgitudinal relaxation time Tle,‘which is the inverse of thé'v

12 between the two spin states. The transverse relax-

ation time in‘501ids is often determined by dipolar broadening, and

frequently T, 1is much longer than T .'_The first of these three

le 2e
mechanisms, the Van Vleck process, is illustrated in Fig. 2a. This is

" a mechanism in which a spin flips through the sirultaneous creation or

aﬁnihilafion of a.phonon of equal energy. The relaxation rate le

‘between levels 1 and 2 may be represented by

: 2
Wy = Kuylvad vy 2o, felo) Po . (3-3)

where wlland.wz represent the electroﬁ energy states,iq)1 ahdv¢2 :
represent the lattice states, and thevothgr symbols have been defined
in Eqs._(l) and (2); Iﬁ crystalline sblids this process is limited.
in,effectiveneés because most phonons have frequencies ébove the . |
Larmor frequency, and are therefore.ineffective in causing relaxation,

, the energy separation of the Spin states,

If kT greatly exceeds hwlz

then



-30-

Wiz « H2T for non-Kramers ions (3-4a)
and

W,, « HAT'for Kramers ions, ' (3-4b)

12
‘where H is the external magnetic field.
The Van Vleck Raman process, shown in -Fig. 2b, is one in which
a transition opéurs through the simultaneous creation of one phonon and
annihilation of another. The energy difference of the two phonons is
equal to the energy separation of the ground states ‘1 and 2. This
process is usually pictured as an excitation to a virtua1'intermediate
state. The Raman process usually dominates the direct process in solids
above about 5°K, since it can make use of phondns df all avaiélable
frequencies. The relaxation rate, as calculated by second order
perturbation theory, may be expressed as
(Umax K (VD vy v v [2eer? o2
1 1 n n 2 . p
W -4
12
o

n
2
(E)

(3-5)

where (g) = |(¢ |€|¢ YCo_|e|d )|, and E_ is the energy separation
1 n  ‘"n!'"l72 n : o
of the virtual state'\pn and the ground state. The freqﬁency Woox is .

given by

(3-6)

where v is the velocity of sound, N is the number of atoms in the
crystal, and V is the volume of the crystal. The Debye temperature,

T ., may be defined by the relation

D,
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T. = flzw v o (3_7)_

A ﬁypical wﬁax is perhéps 2><10l3 sec_l, coffespdnding to a Debye
temperatﬁre of a few hundred degrees Kelvih. .The ﬁetessity for imposing
a maximum on the phonon frequency is somewhét artificial.. It arises
from tﬁé assumed distribution (1), and the requirement.that the number
Qf phonon modes not.exceed'three timés the number of atoms.

Equation (5) contains an integral of the fofm '

w C '
max exp (hw/KT) 6

_ y W dw (3~-8)
{exp(hw/kT) - 1} - '

Wip ©

o
whose integration is discussed by Abragam and Bleaney (1970, p. 563).

At temperatures far below the Debye temperature, where kT << hwm ,

ax:

the upper limit of the integral may be extended to infinity; and the

integral is then proportional to T7. This leads to

W

1o = #°77  for non-Kramers ions at low temperature (3-9a)

ahd
0.9

wJ2 « BT~ - for Kramers ions at low temperature. (3-9b)

Abragam and Bleaney (1970, p. 563), discuss the so called "Van Vleck
cancellation'", whiéh introduces the additional temberature'dependence

into the relaxation rate for Kramers ions. At temperatures above the

' Debye temperature, kT >> hw, and

Wlé « HOT2 for all ions at high temperatures. (3-10)

At temperatures comparable to the Debye temperature, the temperature

dependence of the»Raman,ptocess is less simple.
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The Raman process we have described is more properly calledlthe
second order Van Vleck Raman process. A first order Raman process
exists, in which the crystal field potential V(2) hés_allowed matrix
elemeﬁts between the relevapt spin states. In tﬁislcésé the tgansition

rate mayv be written as

W = U v vy 12 Koylefo- 120 o (1D
This first order Raman process is usually.conSidered.to:be weaker than.'
the second order Raman process, and will not be coﬁsidéred further.

Orbach and Blume (1962) discuss Van Vleck Raman relaxation for
ions with spins greéter than one half. Here the intermediate state
can be one of the spin states within the ground multiplet. 1In this
case the relaxation rate varieé with T5 at very low temperétures and
with’T2 at very high temperatures. | |

Orbach (1961) described a two phonon, two step process involving
a real'ekcited étaté (Fig. 2c). first the idn_goes to an excited
eléétronic state with the simultaneous annihilation of a phonoﬁ.' Then
the ion drops back to the ground state with the emission of‘another
phonon. . Each of the'two steps is actually a Van Vlgck direct procegs,
describable by Eq. (3). If the exciﬁed state is separated from the
ground state by an enérgy E3 exceeding kT, then the rate limiting step
will Bé the one involving the transition to the excited state. Since
the energy separation of the excited and ground states is little affected
by the external magnetic fieid, the magﬁetic field depéndence largely

disappears. The transition rate is then
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W,, = (E 3 {exp(E3/kT) - l}fl . - : _ (3-12)

13 3)
The tempefat;ré'dependence arises entirely from tﬁe temperature de-
pendence of phonqns of energy E3. When a low 1ying»exéited,state
exists, the Orbach process usually is the dominant relaxation mechanism
éboée 20-50°K. For ions having a spin greater than one half, a spinv
state within the ground multiplét may serve as the intermediate state

(Orton, 1969).

2. Relaxation in Liquids

Relaxation of'electroﬁ spins in solids through EFF mechaﬁiSmsvseems'
: moderately well understood. However, the extension of the tﬁeory of
these précesses_to liquids has drawn litﬁlé attenﬁidﬁ. This is due in
large part to'the lack of experimental data. Ions which have :elatively
low iying excited statgs, such as the hexaquo complexes of Ti(III),
Fe(II), or Co(Il), are subject to rapid relaxation via the.Ofbach:
process, with the result that the EPR resonances -cannot usually be
detected in the temperaturé'rangé_of'ordinary liquidé. Some inform#tioh

about T values is available from NMR relaxation measurements made -

le ‘
upon nuclei bound to paramagnetic ions in solution. However, thesé
measurements cannot in general be made over a very wide temperature
range, and workers have been hesitant about assigning méchanisms to .
the electron_relaxation.. On the other hand, ions wﬁich havelrelapivelyb.
"sharp EPR signals in crystals at room temperature usually exhibit much
.wider lines in solution. This is usually interpreted to mean that the

EFF mechanisms for these ions are significantly weaker in solution than

are the magnetic field fluctuation mechanisms to be described in section
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" C of this chapter. The 1mplicit assumption is that.;hé EFF mechaniéms
are no more effective in solution than they are in solids.

The extension of the EFF mechanisms to liquids is hampered also
by the diffigulties of describing the relevant molecular motions; Con-
cepts such as the Debye temperature, phonoﬁ bottieneék, and Debye
approximatioh to the phonon distribution now losé their simplicity.

Theoreticél work in this aféa has been done by Al'tshulef and
Valiev (1959), Hayes (1961), Valiev and Zaripov (1962), and Kivelsoh
(1966) . Unfottungtely the tréatmenté are generally restricted to ions
with spin of one half. Each of these treatments of EFF mechaniéms in
solution shéuld bé regarded with a healthy skepticism until it is pbé—»
sible'to make comparisons with a reasénable body of experimentélldata;

_Al'tshuier and Valiev (1959) adapted the Van Vleck direct'process
.to iiquids. Their mechanism actuélly is more similar to the Orbach
.process, since they usuaily ignored.transitions &ithin the.ground
multiﬁlet. They pictured the vibrations of the comwplex to Ee affeéted
in a random wéy‘by the Brownian ﬁotions of the surrouﬁding moleéules.

They wrote the relaxation rate between levels 1 and 2 as

2 . 2 c. : :
W, <« Q [y v (v |¢ —=— : B (3-13)
12 el 2 L+ 22 ,

12 ¢

where w12’ the frequency separation of the two levels, need not be the

resonance‘frequency. Here Q2 is a kind of average>amplitude of the °

vibrations of the coﬁplex, having the form .

2 1 _ 1, e+ | ‘
Q G ) coth x = (7)) —FT—= _ | (3-14)
o o) e — e
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hv , :
where x = EE%" and vy is a vibrational frequency for the complex.
The value of v, varies with the nature of the ligand (Kobayashi and
Fujita, 1955), but for hexahydrates of the transition metals it is
generally between 200 and 300 cm_l. (Schultz, 1942). Hence, near

‘room temperature, where 2kT is about 400 cm—l, the function coth x

. . hv
cannot readily be simplified to the low temperature form, coth-EE% =1,
- hvy 2kt '
nor to the high temperature form, coth KT - by The correlation
o .

time TC was thought to be'inversely.proportional to the sduare root

of the absolute temperature. They inferred this. relation froﬁ-tﬁe
temperature dependence of thg 1inewi§ths'of the infrared spectra of
ra;e earth:ions in crystals. The funétions wl and wz and the sum of
pofenﬁials V(l) have the same meaning as in Eqs. (2) énd (3). Thus if
relaxation takes place tﬁrough an excited state, such that wlZTc'>>‘1,

then

W o:‘('.r)l/2 th EXQ ' . (3-15)

12 A COLh\ 2kt

if

2 2

wl2Tc << 1, then
' hv
o -1/2 o , S

le (T) coth < KT > : (3-16)

Hayes (1961) has criticized the theory of Al'tschuler and Valiev

on two counts. He disagreed with the functional form they:assigned to

Qz. He also corisidered the spectral density Tc(l + wizri)—l they used

to be improperly normalized for the model of relaxation they proposed.

He stated that if hw,, <<kT, the spectral density of the relevant

12
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molecular motion at the frequency ) should be prqportional to the
absolute temperature. He concluded that if there were no temperature
dependence to the coupling»between the solvent motions and the vibrations
of the complex, the relaxation rate should be directly proportional to
the temperature. |

AValiev.and Zaripov (1962) extended fhe work df Al'tshuler and
Valiev. Théy considered those terms in the perturbétion Hamilténian
which were quadratic in theICOordinates. They wrote complex expressions
for the spectral densities of the perturbing energy.in terms of.thé
rotationalttimes and also of the frequencies‘of the. various vibrational
modes. They expressed the tempera;uré dependence of the relaxation rate

as

1 2<h\)°> T S : .
L « coth _ : | (3-17)
Tie T 14 wizrz ' A

where T is apparently a rotationél'correlatibn ;ime.
Kivelson (1966) investigated all the EFF mechaﬁisms. He discuésed

their absolute strengthé and relative importances in soiution. He guessed

‘that the correlation function for the amplitudes 9y of electric poiariza—

tion induced by solvent motions was of the form
94 (0 qy (D) = (@) exp(-|t]/T) | (3-18)

Upon integratioﬁ ovér:time, this correlation function yields the sort
of spectral density seen in Eq. (13). This correlation time Tc was
said to be similar in nature and magnitude to the correlation time that

enters into expressions for infrared and Raman vibrational relaxation.
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Its'tempé¥atﬁre &ependence ﬁés notvmade explicit;
in reporting Kivelson's equaﬁions, we shall write only those
factors which have a field or témﬁerature dependence, and neglect the
cOnétants; some of which are admitted by him to be ﬁdifficult to
eéﬁimate". For the Van Vleck direct process he found that

le‘“'lflgzsi"

1+w]_ZTc

(3-19)

Thus there is a field dependerice when the molecular motions are fast

enoqgﬁ to make wizri < 1. Ihis arises because the'le?elé:l and 2 are

supposed equal in energy in the absence of an external magnetic field.

For the second order Van Vleck Raman process, in the case where

2 2
wlZTc <<'1?

1 | : .
le T - (3-20)
c .

For the Orbachvproéess, he concluded that
B

(to)

12 % exp(E,/kT)-1 (3-21)

W

where, as in Fig. 2c¢c and Eq. (12), E3 is the energy of the excited
intermediate state. Equation (21) is wvalid only if (E.;‘rc/h)-2 P 1,“'

which means that E. must exceed about 10 cm-l. Kivelson also considered

3
~the first order Van Vleck Raman process and a so called direct vibra-
tional process, and found them both unimportant.

Equation (19) for the Van Vleck direct process may be compared

to Eq.. (4b) for the case of solids. Equation (20) for the Van Vleck

Raman ptoceSS'may'be-compared to Eq. (10). Equation (21) for the
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vOrbach process may be compared with Eq. (12). The Bbse—Einstein factor
appearing in Eq. (21) was said by Kivelson to account for the pbpulations
of liquid "lattice states". This interpretation seems odd in view of

his correlation function approach to the solvent-motions..

Kivelsoh concluded that in liquids, just as in solids, the Orbach
proéess will domiﬁate-the other EFF mechanisms if a‘lowvlying electronic
lével is présent such that:E3 is less than about 6kT.

"It will be suggested later that the Orbach ﬁeéhanism is primarily
responsible for the relaxation of Co(II) in'aquedus solutidﬁ. Althougﬁ
Co(ﬂzo)2+ has a spin of 3/2, its relaxation may be treated by theory
derived for the case of S = 1/2. Under the influence of an octahedral
crystal field, Co(II) has a Kramers spin doublet ground state of effective
spin one half which is separated from the lowest excited staté by a few
hundred cm—l (Abragam and Bieaney, 1970, p. 446).

Ni(iI),Aof course, has a spin of one. HoweVer, EFFlmechanisms are
probably uniﬁportant for its relaxation in solution5 An upper limit for
the strength.of>the EFF mechanisﬁs can be estimated from EPR linewidths
of Ni(II) ions in octahedral coordination in diamagnetic crystal létticeé.
If we take a representative EPR line width of a Ni(II) sample at room
tempefature to.be perhaps 200 gauss, wé see that tﬁe ETF ﬁechénisms cén
do no better than produce a relaxation rate of‘(Tze)-l%SXlO9 sec L. : .‘ ;
- This is small compéred to the relaxation rate of Ni(II) in solutioﬁ. This
assumes that the EFF mechanisms for the relaxation of Ni(II) are no more

effective in liquids than in solids. This assumption is reasonable, but

rather difficult to verify.
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C. Mechanisms Effective Only in Liquids

The principle.mechanisms for electrop spin relaxation effective
only in 1iquids are: anisotropic Zeeman interaction, anisotropic hyper-:
fine interaction, épin rotation interaction, and modulation>of zero
field s#litting. This last mechanism; which exists onl§ for ions of
spin greater than one half, is tﬁe only one of these.mééhanisms'which'
appeéfs powerful enéhgh to produce ? Tle as'short as 3XIO_11 sec.

Lewis aﬁd‘Morgén (1968) have exténsi&ely revieﬁed the subjetp of
paramagnetickrelaxation in solutidns. The formalism ¢f relaxation theory
has been well discussed by Slichter (1963), Abfagam (1961), Redfield
(1965), and Wangness and Bloch (1953). Treatménts_of EPR relaxation in"

general are given by Hudson and Luckhurst (1969a) and by McLachlan (1964).

1. Anisqtropic Zeeman and'Hyperfine Interactions

In EPR measufements of single crystals, the resonance line pdsition‘u
will be affected by the strengths of the Zeeman interaction and the
hyperfine inﬁeraction with any nuclear spin present. If these intéractions
are anisotrdpic, rotation of the crystal produces resonancé line shifts.
In solution, random tumbling of the complex will produce oscillating .
magnetic fields at the ion. These oscillating fields wiil produée
relaxation to the extent that the oscillations have frequéﬁcyrcompogents
at the Larmor frequency. McConnell (1956) considered these interactions
for relaxation of ions having axial symmetry. Kivelson'(l960) and_Wilsoﬁ‘
and Kivelson (1966a) have extended the theory by removing the requirement
.of axial symmetry and by.retaining $m311 terms previously néglééted.

Their complicated equations have been discussed by Chang (1971). How-

ever, for thevpresent discussion, the equation of McConnell shall suffice.
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He wrote the relaxation rate due to these anisotropic terms as

T .
2 4 2
7= g gy - )8t + b)) (3-22)
le 15h 1 1+w ‘Tr

S

where b = A" - Ai,'ug is the Larmor frequency, and £ is the Bohr
magneton; The coupling constant A was encountered earlier in ﬁhe
discussion of nuclear relaxation via scalar coupling with electrons.
The rotational correlation time Tr is given by the Stokes-Einstein

equation,
3

T -4l | (3-23)
3kT- : ; :

where n is the viscosity, a is the radius of the complex, k is'Boltzmanan
constant, and T is the absolute temperature. The Zeeman contributioh is
- expected to dominate the hyperfine contributién if the external field

Hé becomes large enough. Values for ql-gL and b can be obtained from
EPR spectra of glaéées; Usevof such vaiues in Eq. (22) generally produces
good correspondence with measured solution 1ineﬁidths fér ions noﬁ subject
to relaxation via other mechanisms. These linewidths are often from one
to fifty gauss in an external field of 3300 gauss. For'the case where

the anisotropy of the hyperfine interaction is small compared to the

anisbtropy of the Zeeman interaction, the field and temperature dependence
2 2 '

of Eq. (22) may be ascertained. If wy T, << 1, then
L HD
TS T (3-24)
le T ' v .
1f uﬁ‘ri ‘<< 1, and b is still negligible, then
1 I -
T - (3-25)

le
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2. Spin.Rotation Interaction

As a molequle rotates in a gas or liquid,vthe? rotation of the
electrons creates a magnetic field which interactsiﬁith‘any nuclear or
electron spins in thé'molecule. This interaction has been cqnsidered
as a mechanism for nuclear relaxatioﬁ by several people, notably
Hubbard (1963), who fqund.for molecules with cyiindrical symmetry that

2IkTT

] 1 © 2 2. . |
= === —— {2(¢,)° + (¢,)°} . (3-26) -
T, T, 2 1 G

where C, and q' are the spin rotation interaction constants, and I
is the moment of inertia.
The angular momentum correlation time Tw’ which is a mean time

between interruptions of the molecular rotation, is given by
T = __l?r__. ’ : o (3-27)
8ma™n :
where a and n retain their same meanings. By comparison witﬁ Eq. (23),
the relation between T the rotational correlaticn tiﬁe, and-Tw
is givén by

TT = L ' ‘ '(3-—2‘8)‘

1o 1 (Vo2 4 a2l e
L. (n)“%) +2(¢) } | - @
The evaluation of the spin rotation constants ql and QL from first

. /
principles is quite difficult.
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Spir rotation as a mechanism for electron rolaxation has been
considered by Nyberg (1967), and by Atkins and_Kivolson_(l966). Both
popers show that the electron spin rotation coostants of a.moleoule may
be directly related to its g Qaloes. The_Atkins and Kivelson result

may be expressed quite simply as

g (%)(Ag")2+2(Agl)2 | (3-30)
le 2e 12ma v

where -Aql = & - 2.0023 and'Ag‘l =8 - 2.0023.  This equation is valid

only when Ag/g is small. This mechanism is seén to be linearly depehdent

upon temperature, in contrast with most other relaxation mechanisms

operating in solution, and independent of the external magnetic field.

