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Experiments at S-band (3 GHz) confirm the "assignment of the relaxation
processes involved. The variation of the isotropic g and A values with
temperature is discussed. Extension of the resulté,td the similar

E 24+ . . )
problem of CU(HZO)é in water were made. A tentative assignment of

the relaxation processes were made in which relaxation is due to spiﬁ—

- rotation interaction, tumbling, a dynamic Jahn-Teller effect, and a

' : . : . i

Van Vleck Raman process.

ko e v : oo oY

The EPR spectra of acidified aqueous solutions of Ti_(III)_were
observed both above and below the freezing point. In the frozen glass,
an axial spin Hamiltonian was found for the Ti(H20)63+ complexlwith

3

8 % 1.988+0.002 and g = 1.892+0.002. When warméd above -50°C, broadening

dccurs whiqh’follows T2 ' = 2.9O><1014 e-AE/kT s 1

ec ~, where AE‘= l850i5O cm—l

 This same broadening is followed for both the solution and frozen glass.

. [ .
The g values are explained assuming that the 1850 cm ; value is the

r - Lt e 2

first excited orbital state energy, and the relaxation is explained _.as

; i . R
an Orbach process.
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‘I.  INTRODUCTION

“ﬁlectronvparamagnetic resonance (EPR) has established itself as a
sensitive prdbe of molecular enﬁifonment. For transition metal ions.
both the energy splittings and the relaxation of th¢~spin system. are
sensitive to changes in the immediately surrounding molecules. Substi-
tution of different molecules.or even small changes.in the symmetry of
molecules'surrouﬂding1the transition metal ion cénimake the difference
’ betWeen a-reédily obéervable'reSOnaﬁce signal and a éignal so broad as
to be undetectéble.

The EPR of transition metal ions, either as impurities in other
laﬁtices or’#s sing1e>crystals, has several advantéges: Dealing with a
set of ions fixed in ;he.lattice; the energy splittings and relaxation
behavior, as a_funétion of orientation in an external magnetic field,
can usually be readily determined. The relaxation procésées in solids
aré well known and their vastly different temperature dependences maké
assignment of fhe relaxation mechanism unambiguous in most cases. The
symmeﬁry about the transitidn metal ion can be determined by H-ray
_diffréction meésurements; The problem'with\solid state systems comes
in trying to study the effects of the ligands bound to ﬁhe metal ion
on the energy levels of the metal ion. The symmetryband relaxation
properties of fhe’trahsitidn_metal complex are so intertwined with the
lattice that separability into lattice effects and.ligand effects 1is
not always possible. |

In liquids_the situation is somewhat differenﬁ. For solvated ions
or, in those complexes in which there aré ligands other than solvent

molecules, where the rate of exchange of ligands for solvent molecules
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is slow, the transition metal is influenced only by the few molecules
immediately surrounding it. With the simplicity of isoiating ligand
effects come problems. The simplicity of an ordered system of well
characterized symmetry is lost. The relaxation is cbmplicated by complex
molecular motion and the‘task of uniting a well defined quantum mechani-
cal system with a complex, semi-classical description of the motion is
formidable.- Many of the theories of electron spin relaxation in liquids
give little more than the correct temperature dependence. If is for these
reasons that liquid relaxation has been much less thoroughly examined

than solid state relaxation.

The preéent work was undertaken to study thé’g values, symmetry, and
relaxation behavior of three spin 1/2 transition metal complexes in solu-
tion. Vanadyl aéetlyacetonate (VOoAA), VO(CHBCOCH(IOCH3)2, " has long been
considered the prime example of the validity of the Kivelson tumbling
mechanism (Wiléon and Kivelson, 1966a). The relaxation of VOAA in liquid
ammonia allows probing viscosity ranges not explored in previous studies
in organic spreﬂts. VOAA in liquid ammonia also brovides a test of the
effects of a hydrogen bonding solvent on the relaxation behévior.

The solution EPR of copper (II) ions has been bne of the most
studied andvmost puzzling problems in the field. Lack of resolution of
the hyperfine quarﬁet of hexaquocopper (II) has been the major cause.of
difficulty in assignment of the relaxation processes involved. The
hexamminecopper (II) complex was chosen for this work because its larger
hyperfine splitting, combined with the smaller viscosity of liquid ammo-
nia, allows resolution of the individual hyperfine lines. It was parti-

cularly hoped that a thorough understanding of the relaxation of



_ hexamminécoppér (I1) would cast some light upon’the mechanisms involyed
in héxaquocoépef (Ii) reiaxatibn. |

The EPR spectrum of hexaqubtitanium (I11) haé lbng been thought to
be too broad to be observed. Only recently (Charles, 1971) has the room
. temperature EPR been reported. This work is the first study of the solu-
tion EPR of hexaquotitanium (III) and the relaxatipn‘process involved.

In the relaxation studies the quantity measured is the peak-to-peak
linewidth of fhe derivative presentation. Thislcan.be related to the
theoretically calculable quantity T2, the spin-spin relaxation time.

The spin latticg relaxation time, Tl’ was not measured and unless other-

wise stated is assumed to equal TZ'
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II. . RELAXATION OF SPIN l/2_SYSTEMS IN SdLUTION

The EPR relaxation behavior of systems with one unpaired eléctron
have been the subject of extensive theoretical treatment. In this section »
thesebtheories shall be preéented. Systems with spin greatef than 1/2
have additional relaxation mechanisms due to modulation of the zero-field
splitting and will not be discussed here. The results are not derived in
detail. The'feader is referred to the original papers for further
information.

The first major effort to e#plaih spin relaxation in solution was
“the pioneering work of Bloembérgen, Puréell, and Pound (1948), hereafter
referred to as BPP. 'Although defived for nucleaf spin relaxation, their
method is alsé applicable to electron spin relaxation. BPP éonsidered
the relaxation of protons in water. They assumed thebperturbation caus-
ing relaxation‘to'be the result of modulation of the magnetic dipole-
dipole interaction between the protons by random thermal motions of the
molecules.'ﬁUsing time dependent perturbation thgory, they computed
transition probabilities which could Ee related to relaxation times.
Since the perturbation is random, they used the coirelation function
methods of Brownian motion to derive spectral densities and hence re-
" laxation times. By making the usual assumption that the autocorrelation
function of the perturbed system returns to equilibrium in an exponen-
tial fashion governed by a characteristic time, T;, the correlation ““
time, they arrived at a formulation of the‘problem ciosely related to
the pfoblem of dielectric dispersion in polar liquids considered by
Debye (1945). Following Debye's assumptions ¢f a sphere embedded in a

continuous, viscous liquid, they found that the correlation time, TC,
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is given by:the Stokes-Einstein relation,

T = 4ma’/3kT, - .1
where n is. the bulk viscosity of the liquid, a thehydrodynamic radius of
the sphere, k Boltzmann's constant, andAT the abSoluﬁe temperature.

Since the time of BPP, more elegant methods of calculating
relaxation times have been developed. The two most widely used methods
are the relaxation matrix theory of Redfield (1965) and Wangsness and
Bloch (Wangéness and Bloch,vl953; Bloch,_l956, 1957), and the linear
response thébry of Kubo and Tomita (1954).‘ All of‘ﬁhese theories
assume that ;He perturbation is small, ie:, fhaﬁ_the state of the system
cﬁanges by a small amount during the collisions which cause rélaxation.

Severél excellent reviews of relaxation .in liquidsfhavé appeared in
the literature. -Of particular note are those by Luckhurst and Hudson
(1969), Luckhurst (1969), Carrington and Luckhurst (1968), A;kins (1972),

and Muus and Atkins (1972).

e HOO NP OT00
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A. MAGNETIC PERTURBATIONS |

1. Anisotropic g and A Tensors

One.of the most important models.for explaining the linewidths of
transition metal ions in solution was the "microcrystalline' model pro-
posed by McConnell (1956). He proposed that the metal ion, in solution, be
treated as a rigid microcrystal having the same magnetic proverties as
an identical. unit in a single crystal would have. _Thus the g and A
tensors would have the'anisotropies measured in singlg crystals. As the
microcrystal tumbled in solution dﬁe to Brownian motion, the Zeeman inter-
Iactioﬁ with an external magnetic field would be modulated by tﬁe changing
orientation of the molecule with respect to the external field. Tollow-

, .

ing the method of BPP, for the case of axial symmetry, McConnell derived

the following result,

2 T
1 _ 8u ) 2 - R 2.2
— 5 (bgBH, - bmp) 2 2 2° -2
T 15h . 1+ 4m v "1
1 _ o R
" where
be =g -8
b=A —AL -3

Ho is the magnetic field, my the nuclear spin quantum number, vo the

Larmor frequency, and T_ is given by the Stokes-Einstein relation, eq.

R

2.1. Examination of eq. 2.2 shows that there are'three types of terms;

a term caused by anisotropy of the g tensor and independentbof m a

I’
term caused by anisotropy of the A tensor and quadratic in mI, and a

cross term between the two tensors linear in mI.

.~
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The "miérocrysﬁalline" model was reexamined by Kivelson (1960, 1964)
using the.formélism of Kubo and Tomita (1954). -He,bbtaiﬁed essentially
the same result as McConnell. |

To expiain the linewidths of Vanadylacetylacetonate in solution,
Wilson and Kivelson (1966a, l966b)vdid a more extensive calculation re-
taining cross terms neglected previously. . They céncluded that the line-

width could be expressed by

oy o 2, . 3 '
AH = (o' +a") + Bm, + ym, "~ + Sm_", (2.4)
_mI : 1 I I

where o' is the contribution from all mechanisms other than reorienta-

tional tumbling. The coefficients in eq. 2.4 are given by

ot =4 @y 4 (OB )7+ 3 bII(1H1)
T .

o
TR 45 : 15 40
2 2 1, a
tge I(I+1)- 3P wOAYBoI(I+l)
11 2,1 2, 7.2
+u [lS(AYBO) + S(GyBo) + 7P I(Ifl)

14 2. 1 a
+ s ¢© I(I+1) - 30 b w AYBOI(I+1)
5,2 a : SR '
_ a. . )
7P o I(I+1)f] , (2.5)
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where

Ag

Sg

Ay

%

.7;}<

8 2 a 16
o 45 (AYBO) w_ + 15

o]

CGYBO

w 20 40
(o]

b2 il-[—l-1(1+1) + ~§]+ u{% bAYB_

4 -2 _a (1+f) |
+ 3 cdyBo 15 (AYBo)wO v
- —ib2 2y [}(I+l) + 7I(I+1)f] R (2.6)

20 w J

. (o] .
L2 7y ay, 22 [1.2
8 30 2w 7% T3 u Lao
o
1. a 2.2 ,2 a
+ g‘b " A BO - IE'C +(§'b AYB
o] (o]
5.2 a
= %0 b ® )f] s (2.7)
1,2 a 1,2 a £y
20 b m* + 20 b © u (l+f), (2.8)
(o] o - .
1
= (A +A +A),

3 X y Z

2 [ 1 :

3 LAZ - 2(AX + Ay{],

1

l .

_ + + ) -

3 (8, g, * g,)> .
1

8, - 2(gX + gy),

1,

2§8X - gy):

BAg/h,

BSg/h, .

i



B = thuw /g8,

u =_1/(1+m02R2),_ | (2.9)
22

f = wo T, u

For the case of axial symmetry,
c =208g =286y =0,
Ag = B .~ 8
5 . :
= — - ’ : 7
b 3(5, Al). | (2.10)

The Kivelson tumbling theory has the same general properties as
McConnell's original model, eq. 2.2. The major characteristics of
;umblingvrélaXation are a strong dependence of the linewidth on my and

: a‘strong frequency dependence.