It is not dependent upon any anisotropy of the Zeeman interaction. Spin» ,

rotation relaxation is in principle.dopendent upon the magnetic field.
However the uoual values for Tw.are so short that wzth is always
negligible compéred to unity, and the more general forms of Eqs. (26),
(29), and (30) are raroly written. In Eq. (30), the only adjustable
parameter is the molecular radius. Soin rotation»rélaxation was used by
Wilson and Kivelson (1966a) to account for some of the relaxation of
vanadyl acetylacetonate in toluene, and by Wilson and Kivelson (1966b)
to account for some of the relaxation of copper acetylacetonéte in
toluene énd chloroform. ‘Excellent agreement with experiment was found
in both studies. Nyberg (1967) has indicated that Eq. (30) should'bo”

valid without modification for ions of spin greater than one half.

i AS
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3. Modulation of Zero Field‘Splittigg

Transition metal ions.with spin greater than'bnevhalf generally
exhibit, in the absence of an external magnetic field, a lifting of at

least some of the degeneracy of the spin multiplet. .This zero field’

' splitting (or ZFS) arises largely from the combined effects of spin

orbit coupling and a deviation of the complex from octahedral symmetry

(McGravey, 1966). This effect adds a term to the spin Hamiltoniah of

the form D{Sﬁ -S(S+ 1} + E(Si - S;). Values of D can always be

- defined tou be larger than those for E, whichvvenishes if the distortion

is axial. The zero field splitting may be rather lerge, in some cases
ekceediﬁg the Zeeman splitting. When this happens, EPR signals from a

single crystal can be shifted thousands of gauss by rotation of the

crystal with respect to the magnetic field (see, e.g., McGarvey, 1966,

p. 132). Clearly, if the ZFS becomes time dependent through molecular

motion, it will be an extremely powerful means for relaxing an electron

gpin in solution. In fact, with the exception of the Orbach process,

it is usually the'only.mechahism considered important for the relaxation
of ions of spin greater than one half in solution.

A great deal of experimental and theoretical work has been done on

" relaxation caused by modulation of the ZFS. Much of this work was done .

on ions having S = 5/2. McGarvey (1957) first attributed the relaxation

‘of aqueous Cr(III), Mn(II), Fe(III), and Ni(II) to rotational modulation

of the ZFS. In an important paper, Bloembergen and Morgan (1961) found V
from proton relaxation measurements that the.correlation times for the

electron spin relaxetion of Mn(II) and V(II) were too éhort to be

associated with molecular rotation. They therefore proposed that the
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was due to distortions of the hydrated complex caused by collisions with
solvenﬁ moleculgs.‘ This proposal has become more or less accepted. They
also were able to exblain the rates of the electron :elaxafion_by.assum—
ing that the instantaneous valdés of the.distortion 6f the_complex had
the same order of magnitude as the static distqrtions ﬁeasured in crystals.
EPR studies of aqueoué Mh(II) have been made by Hayes and Mygfs (1961),
Nolle and Morgan (1962), Garrett and Morgaﬁ (i966),Iahd others.

McLechlan (1964) considered the theory»of-a-ﬁumber of relagapion_
processes in solution. For the case of relaxation of'an ion with § = 1

through modulation of the ZFS he obtained

1o ﬁ ___Z_T_c_. + __.81‘[_‘:_.__ ' E (3-31)
Tre 0014022 1+4? | -
S ¢ S ¢
and
' S .2 10t 41
1 AT c c
—_— e = 6T + - + - (3-32)
Tre 20 L O S S T
‘ S ¢ S ¢

where A 1is the root mean square value of the zefo field splitting in
solution, .and T. is the correlation time for whatever motion m;kes the
.ZFS time dépendent. Ions of S > l.may have more than one Tle and more
than one TZe' These complicéﬁions will not be discussed here. At the
start of this present study, it was bélieved that-;bese two equations
‘were sufficiént to explain the relaxation of Ni(iI) in aqueous solutioﬁ.
Other theoretical investigations of.relaxétion through modulation"

of the zero field splitting have been made by Carrington and Luckhurst

(1964), Hudson and Luckhurst (19695), and Luckhurst and Pedulli (1971).
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These studieS'support the form of 'Eqs. (31) and (32).

’ Le?anon, Stein, and Luz (1970) made EPR linewidth and intensity
measurements upon adugohs fe(III).at X band and Q band. They found
that the corrélation time for the relaxation was 5X10f12.seC'at room
temperatufe; again too fast to be associaﬁed with molecﬁlar rotation.
Levanon, Charbinsky, and Luz (1970) measured the EPR linewidths ahd'
intehéities'af X and Q band for Cr(III) and fe(IIi) in Water—glycerol
mi xtures. Rubinstéin; Baram, and Luz (1971) compared EPR and NMR
' meaSurements'in aqueous.solutions of'Cr(III), Fe(IIl), and Mn(1I).

They assumed that the time»depéndence of:the ZFS inyolved only fluctua-
tions of itS'directién and not its magnifude.

Most experimental data, notably the work of Luz‘and coworkers,
supports the Bloembergen and Morgan conclusion that the-correlatidn
time for the modulation of the zero field'Splitfing.is foo fasf fé be
fhat for molecular rotation. No consensus regarding-thgvmédel of the
motion has emerged. For e#ample, while Rubinstein,vBaram and Lué (1971)
.- assumed that T, in Eqs. (31) and (32) was é mean time betweeﬁ solvent
collisions,.Hudson and Luckhu;st (1969b) assumed that T, was a léfetime
of‘a collision-induced distortioﬁ. No iﬁvestigator sezms to havé ex-
plored the possibility of ascribing a tempefature dependence tb the

magnitude of the zero field splitting.v
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IV. EXPERIMENTAL
A. Solutions

Co(ClO4)2°6H20 and Ni(C10 '6H20 were purchased from Alfa Inorganics.

4)2
These salts contained 1 to 2% excess water, which was driven off.by
.héating them to constént weight at 55°C. Solutions of known con-
cenfration were prépared by weighing the dried salts as the he#ahydrétes -
and diluting to‘known ﬁolume.‘ All metal solutions héd pH values of

3 or lower-ih’order to prevent hydrolysis. ©Some solutions were made

5.27 molar in HC10, in order to promote réﬁid chemical exéhange of

4
protons, and to prevent freezing at low temperatdres. Concentrations
of stock a¢id solutions were determined bysﬁolumétriC'titration. Calcium
perchloraterwas present in some low acid SOlutions to inhibit freezing.
The concentration of the stock calcium perchlorate soiution was
determined by adding a portion of it tq a column filled with cation
exchange resin in the hydrogen fofﬁ, and titrating the eluted acid
(Samuelsbn, 1963). The pérchlorate'ion, chosen for its low complexing -
ability, was the only anion present in any solution.

The bot&les of nickel andbcobalt perchlorate were cheéked for'the
presence of other_paramagnetic ions. EPR spectra were carefully runﬁ
on 0.05 M solutiohs of each ion, But no signals were seén frqm impurity
ions. .A.Mn2+ impurify would be the most troublesbme, because i;'can
‘be as much as 100 timeélmore effective than Co2+ in reducing the T2
of bulk water protons (Befnheim, et al., 1959). However,.the

EPR results showed that the concentration of Mn2+ was sufficiently

low to be neglected in this work,
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Application of the Swift. and Connick equation tSwift énd Coﬁnick,'
1962) requires that the ratio of bound to total nuclei (here profons)
be small compared to unity. In this work, that ratio did not exceed
0.045 for any solution. Samples for linewidth measurements were not

deoxygenated.

B. Spectrometérs and Measurements

1. Tz'Measurements

| Linewidths of bulk Qater proton signals were measured uéing
.convernitional NMR spectrometers. CarerQas takeﬁ tobminimize'line
bbroadening'arising from inhomogeneous magnetic fields at the sample;v
Each sample tube was spun. The field gradient along the sample tube
axis was readjusted for each sample. This was necessary in parficular
for solutions containing more than about 1/10 mole per liter of:metél
" ions. The explanation is thig., Unless a ;ample is spherical, thé-
magﬁetic field in the sémple will depend ﬁpon‘the geometry of the sampie
and ité magnetic susceptibility'(Bothner—By and Gliék, 195 7; Mulay -
and Haverbu;ch; 1964). In the samples of higher metalvidﬁ concentration,
the paraﬁagﬁetism of the metal would cancel out the éiamagnetism of
the solvent water, sobthat the magnetic éuéceptibility'of each sémple
waé diffe;enﬁ.

Few measurements were made above 65°C using 5 mm tubes. At
élevafed temperatures; sample tubes_witﬁ a large ;ir space will allow
refluxing of water in the tube. This causes a concentration gradient,
with the result that the metal ion concentration in the receiver
coil is increased by an unknown amount. The ﬁroblem may be éolved By

using a two-tube arrangement, as was done for work at 220 MHz. It
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was not done, however, for the measurements at 60 MHz.and 100 MHz.

“Resonances were swept under conditions minimizing saturation and -
rapid passage effects. All three spectrométers used ﬁodulation
frequencieé of at least 4 kHz, a value far exceeding any detected
linewidths in the.presenf study. Since each spectfometer was tuned
to detgct tﬁe first sideband of the out of phase component of magnetization,
proper phasing yielded signals of normal absorptioﬁ linesﬁape (Acrivos,
1962; Hawdrtﬁ and Richards, 1966). Linewidths ﬁere measured from'chaft
papef, using compass ahd straightedge. Generélly, five or six
measurements were averaged. Each resdnance lineﬁidthbwas correctedi
by subtfacting the width of a blénk,'naﬁely, a saméle similar in
éhemical.composition but lacking the paramagnétic ion. The linewidths
of the blanks were generally 0.6 Hz to 1.5 Hz, but approached 3 Hz
below —30°C. Theée blank widths were mainly due to magnetic field
inhomogeneity and to relaxation éaused by the parémagnetism of , C
dissolved 6xygeﬁ'(Chiarotti and Giulotto, 1954). Uncertainties in the
blank'correctibn were not a major sourcé of error,‘sincé mosf‘samples »
of interest had linewidths éxceeding 10 Hz. After.the blank.corfection,
the nuclear T, for a line was computed from the full width at half

2

height, AV, expressed in Hz, by the relation T, = (WAV)Al.

2
a. 60 MHz. Linewidth measurements at 60 MHz were made on-a
conveptionAI Varian A-60, opefatiﬁg at 14.1 kG. Field sweeps were = o o
calibrated in the following manner. An additional low frequency
modulation was applied to the field modulation coils, producing

sidebands on a detected signal. The sideband sepération was then

measured in frequency by a counter and in distance on the chart paper,
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.thereby yielding the calibration. Sample tubes were standard commercial

5 mm OD glaSS tubes.

b. 100 MHe. Measurementé at 100 MHz were madevon a JEOL MH-100,
bperating at_23.5 kG. -The machine.was Tun using a swept frequency and
an external proton lock. Sweep widths ﬁere'calibrated by directly‘
counting the swepf audio freQuency’ét which the 1001ﬂHz’was’modulated.5
For some reason, na;:pw (therefofe stroﬁg) wafér signals were usually
distortea unless observed ﬁnder loﬁ rf power. Commercial 5 mm OD
sample tubes were ﬁséa.

c. 220 MHz. Measurements at 220 MHz were made on a.Varian HR-220,
openating'ét'51.7 kG.b The magnetic field was produced by a superconducting .
sgienéid, and needed no lock for stability. Sweép calibrations were
performed aS'théy were at 60 MHz. “

It was not found.possible'to achieve desirgd field homogeneity
(i.e., rgsolution under 1 Hz) ﬁSing 5 mm tubesf Saﬁples wére, therefore,'
sealed into l.mm ID glass capillaries (Fig. 3), which were heldFCOaxially
in the 5 mm tubeé. Construction of the capillary ﬁubés is described in
detail by McCain (1966). Perfluorokerosene-H obtéinéd from‘P. C. R.
Incorporated was used as a virtually protonléss heatsqbnducting.médiﬁm

between the inner and outer tubes. With this arrangement, linewidths

of 0.6 Hz to 0.8 Hz were routinely achieved on water samples. The

signal to noise ratio was not a problem with the re&uCed sample size,
and the spinning sidebands did not interfere»withlthe-linewidth

measurements. . In fact, the sidebands were surprisingly small in view

of the fact that the capillaries were made from tubing that would
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Spacer of R
General Electric Silastic RTV-102,
molded onto capillary '

Imm 1.D. glass capillary
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XBL7312-6767.

Fig. 3. NMR sample tube arrangement used at 220 MHz.
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barely roll on a flat surface. Prior to the meaourements at elevated
temperatures, the outer tube was sealed, and the assembly tested for
leaks in a 175°C oven.

2. 'Tl'Measureménts at 220 MHz

1
used for ;he T

The Tl measurements were made using the same cépillary tube arréngement
2 measurements.' The cobalt sample'used ét temperatoreé
beiow 85°C was prepared by degassing the cobalé solupion by the standard
freeze-pump~thaw technique, ano‘transferring it to a cépillary under‘a
.nitfogen atmosphere before sealing. A second cobalt‘sample, used at
elevated témperaturés; wés'%bt degassed, nor was the nickel sample.
The‘usual‘180°—T-90° pulse sequence (Carr and Purcell, 1954) was
émployed, using pulse equipment at the Chemical Biodynamics Laboratory
df the Lawrence Berkeley Laboratory. The 90° puioe length wasvgenerally
4"10-5 sec, shorter than the shortest Tl'moasured by a factor of 400.
It was hever possible to comoletely invert the mégnetization by the
180° pulse. This was possibly due to the fact that the sample was
longer.than the receiver and traosmittef coils, a sitoation whioﬁ can
1eod to an rf field which is not homogeneous over the sample. This °
sitoation doesvnot affect the accuracy of the T1 meaéorement when the_
data is treated properly'(Farrar and Becker, 1971,.p.'43);v The radio
frequency was always set at least 800 Hz off reéonaoce; oo that the.
free induction decay (or‘FiD), had a rapid oscillatory behavior, much
like a "ringing" pattern (Farrar and Becker, 1971; p. 20). This

insured that the initial amplitude of the FID was insensitive to field

shifts.
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For each value of T, the pulse sequence was usually.repeated'four
tiﬁes, while a small computor digitized and summed'tge free induction
decays which followed the 90° pulses. The FID sum was presented
on a storage oscilloscope;vand its initial amplituﬂe was measured.

Tﬁe process was usually repeated for 30-35 different values of T.

The prot?n Tlvat that temperéture was then determined from the slope
of a plot of ln(Ax—AT) vs T, where A is the initial amplitude of the
FID at T =@ (Farrar and Becker, 1971).

No blank corrections were made for T1 measureménts. Upper limits
fqr proper corrections for the ﬁndeoxﬁgenated sampleé were calculated
from the linewidths éf'the blank samples mentioned éreviously. (The
limits were certainly too high, since inhomogeneous magnetic fields
made T1>Tz

found never to exceed the 5-87% uncertainty in each T] determination.

for these narrow resonances.) These upper limits were

The deoxygenated samples, of course, would need even smaller blank
corrections. Accordingly, such corrections were ignored.

C. Temperature Measurement and Control

1. Temperature Control

| Both Varian spectrometers employed the usual Varian variable
.temperatﬁre sfstem. Nitrogeh gas passed over a heating coil, then a
coil of fine platinum wire, thén the sample tube. Resistance changes
of the platinﬁm were used to regulate the current going to_thé heater.r
For low temperature operation, the incoming nitrogen was precooled.

The JEOL MH-100 used a nitrogen flow.system for operation above

room temperature. Nitrogen gas passed o§er a heater; then a thermocouple,
then the sample tube. Temperature changes at the.thefmoébubie_were usedv
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to fegu}ate the voltage across the heater. For”low temperature
operatioh, liquid nitfogen was boiled off from a deﬁar by a submerged
heating coil, and immediately passed over'the.saﬁplé;v The temperature
at the thermocouple was used to regulate the boiling rafe. Fééters
boiling p;oduced more cold nitrogen gas and lower sample temperatures.
Interﬁediatg sémple temperatures were achieved USing a constant liquid
nitrogen boiling rate plus a regulafed heating‘qf the resulting nitrogen
gas. The small dewar Supplied with thevspectrométer was replaped by

a 25‘iitervfound dewar, and the submerged héating éoil was replacedvby
a 75 ohm, 25 watt resistor.

| Allvthree’control'sfstems were able to limit slow temperature

drift to a degree per hour at maximum.

"2. Temperature Measurement

For the work at 60 MHz, témperatures were determined By measuring
the chemical shifts'of'seéled Varian samples of méthanol or eth&lene
glycol. :These shifts'were converted to temperétures by mearis of ‘the
-calibratibns'performed by Van Geet'(Van Geet, 1968a,197@); - He found
thaf the caiibratidn qharts published by Varianbwere:in errorrby'as”
much as four degrees. However, even the calibrations of Van Geet do
not seem above suspicioh. For example,'near 35°, wheré both methaﬁol
and ethylene glycol shifts could be used aé thermometérs, temﬁeratures
_ differing by two degrees were obtained.

| In view of these difficulties, temperature measurements af 60_MHz '
may have;s&stematic errors as large as 2°. |

Temperature measurements at 100 MHz'werevbegun using the

‘identical methanol and ethylene glycol samples and the calibrations
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of Van Geet, adjuéted for the lérger'field. However, this measurement
procedure now gave témperatures that seemed too low. For example,
when the methanol sample gave a chemical shift indicative’of a temperature ' '
of 22°C; it waé slightly warm to the touch upon rémoval frqm the probe,
and'when'robm temperéture nitrogen was passed over the sample, it"gavé
a shift indicative of 16°C. In order that compariscn measurements
couldrbe made, a copper-constantan thermocouple.was made, and one junction
placed in a iiquid-containing NMR tube. Room .temperature nitrdgen was
passed through‘the probe. The chemical shift of the méthanol iﬁdiéated
15°C using the Van Geet calibration and 14°C using the Varian calibration,
wﬁile the thérmocouple gave a voltage indicative of 22°C, the e#pected |
result. The temperatufe of the probe was raised and the three methods '
yielded 23°C, 22°C and 30°C. At a.higher temperature the threée methods
yielded 65°C, 62°C and 69°C. The thermoéouple was then tested in ' | -'?
fieezing water and condensing steam, and found to be accurate within
hélf”a degree. The thermocouple measurements were Présumed to be the
correct ones, and the chemicél shift method for température'measurement
was abandoned. The reason for the discrepancies is unknown. It séemed - i
ppssible that the chemical shift measureﬁents were in efror, but tﬁe sweep'
calibrations wvere ‘redone, and found to be consistent with the earlier ~
_calibiations and with the calibrated chart paper supplied with the . ;
spectroﬁeter. ' : L ‘
- The thermocouple used on the Varian HR—220,Ia1so made of copper-
constantan, was of necessity made of fine wire. On this‘spectfometer;

the probe is cylindrical, and is inserted into the solenoid from the

bottom. Since the solenoid had no opening to the top, the wires emerging
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from the”top of the probe had to travel'downvfhe‘very small space

between the probe and the solenoid. Number 34v¢opper wire was used

with "Advange" wire, of similar size, made by Driver-Harris. The
junctions wéfe made by twisting the bared ends together and.soldering

the connection. Since this thermocouple was uséd for high‘temperature
work, Qﬁe junction was introduced into a paftially cénstricted 5 mm

sample tube, which was then sealed with General Electric Siiastic’
'-RTV—lOZ.'_The tube containea mineral oil as a héaf transfef liquid. This-
~ thermocouple was likewise tested for.accuracy. Tt héd been observed

that many of the spools of '"Advance" wire were unsuitable as thermdcouple
wire, giving temperatures erroneous by as much as 3° at 100°C. Presumably,

the chemical composition varies somewhat from spool to spool.
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V. RESULTS FOR NICKEL SOLUTIONS

A. NMR Relaxation

Extensive measurements were made of proton iinewidths in various
nickel solutions. The data, along with that for a few proton Tl
measurements, are listed in Appendix I. The solﬁtions 1ow in acid-
have a cﬁémical exchangé controlled region, and theréfore, yielded infor-
mation abouf'electron spin relaxation over a limited temperature region.
The solutioq 5.27 M in HC10, was much more useful in this regard; and

4
was, therefore, studied at magnetic fields from 14.1 kG to 51.7 kG, and

at temperatures from -50°C to +155°C. The proton data for this solution

will be considered separately from that for the solutions low in.acid.
There are many common features, however, and these will be discussed
in the following section.

1. ’General i

Considerations that apply equally to all the nickel solutions‘argz
the magnitﬁdes of the constants in the dipolar coupliug equation, tHe -
relative rates of the processes which interrupt the dipolar couﬁling,
the relative importance of relaxation in the first and in the second
coordination sphere, and the relative effectiveness of dipolar and
scalar coupling between the protons and the nickel.

The equations for relaxation through dipolar coupling, Eqé. 2-17),
(2—18),(2—27) and (2-28), all contain the expression thZS(S + 1),'often‘
written as gZBZS(S + 1). As pointed oﬁt by Abragam (1961, p. 303),
this expression must be replaced by the meaﬁ square of the effective

magnetic moment for those ions having appreciable ortital contribution

to the paramagnetism. This value for Ni(II) in aqueous solutioh is
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3.228 (Myefg, 1973). This may be seen to be numerically equivalent to
setting g = 2.28 or ¥ ='2.003><107 sec_lgauss— . | |

The estimation of the'r6 factor in thé equations for dipolar coupiing
is difficﬁit. Common estimates of the distance:r between a first row
transition ioﬁ and a water proton generally run from 2.4A td 2,88,
This uncertainty becomes coﬁSideraBle when raise& to the sixth power.
For example, if r is changed from 2.4A to 2.6A, r6 increases by ;
factor of (2.6/2_.4)6 = 1.62. This difficulty will hamper éttempts at
eka;t determination of electron relaxation times through these |
equations. The adﬁittedly.somewhat arbitrary Choicé'of'r = 2,68 will
be made in order to interpret the daté.

‘The correlation time for the interruption of the dipolar coupling

must be determined. According to Egs. (2—19) and (2-20),

1 1.1 : ' :
= = 4 = — : (5-1)
T . L
T1 m Tr Tle
and -

1 _ 1.1, .1 o

T ST YTty . (5-2)
2 m r 2e :

In general, Tle and T2e will be the shortest of the possible correlation

times for the nickel soiutions. From the work of Connick and Fiat (1966)
and Neely apd Conniék (1972), Tie is expécte@ to be of the order
of 5"10-12 sec at room temperature. Connick and Fiét‘fouhd the exchange
time for whole water molecules to be about 3.3"10“5 sec; Using
Eq. (2-16) and the Connick and Fiat value of 10.8'kca1'>mole—l for

*

AH , T may be estimated to be about 10_7vsec near 150°C. This is

mHZO
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still much longer than T The acid—catalyzed proton exchange

le’

mechanism discussed by Swift and Stephenson (1966) could produce a o

Imvfor protons of 10—7.sec at room temperature if thke acid concentration
is about 5 molar. However, this mechanism appears to have little or no
temperature dependence. Therefore, the (Tm)—1 term in Eqs. (5—1):and
(5-2) is always completely negligible for nickel solutions.

The rotational correlation time Tr is also smalier than Tle and
TZe’ buﬁ not by such a large margin. The Stokes-Einstein equation
gives Tr as

- 4Wna3 |

T T3kT

(5-3)

It is difficult to assign an accurate value to a, the effective molecular
radius, since water molecules in the second coordination sphere may
tumble along with the first coordination spnere._ NMR evidence for

such a second sphere‘bf coordinated water molecules has been given for _
Cr(1I11) By Alei (1964) and Earl (1968). If we set N =1cp, and T = 20°C,
and guess that a = 3A, we obtain T, = 2.7%107 gec. It is probably |
safer, however, to use experimental values for Tr.‘ From NMR measuremenﬁs
.of Bloembergen and Murgan‘(196l) and of Hausser and Ncack (1964) ,

Hertz (1967) determined room temperature valuesofvl'r for man&
hexahydrates of transition metals. For the ions Mn(II), V(II), Cr(III),
and Cu(Ii), the lowest value was 2><10-'11 sec and the highest was

8"»10“11 sec. Assuming that Tr for Ni(H20)§+ is within this range, we

exPeCt,<Tr)—l to be ah order of magnitude smaller than'(Tle)-l or

(T, ) at room temperature. However, as the temperature rises, Tr

2e
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will decrease, and may'evenfually approach Tle in magnitude. For

1

example, if a = BA? T may be calculated to be 1.4%10 1 sec at 50°C,

6.2"1(5-12 sec at 100°C, and'3.9"10_l_2 sec at 140°C. Thus, at elevated

v temperatures, the effects of Tr must be taken into consideration.

quations (2-27) 'and (2-28), which describe”relaxatidn'occﬁrring
beyond the first coordination sphere, have been written with the assumption

that T, and T ‘are much shorter than TD’ the tianslatioﬁal diffusion .

le

time for the solvent nuclei. This should hold at most . temperatures

2e

for aqueoué solutions of Ni(II). Abragam (1961, p. 302) showed'by general

arguments that the felationship of T and Tf for a molecule is expected

D
20°c, 1.1x10” M sec at 70°C, and 7%10712 gec at 100°C. " These times,

D
to be Tb = 9Tr. Hertz (1967) gives, from the work of Krynicki (1§66),.
Tr for HZO molécules as a function of temperature. For example, |
T_ equals 3.0%10 % sec at 20°C, 1.2¢1072 sec at 70°C, and 0.8%10™*2 sec
at 100°C. Abragam's relationship then predicts T_ = 2.7><.].'0-_ll sec at

although approximate, are similar to the rotational correlation

times for the hydrated nickel ion. This suggests that the two inequalities,
T, <T_and T, <T_, will be valid over the same temperature range. 1In

le D le r _

other words, the effects of translational diffusion upon the outer sphere

‘relaxation rate should be minor at or below room temperature.

The proton reléxation caused by scalar coupling,befween'the protons
and the nickel cén bé neglected in comparison to the relaxation causéd
by the dipolar coup1ing. The equations of importance here are Eqs. (2-18)
and‘(2—22§. For the éake of comparison, these may be simplified by

<<LT T .
le’ T2e r’ m Then
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) 2 ,
1 YI(peff) 13T2e
T ) = 3 T * 52 (5-4)
2m 15r 1+ WiT,.
S 2
and
. ' ' T :
L) 86D iy | 22 |, (5-5)
T 3 : le 2.2
2m 1+ Ww.T _
sc S 2e
if we aésume for the moment that wZTZ <<1, and that‘T =T, ,
_ 57 2e , 2e le
we find that the ratio of the two expressions is
-1 2 2. .
(oda 2V Wegg) »
1776 7 | (5-6)
(TZm)sc r:S(S + 1) (A/h)

,=3.228, =267 5=1, and

3 Hz, this ratio is 1.3x10°.

If we take-YI = 2.675"104 sec—lgauss—l, uef

the Luz and Shulman (1965) value of A/h = 2X10

The ratio is still 6X102 if the rather large value of 3A is given for r. If

2,2
; >>
wSTZe 1, or if T1

upon the estimate of r. We may safely conclude that the effect of the

e>>T2é’ then the ratio is still 900 or 400, depending

scalar coupling is compleﬁely ﬁegligible coﬁpéred to that of the
dipolar coupling..b

The contribution of rela#ation in the second cobrdinatibn spﬁefe,
given by Eq. (2—28), must be estimated. .Thé ratio of rélaxétion in the
first Cocrdina;ion sphere to relaxation in the second sphere may be
found by putting Eq. (5-4) into Eq. (2-11) and dividing the result

by Eq. (2-28). Assuming for simplicity that T T, <<T_, TD; we

le’ "2¢ r
obtain
-1, v 3
(T, ) “(first sphere) 347P
_2p i = m ‘ : (5-7)
-1 6 '
(T, ) “(second sphere) 4Tr ' n :

2p
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We have assumed thaf the relaxation is not controlled by the rate of
chemical exchange. Here, n, the concentration of iomns, is given by
NM, whore N is Avagadro's number and M is.the.molar'concentration of
the metal ions. For dilute.solutions of hexaquo complexes;me, the
fraction of hucloi‘coordinéted, is equal to 6M/55.5 moles liter-l.

Then, n and Pm are related by n = (55.5 NPm/6),_and Eq. (5-7) becomes

(izp)‘l(first)

(T

—23cm3d3
6

_ 4.30%10

e "(5-8)
) “(second) .- y T o

2p
This ratio‘ié highly'dependent upoh the walues given for r and for d,
the distance:of_closest-approach of second sphere nuclei. Lee (1970)
considered relaxation in the second coordination sphere. He assigned
a value of 4.1A for d, based upon molecular models and Van der Waals

radii. If we let d = 4.1"10"8 cm and r = 2.6"10_.8 cm, then

2E’)_]-'(firs‘t:)

)—l(second)

(T
= 9.6

(T2p

Thus we see that rela#ation in the éecood coofdioation spﬁere may be
about 1710 asrimportant as relaxation in the first sphere.  Thio ratio
of 9.6 is highly uncertain, of course. We'may obtain a ratio as 1ow
as 4.5 by assuming that f = 2.88 and d = 3.7A, or a ratio‘as high as
18 by letting r = 2.4A and d =_4.3A. These estimates~show thét proton
relaxation occurring beyond the first coordination sphere may be
expeoted to provide from 5 to 20% of the total relaxation when scalar

coupling and the Aw mechanism oan be neglected.
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We note that the formipf Eq. (5-4) is similar to»Eé. (2-28), and
that they depend upon Tle’ T2e and magnetic field in the same way. Hence,
if proton exchange is fast enougﬁ to make Pmsz dependent upon sz, és
shown in Eqs. (2-8) and (2-9), the ratio of the contributions of first
and second sphere relaxation will be constant. Therefore, reléxatibn
outside the first coordination sphere may bechmpletely neglected if

the temperature or field dependence of T, and T2e is sought from

le

nuclear relaxation measurements. If absolute values of Tle and T2e are
desirea, then in principle'a correction for the contribution of»second
sphere relaxation should be made. Such a correction will_bé ignored |
hefe,.since'it ié so much smaller thaﬂ the uncertéiﬁty caused by the
difficulty of evéluating the sixth-powér of r. Of conrse, when chemical
exchénge of protons is slow enough, conditions of Eqs. (2-6) and (2-7)
apply, and relaxation in the first.coordination sphere is not the rate
limiting step in determining sz. In this case, reiaxation in the
second coordination sphere does cdntributé tovthe teﬁéerature
dependence of the observed protdnviinewidth. This has Been observed

in aqueous Ni(II).éolutions here and also by Swift and Weinberger (1968).
. The data are consistant with the calculated value of ten for the relative
~ importance of relakation in the first and second coordination spheres;

It may be useful to summarize the conclusions reached so far, The
.contribution to proton relaxation that arises from the scalar coupling
bbetween the protons and the electron spin is entirely negligible compared
to that arising from the dipolar coupling. The relaxation Qf the spin
qf.the nickel is'expected to be the fastest process interrupting the

dipolar coupling, although rotation of the hydrated complex may be
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ﬁearly és'rapid at elevated'temperétures. Proton telaxa;ion'occurring
ouﬁside thé first‘coordination sphere 1is expecfed to be a sméll correction.
It may be:neglectéd hérevin view of the larger uncertainty which arises

- from the difficulty of evaiuating the r6 factor. NéitﬁerVSOurce of
uncertainty affeqts conclusi;ns regarding temperapurg or magnetic field
effects. |

2. Solutions Low in Acid

Prqﬁon lihewidth data at 6b MHz énd 100 MHz for.nickel solutions
are shown in Figs. 4-and 5. It may be noted that‘thé different‘solutions'
do. not show identicalVprotohlrelagation rates at elevated'temperatures;
The'explanatiop is unknown. Measurements and calculations to be:described'
shortly indicate that‘changes in viscosity shou}d not affecs Pmsz..
Part of the effect could be due to the high concentfation of pgrchloratev_
ions.  If perchlora;e ions successfully compété with water molecules
in the coordination spheres around fhe metal ion, then fewer protoﬁs
‘are close enough to be felaxed; a'ndmeT2p rises. |

It has been established that scalar coupling.ﬁay be ignored, and
that seco;d coordination sphere.effects are small. Thevpext'task is to
bassign mégnitudes to quantities appearing in Eq.‘(2-55, the Swift and
Qonnick equation. F;oﬁ the rise of Pmsz as the temperature is lovergd
" from room temperature, it is clear that the system is in the chemical
exchange controlled reg;on. Here, as Eés. (2-6) and‘(2—7) sbecify, |

T >>T, , and P. T =T, However, P T does not rise in a continuous
m 2m “m"2p m m 2p .

steep manner as has been observed in the 170 experiments, ASwift‘énd

- £
Connick (1962) found a value of 11.6 kcal mole 1 for the AH for the

exchangé of whole water molecules, Connick and Fiat (1966) found a
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Fig. 4. Pmsz of protons in aqueous Ni(II) solutions at 60 MHz as a

‘ function of temperature. The solution represented by circles
contained 0.003 M HC10,. The solution represented by triangles
also contained 2.46 M éa(ClO4)2. The solution represented by

squares contained 5.27 M HC104.
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Fig. 5. PmT of protons in'aQueous Ni(II) solutions at 100 MHz as
a function of temperature. Symbols are the same as in Fig. 4.
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value of 10.8#0.5 kcal mole_l, and Neely and Connick found 13.9 kcal mole—l.
There are two reasons for the difference. The first reason is that the |
beffects df relaxation in the second coordination sphere tend to flat;en

out the steepness. This reason was advéncnd by Swift and Weinberger

(1968) to explain their similar observations. This effect was absent

from the 1?0 work for the following reason.' Nickeloué ion relaxes 170
prinarily through scalar coupling in the first coordination sphefe;

Scalar coupling effecﬁs drop off rapidly with distancg; and are weak

beyond the fﬁfst coordination sphere. 'in comparison; dipolar coupling
operates over long distances, énd the effecf'of the nickel ions upon.
protons drops off slowly enough that it is appreciablé'in the second
coordination sphere. The second'reason thét Pmsz does not continue

to rise sharply is the preéence here of about 10.-3 M acid. Any acid

present serves to cause proton exnhange, and has tne effect of putting
‘a minimum value on Tm’ as shown by Eq. (2-16a). Snifﬁ'and Stephenson

6 .~-1

(1966) found a value of 1.3X10° M sec-1 for the proton exchange rate

constant kz.

exchange rates of protons and whole water molecules can be compared.