2. Pseudo-Reorientation

Spencer- (1965) considered pseudo-reorientation in complexes of
high symmetryé particularly Cu(HZO )62+; In an octahedral field, the
complex should distort due to the Jahn—Teller Theorem. In copper com-
plexes, in solids, a tetragonal distortion is most often found. Ab
tetfagonal distortion is the only axial distortibn wﬁich will remove
the degenerac& of the ground state. A distortibﬁ along either the x,
y, or z axes of the éomélex should be eduivalent.' Spen;er considered
"tﬁe complex "jumping" from a configurétion with tﬁe distortion along one -
axis to an eq&ivalent configuration with the distortion along a differ-
ent axis of'the'gomplex. Defining his Hamiltonién in terms,qf delta

functions, specifying the axis of distortion, he performed a McConnell

0
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3
£
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type calculation and derived the result that

-1 327
T2 T 9n2

(AgBH_ + b'mI)zri. (2.11)
Assuming that the correlation time for péeudo—reorientation, T
is equal to the corrélation time for tumbling, pseudo-reorientation
should give 2 1/2 times tﬁe contribution to the linewidth thaﬁ tumbling
giQes. 0f course, as Spencér_points out, since néither mechanism exists
without the ofher, and since both mechaﬁisms give the same functional
form, experimentally it is difficult to distinguish the contributions of
each mechanism separately. The pseudd—reorientation mechanism intro-

duces no spin-lattice relaxation, thus measurement of T, can distinguish

1

the relative contribution of each mechanism.

Spencer gave no temperature dependence, but it would be expected to
show an n/T dépendence.v

Hudson (1965, 1966) treated the pseudo-reorientétion proceés in a
more elegant manner. He considered the case of an octahedral complex
with a distortion axis hopping between three equivalent orientations.
As the hopping frequency increases, the spectral aﬁiSotropies arévavera—
ged in a manner analogous to the familiar two state problem (Kubo, 1954,
1957; sack, 1558). Averéging over all angles to account for the rapdom
orientations of the molecules in a 1i§uid yieids the standard result of -:
tumbling theory, although, of course, with the hoppiﬁg correlation time
in ;he place of the reorientation tumbling correlation tiﬁe.

Rubenstein, et al. (1971) and Noack, et al. (1971) have shown that
consideration of both Lumbling and pseudo-reorientation simuitaneously

yields the standard result of tumbling theory, but with an apparent
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correlation time given by l/T=_l/TR + l/TI, where TR and,TI are the

reorientational and pseudo-reorientational correlation times, respectivelv.

3. Spin-Rotation Interaction

When é’molegule rotates, the nucleus and the eiectron cloud do not
rotate rigidly as a unit. 1If there are unpaired electrons, a magnetic
field can be generated by the motion and energy can be exchanged between
the electrons and the nucleus. This inféraction has the effect of coupl-
ing the spin angular momentum to the rotational ahgular'momentum of the
molecule. Thé interaction can be represented by a Hamiltonian of the
form

Hyp=J.C.S, (2.12)
where g‘is tﬁe rotational angular momentum in units of h, § the spin in
units of R, and 9 the’spin—rotatidnal inﬁeraction tensor.

The problem has béen treated, for nuclear relaxation, by many
workers (Ramsey, 1950; Oppenheim and Bloom, 1959; Powles and Mosley,
1960; JOhnSon‘and Waugh, 1962; Brown, Gutowsky and Shimomura, 1963;
Freed, 1964) and most nbtably by Hubbard (1963).

For cylindrical molecules in liquids Hubbard foﬁnd that

-1, -1, 2 2 2
T —T2 -(ZIkTrw/3fx ) (2cl +C”

1 ) ‘ .(2.13)
where Z is thg.molecular moment of inertia, ql épdeL the diagonalized
components of C along the unique molecular axis aqd perpendicular to it,
respectively,'and Ty the rotational angular.momentﬁm correlation time.
In this médel, it is clear that Tw is,proportional to n—l since
angular momentum is decelerated more rapidiy in viscous hedia and Tx is

proportional to N since reéorientation is more difficult in viscous media.
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Furthermore, Hubbard found that for the special case of liquids following
the Stokes-Einstein relation
= . 2.
TR 1/6kT (2.14)
Curlb(l965) showed the relationship between the electron spin-

rotational coupling tensor and the g-tensor. He found that

= - h*Z .
gij gedij 1 . Cik ij, (2.15)

where ge is the free electron g value, 6ij is a delta function, and ij
is the inertial tensor component.
Atkins and Kivelson (1966) obtained the same expression as Curl had

and calculated the linewidth due to spin-rotation interaction to be

ERRE (121r) 71 (Ag”2 + 20, %) K1/m, (2.16)

where
Bgy = 8 ~ 8y

.Agl::gl_g’ o ) (2.l7)

and r is the hydrodynamic radius of the.molecule.

The spin—rotétion linewidth is independent of tﬁe applied magnetic
field.

More general theories, removing restrictions on the asymmetry of
the molecule have been developed by Nyberg (1967) énd Atkins (1967).

Hoel_and Kivelson (1975b) have considefed anisotropy in the rota-
tional motion and the effect it would have on the relaxation. They have

found that, for an oblate spheroid,

_ I '
r, ! —~»—i“———[<Ag )5 ) +hg,) <1+x>] s @as
n

anis  6/3 mwg B K, T
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where

_-a9?) il e’ S
[(1-2%) tanta-a] (140 S0
(2.19)
2 2 20, 2
A= (v T - r )/rZ R

r. and r, are'the semiaxis of the oblate spheroid, and KL and Hl are the

anisotropic interaction parameters, discussed in the next section, per-
pendicular and parallel to the unique axis.

4. Modifications to the Stokes-Einstein Relation

All of'thé.theories discussed thus far assume that the appropriate
correlation ﬁime is obtaiﬁable from the Stokes-Einstein expression, eq.
2.1, and the temperature dependence of the experimentally observed
linewidth.for each mechanism shows this to be a good assumption. However,
the Stokes-Einstein expression was derived for translational diffusion of
a spherical particle in a uniform, sticky, viscous medium. ihe equating
of the translational correletion time with the reerientational correla-
tion time:would be expected to cause some problems with the theory, and
it does. Sinee the first thorough treatment of liquid relaxation (Wilson
and Kivelson, 1966a), the hydrodynamic radius, r; Hésvalways been smaller
than the moiecular radius measured by X-ray crystallography; transla-
tional diffusion experimencs,'ahd other methods. It would be expected
that the hjdrbdynamic radius'sheuld be greater in solutfon, since, pre-

sumably, the molecule is more or less bound to a sphere of solvent mole-

|

~cules which should contribute to the effective radius. It was thus

something of a surprise to find the hydrodynamic radius always to be

smaller than expected and sometimes by quite a large amount.
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This problem lea McClung and Kivelson (1968) to propose that the
Stokes~-Einstein expression be written using the effective radius, a,
which is related to the actual radius, r, of the moiecule.by,

= Kl/3r, : (2.20)
where K is an empiricél parameter, 0<k<l. K is usuélly independent of
temperature and ié only dependeng on the nature of the solvent.

Hwang? Kivelson aﬁd Plachy (1973) considered the problem of
molecules éf less than spherical symmetry, in which case k, now called

the anisotropic interaction parameter, is a tensor. They found that «

can often be approximated by

_ 2 2. 2
K.i = (3/4r°) (<Ti>/ (F >){ : (2.21)

where Ti represénts the intermolecular torque around the ith molecular
a%is and Fi the intermolecular force on the paramagnetic solute molecule.
The angle brackets indicate an equilibrium ensemble average. K is ex-
pected to increase with decféésing solvent size.

_ If K is anisotropic, the value.of Kk for recorientation may differ
from the,vaiUe for §pin—r§tation. These two parameters are different
averages Qf the K tensor, the reorientatioﬁal motion favorihg the higher
components‘éndbthé spin-rotational motion fayoring the lower combonents
(Hoel aﬁdeiyelson, 1975b). Thus.a (reorien;)>a(gR)'

All of these derivations,of course, depend upon the validity of
Debye's assumption of étick boundary Conditions,.ie., that the tangen-
tial;veiocity,of_the spheroid and the liquid are equal at the spheroid's

. surface. Hu and Zwanzig (1974) have carried out hydrodynamic calcula-

tions with slip boundary conditions, ie., where the tangential velocity
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of the liquid‘is zero at the spheroid's surface. In this case, K =[]
where[=]is the ratio of the effectiveness of torques under slip condi-
tions to those under stick conditions (Hoel and Kivélson, 19755); The
Qalue of [—}is dependent only on geometric factorsAand has been tabulated
(Hu and Zwanzig, 1974).

Hoel and‘kivelson (1975a) have proposed an empirical-"stickinvss”

parameter, s, to describe intermediate conditions where neither slip

nor stick conditions hold. . The "stickiness' paramater is given by

‘K
)
~~
[
o
)
N

s:

[

with s=1 for stick and s=0 for slip. This would give eq. 2.1 the form,

_ b4mnr
TR T T3KT ,S(I“E:')’“E} o (2.23)

Bauer et al. (1974) indicate that there should be a viscosity
independent term added to the right side of eq. 2.1;‘ This term should
be of the order of the free rotational period. None of the data we will

report is precise enough to determine such a small additive term.

g e onbpronnD
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B. ELECTRIC FIELD FLUCTUATIONS

Electricifield fluctuations (EFF) are the liquid analog of phonons
in solids. The EFF mechaniéms of interest iﬁ liqdids may be divided
into four main catagories.‘ The first mechaniém, bréposed by Van Vleck
(1940) for rglaxation in solids, is the direct process in which the spin
relaxeé,within the ground orbital state By'the emission of a phonon. |
The second mechanism, also proposed Ey Van Vleck (i940), is a two phonon,
or Raman process, involving relaxation through a virtual excited state.
The third mechanism, due to Orbach (1961), is a fwo phonon process in-
volving a real excited state. The fourth mechanism, described By
Kivelson (1966) as a ''vibrational process'", involves fhe spin's relaxa-
tion being accompanied by the simultaneous excitation of a discrete,
localized molecular vibrational state. This is effectively an Orbach
process within the orbital ground stéte. These mechanisms are illus-
trated in Fig. 1. | | |

l._ Al'tschuler and Valiev Mechanism.

One of the first mechanisms utilizing fluctuaﬁions in the electric
field of a transition metal ion was derived by Al'tshuler and ValieQ
(1959). Theyvéonsidered the normal modes of vibration of the complex to
be perturbed gy the Brownian motion of the surrounding particles. As a
result, the electric field of the ligands écting on_ﬁhe paramagnetic ion
becomes a random function of time. The variations in the electric field
are communicated to the unpaired spin of the ion by spin-orbit coupling.
Following the derivation 6f Van Vleck (1939), they expanded the pertur-

bation Hamiltonian in terms of the normal coordinates of the complex,
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arrows represent electron transitions and the dashed arrows represent the corresponding
lattice transitions. State n is a virtual excited state.
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6 (i)
=3 vBq, ' (2.24)
i .

. .th , i) . . . .
where Qi is the 1 normal coordinate and V( ) is the partial derivative

of the ligand field potential with respect to Qi.
Making the standard assumption of exponential recovery, they found
the, correlation function of Qi>td be given by

RCRORROREX 0, @] *» expi-lelry). (2.25)

For a transition between levels 1 and k they found the transition

probability to be

2 . T o

= A2 e,

b 72 2 vy 2 2 - (2.26)
. v Wik Te

where wlk is the frequency separating levels 1 and k and Q2 an average

over all the hormal coordinates assumed to be given by

Q" = (h/2my ) coth (h w_/2KT), (2.27)

where m is close to the mass of the complex and W is an average frequency.
They also assume that the correlation time, Tas is iﬁversely proportional
to the square-root of the temperature.

2 2
Thus for T Wy <<1,

. —1/2 , o
Alk =T coth (hmo/Zkl) (2.28)

2 2
>
and for Tc wz >!,

k
’ 1/2

> ' )
Alk T coth (hwo/2kT). (2.29)
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Hayes (1961) examinéd the Al'tshuler and Valiev mechanism and found
several faulty assumptions. The most critical faults Qere ﬁhat the
spectral density is not normalized and that ginis.correct only for fre-
quencies far rémoved from resonance.

Hayes redérived the transition probability for this-mechanism and
found that it should be directly proportional to temperature.