If this value does not change much with temperature, the

For this acid Concentration, the proton exchange rate is expected to
, be faster at temperatures below perhaps -20°C. In thls region, Tm
are not expected to show a stroug température

dependence. Again, this is an effect that would not appear in thevl70

and, therefnre, Pmsz
work.

The low temperature results for the low acid solutions give little
information about electron relaxation, so we will'proceed to consider

the data above room temperature. As shown in Eq. (2-$), relaxation



-67-

in the.bulk solution has contributions from the Aw mechanism and from
relaxation occurring in the'first coordination sphere. We can show
that the AwiTm term is generally smaller than the (sz);l'term.‘ First,
the data do not ‘show the fapid rise in Pmsz with.rising ﬁemﬁerature
that would be engctéd if the AwiTm term were §ominant. 'Secohd, we
may calculate both terms in Eq..(2-9).. At room témperature,

Tm = 3.3><10‘-5 sec, as determineq both by préton MR (Swift ahd Weinberggr;‘
7 -1 3 -1

X
2m) is 6 10 sec

at 60 MHz and 100 MHz, as determined by measurements, to be described

 1968),’and by 1 O NMR (€onnick and Fiat, 1966). (T

later, upon nickel solutions high in acid. This value is in agreement
with the results of Swift and Weinberger at 60 MHz. Finally, Awm'is
needed. Swift and Weinberger use the room temperature shift measurements

of Wayland and Rice (1966), which indicate a scalar coupling constant of

0.9><105 Hz. However, Luz and Shulman (1965) made more‘extensive

5

shift measurements, ahd they obtainéd A/h ='2x10 Hz. Using'this value

3 -1 o
sec - at room temperature and

with Eq. (2-25), we obtain bw = 6.0%10
60 MHz, and 10'.0"103 sec—1 at 100 MHz. Now the terms in Eq. (2-9)
are known, and we see that at 60 MHz,

65107 sec™ = (1, )7! > awlt = 1.2x10% gec™h |

_ m’ mm. _ _

Thus the_Aw mechanism is found to be somewhat more important than.
estimated By Swift and Weinberger. The term AwiTm would be equal to
to 3;3x103 sec'-.1 at 100 MHz, Since both Awm and Tm drop with rising
temperature, the AW mechanism will quickly lose importance. For ekample{

at 60 MHz, Awirm falls to 430 sec © at 40°C and 230 sec ' at 50°C,

while (Tzﬁ)—l changes only slightly with ﬁemperature;
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Unfortunately, a narrow temperature range of useful data is left,
since none of the low acid measurements were made above 85°C. We
shall be content for the present with a calculation of the magnitudes

of T, and T, at one temperature. At 60 MHz and 40°C, where 103/T = 3.19,

le 2e
Pmsz = 1.5"10'_4 sec., Negiecting the AW mechanism allows us to set
PT =T, . Neglecting rotation of the complex allows us to use
m 2p 2m° , . T :

Eq. (5-4). Sefting r = 2.6A, we obtain

13T,

7y o+ 22 = 4820 see . (5-9)
v e 1+ szz E
: S 2e '
In the limit T, >>T. , T, = 6.9%10 12 sec. If T, = T, , then
le 2e le _ le 2e
T, = 3.6X10_12 sec. The actual ratio of T and T, at 60 MHz may be
le le Ze

estimated from Eqs. (3-31) and (3f32);.if we assume that modulation
of the zero field splitting is the only contribution to the electron

spin relaxation. If we set wg = YSHO = 2.8_2"10ll sec—l, and assume .

T = 4><10“12 sec, we obtain T, /T, = 2.43. -Use of this ratio in
c . _ _ le’ “2e _ : _
Co= 1.8><,10-12 sec and T, = 4.4X10_*2 sec. These

2e le

values are in essential agreement with the 170 work of annick and

Eq, (5-9) gives T

Fiat (1966) and Neely and Connick (1972).

3. Solutionms High in Acid

Proton linewidth data for a nickel solution 5.27 molar in HC10, are

4
presented in Fig. 6. The dafa are in agreement with the room temperature
measurements of Neely and Connick (1972) at 60 MHz and 100 MHz, made
upon unacidified solutions, but are in disagreement at 220 MHz. |
Analysis of the data is simplified by the rapid proton exchange.

Conditions in Eq. (2-10) are easily satisfied, and Pmszv= sz over the
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Fig. 6. Pmsz of protons in an aqueous Ni(II) solution as a function
of temperature and frequency. The HClO4 concentration
‘was 5.27 M.
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entire temperature range. This can be shown by calculation and by

experiment. Swift and Stephenson (1966) give a room temperature value

of 1.3i0U2x106 M“lsecm1 for the constant k2 appearing in Eq. (2-16a).
If [H+] = 5.27 M, then Tm = 1.46"10—7 sec. Then at 60 MHz near room
temperature,
: 6 -1 -1 -1 3 -1
x = = x

6.9v10 sec (Tm) }> (sz) | 6 10” sec
and

4.1x10™0 sec™ = (1, T )" >> (M )? = 3.6x107 sec”?

m m m _

. At 220 MHz, (Awm)z.will become 4.8><108 sec-z, but this will séarcely'
affect the inequality.
The experimental proof.of the relation Pmsz‘= sz for this acid

solution consisted of measuring PﬁT in solutions of different acid

2p
strength. The experiment was done under conditiqns where Tm and Awm
are largest, namely, minimum temperature and maximnum field. Proton
iinewidths'were measured for sdlutipns of acid Concentration‘fr§m 1M
to 5.27.M ;t -45°C and 220 MHz, which is é magnetiqvfleld of‘51.7‘kG.
PmTép was obsefved to bé coqs?agt; This sbowed ;ha?'a hiékel'solﬁtion
;hét is oné molar in protons has a Tm short enough tc eliminate the
chemical exchange contrblled»regipn, and to‘eliminﬁte the effectiveness
of the AW mechanism. o |

“We have, then, what was sought: values for T the relaxation

. zm’
time of protons in the first coordination sphere of aqueous N1(II),
over a wide range of experimental cohditionS. The field strengths run

from 14.1 kG to 51.7 kG, and the temperatures from -50°C to +155°C.

These sz values are related to thevelectronvspin relaxation»times
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‘through Eq. (2-18). Combining that equation with Eq. (2-11), we obtain

2 2
1 YiOegg) 137,
P T, - 2.2 (5-10a)
m 2p 15r .1+ w T
v S 2
| 13t |
= 1.38%<10%% sec™? |77, + —— 2 (5-10b)
‘ 1 1+ w212
52
where we have used the values adopted previously for the various
constants. Here Tlvand IZ are given the restricted definitions
e | S S (5-1D)
1 le ' ' o T '
and
S o (5-12)
2 r 2e . ' .

Equation (5-10) should accurately describe the pfoton linewidth data in
the highiy acidic nickel solution at all fields and all temperatufes.
" Based upon the estimates mentioned, we expect Tle<<Tr for 103/T>3.2,

T e~Tr for 103/T<2.6. Calculations of rotational

le<'rr for'2;6<10?/T<3.2, and Tl
correlation times have been made using the viscosity of pure water, eQen
though the solution under consideration is about 41% lrlClO4 by\weight.
This was done for conveniencé, since the viséésities of coﬁcentrated
HClO4 solutions at temperatures above 50°C did not seem to be feadily :
available. Brickwedde (1949) has shown that the Qiscosity of 40% HClO4
is simila; to that of pure water, the ratio being 1.5 at SOAC, 1.3 at

15°c, andvl.l at -5°C. However, errors of 50% in the estimation of

rotational correlation times are not large enough to be of concern

H
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- here, since at most temperatures the rate of rotation of the complex
has little effect upon the proton relaxation rate. For temperatures
below about 30°C, we expect that

1 14 -2 131

= —_— e
P T = 1.38X10 sec 7T1e + —

. (5-13)

wm NN

| 2
; W
m 2p . - 1+ T2e

Values for Tlé and T2e may now be calculated using experimental data.

The term ngge is a"minor‘complication, because at these high fields, it

is never completely negligible coﬁpared to unity. Also, the ratio of

Tie to Ty is available only if we assume we know the‘detailé of the -

electron spin relaxation. However, at low temperatures and 220'MHz,

the ngge term is so large that the expression in brackets in Eq. (5-13)

simplifies to 7Tle' We may easiiy find Tle values then. For example,

= 3.5"10“11 sec. At -21°C, T, = 2.1"10_11 sec. At
le le
11

= 1.5107! see. At +15°C, T,_ = 1.0X10°

at -45°C, T

-5°C, T sec., These are

le

the longest relaxation times ever reported for aqueous Ni(II). The
respective values at lower fields are shorter by about a factbr‘of two,

as can qualitatively be seen from the larger Pmsz.

The_consideréble length of these relaxation times at 220 MHz raises
the question of the importance of the rotation of the éomplex as an

interruption of the dipolar coupling. If T, "were almost as long as>Tr,

le

thén the_values of T, as calculated from Eq. (5—13) would be somewhat

le

shorter than the actual Tle values.

It can be shown that T_ is still longer than T, . Hallett (1963)

le;

has giver the viscosities of water below 0°C. Use of his values with

Eq. (5-3) gives Tr for metal complexes as 7.9"10“11 sec at -9°C and .
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0

1}4x10—1 ‘'sec at -20°C. This is still about five times the 220 MHz

" values for T, at the réspective temperatures, and so Egqs. (5-4) and

le
(5-13) are still expected to be fairly accurate. At lower fields,

e is shorfer, and Tr ghould be about ten times T. . Frankel (1968) .

T le

1

performed a simple expérimént which seemed to shoﬁ that Tr>>Tle for
nickel solutions, at least at 60 MHz at omne temperafure. He observed
water.pfoton linewidths at 60 MHz in Cu(II), Co(II), and Ni(II)
solutions at 40°C as a function of viscoéity. At-fhis temperature for
Ni(II), the bulk préton linewidth is determined By-the relaxation

rate in the first coérdinatioh»sphere, The viscosity.was varied ffom
1 to 9 qp by t@e addition éf glycerin,'and the Pmizp'of fhe nickel
,solﬁtion was constant as a function of viscosity. In comparisop,

P T, of the coﬁper solution changed by a factor of five or six under

m" 2p
the same conditions. This experiment seems to prove that the interruption
rate.of thé dipolar coupling between .the pfotons and the nickel is not
affected by fhe viscosity. If'Tr greatly exceeds Tio at 40°C, it should
exceed it at all lower temﬁefatures, because ofvtheir similar temperature
dependence; It would be useful to repeat Frankel's experiment at higher
fields and at other temperatures. |

These results may be comﬁared with other determihations of Tie at,

14.1 kG. Connick and Fiat.(1966) observed the 170 resonance‘of water

" molecules bound to Ni(II). They found, at temperatures between 0°C and

~-12 S -12
40°C, '1‘1e 6.4%10 sec, assuming T1e>>T2e’ or Tle 4,3%10 sec,
assuming T1e = T2e' Chmelnick -and Fiat (1971), in a similar experiment,
found at -30°C, T, = 7.6"].0“12 sec or 5..7><1O.-12 sec, using the same

le

assumptions. The presént measurements at 1l4.1 kG and -30°C indicate
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that T. = 1,1x10_11 Sec, assuming that T e>>T2e’ or 6.3"10“12 sec,

le 1

assuming. that Tle = T2e' The field dependence of Tl

Conniék (1972) is confirmed by the present linewidth measurements below

room temperature. The field dependence in this regicn is largely due

to the field dependence of Tle’ and not due to the explicit field dependence .

of Eq. (5-13). From the form of Eqs. (3-31) and (3-32), we see that the
S

1o Means that Tle T2e

é&lxlo_ll sec at -30°C and 60 MHz is seen to be in

existence of a field dependence of T . Then the

present vaiue of Tl

fair agreement with the'l70 work.

A very few proton T, measurements were made at 220 MHz. These are

1
illustrated in Fig. 7. Iﬁ is not possible to_giveva precise valué for

2,2

>>1.,
ST2e 1

’

the ratio of T1 to T2

as shown by Eqs. (2-17) and (2-18). - However, the experimental accuracy.

. A ratio of 7/6 is to_bé expected when W

is not sufficient to verify this. The most that can be said with
certainty is that the Tl measurements do not conflict with the inter-
pretation given to the T, measurements.

2

B. Electron Spin Relaxation -

It had been previously expected (Lewis and Mdrgan, 1968; Neely and .

Connick, 1972) that the electron spin relaxation of aqueous Ni(II)
could be satisfactorily described solely in terms of the time dependence
of the zero field splitting, as writtenm by McLachlan (1964) and dthers.

This mechanism seened by far the strongest of the available mechanisms,

and it does provide for a magnetic field dependence of Tle’ as observed.

.However, Eds. (3-31) and (3-32) do not accurately describe the data:
the observed field dependence of the proton linewid:hs is much less

than expected. This can most easily be shown using the results at very

c observed by Neely and
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low cemperatures, where T exceeds 10.-11 sec. If T. =T, , then
le le 2e

2.2 2.2 '
>> > w -
wSTZ 1 and 7T1 13T (1 + T2 ) , and Eq. (5-13) shows that Pmsz

is proportional to (Tle) . Qn the other hand, if Tle T2e, then

~1

§ _ ‘ : . o
7Tle 1312e, and again PmT is proportional co (Tle) . Therefore,

2p
at temperatures below about -35°C, the ratio of Pmsz at two fields will
be equal to the ratio of the respective values of (Tle)—l° This ratio
in turn is expectéd to be equal to the inverse square of the ratio of

2T2>>1,'as can be seen from Eq. (3-31).

the resonant frequencies when wS c

Then at low enough temperatures we expect the limiting ratio of Pmsz

at 60 MHz to P T, at 220 MHz to be (220/60)% = 13.4. oOr if we make

v m 2p
the conservative estimate that Tc at, for chmple, —45°Clis at least
twice the room temperature value of about 4"10—12 sec, we still expect
the value of this ratio to be at least 11. In contfast, the observed
ratio ofrthe PmTZP values at -45°C is only 6.4. 'The inescapable
conclusion is that Tle for gqgéous Ni(I1) hés significantly less field
depcndencc thac Eq. (3-31) predicts. We mcst, therefore,.ccnsider the
other mechanisms which can contribute to the electron spin relaxation

We may omit consideration qf anisotropic hyperfine interaction,

since cnly 1% of nickel nuclei have spin. Then the McConnell equacion

for anisotropic interactions, Eq. (3-22), becomes

1 -2 Tr ‘ :
= — [(g - g) BH ] . (5-14)
T1e 15h2 I 1 ° 1+ wg 2 . :

Nickel in general has very.isotropic g values. McGarvey (1966) lists
g values for nickel(II) in 14 host crystals, and the largest‘value of

(q'- gl) listed is 0.1. Using this value in Eq. (5-14), with a
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" magnetic field of 51,7va, and a room temperature Tr'of 3"10"ll sec, -
we obtain (Tle)—l = 106 sec“l. This upper limit for the effectiveness
of the aniéotropic Zeeman interaction mechanism féils short of being
sigﬁifiéanf by several qrdérs of magﬁitude'at 220 MHz. This mechanism
.wili be.no moré effective ét lowef magnetic fields, énd'we shall not
consider it furthér:

Sﬁin rotation interaction ﬁay likewise be.shown to be too small.
The Atkins énd Kivelson eqﬁation.is |

R e

T T

)2
le Toe 12ma3 T

f2gpB L (5-15)

If we let a = 3A and Ag" = Agl = 0.28, we obtain (Tle)—l = 4.9"108 sec'-1

at 0°C, 1.9_x109 sec ! at 50°C, and 7.5><109‘sec-1 at:150°C. Therefore,
spin rotation interaction ‘is also too weak to haﬁe é significant effect
upon the electron spin relaxation of aqueous'nickel.

There is also éxperimental evidence of the relative unimportance
offaniSOtropiC”Zeeman interaction and of spin rotation interaction.

Equations (5-14) and (5-15) show that both mechanisms depend upon thev

viscosity of the solution. In the case where w2

ST§>51, both equations

predict that T, will increase when viscosity increases. Yet the

le
~ variable Viscosity'experiﬁenf of Frankel (1968), described in

Section A—3 of thié chaptef, indicatedlthat the.relaxation rate of
ﬁickél was not affected by a ténfold change in viscosity. That protoh
NMR experiment was done at 40°C and 14.1 kG, conditions where ngi>>1.

In contrast with other mechanisms, the modulation of the zero

field splitting can be shown to be a sufficiently powerful mechanism
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‘to explain the rate of relaxation of the aqueous Ni(II) ion. We may

rewrite Eq. (3-31) here:

1 Az 2'«rc‘ 8Tc
—_— = T ‘ . + . (5-16)
Tle 10 1+ wzrz 1+ 4w21:2
S ¢ Sc

12

At room temperature we expect TC to be about 4X10 ~sec, a value supported

by the EPR work of Luz and co-workers, as explained in Chapter III.

I1f, in accord with observation at 60 MHz, we set Tle = 5x10—12, we find

that 4, the root mean square value of the zero field splitting in

L. 4.4x1011'sec—1." This value, although

solution, is equal to 2.3 cm
not unreasonable, is surprisingly.large:> roughly equal to half the size

of the largest zero field splittings observed for nickel in single

crystals (McGarvey, 1966). As pointed out by Bloembergen and Morgan (1961)

and Lewis and Morgan‘(l968), the relaxation times of ions such as
Cr(111), Fg(III), and Mn(II) in solution.can be explained by the ZFS
mechanism if thé A parameter in 1iquidé is assuméd équallto a tyﬁical
vélue found in siﬁéle crystal wbrk.

An initial attempt was made to fit thé proton linewidth déta using
the equations developed. This is shown in Fig. 8. Equation (S—lOb)‘

was used to calculatevaT at each frequency. Rotation of the complex

2p

was explicitly considered. The rotational correlation time was calculated

as

12

'Tr = 9.0X10f sec (T)'_1 exp (E/RT) R | | (5-17) .

where E = 4 kecal mole_l, R = 1.987 cal deg_lmole—l, and the temperature

T is in degrees Kelvin. This activation energy was chosen so that
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Eq. (5-17) would simulate the temperatufevdependence of the viécosity
.of water divided by temperature. This function gives values of Tr tﬁat
do qot differ by more than 30% froﬁ those previously calculated from
Eq. (5-3).ovér a temperature range from -20°C to.+140°C. "The electron
spin relaxation times were calculated using Egs. (3—31) and (3-32).

The correiation time'Tc for the electron spin relaxatioﬁ was calculated

as
- ot = 48107 see (07 epE/RD)  (5-18)
Here E was set equal>to 2 kcal deg_lmole-1 in order to approximate the .
temperature depéndence of the data, and thé'pre—exponential factof was
adjustga fo give,TC = 5"10—12 sec at rbom'temperature. The zero field
splitting parameter A was set equal to 3.1 em L = 5.8’l<10]']"s'ec'“l

in order to:obtain a grossvcorrespondencé with the exverimental resuits.
The fit is terrible: the observed magnetic field dependence is mpch.less
_than predicted. The only parameter used here that can be varied in

order to reduce the amount of calculated field dependence is the rotational
correlation time. Hoﬁever, in order to reduce the calculated field
dependénce enough,vit would be necessary to.reduce the rotational

. correlation times by a factor of five to eight. Even a factor of three

is insufficient. The rotational correlation time for hydrated Ni(II)
' 12

ion at room temperatufe would have to be between 3"10—12 sec and 5%X10 ° sec

in order to explain the data. It seemed impossible that the nickel ion
could rotate so much faster than the other first row transition ioms,
.and so this exblanation was rejected. The calculation also fails to

account for the rather curious fact that the proton relaxation times at

o
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60:MH2:an& 100 MHz arebso:similar.

- The crossing of the curves at elevated temperatures has a simple
,e#planation; EQﬁatioﬁ (5-10) showé that wheanZe.becdmes short enough
to make ngZe COmparablé to unity, then (Pmsz)—l‘has‘ah explicit field
dependence. This behévior only becomes ﬁanifest ét high fempératures.

The experimentai_results are hard to eXplain.‘.There are at 1éast
three sort$ of alternativé‘Ways to approach the problem. The first
alternative"is to postﬁlate the presence of anotﬁer mechanism for
électron.spin'relaxation, equal'in stréﬁgth to the_ZFSbmechanism;tbut
having either-the opposite field dependence or none at all. It is
difficult to argue that one of the so called electric field fluctuation
mechanismsvcould be responsible here, for it would have to be at least |
an ordér.of'magnitude more effeétive in solution tﬁan ih.éhe solid.

One could perhaps envisioh a mechanism'dependent upon:the‘dgviation of

the g'faiue'frqm 2.0023..'However, if.theré were such a mecﬁanism

strong énough, it should have beeﬁ‘observed fpr Cﬁ(li), whose rotationally
a?e;aggdvg valué is almost as large as fhat of Ni(II).‘

.It was found that the temperétﬁfe and'fiéld'dependence of the
‘proton data could be roughly simulated if itvwerevéssuﬁed that the spin‘
of the nickel.is subject to an additional felaxation pfécess whose
strength is independent of field and ﬁeakiy dependent upon tempgfature;
Figuré 9 shows én attempt to fit the data using éﬁch a hypothetical-

' mechanism. Equation (5-10b) was used to calculate PmT2§ at'eaéh

¢ d

frequency. The relaxation rates of the electron spin were written as
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solution 5.27 M in HC10 Equations (5-19) and (5 -20) were

- used to describe the electron spin relaxation
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. 2 [ 2t 8T : :
1 A c c : 3 '
= + + = (5-19)
Tle 10 1+ wlt? 1+ 4w 2 Tc L '
Sc C
and
2 107 4T k
1 A Y c c 3.
=== 6T + + + =, (5-20)
Ty 20 [T 022 T 22T,
L . Sc ; S ¢

~ where A was set equal to 3.92>$10]»'1's"ec"1 = 2.09 cm_l,'and the constant .

: k3 was set equal to 0 3. As before, the correlation time Té was given
by Eq. (5~-18), and the rotational tbrrelatio@ time r;‘was givenAby
Eq. (5-17).' This hypotheticél'mechanism haé to be quite'strongjintorder.
to explain'thé reduced field depepdence of thé proton.relaxatibn;'tln‘
fact, at 100 MHz the two terms in Eq. (5-19) are éqﬁal iﬁ.magnitude
: witﬁin'ZOZ'over a temperature range from -30°C to +60°C. No suggeétion»
istméde cOnCerningtthe.existence or néture of such a nypothetical
mechanisn. it héy be noted thét relaxation throtgh"spin rotation-
- interaction is of a similar form. However, there seems to be no reason
why spin rotation inter;ctionvfor nickel wouid be more than an otder
-of magnitude greater t@an ﬁrédicted._ |

A second possiblé alternative waytto explain£thé data is to aésume :
that the theory for relaxation via modulation of the zero field sp11tt1ng
has basic inadequacies.' A seeming inadequacy is that the time averaged
value of the zero field splitting has previously‘begn assumed to be
indépeﬁdent‘of temperature. The very existence of such splitting in

solution has customarily been attributed to collisions with solvent .

"molecules, and it is entirely reasonable to suppose that the strength
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of these collisions varies with ;empefature. An'in?gstigation should
be made of the temperature &ependence of the strength of the coliision—
induqed distor;ions, perhaﬁs along thé lines offthe.work of Valiev
(Al'tshuler_and Valiev, 1959; Valiev‘and iaripov,;l962); However, what
was sought was a way to alter the prédicted field dependence rather .
than the temperature dépendence. Therefore, suéh considerations were
not pursuéd.' Another possible inadequécy is thatvthe équations for
relaxation via the ZFS mechanism use, without pfoper justification,
the spectral density functions which wefg developed to describe
molecular rotation and translation. Neverthelesé, EPR iineﬁidths of
a number of transition'ioné appear.to obey Eq. (3-32) and similar
equations derived for the case of S>1. There is no ; priori reason to
expect that Ni(II) will be less well behaﬁéd,'excepting'the extreme
shortness of its relaxation times. . |

It is conceivable that somehow, perhaps on géometric grounds, -
one could divide ﬁhe'solvent collisions intovtﬁo types; ‘The first'type
wouid consist of all those_weakréollisions whose combined effects cbuld
be described by Eq.’(5-16). The second type w0uld.¢6nsist.bf tﬁose
collisions which were so effective that they would caﬁse spin relaxation

every time they occurred. The effects of these collisions would be

described by the second term in Eq. (5-19), where Tc/k3'is now interpreted

as the average time‘between such favored cqllisions. This is similar to
the "pulse process' described by McConnell (1961). ﬁé argued that if a
tyﬁe of process in solution were strong enough andvacéed for a lohg‘

ghough time; it_cquld cause spin relaxation every time it.occurred, with

no field dependence. Since we have seen that (TZe)—l%(Tc)—l for aqueous




-85~

Ni(II),IitIisﬁclear that tﬁe_random fluctuations are,that‘effe¢t1§e in v
relaxing the electron s?in. Even if we cannot divide the molecular
ﬁotions,into two sepa;ate clgéSes; itkis.ﬁot unreasonable to expect somgﬂ
vreductidn iﬁlthe observed magnetic field depeﬁdencef | |

A third éiternative, one having more_théoreﬁicalvjustifiéation
thaﬁ the fifsf two, is_fo assume that the conditions for rigdrousi
abélicatioﬁ of.Eqs..(3—31) aﬁd (3-32) do not apply for équebﬁsti(II).
The theory-df;Redfield'(1965) appiies wifhéut modification only when
”thg corrglaﬁion time is’short compared to Tz.i This condition is
1viélated for thevrelaXéﬁionﬁbf aqueous‘Ni(II). for example, at
60 MHz, T ' |

1

by Eq. (5-18) at all temperatures below room temperature. Abragam

e is approximately equal to the correlation time calculated.

(1961;_p{,283)v$tatéd that his formulation of relaxation thébry is

cérrect only when ﬂi(t) T,» the produét'df the time dependent iqteraétion

~and the cbrrelation timeAfor that intéréction,_is.small compared to

unity. . This cénditibn is also cleariy violated here. For example, if

we take ¥ (t) to be equal to 2._cm'l - 3.8%101.1 sec"l, and T, = ,5><10'12 sec,

we obtain ﬂi(t) Tc = 1.9. It may be noted in passing that Redfield's

condition, fc<€T2,.and Abragam's condition, HiTc<?l, éfe equivalent

if (Tz)—‘1 is set equgl tp‘CHi)z Tc;. | |
‘How ﬁhen are we to descfibe-the relaxation caused by time dependent‘

perturbafiohs if the commonly pSéd equations are no lohgef”corréct? A

suggésted‘correction to the usual relaxatién équaticns has been developed:

a derivation isvpreSented in Appendix'iI. Use w#é ﬁade of the fact that -

the Larmor precession of the spin of the nickel ion does not occur at one

sharp resonance frequency, but rather at a spread of frequencies,



-86~

describabie through the transverse relaxation time TZe; Instead of
calculating the spectrai density of molecular motioﬁs haviﬁg exactlyi{_

the resonanée freqdéncy, a_calculation was made of the spec;ral density.
of motionsdocc;rriﬂg over a range of frequeﬁcies. " This range was described
by (Tzé)-; an& the distribution was assumed to be*LQfentz. The result

was that spectral densities of the form

2Tc. - . .
e e B o _ ) (5_20)
n2w212 o , :
.0 C

J(w ) =
° 1+

were ieplaced by averaged spectral densities of the form

i ; Y nszT4
2,22 e o 2
2T, - 2T_(1 + n“wT)) -
2 c T o2 2 + 2201 - 1) |
- . c 2 oc _
Jw ) = 2T + : ; - (5-21)
o c . ] .
) o o 2,2 4
2,22 2 o0 T,
1+ Ty(w - 1/T)+ 3 5 5 3
: : T+ T, (nwtl - 1)
c 2" oc

These two functions are equal in value when:(nwo)_l<<T2, but diverge

when (nwo)-]'approaches T2. Under the conditions common in magnetic
resonance, namely, Tc<<T2,_(nwo) .<<T2, and nonC<<1,.we find that
J(nwo) = 3(nwo) = ZTC. The magnetic field dependences of Egqs. (5-20)

and (5-21) differ when Tc is not short compared to T2.’ If we let n = 1

for ease of comparison and set T, = Tc’ we find that

2
J(W,) 1+ wit? .
1 _ 2 c (5-22)
J(W)) 1+ wt? '
lc
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We see that the modified spectral dénsities prédicﬁ a fédpcéd magnetic
field dependence in the region where wiTi andﬁégTi are comﬁarable to
~unity. |

An attempt was‘made.to.fit ;he proton relaxétipn.data using'these
modified'spectral‘densitie;. This is shown in Fig. 10. Equations (3—31)
and (3-32) deécribing relaxatiqn through time quﬁiation of the zer§

field splitting were rewritten as

EI—- = 15-[J(ws) + 4J(2wS)J | | (5-24)
e L .
-aﬁd
1A% - = - -
E;= 50 [3900) + 53 (wg) + 2J§2@s)1 . (5-25)

The'parameter T2 appearing in Eq. (5—21) was sef equal to 3x10"12 sec,
and A was again set equal to 5.8><10ll sec—l. Otﬁer_parametérs, such

as the rotational correlation time, were identical tb.thqse used

for tﬁe previéus tﬁo figures. The fit is poor: tﬁeltempeféture
dependence was COmplefely altered at temﬁératutes.bélow room temperature.
However,‘bhé feature appeared in the calculated curves ﬁhich had not
been encountered béfofe. For the first time a calcﬁlation supported

the observa;ion that the ﬁroton relaxation times‘aré almoét equal at

60 MHz and 100 MHz.
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Fig; 10. Attempt to fit proton P T, data for aqueous nickel solution
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©5.27 M in HClO4 using modified spectral density functions.

See text for parameters used.
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None of the three alternativelways.to explain the proton
relakationvdata has proven satisfactor&. No additional relaxation
. processes were visualized which would be highly.eﬁféétive for nickel :
yet ineffective for other ions. Proposed alterations of the ZFS :
mechanism have fhe burden of being compatible with the considerable body
of relaxation data that hasibéen gathered for ioné which relax via
this mechanism. The tﬁird alternative, a generalizatidnfof relaxation
theory for the case of very rapid transverse rélaxation‘appearéd‘the
most-fruitfui.'.This_was because such a generalization for the case
'of Ni(II)vsegmed to be demanded by general considéfﬁtions, and Eecause
it would not necessarily affect the theéry of the relaxation.of other
ions Haviﬁg sufficiently long TZe values. However, the specific_
géneralization éonsidered here gave an'incorrecf description of the
observedltemperaturé effects..

It ma& be noted ﬁhat'protOn relaxation studies of nickel in non-
'aqueousféolvents‘indicate Similar.weak'temperature%and magnetic
field dependences for'thé electron spin relaxation. Studies>of Luz
and Meiboom ﬁpon bulk and bound methanol protons in Ni(II) solutions
(1964 bc) indicate very little temperature depgndence fér theveiectron
spin reiaxatioh. Experiments with ammonia (Van Geét, 1968b5 and wifh_
vdimethyl'fbrmamide (Matwiyoff, 1966) also sﬁpport‘the noﬁion that the
felaxétiqn of NikII) in solution hés significantly less temperature
' dependence than does the viscosity of the solvent. - A search of the
literature failed to find examples to the contrary. Blackstaffe and

Dwek (1968) measured T, and T2 of protons in dimethyl sulfoxide solutions '

1
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of Ni(II) ions at 20, 35 and 90 MHz. They saw no magnetic-field'
.dependenéé whgtsoever for the T, of the bulk protons. N§ exPlanatién
was givén for thisISUrprising result. Campbell, et al;'(1971) made
" similar ﬁeasurements in acetonitrile solutions at 20, 35 and 60 MHi.
Their‘T1 daga shqwed a weak field dependence, different in appearance
from that of the liﬁewidthldata of the present work. Appérently in
the acetonitrile solution the "crossover'" point, whe:é Qngegl; félls
below room temperature. 7

One may conclude from all available evidence that there exists a .

discrepancy between thedry and experiment for the electron spin

relaxation of Ni(II) ion in solution.
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VI. ‘RESULTS FOR COBALT SOLUTIONS

A. NMR Relaxation

Proton linewidths.in_aqueous'solutions of cObalt'ions were.meas—
ured at 60 MHz, IOO'MHz, and 220 MHz. Proton T, measurenents,were nade
vat 220AMHz.. The data are listed in the firSt six tables of Appendix I.
Analysis of the data is simplified by the extreme'shortness of the
electron spin relaxation time.:.Transverse relaxation caused'hy the Aw
uechanism was.found to be quite significantvat low.temneratures, ex-
ceeding the relaxation taking place in the first coordination sphere‘of
the cobalt ion. Only that part of the transverse rel laxation rate of the
protons which is caused by dipolar coupling is'directly‘proportional.to
Tlé;of the cobalt. - The longitudinal relaxation rate of the protons is
'directly propdrtional under all conditions to le of .the cobalt. The
results,Show that,the'electron spin relaxation is extremely fast, inde-
pendent of nagnetic field, and almost independent of temperature.
| "The;linewidth measurements will be considered-separately'from the
Tl measurements. HOwever,ithe features comnonvto.both‘sets of'measure;
ments will be treated now.