Thevtheory was extended by Valiev and Zaripov (1962) to include
quédratic terms in the nofmal coordinate expansion. The quadratic terms
were expected to'be more effective than the lineéf terms in producing
reiaxation (Alexsandrov and Zhidomirov, 1961). Valiev and Zaripov de-
rived a téﬁperature depeﬁdence giﬁen by

T
c

-
lkTC

.71 cothz(hwo/ZKT) (2.30)

1 1+
In this form the theory corrects the probléms pointed out by Hayes

in the original theory. The temperature dependencé of the linewidth is

silmilar to the temperature depéndénce of McConnell's theory as long as

. T<<hw /2k.
o

2. Kivelson EFF Mechanism

Kivelson (1966) considéred the most imporﬁant nonrotational
relaxation.meéhanisms in liquids. The electric fields of the para-
magnetic complex were modulated by molecular vibrations aﬁd by collisions
with.surrouﬁding diémagnetic molecules. The electric field fluctuations
are then trénsmitted to the spin by the spin—orbit éouéling. These pro-

cesses were originally called "second order statistical processes' by

C o/ 0nkFPGOOO
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Lloyd and Pake (1954) and vibrational spin-orbit processes by Kivelson
and Collins (1963). |

Kivelson (1966) found that, in liquids, the contribution to the
relaxation‘from the vibrational process is negligible. The contribution
from fhe Van Vleck direct process is given by

2 ¢ 71

2
(o]

' bq 5 (W T
-1 _ .. -1 _ A2, 0,2 "o ¢)
Ty =Ty =6 )
o l1+w

(2.31)
T

0 oo
-

where A is the spin-orbit coupling constant, A the energy separation
between the ground state and the first excited state coupled to it by
the spin—orbit'interaction, ¢ the magnitude of the time dependent poten-

tial, q the lattice or liquid modes, r, the characteristic intermolecular

7
distance, and’wo the Larmor frequency. If mgTC“<< 1, the linewidth is

2
" proportional to the applied field squared, whereas if w;T02>>l, the line-
width is independant of the applied field. In general this mechanism
causes only a small relaxation contribution and is uéually_ignored.

Kivelson also calculated the contributions from both the first and

second order Van Vleck Raman processes. The second order process is

much more important than the first order process in causing relaxation.

2
For onC2<<l,-as is usually the case,

| 54 |
-1 _ -1 _ A2, %4 -1
T, =T, =32 () (Aro T . (2.32)

This process is independent of the appliéd field.

The Orbach process gives
: -1 .
R (AOZ(??Q.Z( 4 2 s ,
1 2 A Aro GOn [exp(héon/kT)—l]

(2.33)
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if ng Ti ZJ, where 6oh is the energy separating the ground state and the

nth.excitéd orbital state. 'The'Orbaéh’pfoceéé is also magnetic field

independent.

Kivelson‘and Collins (1962) also considered_ﬁhe fotational spin-
orbit process. This is not.to be confused with'the spin-rotation infér—
action discussed earlier, which does not iﬁleve re1axation through an
excited state;’ The spin—drbit interaction ist§.E. The spin'§ is quan-
tized.along the applied field; while the rotatiqnal angular momentum L is

evaluated in a molecular framework. As the molecule rotates, the angle

between S and L changes. Relaxation can occur only if the system under-

~

goes a simultaneous spin and electronic transition. ' The contribution to

the relaxation for this process is given by

-1 _3 ., 2 -1 ‘ 2
T, =5 (8-t /LI l<0lL [n>]", (2.34)

Where g is the isotropic g value, gé the free electron g value, T, the
correlation time for rotation, the matrix elements are between the ground
s#ate and the nth electronic state and are summed all.ovér statés (n#0) |
and all orientations of the molecule (o = x, y, z).

In genérai; vibrational spin-orbit processes are expected to be more
importént than rotational spin-orbit processes, especially for symmetric
complexes with nearly degeneréte states where <0[Eu|n> is very small.

Kivelson: (1966). has found that, in the absence of low lying excited
states, the EFF mechanisms are all negligible. bnly the Orbach mechanism
is expected tozbe significant, and then only if héol/kT is not too large.

3. Modulation of the Hyperfine Interaction Tensor

. Atkins (1967) has considered the process in'which collisions with

P O/ 00k P O0D00
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diamagnetic ;olvent molecules excite the paramagnetic system to a higher
vibrational or orbital level in which the hyperfine interaction tensor
differs from that in the ground state. The unpaired spin is then subject
to a fluctuating field, the amplitude of which cofresponds to the differ-
ence in the:hyperfiné interaction field in the two states and with a
correlation time whicﬁ is, approximately, the inverse of the collision
frequency.

The Ramaﬁ process may be ignored, since no change in hyéerfine
interaction occurs. Atkins considered the direct vibrational process
in which a feai excitation occurs, but the excitation remains in the
orbital groun& state. For such a process, in liquids, Atkins obtained

transition probabilities of the form,

0L.2 , .- _ 2 2
S 4 (AO )T h£(I,stl,7 mI) (¢q/ro) (2.35)
p Y3 7 7 ’
Cwy T W Mkro [exp(hwv/kT)—l]
where
\]
\)\) 1 1
A = <nv|A|nv> - <nv |A|nv >,
' (2.36)

f(I,sil,; mI)= [I(I+1)—m1(m1; l)]l/z,

A is the'isotropic hyperfine coupling constant, w, the ﬁolecular vibration
frequency, Mk the reduced mass of the kth vibrational mode, W the Larmor
frequency, Tc the correlation time for collision; ¢, q, and ro are de-
fined as in the Kivelson EFvaechanisms.

For what Atkins calls the Orbach process (Type I), which leaves the
vibrational state of the molecule unchanged, he obtained

: 2 - .2 2
c 4 AT E(LsrLF mp) (/T )

0 7. 2 ,
W Qon T, [exp(ﬁQon/kT) -11,

W (2.37)
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where, v
Ann' =v<n'lA]n'> - <n!Aln>; (2.38)

and Qon is the excitatibn energy from the ground s;ate to the nth
excited state.
_ A . \ .

Atkins also considered what he called the Orbach process (Type 11),
_in which ﬁhe final state inéludes a molécular vibration excitation. This
process is:iess significant than tﬁe Qrbabh proceés (Type I) and may bé
neglected.

Atkins compared the Orbach process (Type I) Qith the Kiveison result
for Orbach relaxation through the spin-orbit coupiing and found that

2,2 |

wK . Y% X ~ (w Ag/A )2’- (2.39)
v T3 o on :

where Ag=g—ge. Thus, at sufficiently low microwave frequency, the
Orbach process (Type I) will dominate in those molecules possessing
hyperfine interaction, while at higher frequencieé the Kivelson Orbach

process will always dominate.
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III.  EXPERIMENTAL METHODS
A. SAMPLE PREPARATION

1. Vanadyl acetylacetonate (VOAA).

The Vanadyl acetylacetonate was purchased from K & K laboratories.
The EPR spéctrum shdwea no paramagnetic impurities'and further purifica-
tion was.considered unnecessary. All solvents were at least reagent
‘grade and were degassed on a vacuum line before use.

Samples were prepared in the follOwing manner. The solid VOAA was
placed in a 3 mm diameter pyrex tube, sealed at one end. The tube was
then joined to the vacuum line'and evacuated. Prolonged'pumping secmed to
cause spectral changes, so pumping time was kept to a minimum. Ammonia
was then distilled into the sample tube and froéen by immersion of the
tube in liquid nitrogen. Excess ammonia was removed by gentle pumping
and the tube was sealed with a torch. Since the room temperature vapor
pressure of ammonia is of the order of ten atmosphgres, great care was
* taken duriﬁg’the'ﬁarming of the sample to room temperature. Failures
were relatively fare when using 3 mm diameter fubihg, but became more
common with lafger tube sizes.

The SOZNH3/SOZTHF glass samples were similarly prepared. The THF
was distilled into the sémple tube before the ammonia.

The .rate of'exchange of the acetylacetonate ligands is very slow,
but samples'plder than 24 hours began to show changes in the EPR spectrum.
Because of this'fresh samples were prepared and run immediately in all
experiments. All samples used were sufficiently diipte that no broaden-

ing due to concentration was observed.
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2. Copper (iI).

The copper experiments wére performed using isotopically enriched
'63Cu0 (99.62%) obtained from Oak Ridge National Laboratories. The oxide
was dissolved in 0.15 M perchiorié acid. A small quantity of this solu-
‘tion was pléced in the sample tube and the water was Slowly pumped out on
the vacuum line. Ammonia was distilled into the sample tube dissolving
the copper. The ammonia was then pumped off. JThis was repeated to re-
duce the number of water molecules bound to the copper ions. Sample
pfeparation continued from this'point in a manner énalogous to the VOAA
preparation.

Since glycerine, in the glass samples, could not be distilled into
the sample tﬁbe, the preparation was changed slightly.v After pumping off
thé water and ammoniating the sample several times, the sample tube was
removed from the vacuum line and the mixture of equal parts glycerine
and absolute ethanol was added. The sample tube was then reattached to
the vacuum line and the.sample was degassed using . the freeze—bump—thaw
method. Amﬁonia was then distilled into the tube and the tube was scaled
off.

The X-band measurements were carried out in 3 mm diameter pyrex
tubes. The ‘S-band meésurements required 5 mm diameter pyrex tubes in
order to imprbve the filling factor of the cavity.- All samples were
sufficiently dilutg that the linewidth was iﬁdependent of the copper

- concentration.

3. Titanium (III).
Titanium (II1) was obtained from Alfa Inorganic in the form TiClj;

and from Sargent Chemical Company as a 1 M solutionvof TiZGK%)3. 'The

fo0/Z00p P 0000
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concentrations of the samples varied from 0.5 M to 3 M. Comparison of
the data obtaiﬁed at high Ti (III) concentrations with that for low con-
centrations showed negligible effects from Ti-Ti iﬁteractions. All sam-
ples were_approximately 1 M in acid to prevent formation of Ti(H20)50H2+,
which becomes significant as the pH approaches 4 (Pecsok and Fletcher,
1962).

The samples were contained in a Varian E-248-1 aqueous solution
sample cell. K-band spectra were obtained Qith the sample sealed in a

10 mm by 3 mm diameter quartz tube. In all cases a nitrogen atmosphere

was used to minimize oxidation of the titanous ion.
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\

B. SPECTROMETERS

Fieldvmeasurements were made uéing a Hérvey—wélls NMR Precision
Gaussmeter, Model 04502, with the protoﬁ resonaﬁ;e frequency measured by
either a Hewlett-Packard Model 5245L frequency éounter or a General Radio
Model 1192-B frequency counter.

The klystron frequency, at S-band and X-band, was méésured by a
Hewlett-Packard Model 5245L frequency counter equipped with a 5255A fre-
quency converter plugih. At K-band the frequency was measured by observ-
ing the beating of the kiystron'frequency with the frequency of a Polarad
Model 1207 3.8-8.2 GHz Signal Source. The Polarad frequency was then
measured as described above."

vThe sample temperature was controlled in two ways. For the titanium
“_sémples a Varian V-4557 Vériable Temperature Accessorvaith a quartz
dewar insert and a Varian V-4540 Temperature Controller were used. For
theé vanadyl and copper sémples, nitrogen gas, boiling from a dewar of
liquid nitrogen, was used as a coolent. The rate of boiling was con-
trolled by a:Variac supplying current to a résistér immérsed in the
liquid nitrogen. For temperatures close to room temperature, nitrogen
gas at room témperature was mixed with the cold nitfogen gas stream to
ensure adequate:gas flow past the sample. |

The temperature was measured using a copper—cdnstantan thermocouple
with one juﬁction immediately outside the cavity and the rcferencg junc-
tion at 273 K. The voltage was measured using either a Digitec Model
268 DC millivoltmeter or a Keithley Model 160B digital multimeter. The
voltage was convertedvto temperature using Omega Engineering Inc., 1971

conversion table IV (see N.B.S. Circular #561). The thermocouple was
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calibrated at 77 K and 373 K. The'preéision of the temperatures measured‘
was thoughﬁ to be +0.5°.