1. General

In the chapter on proton relaxation in nickel'solutions,‘it was
concluded that relaxation occurring outside the first coordinatlon sphere
could be neglected relative to relaxation occurring in the first co-
ordination sphere. This same assumption will be used in order to |

interpret the results for cobalt solutions. We will now proceed to

consider the dipolar coupling between protons and the spin of the cobalt.
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The effective magnetic moment of cobalt will be‘set,equal-to 5;0418, a
tybical Valuelqbtained froﬁ magnetic éusceptibility ﬁeasureménté in
liquids (Myefs, 1973). “For computing the strength.of the dipolar
coupling, this is‘numeridélly eduivalent to setting g = 2;60 or
Yg = 2.29><107 sec gguss-;. As before, r will be set equal to 2.6 A,
Due'to the shorthéss:of the electron épiﬁ rglaXatioh,time; deter-
mination of the correlation timé for the‘interruptioh éf_the‘dipolﬁr
coupling is rather straightforward. As can be seen from Eqs. (2-17)

throﬁgh'(2-20), the dipolar coupling may be interrupted by eleqtron'spin.

'relaxétion, rotation of the complex,'or-chemical excaange. These rates

may -all be estimated. From their 170 measurements, Chmelnick and Fiat

(1967) found T, for aqueous cobalt #o be 1.7X10-12 sec at -10°C and

le

4.6><10—13 sec at 183°C, assuming in‘Both instances that'Tle =Ty,. In

Chapter 5, rotational correlation timés'for_aqueous édmplexes of transi-

tion metal ions were estimated to be about 8X10_ll»sec'at'—10°C and

4X10-12 sec at 140°C. These times are an order of magnitude longer than

the expected relaxation times of the cobalt. The chemical exchange time
for whole water molecules bound to Co(II) is 4.2><10-'-7 sec at 27°C and.
l.4><10-'7 sec at 158°C (Chmelnick and Fiat, 1967). These times are

longer'still.. Therefore, the-éorrelatioﬁvtimes Tl-and.‘r2 appearing in

Eqs. (2-17) and (2-18) may be set equal td T, and T

le 2e5 respectively,

‘for all conditions studied in this work.

Making the explicit éssumptions r=2.6A4A, ueff>= 5.048, -

Y1 < 2.675X104>sec-1gauss-l, T = Tle’ and Ty ='T2e; the Eqs.'(2—17)

and (2-18) become
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' o N 14T :
LY - 3.37xa0t sec™® ler, + —— 28 o (6-1)
T . le 2 2 .
Im/d 1+w. T
»S 2e
and
1 ' ‘ " 131, | I
T = (3.37x10% sec™?) |71, + —28 , T (6-2)
mfd NMe Y T 2.2 o ‘
: 1+u_)ST2e

These ‘equations will simplify further, since we expeét ngge <1

under most conditions. This further simplification is a mixed blessing,
since it.ié'accompanied by the loss of the ability to.experimentally,
detect a difference between T, and T, .
‘ le 2e
As with the solutions containing Ni(II) ion, we may compare the .

impdftance of dipolar coupling with that of scalar coUpling. ,Eduation.

(5-6) was defived using the conditions thgt Tie - Lhes thag wgTy, << 1,
s T, << T , 7T .- It shows that the ratio of the_tfansvérse
le” “2e r’ m _ :

and that T
reléxation caﬁséd by dipolar couplingbcompared to that caused by scalar

couplihg is

-1
(T, ) ™ 2 2 _ v .

2m 2 v; (W o) : e
. fl - 1 eff | | (V](643)
Towd o 2® s(s+) ar? ' |

:Usé of the same limiting conditions yields an idenfiCal'expression for
the longitudinal nuclear relaxation rates. If we use the value of
A/h = 3.7><105 Hz from the proton 6hemical shift work of Métwiyoff and

Darley (1968), set S = 3/2, -and use the previously quoted values of

E-d
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the other'constants, we find this ratio eéqal to'SOO. Scalar coupling,
théh, can be éompletely ignored relative to the dipolar coupling.

We conclude that the longitudinal and transvérée relaxation fates
of_ﬁrotons of‘water molecules ih.thé first coordination sphererbf Cd(II)
are‘entirely controlled by dipolar coupling as described by'Eqs.»(l) and
(2). _As in the case with nickel, we expéct the largest source of error
in determining the absolufe magﬁituaes of Tle and Tée to be due to the
uncertainty in evaluating the r® factor.

2. Linewidth.MEasureﬁents

Y

Results of proton linewidth measurements at 60 Midz, 100 MHz, and

220 MHz are shown in Figs. 11, 12, and 13. Temperatures below -5°C were

4

solutionsvagreé,with those

achieved by using solutions either 5.27 molar in HCiO‘ or 2.46 molar in

ca(Clo Measurements for the Ca(Cl0

Dz W2

for the dilute aqueous solution at temperatures between -SfC.anq about
30°C, but divergé somewhat at higher tempefatures; This unexplained

divergence was also seen in similar solutions of Ni(II); In Fig. 13,

the data below —5°Cvare from the solutions containiné Ca(C104)2, and-

. above —$°C are from dilute aqueous solutions.

Thé solﬁtions low in.aéid show the importance.bf the Aw ﬁechaﬁism
at temperatures beloﬁ room'tgmﬁératuré. This.mechaﬁism was not seen ih
the earlier proton work of Hausser and Laukien (1959), done at 26.5 MHz,
or of Bernheim, Brown, Gutowsky,»énd Woessner (1959), done at 20 Mz,
‘This is perhaps not surpfising,'since the strength of the Aw mechanism

increases with the square of the external field. If the relaxation

occurring in the first coordination sphere could be completely neglected

»
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Fig. 11. PmT
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in comparison with that resulting from the Aw mechanism, then Pmsz
would vary inversely with the square of the magnetic field. This
situation was approéched but not reached at the lpﬁest temperatures

studied. For example, at 4°C the ratio of PmT at 100 MHz to that

2p
at 220 MHz'was.approximately 3.7, whereas (220/100)2 = 4,84,
Comparisoniof the present data with that of the two earlier studies
just mentionea shows that the abilify of cébalt t§ relax bulk protons
can be a full order of hagnituae gréatér at 52 kG than it is below 7 KG.
This sufprisiﬁgly great ability to relax protons cdﬁld.perhaps find
cobaltia:role as an agent for the study of protonvénd water mobilities
in biological systéms. Equations (2-6) thrdugh (2;9) show that T
for pfotohs can be obtained from proton linewidth weasurements under
any circumstances where Amiii{>>-(T2m)-1. Cbbalt(II) in‘octahedral
symmetry has been regarded as extremely ineffectivévfdr‘reléxing protons
(Dwek, 1972) on the grounds that its relaxatibn time is so short thét it
could have little effect on the relaxation fimes.of:pfotons in the
systém. The'effectiveness'df the Aw mechanism, 6f course, is not
In fact, T

hindered by the shortness of T e must be quite short in

le®
o t° be long enough to satisfy the condition Awi >> (sz)_l.

1

order'for_T2

- As NMR spectrometers with higher magnetic fields become available;
Co(II) can become even more effective in affecting proton linewidths.

In the region below about -20°C, PmT stops félling and begins to

2p
rise. This is due to the onset of the chemical exchange controlled region,
a region in which Pmsz = T It was not a major aim of this work to -
study the exchange rates of protons, and so this low temperature region

was not explored in any detail. One conclusion that can be drawn,




however, is that in solutions low in acid, the exchange'time of the
protons seems to be the same as the exchange time of whole water molecules.
This is seen by considering the conditions at which Pmsz is a minimum.

As shown in Chapter 2, PmT =T at temperatures below the minimum point,

2p

~and P T, = AwZ'r + (T )_;'at temperatures above. At the minimum,
. ‘m . m m 2m ) ) ’ . .

2p
¥ -1 2 -1 _ . K

Mw™ T > (T, ) ~, so that Aw_ T.= (T ) ~. Now it can be predicted where-
mn m 2m : m m m :

. the minima should occur. Values of Iﬁ'forrwhdle water-molecules in

cobalt solutions are given by an equation due to Chmeldick and Fiat (1967)
o 1 [ ast o | o
?m = (4.8%10 - sgc)(T) exp if'_'ﬁfi)»'i . (6-4)

where AH* =10.4 kcal mov].é-1 and AS* = 5.3 e.u. Values for B af

100 MHz are given by Matwiyoff and Dafley (1968). The‘conditions~for
which fu_ = (1)7" are 10°/T = 4.11 at 60 Miz and 10°/T = 4.02 at 100 Miz.
'These valués arelnotbinconsistent with the.observed miniﬁa in the PmT2p
curves in Fig{’lg. It may be concluded that Eq. (4) describes the |
ekchange :até of protons in cobalt solutiohs low in acid.

Since the determination of T, was the immediate goal, an attempt

2m
was made to eliminate the contribution of the Aw mechanism by making the

rate of pfoton éxchange sufficiently great. This efrect can be,Seen'by
reconsidering Eq. (2-9 here:
1

Pul2p  Tom

, o .
+ Aw T N N (6-5)

This equation is valid when T, << T, , and_v('rm)_l >>'Awm, and should be

2m

accurate above about 0°C for cobalt solutions. If Tm_decreases due to

acid-catalyzed proton exchange, then the contribution of the Aw
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mechanism deéreésgs., The presence of 5.27 M HClO4 did have a dramatic
effect, as Figs. 11 and 12 show. However, the contribution of the Aw
mééhanism could not be made negligible at all temperatures. This was
shown by:an expefimenf whose resqlts appear in Table 5; Five cobalt
solutions were pfeparéa,'pf acid concentration‘from 16-3‘M to 5.27 M.
Linewidth mcasurements of each were made AC 60 MHz #t -33°c, a tempéra—

ture where the Aw mechanism is very important. The:quantity PmT rose

2p
with increas{ng acid concentration, but never became constant. Since
the linewi@tﬁ.measufeﬁénts in the 5.27 M HCiOArsoiution wefe affected
to an unknown extent by tﬁevAw_meqhanism, it was decided.not to try

to exﬁréét from théﬁ any infdrmation about the electron spin rela#ation

of the cobalt.

It is not surprising that the use of a perchloric acid eutectic

was sufficient to suppress pfotog exchange effects in the nickel solutions

but not in‘the cobalt;sqlutioqs. The exchange rate for Qhole water
molecules from the first coordination sphéfe of Co(II).is aboutvtwb
orders of magnitude greater than it is for Ni(II). Therefore, it is
difficult for the acid catalyzed exchange process to ihé:ease this
exchange rate much further. | ‘ |

| Thefefoté, measurements made upon solutions low in-acid‘were used

to calculate T, .. The equation of Swift and Connick,

2m

=1
T

Pm?Zp m 1 1 9 : o
sz + ) T Awm -
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using the data of Fig. 13, as explained in the text.
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relates T, to known quantities. Pmsz has been measured at three
magnetic field strengths and a range of temperatufes, as shown in Fig.
13. Values for T, were obtained from Eq. (4). Values for Awm at

‘100 MHz were computed as

1 6-7)

Awm = (1;2723107,sec'1)(i)'1.+ 0.24x10* sec”
This equatiOnUwas obtained by fitting a straight iine'equation to
values of Awm read from the é;aph of Maﬁwiyoff and.DArley (1968).' Values
of Awm at 60 MHz and 220 MHz were then obtained by mﬁitiplying by 0.6
and 2.2. Equation (6) was solVedrfor sz, and the Pmsz
in'Fig{ 13 were used to calculate the pbinﬁs shown in ¥Fig. 14. At each
magnetic field,Isz was computed oniyvfor temperatures at or above the
temperature at which AwiTm = (sz)-l. This 1is thg’ppint‘at which the
Aw mechanism is equal in effectiveness to relaxation ‘occurring in the
firsf coordinétion sphere through dipolar coupling.

"~ Two features are immediately apparent. Transverse relaxatioﬁ of .
the proton occurring.ih tﬁe first coordination sphere of the cobalt 1oh
has no measurable magnetié field deéendence. It als&ihas almost no
teqperature dependence. For example; at 130°¢, sz hés only.twice
the value it has at 5°C.

The iongitudinal:relaXatioh time of the cobalt ion was‘then caléu—
- lated by use of Eq. (2). It was assumed that T =_T2e’ and that

. le .
2p 2 << 1. At 130°C, T, = 1.25x10"° sec, so that T. = 1.2x107 12 gec.
S 2e : 2m .

le
At 5°C, sz = 6.1><10—4 sec, so that Tle = 2.4><10-13 sec. The assumption

w

about the frequency independence is seen to be valid, since at the

~

highest field strength reached,

values displayed'

<y
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w,T

- 1
sTpe = (1.18x10

12 ) |
sec ) (2.4x10713 sec)? = 0.08.

These values for T. are about a factor of five shorter than those

le
obtained from 170 ﬁeasurements (Chmelnick and_Fiat, 1967; Fiat, Luz, and
Silver, 1968; Zeltmann, Matﬁiyoff, and Morgan, 1969). The discrepancy

is far too large to be attributed to.én intorréct vﬁlhe for the diétanéé
r. In ofder to increase thebcalcﬁlated.value of Tie'by a factor of 5,

r would have to be increased from 2.6A to 3.41&."Such:aﬁ'increase in -
r was félt'to be unjustified;'especially in view of the comparativeiy
goéd-agreement'reached between the proton and“170 work for the case”éf
Ni(II)'using a value of 2.6 A, Neither can the discrepancy be due tb an
 inaccurate cqrrection for the relaxation caused by tﬁe'Aw mechénism, for
this correction is small above rodm temperature. Edr example, at 60 MHz
the Aw mechanism contributes less than 10 percent of -the total proton
relaxaiion at temperatures above 40°C. On the other hand, the values

for sz_obtained here are consistent with the experimehtgl work of
Métwiyoff.and'Darley (1968). They directly observed the'résonénce of
-éfotons of water molecules in the first coordination_sphefe of CQ(II)
~at very 1ow.temperatures. In the region’frbm ~-56°C to -64°C, they

obtained T, = 2.2X10_4 sec, which corresponds well with an extrépolation

2m
of the data in Fig. 14 to a temperature at which 103/T = 4,7t0.1., The
.sz\values calculated here are also in good agreement with the Tim

values obtained from the proton T1 measurements to be discussed in
section B of this chapter. -
No explanation is advanced here for the fact that the 170 measure-

ments give a much longer value for T1e of cobalt than do the proton
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studies. The 170 nucleus is relaxed via scalar coupiing to the cobalt,

and in principle there are difficulties in determining the scalar

coupling constant A. In practice, this constant is evaluated from the

observed chemical shift of the bulk nuclei by use of Eq. (2-12) in
conjunction with Eq. (2-25). This last equation, first written by
Bloembergen, stat¢s that for dilute solutibns,

Ys &

lAwmI = W S(S+1) L 3T

(6-8)

" As discussed in chapter .2, this relationship is expectad to be less

accurate for solutions of ioms, such as cobalt, which do not follow the

Curie law. Yet the chemical shifts of protons (Matwiyoff and Darley,
1968) .and éf 17O (Chmelnick and Fia;, 1967) in cobait solutions indicaté
thatvﬁhe_Bloembergen equation is obeyeq if a proper vazlue for Yg is |
‘used. Thus it seems higﬁly unlikely that the discrepancy beﬁween the
proton and'the }70 results could be due to errors in determining the
scalaf coupiing co_‘ns tant. |

3. Tl Measuremeﬁts

_ Meaéurements were made of the longitudinal relaxation time of
protons in a dilute aqueous cobalt solution at 220 MHz. 'The resuits are

shown in Fig. 15, and cqver:a temperature range from -3°C to +148°C.

The interpretation is simple; Eduation (2-14) shows that in the general

7

case, ?mTlp = Tlm + Tt Using Eq. (4), we‘find'thatvat.temperatures

above -3°C, L is never longer than 3><10—6 sec. On the other hand,

the measured Pmi is never less than 7><10—4 sec. Thus T >> Im and

1p lm'

PmTlp = Tlm : : (6-9)
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Fig. 15. PmTlp for protons in an aqueous Co(II)‘solution at 220 MHz

as a function of temperature. A straight line was drawn-
through points at -3°C and +109°C. '
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at all temperatures in this study. These T values_show'the-same small

1m

temperature'dependence that the sz values do. For some reason; T1m is
ldnger than sz by about 15 percent at all temperatures. This behavior
.was also seen in the earlier work of Bernheih, et al. (1959). The

reason-is not known, but the effect could be due in part to systematic

e 2e’

ekpefimental error. A T1/T2.ra£io of 1.17 may be expected when Tl >>T
Hoﬁéﬁer, this situation seems highly unlikely in view of the already

remarkably short value of Tie

Since PmTlp = Tlm’ Eq. (1) was used tovcalculatejile. It was
again assumed»that ngzz << 1, so ;hat
L .1 < 3.37x0Msec™ (20T, ) (6-10)
P T T . : le
m 1lp 1m

The Tlé values calculated are similar to those calculated from the

linewidth data. For example, at -3°C, Tle = 2.2><10_b13 seé, and at-+109°C;'_‘
Tle = l.'15><10_>1v3 sec. Thg temperature dependencé of Tlé can be ex-
pressed as |

Tie = 5;2x10'15sec {exp(E/kT) - 11 : ~ (6-11)

where E = 310180 cm_l. This equation was fit using only the two Tle

values mentioned, and the error limits were obtained by assuming a
10 percent error in one of the two values. This temperature depen&ence .
is quite small, but is consistent with the Orbach mechanism, as we

shall see.
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B. Electron Spin Relaxation

| The Orbach process is the dominant.mechanismvfor the longitudinal
relaxation of cobalt(II) in solids at all temperatures above about lOfK
(Zverev ‘and Petelina, 1962; Zverex and Prokhorov, 196? Pryce, 1965)
It is likewise expected to be the dominant mechanism in solution. This
is largely due to the inability of any other mechanism to explain the
extremeﬁsnortness of‘the'relaxation time. All the results of the present
study are‘consistent'witn the assumption that_the.Orbach process is the
only'important relaxation mechanism for cobalt‘in solution, These re-
sults include the magnitude of the electron spin relaxation time, the
absence of a magnetic field dependence, and the very weak temperature
dependence. Before considering this Orbach process in any detail, we
lehall briefly consider the strengths of the other mechanisms'uhich
could in'principle contribute to the electron spin relaXation..

Relaxation through spin rotation interaction.is'dependent_upon the

presencevof orbital angular momentum,'and'therefore might be expected
to be aopreciable for cobalt. The relakation rate due to tnis'mechanism
is usually expressed in terms of the difference between the actual g
value and the g value ofithe free‘electron, as shown by Eq. (3-30), .
given by_Atkins and Kivelson (1966). The observed g value for the:_‘

lowest doublet of Co(II) in an octahedral environment in a crystal at

low temperature is typically near 4.3. However, this is a misleading.

indicator of the strength of spin rotation interaction in aqueous

_solution,-where other levels are populated. It is more nearly correct

to use experimental results obtained from solutions near room temperature.

However, since the EPR resonance signal is unobservable under such
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conditions, thé'only way to estimate the amount of orbital angular
mémentum for tﬁe éolvated cobalt ion appears to be‘by magnetic suscep-
tibility measurements. It was shown earlier that_sucﬂ measurements
are compatible with én-avgrage g value of‘2.6 for cobalt in solution.
If such a g value is used with the Atkins and Kiyeléoﬁ expreséion,
rglaxationlraﬁes °f’(Tlé)—1,= 8><lO9 éeé_l at 50°C and‘3X1010 sec—l at
150°C are obtained. Tﬁése rates are aépréciable; and indicate that
cobalt is subject to more relaxation through spin rotation 1nteraction
than other transition metal ioms. However, the mechaﬁism falls short
of explaining‘the dbservéd relaxation rate of cobal; by two orders of
mégnitude. Even if,'without justification, the calculation is repeated
using a g value of 4.3, the largest (Tlé)-l that caﬂ be obtained is
5X1011‘séc-17at'150°C,‘a rate still less than observed.

Relaxation through anisotropic Zeeman interaction ié likewise ex-
pected to_be too weak, since there is no reason to expect a permanent
aﬁisotfopy,for'the complex in solution.” Although fhé'root:mean square
anisbtropy of g in solution cannot be defermined, wé may, méfely'for

convenience of estimation, set g~ 8 = 4 as an extreme upper 1imit,

This corresponds to the largest g value anisotropies measured for Co(II)

in distorted octahedral symmetry in crystalline solids. Then Eq. (5-14),

together with the rotational correlation times discussed in chapter 5,
' 1

show that the aﬁisotropic Zeeman interaction cannot pfoduce‘a (Tle)_

' greater than 8Xl010 sec_1 at any field or temperature.

Relaxation through anisotropic hyperfine interaction is even weaker.

If A" - A is set equal to 2.4><10“3 cm-l, the largest hypérfine

anisotropy found in the eleven octahedral environments listed

~a
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by McGérvey (1966); then Eq. (3;22) prédicts thaC (T1e)-1 is only
ébout 107 Séc_l. |

There ié also experimental'evidence of tHe relative unimportance
of spin rotation intéraction; aniéotropic Zeeman interaction; and
aniSotropié hyﬁerfine interaction. All three.megﬁaniéms depend ub§n>
the rotaﬁionalvéorrelation timé of'the.complex,’and hence upon thé R
viscosity. Yet:an-experiment of Frankel (1968) seemed-to show that
the relaxation of Co(II) is independént'éf viscdsity. He measured
water proton linewidths at 60 MHz in-solutions of Cb(II) ions at 40°C
as a function of viscosity.l Although the viscosity.was vafied frém
1 to 9 cp by theladdition of glycerin, the'Pmsz of thevcobalt'solution
remained COnstant;v At this temperature and fieid,.thé bulk pfoton
relaxation rate in the first:coordination'spheré.- This fate; in'turﬁ,
is directly proportional to the felaxation time of the cobalt. There-
fore, since Pmsz is indgpendeﬁt of viscosity, Tlé is 1ikewise inde~
pendent, and any relaiation‘mechanisms depéndent upon viscosity must be
negligible.

By process of elimination, it is apparent that in solution cébalt
must,relak By one’of_thé processés that are available to it in solidé.
It is not possiblé to ﬁake accutate estimates of the expecfed strengths
of each of tﬁe'electric field fluctuation ﬁéchanisms iﬁ solution. How-
ever, their relative strengths may be estimatéd. _KiVelson (1966) has -
donevsuch a calculation of the relafive strengths of_éll known EFF
mgchaﬁisms in‘solutipn. His comparison procedure sﬁowéd that the_

Orbach process will dominate the other mechanisms if the lowest excited .

state having proper symmetry is separated from the grcund state by no
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more than about 6kT. _For aqueous Co(II) this separation never exceeds
2kT, and is therefore small enough to ensure that the Orbach process is
at least an order of-magnitude.strongei than any of the other EFF
mechahisms.
It néw reméiné to be shdwnvthat.the Orbach.process can explain the
three majbr featufes of the relaxation of'Co(Ii) in sulution} Tﬁe lack
"of a ﬁagnétic'field dependence is the'easiest obsérVation to explain.
Whereas most relaxation mechaﬁisms require the lattice t6 supply a
motional frequency equal to the Larmor éréCession frequency, the Orbach
process requires the 1éttice to supply an energy eqdél to the energy -
. of an excited electronic state. In the case of cobélt(Ii), this is
several hundred cm_l.‘ When the_magnetic fiéld‘is changed, this levél
separation does not change, and the relaxation rate is‘not‘éltered.'
The small temperature dependeﬁce of the felaxationvin solution
‘likewise has a simple explanation. The relaxation time will depend

upon the quantity {exp(E,/kT) - 1}, where E shbuld be close to the
nan 3 ’

3
254 cm_l thatvis expécted for the sgparation of the first excited state
in the case.6f oc£ahedra1_symmetry (Abragam and Bleanecy, 1971, p. 405).
The valuerof_this expression variés rapidly'ﬁith temperature'ﬁhen kT
is small; but is élmost coﬁstant.with temperature wﬁen'kT.Becomes

comparable to E3. -The observed temperature dependence of T shown

le’
in Eq. (11) is acceptably close to the expected result.
The Orbach mechanism may also be shown to give a rough estimate of

the absolute magnitude of the relaxation rate of cobslt in solution.

In order to make such an estimate, it is necessary to assume that the
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. these equationé give T
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_cobalt relaxation is rélatively insensitive to whéther-the‘ion is in

the iiquid or the solid state.' Such an assumption is plausible if the

l relaxation process is visualized as the eichange of energy between the.

ioh.and the motions’of its coordinate ligandé,ISihcg these-motions may

be lithle hhanged hpon going_from the solid to solutihn; The concept

of a localized phonon is well estabiished~theorétiéaily‘(see, é.g.,

Kittel, 1968), and it is nht.necessary'to visualize the whole ér?stél or

shlutihn as the ihmediate'recipiént.of the energy exchanged with the

spin. | | | |
This estihate of T in solutioh involves the extrépolationhof T

le le

measurements in low temperature crystalline solids up to room temperature.
The measurements to be quoted were made in the range from 7°K to 70°K,

ﬁhere'Tlé was"alWaysblonger than about 10—9 sec, so the extrapolation is

a long one. Unfortunately, the available data are from measurements made
using metaliic oxide.hOSt crystals, where the cphélt ion was surrounded
by six oxygen atoms rather than six water m01echles§. Despite this dif-
ficulty, the comparison is still fruitful.

‘Zverev and Petelina (1962) measured T, of cobalr in Al 03, a

le
crystal in which cobalt exists in two non—equivalent sites. Cobalt ions

-11 110+15cm

le KT )_ at
temperatures from 9°K to 30°K.- Ions in the second site had a T, equal

le
to 10-12seC’expGl§%§%QEE——) from 14°K to 26°K. At rohn.temperature,
le equal to 3x10 llsec and 3XlQ—123ec,
respectively. Pryce (1965) measured relaxation times for cobalt in
MgO. At temperatures from 50°K to 70°K, the relaxation was described

by the equation



=112~

-1 v
+ .
2sec exp(élgi%gsg— ). At room temperature, this gives

11

- -1
Tle = 2.4xlq

Tle equal to 1x10 ~sec. Zverev and Prokhorov (1963) measured rélaxation_‘

times for cobalt in TiO was equal

2°
' . - =1

- - + .

to 5.9x10 lzsec‘exp(lg%égsgL—). At room temperature this gives Tle equal

11

" In the region from 7°K to 23°K, Tl e

to 1x10 " sec. These four ekpressioﬁ actually give values of room

temperature Tle‘shortef in each case by a factor of two or three when
the original data are fitted by expressions having the factor
{exp(E/KT) - 1}. The difference is negligible, of course, at low

temperatures where kT <E. These fdur-expressions then predict room

1

temperature values for T, in the range from 110" 2gec to 1x107% sec. -

1
These extrapolations serve to establish the Orbach process as.the ’
strongest of the available relaxation mechanisms.

le 2t room

temperature still differ by about an order of'magnitude, this corre-

Even though the calculated and measured values of T

spondence must be considered close. Not only'have expressions originally

covering a range of T

1le values'froﬁ about 10-4 sec. to about 10—9 sec

been extrapoléﬁed some three orders of magnitude, but they have aléo'
beén expecfed to apply equally well to coordination by wéter molecules
and by oxygenvatoms. “ |

The éugééstion that the'Orbach process is insensitive to whether
the metal ion is in a'solid or in a liquid has other exﬁerimental
support. Wilson and Myers (1974) have measured fhe EPR linewidths of
.hexaquo titanium(III).iﬁ liquid solution and in the glass, at tempera-
tures from roomrtemperature to -45°C. The very broad EPR lines

exhibited the exponential type of temperature dependence'characteristic'
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- of the Ofbach'process; and ihdicated a low lyiﬁg'excited.state about
1800 cmfl removed from the ground state. The striking observation Qas
that there waé no discontinuity of the relaxation hehavior as the
solution céoled and became a glass. One stfaight line fit the plot'of

log T, vs 103/T both above and below the freezing pbint.

2e

Unfortunately, no such direct EPR experimentvcan.be done for a
cobalt sample both above and below.thebfreezing point, owihg to the

extremely short T In principle, a comparable NMR experiment tould

le®

be done by measuring proton Tl values in an aqueous glass containing

cobalt(II) ions. If sufficient protons were preseht to make Im<éTlm’

then measurements of Tlp could be compared with the measurements

reported here.
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APPENDIX I. EXPERIMENTAL DATA .

Table I-1. P, Ty, for protons as a function of .
temperature. Solution was 0.337 M
Co(C104)2 and 5.27 M HC104 - Py was

0.0448.
At 60 MHz

v103 o , : ‘ 4
TCH ~T(°C) Linewidth*(Hg) _PmszXIO (sec)
4,48 =50 58.8+2.7 2.42%0.11
4.08 -28  36.9*1.1 3.86%0.10
3.85  -13 30.10.5 4.74+0.08
3.62 3 24.740.6 5.78+0.14
3.44 18 21.440.5 °6.67%0.15
3.29 31 18.30.3 . 7.79%0.13
3.19 40 17.9%0.3 ©7.96%0.13

AE 100 MHz

4.33 -42 - 72.9%0.8 - 1.86%0.03
4.18  -34 53,4:0.6 2.67%0.03
4.10 =29 49.8%0.9 2.86%0.05
3.98 =22 42.3:0.9 . 3.37%0.07
'3.80 -10 37.240.4 3.84%0.05
3,64 3 28.740.3  4.97%0.05
3.39 22 24.2%0.4 5.90%0.10
3.32 28 21.6%0.3 6.60%0.10

3.23 . 37 . 19.9%0.3 7.17%0.11
3.14 45 19.5%0.7 7.32%0.25
3.09 51 17.3%0.4 8.240.18
2.94 67 116.20.4 18.80%0.20

*All linewidths reported in this Appendix refer
to the whole width at half intensity, expressed
in Hz, and are the average of 3-7 measurements.
Corrections for blanks have already been subtracted.
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Table I-2. Pmsz for protons as‘a function of

temperature. Solution was 0.337 M‘Co(C104)2
and 10-3 M HC10,. P, was 0.0364.

At 60 MHz
103 - 4
TC°K) T(°C) Linewidth (Hz) PmszXlO (sec)
3.69 -2 47.6:0.6 2.43%0.03
3.68 -1 47.8%2.1 2.42%0.10
3.59 6 3.330.5 3.48%0.05
~ 3.51 12 £27.3%0.5 4.24%0.07
C3.47 15 24.9%0.7 4.66%0.13
3.41 20 23.0%0.7 5.030.14
13.39 22 22.3%0.7 5.19%0.16
3.37 24 21.1%0.5 5.49%0.13
3.30 30 19.40.8 15.97%0.12
©3.30 30 19.9%0.5 5.82£0.15
3.21 39 17.8%0.5 6.50%0.17
3.20 39 17.8%0.7 6.5.%0.25
3.14 44 1 16.7%0.5 6.9 *0.2
3.10 50 16.1%0.3 $7.20%1.14
3.09 51 15.5%0.4 7.5 0.2
3.00 60 © 14.3%0.4 8.1 0.2
2.93 - .68 13.8%0.3 e.4 %0.2
2.91 71 13.3%0.5 8.7 0.3
2.80 84 ©12.5%0.4 9.3 0.3
At 100 MHz |
3.64 3 66.0+1.0 1.76£0.03
3.39 . 22 30.620.6 3.78:0.08
3.32 28 $23.0:0.3 5.0340.07
3.23 37 22.0£0.3 5.27-0.08
3.14 45 19.640.3 5.91+0.09
3.09 51 16.7£0.3 €94+0.12
2.94 67 15.0%0.2 7

.73:0,08




Table I-3. - PpTpp for protons as a function of
temperature, Solution was 0.253 M Co(C104)2

and 10> M HC10,. P_ was 0.0287.
At 220 MHz
103 o o 4 |
T??ET T(°C) Linewidth (Hz) Pmszxlo (sec)
3.61 b qageo.s 0.465%0.006
3,52 11 1142 0.80 £0.01
3,40 21 58.0%2 1.57 +0.06
3.40 21 - 65.7%0.6 - 1.39 +0.02
3.33 . 27 - 46.3%0.3 1.97 +0.01
3.29 31 50.5%0.7 1.81 +0.03
3.26 34 36.7%0.3 2.49 0.02
3.21 39 30.0%0.3 3.05 +0.03
3.12 47 23.2%0.2 ©3.94 *0.04
3.09 51 17.9+0.25 5.12 +0.07
3.05 . 55 19.5%0.3 4.69 +0.07
3.00 60 15.3%0.25 6.00 £0.10
2.97 64 13.4%0.2 6.85 £0.10
2.92 69 - 11.9%0.5 7.7 £0.3
2.92 69  12.5%0.25 7.33 +0.14
- 2.88 74 11.5%0.15 7.95 +0.10
2.86 77 10.3%0.15 8.67 £0.12
2.83 80 10.7%0.25 8.53 +0.20
2.70 98 9.00%0.3 10.15 % 0.33
2.62 108 8.66%0.13 10.55+0.15
2.5 - 120 . 7.66%0.25 11.9 +0.4
2.53 123 1 7.97:0.16 11.5 *0.25
2.44 137 7.2 0.3 12.7 +0.5
2.32 158 7.5 +0.5 12.2 *0.8
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Table I-4. PpTy, for protons as a function of temperature.
Solution A was 0.0565 M Co(Cl1l04)7 and 2.46 M Ca(C104) 5,
with P =0.00769. Solution B was 0.0171 M Co(C104)2 and
2.46 M Ca(C104)2, with Pm=0.00233. '

At 60 MHz

w » |
TCK) T(°C) Linew_idth | (Hz) vaTZI-)X 10" (sec) Solution
4,24 -37 11.0%0.4 - 0.67+C.03 B
4.17 -33 12.3%0.25 0.60%0.02 B
4.05 -26  8.8%0.5 0.84%0.05 B
3.88 -15 19.9%0.5 11.23+0.03 A
3.76 -7 3.35%0.17 0 2.22%0.11 B
3.76 -7 10.7%0.5  2.29%0.11 A
3.66 0 8.3%0.2 2.95%0.07 A
13.56 8 5.6%0.3 4. 0.2 A
3.47 15 5.0%0.2 4.9 0.2 A
3,29 31 3.3%0.15° 7.4 *0.3 A
3.19 40 3.1%0.15 7.9 *0.4 A

At 100 MHz
4.18 34 18.4%0.4 0.40%0.01 B
4,10  -29 19.9%0.5 0.370.01 B
3.97 -21  64.3%1.0 0.38%0.01 A
3.97 ~21 18.0%0.6 0.41%0.01" B
3.80 ~-10 36.1%0.7 0.68%0.02 A
3.80 -10  10.8%0.1 0.69%0.01 B
3.64 +3 14.4%0.2 1.70%0.03 A
3.39 22 1 6.2%0.4 3.95%0.25 A
3.32 28 4.58%0.15 ~ 5.35%0.2 A
3.24 36 4.72%0.14 5.20%0.17 A
3.09 51 3.1 0.2 7.9 0.5 A
2.94 . 67 2.5 %0.2 9.8 0.6 A
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.Table I-5. PyTpp for protons in Co(II) solutions as a function
of acid concentration. The temperature was -33°C. The
perchlorate ion was the only anion. All concentrations are
in moles per liter,

At 60 MHz
[ca®*]  [co® e T Linewiétﬁ (Hz) PmszX104-(sec)
2.46  0.0171 0.00233 0.001  14.0%0.3 10.530.01
2.05  0.0704 0.00941  0.878 27.9%0.5 . 1.080.02
1.12  0.191  0.0254 2.88 36.4%0.5 2.22+0.03
0.82 0.230 0.0306  3.52 40.1%0.6 2.44%0.04

0.0  0.337 ° 0.0448  5.27 48.3%0.6 2.9540.04
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Table I-6. PpT1, for protons as a function of
temperature. Solution was 0.253 M Co(C104)2 and
10-3 M HC10,. P, was 0.0287. All measurements
except last four were made upon degassed samples.