The viscosity of ammonia was obtained using the results of Hutchison
and O'Reilly (1970).

1. S-band.

The S-band speétrométer was constructed in this laboratory and is
of conventional design. A block diagram of the syétem is shown in Fig. 2.
The cavity waé-designed‘by James Chang and opérates at 3.27 GHz with the
quartz dewar insert installed. The modulation freduency was lOOkHz.

2. X-band.

The.beéﬂd spectrométer used wéé a Varian V4502 EPR spectrometeft,
equipped with field dial, a 9 inch magnet, and a ﬁewlétt—Packard Model
7004b X-Y recorder. The cavity was a Varian Model V—453l multipurpose
rectangular éavity'resonatingvat 9.2 GHz with the quartz dewar iﬁsert
installed. The modulation frequency was 100 kHz.

3. K-band.

K-bandvmeasurements were carried out at 23.9 GHz using an-OKI_Model»
24V10A klystron and a bridge consfructed in this laborafory. A block
diagram of the system is shown-in Fig. 3. The recténgular cavity was
fabricated from brass waveguide and silver'plated. The modulation fre-

quency was 800 Hz.
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IV. VANADYL ACETYLACETONATE
A. INTRODUCTION

The EPR linewidths of vanadyl ion (V02+), in solution, have been of
interest for many yeérs. The spectruﬁ was firsﬁ reported by Garif'yanov
and Kozyrev.(l954) and by Pake and Sands (1955).

The vanadyl ion is the most common of the frahsition metal oxy-
cations and has relatively simple'magnetic'propefties. It has only a
single_Bd electron and the s&reng;h of the V-0 bond creates a'strong
axial field which has been well characterized struéturally (Dodge,
Templeton, and Zalkin, 1961). The51V nucleus is in.nearly 100 peréent
natural abundance. Its spin of 7/2, interacting with the electron spin
of 1/2, gives eight well resolved lines with markéd differences in the
linewidths.

Kivelson anisotropic g and A value theory has been used to explain
the linewidths of many vanadyl complexes with great success. The vanadyl
system is now considered to be a prime example of tﬂe success of Kivelson
.theory.

Before emBarking upon the much more ambitious problem of explaining
‘the relaxation of copper (II) ions in solution, i£ was décided to use the
vanadyl syStemlﬁo determine whether solvent effects in liquid ammonia
might cast doubt upon the validity of the conclusions drawn from the
copper'ekperiments. Liquid ammonia also enables one to observe the
vanadyl relaxation in viscdsity ranges not previousiy explored.

The'vanadyl complex chosen fof this.work‘was.vanadyl acetylacetonate

'(VOAA). This complex was chosen for several reasons. Its relaxation

e g /s 00k 00O
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has been explained in a number of solvents (Gersmann and Swalen, 1962;
Wilson and Kivelson,'1966a; Atkins andeivelson,vl966; Wilson and Kivelson,
1966b; Hwang; Kivelson, and Plachy, 1973; Hoel énd Kivelson, 1975a, 1975b;
Kivelson and Lee, 1964). 1t is stable over the range of temperatures
studied. It is also soluble in liquid ammonia and the rate of ligand
exchange is not very fast.

The EPR spectrum of VOAA is known to be sensitive to changes in the
solvent (Bernal and Riéger, 1963; Wilson and Kivelson, 1966b; Kivelson
and Lee,,l964; Hoel and Kivelson, 1975a,'1975b). The solvent dependence
of the EPR spectrum is thbﬁght to érise from the structure of VOAA. The
two acetylacetonate ligands are bidentate, forming a plane perpendicular
to the axis of the V-0 bond. Solvent molecules can be coordinated in
the sixth position, opposite the oxygen atom. Since the EPR spectrum of
vanadyl complekes are dominated by the strength of the V-0 bond, any
effect the solvent mslecule_hés upon the axial moiecqlar orbital will
have a large éffect'on the spectra. Thus VOAA shduld be a sensitive
test of any unusual solvent effects caused by liquid ammonia. :

N B. SPECTRA

Before émbarking upon a proper treatment of the linewidths, the
_anisotropic spin Hamiltonian parameters must be known.: Solﬁtion spectra
yield only thesisotropic.values of these parameters, and thus solid state

measurements must be used. Measurements on magnetically dilute, single

ot

crystals should give the best values for the anisotropic parameters,
however, there are often drawbacks to the use of single crystal measure-
ments. Often a suitable crystal lattice cannot be found. Also, there

often occur distortions in a crystal lattice which do not correspond to
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the distorfibns ﬁresent in golution.

In the caée of VOAA'in'ammonia; we haVe, fo:'lack of a better source,
obtained the anisotrppic parameters from frozen'glass speétra. This
method,'originally used by Sands (1955), has been‘showﬁ, in many cases,
to yield the anisotropic parameters (Blinder, 1960; Kneubuhl, 1960;
Neiman and Kivelson, 1961; Ibers and Swalen, 1962; Gérémann ana Swalen,
1962; Weil and Hecht, 1963; Vénngard and Aasa, 1963; Taylér and Bray,
1970).

In a glass or polycrystalline sample, the spectrum observed is the
envelope of spectra from ions of all possible orientations. For a simple,
axial anisotropy of the g tensor, the values of g” énq g may be readily
" measured from the extrema of the absorption. The addition of hyperfine
anisotropy quickly results in complicéted spectra. Simulation of the
spectrum by digital_computer is often the only way to extract the mag-
netic parameters from a complicated épectrum. The spectral parameters
" can then Eé adjusted until satisfactory‘agreement between the calculated
and experimental spectrum is reached.

The glaés used was developed by Spencer (1965) and consisted of
'equal parts ammonia and tetrahydrofuran. Liquid ammonia alone tends to
crystalize as it freezes and broadens the résulting spectrum. The ob-
served spectrum was simulatéd using the method of Vanhgard énd Aasa (1963).
The program used to simulate the speétrum is described by Chang (1971). |
Tﬁe observed and calculéted spectra are shown in Fig. 4.

For comparison with other solvents, the magnetic parameters of VOAA

in a variety of representative solvents are presented in Table I. For

Fom
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Fig. 4. Glass spectrum of VOAA in NH3/THF. The upper curve is

experimental and the lower curve is a simulation.
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TABLE I. Magnetic Parameters of VOAA

solvent ,%i g <g.>a 'ﬁ;) Af’ <A>‘-3'b R?fe;ence
toluene 1.943 1.979°¢ 1.969 -169.2 -63.0° -97.6 Wilson and Kivelsdn, 1966a.
1.985 -59.1

diphenylmethane 1.945 1.984 1.971 =172.4 -61.2 -98.3 Wilson and Kivelson, 1966h.
CS2 1;968d " =99.5 Kivelson and lLee, 1964.°
THF 1.945 (1§981)e 1.969 (—169.0)e -61.8 -97.5 Kivelson and Lee, 1964.
Nil 1.945 (1.979)%  1.968 (-165.0)€ -59.9 -95.0 Kivelson and-Lee, 1964.

£ £ d d . :
CH3OH (1.944) (1.983) 1.968 -94.0 - Bernal and Rieger, 1963.
toluene—CHCl3 1.944 1.996 1.979 -173.5 -63.5 -160.2 Gersmann and Swalen, 1962.
NHJ/THF : 1.945 1.980 1.968 -170.0 -59.7 -96.5 This work.

a. <g>= (g +28 ) /3 <A

= ( A.u + ZAL)/3'

b. Hyperfine coupling constants are assumed t6 be negative (Myers, 1973)

and are given in units of 10—4 em .

c. The. values given are and g respectively, and similarly for A  and A_.
8 8y y x

d. Values given are measured in solution.

e. Values given are calculated from the other magnetic parameters.

f. Values given are calculated from opticai data.

1
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a more extensive tabulation see Kivelson and Lee (1964). As can be
seen from Table I, our g values are in excellént.agréement wiﬁh those
found in other solvents, particularly NH3 and THF. Solvent effects show
the greatest effect in the A values. Our value of the isotropic hyper-
fine interaction, (A), obtained from the frozen glass measurements, does
not appear to agree with the value obtained in NH3. This discrepancy
may be due to crystallinity in the pure ammonia glass. The difference
in any case is not great and will have little effect on the calculétions : i
to follow.

Nq superhyperfine interaction was resolved in the glass spectra.
This is to be expected since the unﬁaired eiectron is almoét completely
localized on the vanadium ion in a dXy atomic orbital (Ballhausen and |
Gray, 1962), although polarization of filled orbitals is expected to give
a small contribution to the linewidth (Kivelson and Lee, 1964).

The X—band.EPR spectra of VOAA in ammonia were measured between
-72° C and 23° C in order to determine the linewidtﬁs and isotropic spin
Hamiltonian parameters. The spectra were digitizéd using the apparatus
described by Chang (1971). The digitized spectra were analyzed using a

least squares fitting procedure described elsewhere (Bauder and Myers,

1968; Chang, 1971). However, we used a fitting method involving eight
separate lines instead_of'the second-order Hamiltonian used by Chang.
An example of the fit obtained is shown in Fig. 5. The experimental -

curve is represented by the crosses, and the solid curve represents the

fitted values. The error curve, at the bottom, represents the difference
between the two curves expanded by the scale factor shown. The A value

was extracted from the eight line positions by calculating the average
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Example of the fit of the solution spectrum of VOAA in
The crosses are the experimental points

and the continuous curve is the theoretical fit of the

data.

expanded by a factor of 2.552.

The lower curve is the difference between the
experimental curve and the theoretical curve and is
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value obtained from the outer three pairs of lines. .This value was then
used in a second-order Hamiitonian to calculate the g value. The g value
is alsd the average of the values obtained from‘the outer three pairs.

It has been obserVea previoﬁsly that the isotropic g and A values
of VOAA vary”as a function of temperature (Wilson and Kivelson, 1966a).
This has been.explained‘as.beiﬁg caused by changes ih_solvation and bond-
ing (Kivelson and Neiman, 1961; Wilson and Kivelsén,~l966a). The values
obtained in this work are shown in Figs. 6 and 7. . As expected from
bonding tﬁéor?, the isotropic g and A vélues have opposite temperature
dependences. - |

The variation of the isotropic g and A values place a limitation
upon the accuracy of the relaxation results, but the variation is ﬁot
great enough to seriously affect the results. The values chosen to use
in the relaxation calculations were <8> =1.968 and <A> =-103.7 gauss.
Small changes in these pafameters do not cause marked changes iﬁ the

results obtained.
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C. RESULTS AND DISCUSSION
Wilson and Kivelson (1966a) have shown that the linewidths of VOAA

can be well represented by

3

I’ (4.1)

- o 2
AH = a+8mI + ym, + Om

where o = (a'+a" ), and a', B, Y, and § are given by Kivelson tumbling
theory.. a" .includes the effects of all other mechanisms which do not
depend on the nuclear magnetic quantum number.

Since, experimentally, we obtain eight linewidths for each
temperature and have only four parameters (o, B, Y, and 6)‘to fit, thg
system is overdetermined. A least squares fitting pfocedure was used
to extract the parémeters at each temperature. From the beta curve it
is poésible ﬁo calculate a hydrodynamic radius (Chang,-l97l). For the
data obtained in liquid ammonié the fadius calculated is 3.53 A. |

At this point it is instructive to consider whether the assumptions
of the rotational diffusion model ére:valid. From eqs. 2.1 and 2.20 we
obtain

Anﬂro3 .
= — K, . - (4.2)
3 kT
where in this case

Kl/3ro = 3.53 A, . (4.3)

The hydrodynamic radius for VOAA in benzene, r has been measured

T’
for translational diffusion (Hwang, Kivelson, and Plachy, 1973). The

translational diffusion experiments measured the diffusion constant, D,

which is related to the hydrodynamic radius by

(4.4)

D = kT/6whrT.

PiZoop b 0000

£
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The hydrodynamic radius obtained was 3.8 A. Although D was measured at
only one temperature and in only one solvent, similar measurements indi—.
cate that o is independent of solvent and tempe;ature. For VOAA, ST
Thus eq. 4.3 gives-k = 0.93. The stickiness parameter, s, can be cal-
culated from eq. 2.22 qsingba value of 0.3 for[E:(Hoel and Kivelson,
1975a). Sﬁch a calculation gives a value of 0.90 for the stickiness
parameter. 'Recélling théﬁ s=l is the pure stick condition aésumed'in
the derivaticn of tﬁe rotationél diffusion model, a value of 0.90 indi-
cates that the theory should be a good approximaﬁion of the actual
behavior.

From the magnetic parameters and the effective hydrodynamicvradius,
the contributions to the relaxation.caused by anisotropies in the g and
A tensors cén-be calculated. The résults'of these calculations and the
experimental valuesvof o, B, and Y‘aé a funétion of n/T are presented
in Figs. 8, 9, and 10 respectively. The values of G:determined from the
experimental;linewidths were'very small and the érro;é felatively large
-and are-not presented. As‘caﬁ be seen from Fig. 9 and 10, the values of
8 and vy as a function of n/T are in good agreement with the theoretical
curves. figu:e 8 shows that o # o' and that there is another mecﬁanism
responsible for this residual linewidth.

The usualvexﬁlanation of the residual linewidth in VOAA is a spin-
rotation rélakétiqn meéhanism (Atkins and Kivelson, 1966; Wilson and
Kivelson, 1966b). Figure 11 showé the residual linewidth as a function
of T/n. As expected from eq. 2.16, the residual linewidth is a linear
fuﬁction of‘T/n, indicating a spin-rotation interaction. = The soiid line

in Fig. 11 is the result of a least-squares fit of the residual linewidth
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Fig. . 1l. Residual linewidth, a", vs T/n for VOAA in liquid-
: ammonia. The straight line is a least-squares fit
of the data.
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to a stréiéht line. As expected for a syé;em in which thé rotational
diffusion model is a good approximation, the hydrodynamic'rédius calcu-
lated from the residual linewidth is in exact agreement_with the'fadius
calculated fom Kivelson tumbling theory.

The intercept in Fig.‘ll.of l.gauss is probably due to unresolved,
isotropic 14N superhyperfine inferacfion. For vanadyl in porphyrin
systems, 14N superhyperfine structure has been observed (0'Reilly, 1958;
Kivelson, 1960; Kivelson and Lee, 1964). The porphyrin nitrogens form
a plane perpeﬁdicular'to the V-0 bond and‘have a nearly isotropic cou-
pling constant of 2.8 gauss. In our system, we have only one nitrogen
contributing:to the hyper hyperfine structure and it is situated directly
_opposite the V-0 bond. Since the free electron is in a.dxy orbital on
the vanadium atom, there are nodes in the wavefunction at the nitrogen
| nuclei in both the porphyrins and in our case. To explain thg porphrin
14N superhyperfine structure, Kivelson and Lee, (1964) did a configura-
tion‘ihteraétion calculation. Their calculation gave a reasonable ex-
planation of the porphyrin system. OQur systém has approximately the
same symmetry‘as the porphyrin and the calculation should be approximately
valid. The calculation indicated a contributionvof about a gauss for
the dz2 orbital.direcped at a nitrogen atom, andxthe'interaction should
be isotropic. This appears fb be a reasonable explanation of the inter-
cept in Fig.-ll; |

If the_r;laxation of‘VOAA,in liquid ammonia is éctually a
combination.of reofientationalvtumbling and spin-rotation interaction,
the linewidths at any ffeQuency can be readily calculated. The spin-~

rotation interaction has no frequency dependence and the reorientational

Pl /Z00pEFD0ODO



48—

tumbling frequency dependence is given in eqs. 2.5-2.8. The line@idth
parameters calculated for S-band (3.5 GHz) as well as the experimental
values are presented-in Table IL. The agreement between the theory and
experiment is very good, confirming the analysisvof the relaxation
mechanisms. A ﬁypical, room temperature speétrum of VOAA in ammonia

at S-band is shown in Fig. 12.



TABLE II. S-band Linewidth Parameters. for VOAA .

49—

Calculated from

Experimental

X;bgnd data S~band yalueé
o' 3.25 3.13
" (5.64)2 (5.64)3
B .222 234
y .0861 .0903
| -.00686 -.0134

a. Assumed to be field independent.
All values are given in gauss.

y

£ 0
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Fig. 12,

Room temperature spectrum of VOAA in liquid ammonia at 3.27 GHz.
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V. COPPER -
‘A. INTRODUCTION

Copper (II) is a d9 system. In a field of octahedral symmetry the
: five-foid ofbitallyfdegeﬁeréte free ion energy levels split as shown in
Fig. 13a. The lowest level being doubly degenerate, the complex.will
Spontaneouély distort due to the Jahn-Teller theorﬁm. A trigonal'dis—
tortion of tﬁé octahedral field will not remove the degeneracy of the
gfound staté; therefore most copper complexes teﬁa to elongate tetra-
gonally along one of the four-fold axes of the octahedron. The energy
levels for a tetragonal distortion are shown in Fig. 13b. In some cases
the distortion is large enough that the complex may be considered to be
square planar in symmetry. The molecular orbital tréatméﬁt of Kivelson
and Neiman (1961) gives the symmetry labeling of the orbitals shown in
Fig. 13. ‘The B, orbitél is assumed £o be the ground state. If the

lg

Alg orbital weré the ground state ip would require'that 8 would be the
free electron value,.ana this is not found expefimehtally.

Thé Alg orbital is expécted to be a low lying excited state in
square planaf,and octahedral complexes (Kivelson and‘Keiman, 1961).
From single crystal relaxation measurements, Stoneham (1965) estimated
the energy splifting between the Blg‘and Alg érbitals to be over 7000
cm . 1In sol;tion the split;ing has been estimated by Valiev and Zaripov
(1966) to bé of the order of 1500 cr_n;l and by Kivelson (1966) and by
Lewis and Morgan (1968)'t0'be of the order of_lOOO.cm-l.

The EPR spectra of copper (II) complexes has been one of the most

studied problems iﬁ magnetic resonance. The earliest EPR studies of .
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Fig. 13. Energy levels of a d9 system.
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Cﬁ(II) in;sblﬁtion were reported by Kozyrev (1955, 1957) and McGarvey
(1956;f1957); Tﬁéy'observed'a single, broad line, abproximatelyVISO
gauss Qiae.' Since the two naturally occurring copper isotopes,63Cu and
65Cu, both have a nﬁclear spin of 3/2, the lack'of a‘hyperfine quartet
was somewhaf'surbriéing;

vKozyfev (1955) attributed the lack of hyperfine‘structufe to the
formation of copper dimers in solution. He based his conclusion on early
data and 1atef‘workvwith dilute solutions showed that the lack of hyper-
finé structure persisted even when the formation of_copper dimefé was
highly unlikely.

McGarvey (1957) proposed that the hyperfine structure was broadened
through interaction with a low-lying excited state. ‘A combination of
broadening caused by slow tumbling of the hydrated ion and broadening
caused by intéraction with tﬁe low lying e#cited state accounted for the
observed 1inewidth.

Al'tshuler and Valiév (1959) expléinéd the observed broadening of
the line with’iﬁcreasing temperature in terms of a vibrétional modulation
of the crystal field.

All of these early workers assumed that the lack of resolvable
hyperfine structure indicaﬁed that the observed’abséfption’could be
treated as a single line. 'Thus; the linewidth'éouid be taken as the peak-
to-peak separation of the derivative presentation. Hays (1961) and
Rivkind (1961) shbwed that this was not true. Héys observed hyperfine
Strﬁcture in'hexaquocopper.(II) at 0°C. The hyperfine splitting of 38
'gahss indiéated_that the 6§erall linewidth waé largely caused by unresel-

ved.hyperfine structure. Rivkind reported that the linewidths of the

Ll s o000
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hyperfine components showed a dependance on m in agreement with

I’
McConnell theory, but théy became sharper as the viscosity of the solu-
tion was raised instead of narfower as required by McConnell theory.
Spencer (1965) measured the EPR spectra of hexéquocopper (I1) and
hexamminecopper (1I) over a wide range of temperatures. Using an aquo-

4’cm—l, he made crude

complek hyperfine coupling constant of 53 x 10
correctiops té the linewidths for overlap 6f thé.lines. Although no
definate conclﬁsion was drawn, Spencer'félt that the relaxation was
caused by a combination of the:McConnéll tumbling mechanism, Jahn-Teller
inversion (pseudo-reorientation) and possibly even chemical exchange.
Fujiwara and Hayashi (1965) measured the overall linewidth of the
overlapped hyéerfine quartet of.Cu(HZO)é2+ as a funétion of concentration,
température, and mégnetic field. They concluded, from their data, that
the predqminate relaxation mechanism must be an Orbach spin-orbit process.
Valiev and Zaripov (1966) pfopdéed a mechanism specific to aqueous
solutions of copper (II) ioms. In_théir theory, broadening was caused
by transitions Between tﬁe ground state and excitea stétes. They assumed
a separation éf 1500 <:m—l between the ground state and the first excited
state. Using this value they obtained reasonable agreement with the ex-
perimental work of Avvakumov,.Garif'yanov, Kozyrev, and Tishkov (1959).
An interesting aspect of their theory is that there ié nobcontribution
to Tl. |
.Lewis, Alei, and Morgan (1966) made an attempt to measure the

linewidths of the individual hyperfine components of hexaquocopper (II)

by reconstructing the EPR spectrum from four Lorentzian lines. They
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concluded that the relaxation is a combination of the Kivelson tumbling
mechénism,fspin—rotation interaction and a Van Vleck Raman process.

Their expreésion for the linewidth, exclusive of the tumbling mechanism,

‘'was

T2‘1 - Tl"l" - 2.04 x 10" [(T/n) +0.23 .Tz] , (5.1)
where 1 is the viscosity.of the solution and T the absolute température.
Kivelsbn (1966) has indicated that this Raman process in solution is not
expected to make such a large contribution to the réiaxatioa.

Wilson and Kivelson (1966¢) studied copper acetylacetonate in a
variety of organic solvents. The acetylacetonate complex has sufficient;
ly narrow lines that direct measurement of the linewidths could be made.
They found that, although ohly an apptoximatibn'fof copper, Kivelson
tumbling theory provided an adequate explanation’of the -observed my de-
pendence of the linewidths of the hyperfine componeﬁts. The residual
width, aftéf subtraction of the tumbling contribution, was explained
as being due to spin-rotation interaction. |

Nyberg (1969) studied the relaxation of copper (II) in a 2 M

solution of ammonia. In such a solution there are four ammonia mole~

cules and two water molecules bounded to the copper ion. He concluded

that the linewidths were caused by a combination of tumbling, spin-
rotation inferaction;'and unresolved nitrogen hybeffine sfructure. The
poor agreement of some of the calculated éontribufions from tumbling
theory he pos;ulated could be due té ligandvexchaﬁgé..