At 220 MHz

103 3 4
H&3) T(°C) T,%107 (sec) PmTlpxlo (sec)
3.70 -3 24.1%1.6 6.9+0.4
3.60 +5 27.6%1.7 7.910.5
3.50 13 28.542.0 8.2+0.6
3.42 19 31.3¢2.1  9.00.6
3.40 21 30.0%2.0 1 8.65:0.6
3.3 26 30.541.9 8.740.5
3.32 28 30.1+2.1 8.65+0.6

0 3.29 31 24.4%2.2 7.0:0.6
3.20 39 33.4%1.6 9.6%0.5
3.13 46 27.5%2.7 8.0%0.8
3.09 51 31.7%1.7 9.1:0.5
3.05 55 32.0t1.5 9.2%0.4
2.99 61 37.1%1.9 10.6%0.5
2.86 76 38.8%2.5 11.10.7
2.83 80 39.0%2.1 11.240.6
2.76 89 42.5%2.5 12.2¢0.7
2.62 109 45.0t2.4 13.0t0.8
2.46 133 51.0%2.5 14.70.8
2.38 148  50.0%2.5 14.3%0.8
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Table I-7. P,To, for protons.as a function of
temperature, Solution was 0.101 M Ni(C104)2'
and 5.27 M HC104. P, was 0.0133.
At 60 MHz
10° 'T(°C) Linewidth'(ﬂ y p.1, x10" (sec)
T (OK) . ) zv m 2p .SeC
4.48 =50 65 * 2 0.65+0.02
4.17  -33 47.2%0.9 0.90%0.02
4.08 =28 45.3%1.1 1 0.93+0.02
3.85  -13 136.5¢1.1 1.16+0.03
3.62 3. 31.1¢0.5 '1.36%0.02
3.44 18 27.9 0.7 1.51 0.03
3.27 33 26.0%0.5 1.63£0.03
2.98 63 1 23.10.5 1.83+0.04
At 100 MHz
4.33 =42 76.0t1.0 0.56+0.01
4.18  -34 58.0t1.1 0.73+0.02
4,10 -29 56.0£1.0 0.7520.02
3.98  -22 47.01.4 0.90+0.03
3.80  -10 42.0:0.6 1.01+0.02
3.64 3 31.8+0.4 1.33+0.02
3.39 22, 28.30.4 1.49+0.02
3.32 28 26.6%0.2 1.59£0.02
3.23 37 24.1%0.3 1.76£0.02
3.14 45 25.0¢0.4 1.69%0.03
3.09 51 22.7t0.4 1.86*0.03
67 21.5¥0.3 '1.97£0.02

2.94
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Table I-8. Pmsz for protons as a function of
temperature. Solution was 0.101 M N1(C104)2
and 5.27 M HC10,. P ‘was 0.0133.

2.34 155 10.8+0.35

At 220 MHz
103 T(°C) Linewidfh (Hz) P.f xlO4 (
T(°K) ' m 2p sec).
4.39 =45 148+1.5 N.286+0.003
4.35 -43 136.5+2 0.310+0.005
4.22 =36 125.9+0.8 0.336+0.003
4.07 -27 91.3+1.0 0.46 +0.005
3.94 -19 77.1+0.5 0.55 +0.01
3.61 +4 50.8%0.7 0.83 +0.01
350 12 43.3:0.4 0.98 0.01
3.39 22 37.5:0.4 1.13 +0.01
3.33 27 32.640.3 1.30 +0.01
13.26 34 31.6+0.2 1.34 +0.01
3.19 40 28.4+0.2 1.49 +0.01
3.12 47 26.6+0.4 1.59 £0.02
'3.05 55 24.2+0.3 1.75 +0.02
2.97 64 21.420.3 1.98 +0.03
2.92 69 20.0+0.4 2.12 +0.04
2.88 74 20.0+0.25 2.12 +0.03
2.86 77 - 18.7:0.15 2.26 +0.03
2.83 80 18.440.3 2.30 +0.04
2.70 98 16.4+0.3 2.58 +0.05
2.62 108 . 15.4%0.13 2.75 0.03
2.54 120 14.1%0.35 3.01 +0.06
2.53 123 . 13.95:0.17 3.03 +0.03
2.45 135 11.940.25 3.55 +0.07
3.92 £0.13
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Table I-9. PmTZ for protons as a function of .
temperature. - Solution was 0.10 M Ni(C104)2

and 0.003 M HC10,. P was 0.0108.

At 60 MHz
103 on . ' b
W T(°C) Linewidth (Hz) PmTz-pXIQ (sec-).
3.69 2 17.7%0.3 1.94£0.03
3.68 -1 17.8%0.6 1.93%0.06
3.59 6 21.2%0.4 1.62%0.03
3.51 12 22.7%0.3 1.52%0.02
3,47 15 22.8%0.7 1.51#0.05
3.41 20 23.741.1 1.45%0.06
3.39 22 ©23.5%0.6 1.46%0.03
3.37 24 23.5%0.8 1.46%0.05
3.30 30 23.2%0.8 1.48%0.05
3.30 30 24.1%1.1 '1.43%0.06 .
3.21 39 24.2%0.5  1.42%0.03
3.19 40 22.7¢1.1 1.51%0.06
3.14 . 44 23.740.5 1.450.03
3.10 50 22.9%0.9 1.50%0.05
3.09 51 22.1%0.6 1.56%0.05
3.00 60 . 22.1%0.8  1.56%0.06
2.93 68 21.0%0.6  1.64%0.05
2.91 71 . 20.6%*1.1 1.67%0.09
2.80 84 20.3%0.5 1.69%0.04
At 100 MHz
3.64 3 21.3:0.3 1.6140.02
3.39 22 27.1:0.4 11.2740.02
3.32 28 25.840.2 1.33+0.01
3.23 37 23.540.3 '1.46+0.02
3.14 45 23.7+0.6 1.45+0.04
3.09 51 20.8+0.3 1.65%0.02
12,94 67 20.1+0.2 1.71%0.02
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temperature,
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for protons as a function of
lution was 0.103 M Ni(C104),

and 2.46 M Ca(Cl04)». Pm was 0.0140.

At 60 MHz
10 ' o b
T?FEY T(°C) Linewidth (Hz) PmszﬁlO (sec)
4.17 33 8.230.25 5.45%0.15
4.05 -26 .1#0.5 4.9 0.3
3.88 -15 .740.2 4.60%0.10
3.66 0 17.0:0.4 2.62:0.07
3.56 8  23.6+0.8 1.89+0.06
3.47 15 24.710.4 ' 1.81#0.03
3.38 23 27.2%0.6 1.64%0.04
3.32. 28 27.7%0.5 1.61£0.03
3.20 39 27,6%0.7 1.6120.04
2.98 63 25.1%0.8 © 1.78%0.06
At 100 MHz
4.18 =34 9.5:0.4 4.7+0.2
4.10 —29  10.240.4 4.370.15
3.98 ~22  10.120.7 4.410.3
3,97 —21  11.4%0.5 3.9:0.15
3.80 -10 13.6%0.2 3.28+0.06
3.64 3 21.60.3 2.06%0.03
3.39 22 33.2%0.6 1.34%0.03
3.32 28 32.3%0.4 1.38:0.02
3.23 37 29.3%0.3 1.52+0.02
3.15 44 30.8%0.7 1.45+0.03
3.09 51 25.840.4 1.7340.02
2,94 67  23.9:0.3 1.8740.02
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Table I-11. P_.To. for protons in Ni(II) solutions as a function
m-2p

of acid concentration. The temperature was -45°C,
The perchlorate ion was the only anion. All
concentrations are in moles per liter.

- At 220 MHz

[Ca2 ] [FH?+] P [H+] Linewidth (Hz) PmszxlO4 (sec)
1.97 | 0.102 0.0139 1.05 156%2 : 0.283tO<004
1.23 0.102 - 0.0137 2.64 . 156+2 0.280+0.004

0

0.101 0.0133 5.27 148+2 ' 0.286+0.004
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Table I-12. P Ty, for protons as a function of
temperature. Solution was 0,101 M Ni(C104),
and 5,27 M HC10,. The sample was not degassed.
Pm was 0.0133,

At 220 MHz
100 pey 1xa0% (se)  p1. x10% (see)
TR 1 sec) P Ty *x10° (sec
3.06 54 15.5%1.5 2.0%0.2
2.75 90 21.5*2.0 2.85%0.25

2.46 134 23.0%1.0 ’ 3.05#0.15




APPENDIX II. THE THEORY OF FREQUENCY AVERAGED
SPECTRAL DENSITY FUNCTIONS

The usual theory of magnetic spin relaxatioﬁ in liqﬁids finds that
relaxation rates are propdffionalvto‘s?ectral denéitx functions |
(Abragam,~1961; Slichter,.l963). _Thesevare functioné that express
the frequency distribution of the fandom molecular motions which give
rise to thé relaxation. The importancé of such functions is apparenﬁ,

since only those motions having frequency componénts near the Larmor

precession frequency will beveffective in causing 1qngitudinal relaxation.

The value of the spectral density J(w) at a”frequency'wS may be éxpressed

as the Fourier transform of a correlation function, G(t):

Lo -]

J((-US) =f G'(t) e#p(—iwst) dt . - (II-1)

For many physical processes, such as molecular rotation and tramslation

in liquids, G(t) has the form

G(t)=exp(--|t|/Tc') . o (1I-2)

. Here, Tc is a time constant, dependent upon temperature, which is

characteristic of the molecular motion. .A short correlation time

indicates that the molecular property.uhder consideration, such .as
orientation in space, is changing rapidly. ’Equatidn (1I-1) expresses
the density of mblégular motions occurring at' the precession.frequency

wS. It may be integrated to yield

-
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‘J(ws) =f exp(—|t|/Tc) exp(-iwst) dt = - (11-3)
o o
f exp‘{(-l/Tc - iws) t} dt +_f _exp{.(_l'/'rc - iws)t} dt =
O . - . o ‘ ’
27
1 L1 _ c

791 )

2 |

If Tc is held constant, and W

S is varied, J(ws) is:seen to be Lorentz in

shape. If mS is held'constant; andvTc varied, J(ws) has a maximum at

T = (ws)—l; " When ngi<<1, J(ws) is independent of frequency. These

properties have been extensively verified by relaxetion measurements.

The integration prccédure in Eq. (II-3) assumed that W_ is a frequency

S

suffieiently sharp that its unce;tainty may be neglected, This essumption
may not be valid for the case of-electron spins that relax.extremely
rapidly. 1If the uncertainty.in wS becomes comparable fo wS'Or to (Tc)—l,
Eq.‘(II-B)ﬁis not expected to be nalid. It is of_interest to calculate
a modified spectral density fhat explicitly.takes into account a spread
in ws. . . . . .

We shall now calculate a frequency ayeraged spectral density
function j(wo), where w; is the center of the reSonence line. The

frequency @

g mow becomes a variable. We shall assume that the spread

of frequencies about the center is Lorentz in nature, a shape predicted
from the general theory of the magnetic resonance of isolated spins,
We shall account for this spread about wo by introducing a weighting

factor




LA
b
LR

o9 - Bty . aro

which is normalized so. that

e}

f g(ws) dws =1 -

=00
Here T2 is the phenomenologiéal transverse relaxation time, defined

by the linewidth of the absorption éignal. We now proceed to calculate

‘the modified spectral density .
JWw ) = w (- T -iw w
J()) f f g(Wg) exp(-[t|/T)) exp (-1Wgt) dedug

Since g(ws)'is independeht of t, the integral over dt is solved as

before, yielding

-, c . : v
: —© ) c .

is sufficiéntly long, g(ws).acts like a delta

2 .
2.2,-1

We may note that if T
function, andvj(wo) = J(wo) = 2Tc(l + onC) , as before. Equation (II-5)

may be rewritten as g
i

| N _.“l
- 9 qw
J(w)=—-9——fv< 2 2)( 22> s
o/ . T - ’ Wt
| : _m_l+T2(_S wo) 1+s¢

The integration may be accomplished by the method of partial fractions.

The integrand is set -equal to
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2 2 2 2
l + TZ(wS - wo) 1+ wS c

W 4 ' w ’
Al g + B C S + D

» + :
: 2 2 o 2.2
1+ Tz(wS - wo) 1+ Wt
Tedious algebra reveéls that
. 22 =1
2, 2 2 ATy, .
D={1+ TZ(wo - l/Tc) + 7 57 : R
T -
* T2(wo‘c 1)
4
—2DT2 o
A 12 + TS 2w o1y
oc
S 2 2
B=1:-~D(1+ T2 o) ’
and
2DT2
2 0
C== 2,2
.1 + T2 o 1/T )
Now
- . ZTCTZ v
J(wo) = (Il + IZ) , . ' . T
" where

, o Awg + B
L =f 2 7 4%

L+ TZ(wS - wo)

-(II-6a)

(11465)

(II-6¢) :

(11-64d) .

(1I-7)
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and
[o o] .
Cws +D
I, =] ——m— duw
2 1 + w2 2 S
_ o S ¢

Integration yields

C Ly
;
woE

: m
I1 = T—'(Awo + B) and 12 =5
_ 2 - : T c
Now
J(w ) = 2T (Aw + B) + 2T2D . (11-8)
or using Eq;-(II-6),' )
" 4T w_ g
21, - 2T @ + T ) - 1= ° 5
{0+ T (T w' - 1)
J) =21+ (1I-9)
o . 4
2,2 2, 4T2‘”0
1+ Tz(w - 1/Tc)+- 5 2.2 _
° T+ T (T -1
i .
_3(nwo) is obtained by substituting nwo for wo. The result .for n = 0-
is simple:
- 2T T, : ‘
J() = T T “(1II-10)

Equations (II-9) and (II-10) are equal to the familiar expressions

when T2 becomes sufficieﬁtly long. ‘For the conditions common to NMR-

, _ v v ‘ -1 _ ,
T << W << w T <<
spectroscopy, where o TZ’ ( o) T2’ and ol 1, we find that

' J) = j(nw ) = (wo) = ZTC, as expected. For the.case where onc =1,

T <<T2 and (w ) <<T2, we find that J(w ) = (Qo).= Tc’ és expected.
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Plots of j(wo) appear iﬁ Figs. 16 and 17. The frequency wo was

“1 414710 sec”!, and 9.10 10t

set equal to 2.48*1011 éec 'sec—l,
corresponding to the resonance frequency 6f the free electron at

14.1 kG; 23.5 kG and 51.7 kG. Figure 16a shows that when T2 = 10 ° sec,
j(wo) is identical to J(wo) at all values of the correlation time.
Whénsz is ;educed to 10_11 sec, j(wo) bégins to changevnoticeably.

-12

When T., = 5 10 sec, a not»dhreasonable value for équeous Ni(II) at_

2
low tempefaturés, j(wo) begins to lose its dependence upon Tc for

Té>(wo)-l. At still shorter values of T j(wo) even begins to lose

2°
its magnétié field dependence when Tc>(wo)—l.
;here is a physical explanatibn for thisvioss of tempefature
dependence. . When the'unéértainty broadeﬁing ofvfhe:resonanée signal
starts to become comparable to the precessional frequency itself, then
moleculaf mpﬁidns of almost any freqﬁency are equaliyvaffective in
inducing rélaxation. Changes in the motioﬁal freqﬁéncy spgctruﬁ‘due to
temperature changes then may have a reduced effect upon the relaxation
: rate, because it is no longer necessary to match moticnal freqhencies»
with a sharp precessional frequency._

Thiévtreatment of relaxation theory predictézﬁhat_the temperature
dependence of relaxation will be reduced whene#er f2<I; and QOTC>1.
Thesevcéﬁditionsvshould-be met for the electron spin relaxation of
aqueous Ni(II). It may be noted that relaxation theory in general is
on less firm ground here than it is for the usual conditions Qheré
TC<T

2 and onC<l. Therefore, the present modification should be viewed

as an attempt to extend the range of validity of relaxation theory.

~
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Fig. 16. Frequency averaged spectral densities as a function
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In principle, relaxation of.electron spins in crystalline solids
u ' should bevsubjeqt to a similar effect. Relaiation rates in sqlids
- - depend upon the phonon density at a frequéncy equai to the energy
separation of the two levels. vHowever,'ﬁhen the uncertainty broadening
of the two levels becomes significant, corresponding‘to rapid electron
spin relaxation, a range of phonon frequencieskshould be effective in
connecting‘the'levels. In this case, a proper treétment of relaxation

should consider a suitable weighted spread of phonon fréquencies.
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