In this laboratory Chang (1971) measured the linewidths of
hexaquocopper (II) by a least-squares fitting proéedure. By fitting

four Lorentzian lines, whose positions were determined by a second-order

21 /00kP0OCD0D
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» spin'HemiltOnian, to the unresolved spectra, he was able to determine
the'linewidths to a precision of from 0.5% to a few percent over a tem-
perature range from —lO°C‘te 80°C.  He demonstrated ﬁhe fallacy of using
the temperature dependence of the overall linewidth to explain the re-

" laxation mechanism. He accounted for some of the m._ dependence of the

I
hyperfine liheWidths'as being caused by anisotropy in the:g and A tensors.
The hydrodynamic radius necessary to fit the data, r, = 1.71 A, seemed
much too small for.the copper complex. The residual linewidth was ap-
proximately fit to a epin—rotation interaction. ' The hydrodynamic radius
calcqlated for this process was much more reeSonable, r, = 3.08 A. There
also appeared“to.be.a third mechanism, since the residual linewidth did
not extrapolate to zero at:zero temperétere. Also, the temperature var-
iation of the isotropic g and A values were not consistant with theories
of covalency (Kivelson and Neiman, 1961). Cﬁang concluded that. the.
linewidths were due to a spin-rotation interection, a tumbling mechanism,
~and a third mechanism, possibly Jahn-Teller inversion, that interrupts
the tumbiing mechanism, causing the small hydrodynamic radius.

v Noack, et al. (1971) studied the relaxation’ of 2, 2'- dipyridine
complexes of copper (II). .They found that the asymmetric
[Cu(dipy)(0H2)4:]2+ complex followed the temperature.behavior expected
from a combination of Kivelson tumbling theory, spin-rotation interac-
tion and seéerhyperfine contributions from nifrogens on the ligands and
that the relaxation gave a reasonable value for the hydrodynémic radius.
The symmetric [éu(dipy)€]2+ complex, on the other hand, exhibited the

same behavior, but gave a hydrodynamic radius much. too small for such a

large complex. They interpreted the difference in the two complexes as
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being cauééd‘by a dynamic Jéhﬁ;Teller effect in the symmetric complex
whidhlwas not possible in the ésymmétric caséi .fhéy introduced a pseudo-
,reoriéntatidnal Jahn-Teller cqrrelatiqn time, TJ_T,_and concluded that
bin a system in which a dynamic Jahn-Teller distortion is possible, the
experimentally observed correlation time,'TC, for réqrientéfion is given
by |
11,1

T T

c R J-T (5'2)_A

where TR is ﬁhe correlation time from hydrodynamic theory. Introduction
of the dynamic Jahn-Teller effect in this manner, as a pseudo—reorienta— 
tional process, produces no change in Kivelson tumbling theory except to
reduce ﬁhe value of the correlation time, which, in turn,'prbduces a
smaller value.of the hydrddynamic radius than would be éxpectéd.

Poupko and Luz (1972) studied the relaxation of Cu(C104)2 in
solutions of methanol and water at X- énd Q-bands (9 and 35 CHz). They
considered only spin-rotation and aniéotropy'in the g.tenSOr as relaxa-
tion processes. Because of the lack of resolution 6f the hyperfine
structure, particularly at Q-band, they only measured the overall line;
width of the four overiapped lines.

It was at this point in the understanding of cbppet_(II) relaxation
in solutioﬁ that the present work was started. There were numerous ex-
planations, each fitting some of the data, and each with some discrep-

ancy, but no unifying picture of the processes involved. It was thought

that a clearer perspective on the problem could be gained by reconsider-

‘ation of the hexamminecopper (II) system. The lines‘are both narrower

and spread further apart, due to the larger hyperfine splitting, than in

é_ E.. f’ o0k 0000
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v + ,
aqueous solution. If the Cu(NHB)g system could be understood, there
would be some additional groundwork for a generalized picture of copper

relaxation in solution.
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B.. SfECTRA

‘Before proceeding to an analysis of the-linéwidths of copper (II)
in solﬁfion, the magnetic parameters must bé obtained. Values for
hexamminecopper (II) and hexaquocobper (II) are presented in Table III.

Spencef's work on the NH3—THF'glass system.has repeated using
isotopically enriched 63Cu. Thé spectra obtained were similar to
Spencer's. Although slightly better resolution was obtainéd, the struc--
‘ture in the perpendicular resonance could only bevéstimated even through
the use of ‘computer siﬁulation. Experiments wefe conducted on a.variety'
of other glasSes. ‘It was found that a significant narrowing.of the ré-
sonance lines could be obtained using a glass combosed of ammonia; |
glycerol, and absolute ethanol (AGE) in the propofcioné 2:1:1. A typical
spectrum along with a computer simulatibn afe shown in Fig. 14. Of paf—
ticular interest is'the superhyperfine pattern visiblg in Fig. 14. The
spectrum was’simulated using a program suppliedvby H. A. Kuska of the
University of Akron. The superhYperfine structure résults_from the
interacfion between the 14N nuclei'of.the’ammonia mbleéules and the un-
~paired spin of the copper (II) ion. The intéractibn is expected to be
isotropic (Maki and McGarvey, 1958;~Kivelson and‘Neiman, 1961) and con-
éequently éannot cause relaxation, git it cdgld yield an inhomogenously
broadened liﬂe. The sqperhyperfine.éplitting in Fig. 14 is 11 gauss,
in good agreement with the values of il—lS_gauss‘obtained from other
copper comﬁlexes containing 14N nuclei bound to ghe copperﬁ(Lewisvand
Morgan, 1968).

The simulated spectrum in Fig. 14 was calculated using the

e ' L .q 14 ‘ .
- contributions from the four equatorial ~'N atoms. Inclusion of the two

g Fd Fé e
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Table III. Magnetic parameters of Cu (II).
Solute/Solvent g g (g)a A”b Alb (A)a’b ) Reference
Nh3
Cd(ClOA)Q/NH3—THF 2.228 .055 124 =192 (—8)C ~-69 Spencer, 1965
cu(c10,), /acE" 2.242  2.053 2.121 -180.0 -11.5 -67.7  This work .
HZO |
Cu(C104)2/5.3 F 2.379 .066 170 =155 (--7)C (-58)? Spencer, 1965
HC10, |
. . . 3
Cu(NOB)z/glycerol 2,400 .099 .199 -127.8 - -12.6 -51.0 Lewis, et al., 1966 o
Cu(Cl0,),/5.3 F 2.387 .072 177 153 -5 -54.3 _  Chang, 1971.
472
EC10
4 .
Cu(ClOa)Z/dil. 2.387 .070 '.176  -142.0 -15.8 -57.9 Poupko and Luz, 1971
HClO4 ' ) ' ' ' -
a {g) = (g“ + 2gl)/3; (A) = (%l‘+ 2A1)/3. _
Hyperfine coupling constants are assumed to be negative and are given in units of
104 eml, '
c Estimated values.

d  AGE = 50% NH

3)

25% glycerol and 25% ethanol.
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Fig. 1l4. Glass spectrum of Cu(NH§)6 in AGE. The upper curve is experimental and the
lower curve is a'simulation.
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axial ligands into the calculation gives a superhyperfine pattern which
is not 'in agreement with experiment. This is consistant with the usual
tetragonal distortion of- copper (II) complexes. For a tetragonal
elongation of an octahedral d9 system, the unpaifed,spin is in a d ,

‘ | L Xy
atomic orbital. In such an orbital, interaction between the unpaired
spin énd the equitorial iigands is at a maximum andbthere is no inter-
action with the axial ligands.

For cOmparison with the frdzeh.solﬁtion data,'thg magnetic parameters
obtained froﬁ single crystal studies are pfesented'in Table IV. 1In the
first two rows, the copper (II) ion is complexed to four ammonia.mole—
cules, forming a.plane.,’The structure is nearly Squa?e planar with water 
molecules occupying the fifth ahd sixth coorination positions (Mazzi,
1955). No hyperfine structure could be resolved due to
exchange:h1thelundilutea'crystals. In the last two rows, the copper (II)
ion is surrbunded by a roughly octahedral arrangement of water molecules
.(Webb, gg al., 1965; Montgomery and Lingafelter, 1966).

2+ '

The EPR spectra of ~Cu in liquid ammonia were measured between
-75°C and 23°C. The spectra were digitized and analyzed in a manner
‘similar to that used on VOAA in liquid ammonia except that a second-
"order Hamiltonian was used to calculate the line positions. A typical
spectrum near room temperature is shown in Fig. 15. As the temperature
is lowered thé linewidths narrow. The spectrum neér'zero degrees, shown
in Fig. 16, exhibits approximately the same resolution of the hyperfine
quartet as can be seen in hexaquocopper (II) at the same temperature.

This is approximately the best resolution attainable for Cu2+ in H,O.

2

At still lower temperatures the individual lines in ammonia become well



A
6H20

"119.7

Table IV. Magnetic parameters of Cu(II) in single crystals.

Syste§ 8, gy g, AX Ay _Az . Reference
Cu(NH ) SO H 0 _2.053 2.052 2.22 " Carlson and Spence, 1956
Cu(NH3)4SO4 PZO .‘2.055 72.035 2.22 Abe and Ono, 1956
undiluted
.Cu(NH4)250 6H 0 2.02 _ 2.05 2.46 2515 35%5 130+5 Bleaney, SE.EL" 1955 ’
in Zn(VH ) SO4
6H20

2, ' :

Cu " in ZnSe0, * 2.0963 2.0963 2.4289 10.3 ~10:3 Jindo, 1971

-1

-€9-

Hyperfine coupling constants are in units of 10" em

No hyperfine structure could be
observed in the undiluted crystals. -
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resolvéd. A spectrum at -49°C is shown in Fig. 17;

It was observed by Chang (1971) that the isotropic g and A values
of hexaquocopper (II) both decreased in magnitude‘as the temperature
was increased. Chéng could not arrive at an adeqdéte explanation of the
effect. The isotrbbic g and A values of hexamminecobper (I1) are shown
in Figs. 18 énd 19. Although the change in.the g value as the témpera—
ture is increased is relatively small, there ié a definate trend toQard
lower values. vThe values used in the analysis of fhe linewidths were

(g?=2.121 and (A) = -60.5 gauss.
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C. RESULTS AND DISCUSSION

As is readily apparent from Figs. 16 and 17; there is a mafked
dependence of the linewidth on mi. A Kivelson tumbling mechanism is
immediately suggested. As in the case of VOAA, the beta term was used
to determine ﬁhe hydrodynamic ‘radius. The experimental and calculated
beta paraﬁeters are'shpwn in.Fig. 20. The beta term is used, in this
case, siﬁce'it is the only term with the ?ropér n/T.dependence as can be
seen from Figs. 21 and 22; The agreement in the beta term is reasonable,
especially at’lower‘temperatures'where'fhe 1ines are well resolved. The
calculated hydfodynamic rédius was 2.34A, rather small for Cu (NH3)62+
This result was not completely unexpected since Chang (1971) and the data
of Lewis, et al. (1966) gave values of 1.71 A and 1.83 A, respectively,
for the hexaquocopper (II) cbmplex.

The small value of the hydrbdynamic radius may be caused by a dynamic
Jahn-Teller effect combined withvtﬁﬁbling'reorieﬁtafion. As Noack, et al.
(1971) pointed qut,'for highly symmetric copper (II) complexes the dynam-
ic Jahn—Teller effect is expeéted to cause pseudo-redfientatioﬂ. In such

a case the apparent correlation time is given by eq. 5.2. Consideration

. / s . .
~if pseudo-redrientation is

of eq. 5.2 shows that T is always less than TR

present. TFrom eq. 2.1 it can be seen that a smaller value of T will
yield a Smaller'Value of the hydrodynamic radius. From the N-ray diffrac-
tion results of Mazzi (1955), an estimate of 3.5 A for the radius of a .

hexamminecopper (II) ion can be obtained. Substitution into eq. 2.1

yields T. = 6.08 x 10 0 0

R sec. at 20°C. Experimentally, T = 1.82 x lO—l
sec. at 20°C. Using these values in eq. 5.2 yields a pseudo-reorientation

correlation time of 2.6 x 10_lO sec. Using 3.5 A as the radius of the
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complex and‘Chang's value for the hydrodynamic radius yieldé a pseudo-
reorientation correlation time of 5.9 x 10-10 sec. for the hexaquo com-
plex at 20°C.

Evidence for the existance of the pseudo-reorientation mechanism is
giventby the bahavior of spectra just below the freezing point of the
solution. .we:have observed, as was also réported.by Spencer (1965),
that, upon freezing, the lines suddenly becéme much.broader but still
exhibited isotropic behaVior indicating that some mechanism is still
operative averaging the anisotropies. As the temperature is lowered
further, the lines broaden and eventually the usual anisotropic spectrum
is observed. Such behavior has been observed in single crystals. doped
with copper (II) impurities (Bleaney, Bowers, and Trenam, 1955; Bijl and
Rose-Innes, 1953) and has been ascribed to a dynamic Jahn-Teller dis-
tortion. This also appears to be the case in hexamﬁinecopper (II).
Notice that when the solution freezes, l/TR in eq. 5.2 equals zero and

thus T = 71 The broadening upon freezing occurs since T < TJ 1 SO long

J-T°
as l/‘rR #0 .
The contribution to the linewidth from anisotropy in the g and A

tensors and the experimental values of a and y for Cu(NH3)§+ are showvn
in Figs. 21 and 22. The failure of tumbling theory to adequately ex-
plain the o term is not unusual since a large spin-rotational contribu-
tion is expected (Lewis, gﬁ_gl., 1966; Wilson and Kivelson, 1966c; Chang,
1971). The discrepency in the Yy term is surprising; however. Even

though Kivelson tumbling theory is only an approximation for Cu (II)

(Kivelson, 1960), the discrepency is much too large.
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The Y term isqﬁkpected to be the term least sepsitive'to experimen;ai
error (Ahgerman”and Jordan, 1971).’ The data we Haveiobtained éertainly
do not have errors of the order of one to two gaﬁss and the fact that ‘the
experimental points follow a smooth curve as a function of temperature
- implies that some mechanism, other than tumbling and'spin—rétation, is
operative. A nuclear spin dependent spin-rotation mechanism (Nyberg,
1967) gives much too small a contribution.

The only.other mechanism which has a dependenée.on my is the
modulation of the hyperfine interaction tensor (Atkins, 1967). Eq. 2.37
predicts an exponential dependence of the residual Yy term, Yé, with thé
iﬁverse temperature. In Fig. 23 is shown Y* versus l/T. The straighﬁ

line is a least-squares fit of the data to a straight line of  the form,

1

=L exp (-a/kTy (5.3)
2w '

&)

Where w is the microwave frequency and A = 3.30 x 1026 sec_l and

A = 1840 cm_l (5.25 kcai).the energy separation between the ground
state and the first excited étate.

The value of Aon in eq. 2.37 is not known expérimentglly, bpt it can
be calculated using the eQQations of McGarvey (1967). This relatively
simple galcuiation yields a value of -7 x 10—4 cmfl‘for Aon; The
- quantity (d)q/ro)2 may be estimated from Kivelson 21966). Substitution
into eq. 2.37 yields T, = 1.6 x 10‘-13 sec. This is in good agreement
with the usuai estimation of T, = 10_12 sec. (Al'tshuler and Valiev,
1959).

Consideration of the optical spectra of Bjerrum, et al. (1954) and

simple crystal field theory (see Orton, 1968 and Holmes, 1955), lead to

@ 7/ 00k 0D 00
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a splitting of 1440 cm—l‘between the B. and A, states in Cu(H,0) 2+.

. : lg lg 2776
For the hexammine complex the value should bé'slightly higher, in agree-
ment with the value of.1840 cm_) obtained in this work. It should be

noted that eq. 2.37 wés derived for a doubletvfrée_rédical system and
that terms in .\ E-g have been ignbred. The:tﬁeofy is valia in this case
since there is no'spin—orbi; coupling befwegh'thé Blg and Alg states.

Although there is no direct EPR evidence to eliminate the direct
vibrational relaxation mechanism, eq. 2.34, other piéées of experimental
evidence seem to indicate that thevprocessvinvolved is the drbach process.
Solution Raman spectroscopy of Cu(NH3)42+ show a Vibfational mode at
415 cm_l (Schultz, 1942). Other transition metals (Ni2+, Cr3+, and Co3+)
when coordinated to six'ammonia molecules show infréred éctive vibrations
in the range of 680-830 cm_1 with the other>metal—ligand vibrations at
lower energy. The iﬁternal vibrations of the éﬁmonia molecules occur
below 1600 cm—l and above 3000 cm—l (Kobayshi and Fujita, 1955).1 Thus,
there appear to be no vibrationé_of the complex in ﬁhé right energy
range to be causing the relaxation observed.

Additionally, the dependenée of the isotropic g and A values on
temperature can now be explained. The trend of both toward lower magni-
tudes as tﬁe temperature is‘increased was thoroughly discussed by Chang
(1971). He could find no aefiﬁate expianatioﬁ‘for‘the effect using a
variety of mechanisﬁs ihcluding changes in solvatioﬁ and.bonding
(Kivelson and Neiman, 1961),'demagnetization’effeéts (Van Gervan, Taipe,
and vén Itterbeck, 1967); nonsecular shifts (Kivelson, 1960),“thermal'
vibrations of the ligands (Benedek, Engleman,-anﬁ.Afmstrdng, 1963),

changes in delocélization'of the unpaired electron (Soos, 1968), and

3
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configurational interactions caused by a dynamic phonon—indu;ed field
(Simanek and Orvach, 1966; Calvo and Orbach, 1967). Chang concluded
that témperature dependent mixing of excited state configurations with
the ground state was a possible explanation of.the ¢ and A value varia-
tion. In the light of our experimental evidence, this explanation is
even more‘likely.

As pointed out previously, the hyperfine interaction in the first
excited state is 7 x lO—4 c'm—1 smaller than the hyperfine interaction
in the ground state. As the tempefature is raised a larger proportion
of time is spent in the excited state. Since the hyperfine interaction
is smaller ip_the excited'state, the‘isotropic A value will appear to
decrease exponéntially toward the lower value as the temperature is
raised. A simple crystal field calculation will show that a similar
argument will not account.for the g value variation since the isotrbpié
g Value is the séme in the ground ahd.first excited states. The g value
variatiqn'is probably due to changes in solvation and bonding (Kivelson
and Neiman, 1961) as was the case in VOAA. The correépondiﬁg increase
in the A value would be masked by the larger decrease caused by interac-
tion with the excited state, and would explain whyvtﬁe expécted exponen-
tial dependence on tempefature is not.observedf'

The usual method of obtaining £he spin~rotation interaction
contribution to the linewidth is to subtract the contribution of
Kivelson tumbling theofy from the experimental o term (Atkins and Kivelson
1966). Tﬁis residuai linewidth is theﬁ plotted as a function of n/T.
Such a plot forlhexamminecopper (I1) is shown in Fig. 24. .The straight

line is obtained through a least-squares fit of the data.. The major
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problem in Fig. 24 is that the intercept at zeré degrees is significantly
greéter than zero. In the hexéquo system the deviation from zero is
almost an order‘of'magnitude greater (Chang, 1971).a Obviéusly, the
spin-rotation inferaction is inadequate to éccount fét the observed re-
sidual linewiath. Using eq. 2.37, it isipossible'to calculate -the con-
tribution to‘a from the Atkins-Orbach prdcess. In Fig. 25 tontributioné
from both the Kivelson tumbling procéés and the Atkiﬁs—Orbach process
héve been taken into account to obtain a plot of thé spip-rotation con-
tribution, a'". The stréight line in Fig. 25 is again obtained through a
least-squares fit of the data. The intercepﬁ now passes throughbzéfo and
the hydrodynamic radius calculated from Fig. 25 and eq. 2.16 is 3.47 A,
in good agreement with the estimate of 3.5 A obtained from the X-fay:
work of Mazzi (1955). |

The lack df aﬁy indication of unresolved superhyperfine broadening
in Fig. 25 is probably due to a change iﬁ electron dénsity at.the'nitro—

state. The A, state has less

gen nuclei during excitation to the Alg lg

electrpn density at the nitrogen nuclei (Kivélson and Neiman, 1961).

For the very fast Orbach relaxation, averaging of the superhyperfine

~interaction would be expected. Exchange of the ammonia ligands does not

appear to be rapid enough to average the suﬁerhyperfine interaction
(Rowland, 1975). |
Lowering'the‘microwave frequency is expected to have.a. large effect
on the linewidth.. As can be seen from eq; 2.37, the Agkins—Orbach
mechanism is exbeéted tovhaVe a l/wi dependence. By changing to S-band,
the contribution from the Atkins mechanism is expected ﬁo increase by

about a factor of nine..
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Because of the rather poor signal-to-noise ratio in our S-band
speétrometer and'the broadening of the lines-at lower microwave frequency,
rather low temperatures wefe’required before meaningful fits of the line-
widths cbuld be obtained. The values of o, 8, and .y obtained from the
S-band data at -32°C along with the values, calculated from the X-band
data, for the Kivelson tumbling contributian’(a', B', Y'), the spin-
rotation interACtion'contribution (a'), thch is assumed to be frequency
independent,‘énd the Atkiﬁs-Orbach contribution (o*, Y*) are presented
in Table V. Tﬁe'values are in reasonable agreemeﬁt. The disagreement
in the beta term can be traced to the uncertainty of * 0.7 gauss in the
fitted linewidths and the approximate‘nature 6fvtumbling theory for
copper (II) at low nmicrowave frequencies. |

The relaxation of hexamminecopper (II) thus appears to be fairly
well established. The predominate relaxation process is the spin-rota-
ﬁion interaction, with smaller contributiéns from the Aﬁkins—Orbach pro-
cess,'thé Kiveison tumbling mechanism, and’pseuderéorientation.

" The relaxation of hexaquocopper (II) would be éXpected to be similar.
The major differences are the smaller A value and larger deviation of
‘the g value from the free electron value in the hexaquq complex. The
differences in the g and A values will make the Atkins—drbach process
lesé important and the Kivelson-Orbach process mﬁch more important as
can be seen from eq. 2.39.

To determine the relaxation béhavior of hexaquocopper (II) in
solution, we:-have made use of the linewidth measurements Qf'Chang (1971).
Using‘ChangYS‘vglue of 1.71 A for the hydrodynamic radius, the contribu-

tion due to tumbling combined with pseudo-reorientation can be calculated.
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- Table V. S~band linewidth parameters of;Cu(NH3)62+v

Calculated fronm . S-Band
X-Band Data Results
ol . g 15.3
a" 435
. ,
o _ -13.4
atotal‘ 45.8 | 44 .99
8 -0.50 . -0.893
! 0.13
Y 3.17
A-Ytotal | 3.30 ' | 3.27

All values are given in gauss, a" is assumed to

‘be frequency independent.
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The reduction of the hydrodynamic radius has already been discussed.

The linewidths above room temperature become so broad that meaningful
computer fits to the data are increasingly.difficﬁlt to obtain and
excessive scatter becomes evident in both the beta:and gamma parameters.
This-limits>the usable data.to témperatures below 20°C. The gamma para-
neter showsvné‘evidence‘of’any contribution from the Atkins mechanism.

In fact, th;oughout the temperature rgngé studied, the gamma term is very
nearly zero, within the experimental error. The beta term, as expected,
agrees with fumblingvtheory.

That leaves the alpha term. After subtractionvof the tumbling
contribution ffom the experimental alpha term, the residual linewidth can
be well fit to an exponential in T—1 with an activétion energy of 1205
cm—l(3;4 kcal). This is the same BehaVior observed vy Lewis, Alei, and
Morgan (1966). Although the'ac;ivation energy is of the right magnitude
for an Orbach proceésg'this'approach'must be rejected since it ignores
the major relaxation process, spin-rotation. Rapid relaxation can, at
best; only produce an isotropic g value. So long as the isotropic g
vdalue aiffers from the free electron value, spin-rotation will cause re-
laxation. The large deviation of the isotropic g value of hexaquocopper
(1) frém the ffee electron value, should make spin—fotation the dominate-
mechanism 6f-relaxation."

Using a suitablé radius; the spin-rotation contribution can be
calculated and subtracted from the residual alpha value. Since the
remainder is appreciable,.particularly at low temperatures, the tempera-
ture dependence of the remainder.can be used to determine the remaining

relaxation processes. This approach can be criticized as yielding
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almost any ;el§xation mechanism desired.v émall ;hanges in the hydrodynamic
radius used in:the spin-rotation calculation can yield most  any
temperature dependence.

The relaxation mechanism, as well as having a suitable temﬁerature
deﬁendence; must also explain the‘frequency dependence of the linewidths
and the differences between the relaxétion of'hexaquocopper v(II) and
hexamminécopper (I1). It has been observed that, after correcting
for tumbling, the linewidths of héxaquocdpper'(llj are virtually
frequency independent (Kozyrev, 1957; Fujiwara and Hayshi, 1965;
chang, 1971;'Po§pko and Luz, 1972). Since spin-rotation is frequency
independent,.whatever mechanism is responsible for the remaining
alpha"term must also be frequency independent. This immediétely

» narrbws.the figld of possible mechanisms. The oﬁiy frequency-indepéﬁdent
‘-,mechanism left are the Van Vleck Raman process, eq."2.32, the
Kivelson-Orbach process, eq. 2.33, ‘and the rotatiqnal Spin-orbit
process,‘eq. 2.34. 'The Kivelson-Orbach'process can be discarded

because the activation energy of the rémaining alpha term, after

tumbling and spin—rotation corrections, is only a few hundred
wavenumbers, much too small to be an orbital e#cited'state»energy.

The rotational spin-orbit process may also be dismissed since the
déviations of the isotropic g Qélues from the free eieqtron value

would predict only a two-fold increase in the hexaquo complex as
‘compared to fhe hexammine coﬁplex. Such a small iﬁérease means that
there should Ee deviations of the order of 10 to 20 gauss in the analysis

of the alpha term of Cu(NH3)62+, which is not the case.
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The remaining mechanism is the Van Vleck Raman process. The
dependence on A-6 makes the Van Vleck Raman processvmore than an order
of magnitude larger in hexaquocopper (II) than in hexamminecopper (II).
Thus, the deviations of the order of 20 to 40 gauss observed in
hexaquocopper (II) would be only of the order of 1 to 2 gauss in’
hexammineéopperb(II). Such Smail deviations would.nOt be detectable.

1/2

Using the standard assumption that'Tc«T— , the Raman process is
expected to have a T1/2 dependence. A spin-rotation radius of

o
3.47A, by coincidence the same radius as hexamminecopper (II), will

1/2

yield an aipha'term which varies as T after tumbling and spin—
rotation corrections. This, by no means, confirms the assignment of
the Raman process, but the Raman process seems a reasonable explanation
of the remaining alphé term.

In' summary, the proposed relaxation mechanisms of hexaquocopper (I1I)
are not as well established as the mechanisms in the hexammine case.
The predominate relaxation procéss is the spin-rotation interaction,

with smaller contributions from the Van Vleck Raman process, tumbling,

and pseudo-reorientation.
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VI TITANIUM

Titanium (I11) has a single unpaired électron in a 3d orbital
giving a 2D state for the freé ion. A crystal fieid of octahedral
symmetry Will spiit tﬁis five-fold degenerate stége into an orbital
doublet, ZEg,and an orbital triplet, 2T2g,.with.the triplet lower‘iﬁ
energy. An,éxial distortion will split the 2ng‘grqund state into an
, and an orbitél doublet, 2Et Depending upon the

1

sign of the distortion, either the singlet or the doublet may be

orbital singlet, 2A

lowest in energy.

The optical spectra of most hexacoo;dinate Ti (III) complexes show
a broad, weak absorption with a méximum absorptién'between 15,000 and
_22,000 cm'-1 and a shoulder about 2000 cm_-l lower in enérgy (Hartmann
and Schlafer, 1951; Hartmann, Schlafer and Hansen, 1956; Gardner, 1967).
This absorption has been assigned by Ilse and Hartmann (1951) to the

2T +2E transition. The splitting'of the band has been considered

2g .

to be the fesult of a Jahn-Teller distortion of the excited state.

This has been discussed at’léngth bvaiehr (1962).. The splitting, 6,
between tﬁe gfound sﬁate and the first excited state has been estimated
to be of the order of 1000 cm_'1 in complexes in_wﬁich the Ti (iII)

ion is surrounded by an octahedron of water molecﬁlés (Van Vleck, 1940;
Lewis and Morgan, 1968). |

| There have‘been'severa1>réports of EPR studies of Ti (II1) ioﬁs

in solution (McGarvey, 1957, 1963; Waters and Maki, 1962; Watjﬁabe
“and Fujiwara, 1970; Premo?ic and West, 1974, 1975; Avvakumov, Garif'yanov‘
and Semenova, 1960; Glebov,-l970a; Johnson, Murchison and‘Bolton, 1970;

Charles, 1971).. In most cases the Ti(IIi) ion is complexed in such a

Pe/aCh R 0000
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way that the symmetry of the ligands is much iess than octahedral,
resulting in sﬁarp EPR lines with linewidths 1esé than 100 gauss.
Most attempts .to study more symmetric Ti(III) complexes result in broad S
lines thch are generally undetectable. In particular, hexaquotitanium (IIT)
has long been considered to bé undetectable at room température using
standard EPR techniques. Failure to observe the resonance of
Ti(H20)63+ has been ascribéd to e#tremely fast relaxation through the
low-lying excited state. Charles (1971) has reported a spectrum con-
sisting of a single-line centered at a g value slightly less than 2
with a peak¥t6fpeak linewidth of 2400#200 gauss at room temperature in
acidic, aqueqﬁé'solutiops”of-Tiz(SO4)3.' In'dilute,vacidic'sdlutipns
of Ti (III), the predominate species is expected to'be Ti(H20)63+
(Hartmann and Sclafer, 1951; Ilse and Hartmann, 1951; Pecsok and
Fletcher, 1962). Charles observed no dependence on the concentration
of any of the startihg materials used to prepare the samples and
conciuded tﬁat the resonance was due to hexaquotiténium (I11). Further
work in this laboratory, by Hynes (1971), confirmed Charles conclusion
and indicated an extremely fast relaxation mechanism was present.

The purposé of this work was to determine the magnetic properties

of Ti(H20)63+ and to investigate the relaxation process involved.
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A. SPECTRA

A rapidly frozen solution of TiCl, in 1 M'HZSO4 at K-band
(V24 GHz) givés the spectrum shown in Fig. 26. The spectrum was
assigned using computer simulation. The g values obtained are preéented
in.Table VI albng with the other reported g Qalueé._-The g values
obtained in this work are in good agreement with the g values obtained by
Glebov (1970b). The g values of Premovic and West (1975) require
some explanatién. From- the figures’they present; the value of g was
taken to be the high field maximum of the derivativé'presentation.
While such a'ﬁethod introduces little error in the éase of narrow
linewidths, for these broad lines simulation of the spectrum is required
to obtain the magnetic parameters (Ibérs and Swaleﬁ, 1962). As can be
seen from Fig. 26, there is quite a difference.between the position
»>.of 8 calculated by simﬁlation and the position ¢Hqéen by Premovic and
West. There also appears to be a compenéating errér in their measurements
resulting in reasonable agreement in 8 and a discrepency in & -
Pfemqvic andjWest measured their values relative tQ‘diphenyldipicrylhydrazyl
(DPPH) in a'Varian dual sample cavity in a 6 in. magnét. A dual sample .
cavity always has some field difference between-theatwo samples which
mqst be taken into accoﬁntvto get meaningful data. 1In a‘6 in. ﬁagnet
field differénées of the order of 1% are usual. From thevg values they
obtained, it would appear that there is a differencé'of approximately‘
. 10 gauss that has not been corrected for in their Calculations. Choosing
g at the appropriate position and properly‘cofrecting the the field
difference gifes values in good agreement with the values we obtained.

In no instance was there any evidence of less than axial symmetry.



Fig. 26,

H—

Glass spectrum of TiCljy in 1 M HSO4 at 24 GHz. The indicated positions
‘for the g values are based upon computer simulations.
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Table VI. Magnetic parameters of hexaquotitanium (III).

Solute/Solvent g g Reference

TiCly/1 M HCL  1.98 . 1.89 Glebov, 1970b

TiCl3/2 M HC1 1.994+0.001 1.896%0.001 Premovic and West, 1975

TiCl3/l M HZSO4 1.988+0.002 1.892+0.002 This work
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The linewidth of Ti(H20)63+ was measured at X-béhd (W9.GHZ) in
the temperature range from 20°Cvto -50°C. Above -40°C the line remained
a symmetric, Lorentzian line. Below -40°C the linewidth becomes
asymmetric and at still lower tempefatures a glass'spectrum is observed.
The linewidth as a function of reciprocal temperature for 1 M TiCl3
in 1 M HC1l is shown in Fig. 27. A least-squares fit of the data gave
an activation energy of 1850150 cm—l. It is interesting to note that
no discontinuity océurs when the solution freezes.

To determine the effect of the anion on the linewidth behavior,
experiments were conducted using TiC13, and Tiz‘(soz‘)3 aé sources of
titanium ions and HCI, stoa, and CF3SO3H as acids. CF3SO3H is a large,
non-complexing monoprotic acid. All combinations of ghe reagents gave
the same temperature dependence of thg linewidth indicating that anion
effects may‘be neglected. This is an agreement wifh the conclusion of

Charles (1971). The nature of the anion has also been found to have no

effect on glasses of Ti (III) ions (Premovic and West, 1975).
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B. RESULTS‘AND DISCUSSION

1. g'Valués

The g valuesvof Ti (III) in frozen glasses give information about
the local é?ﬁmetry of the éémplex and the degree of bonding to the
ligands. Aﬁ axial distortioﬁ of the octahedral syﬁmetry of the éomplex
is evident from the glass spectrum shown in Fig. 26. In the presence
of either.é trigonal.or tetragonal distortion the ng level will split

into a siﬁglet Al and a doublet E state. From the g values the singlet

A1 state is the ground state since the E state would give g values
- close to zero. .

It has long been known that simplé cryétal fiéld caiculations
of the g Values of a 3d1 system in an akially distorted, octahedral
field can only approximate the observed g Qalues'(ﬁleaney,'l950;
Gladney and Swallen, 1965). Generally, inclusiqn of.effects from
the upper Eg state (Bleéney, EE.él:’ 1955) and int;oduction of a
covalence factor, k, first suégested by Stevens (1953), must be included
to obtain adequate agreement with experiment. The covalency factor
accéunts for the effects of bonding to the ligands.by effectively
reducing the mafrix elements of orbital momentum ;nd is in the range
O<ksl. A value of k = 1 implies no covalent bonding. From the g
values alone it is impossible to determine whether ﬁhe reduction of f
the orbital‘momentum is caused by covalent bonding or 5 dynamic
Jéhn—Teller effect (Ham, 1965), but generally it is aséumed that if
k=1, the reducfion is probably due‘to'covaleﬁcy. There are two

reduction factors, k - and'kéo, corresponding to bonding in a T manner

m
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and bonding in a 0 manner respectivel&. for a 3dl‘sys£em only T-bonding
is presept to first ordér and kOOventers oﬁly ip higher order terms.
Relatiﬁely simpie crystal field calculations indicate that a
tetragonal distortion is not consistant with g” being so close to the
free electron value. To first order and neglecting éovaleﬁcy terms,

the value, for a tetragonal distortion should be given by

8 =.2.0023 - 8\/A , (6.1)

where A is the spin-orbit coupling constant, and A is the octahedral
field splitting. The spin—orbit coupling is usually between 100 cm—l
and 154 cm—l in titanium (III) complexes, and A has been found to be
20,300 cmfl'fof Ti(H20)63+ from optical measurements'(ﬁértmann and
Schlafer, 1951). Substitution of these values in eq. 6.1 yields

g = 1.96.. Second order terms:only make g smaller (Ray, 1961). Only
by invoking abnormally large covalent effects can eq. 6.1 be made

to agree with the experimental‘value'of 8- On this.basis a
tetragonal distortion is rejected. This is an agreement with the
conclusion of Premovic and West (1975).

A greét deal of work has been done on the g values of titanium (III)
in a trigonally diStorted octahedral field. 1In tﬁqse crystals in
which.titanium (I1I) has been successfully introduced as a magnetic
impurity, thé titanium ion is usually found to reside in a pfedominaﬁely»
octahedrél.field:With a sméil tfigonal distortion.

Forié small trigonalvdistoftion, McGarQéy (1963), expanding on

the work of Ray'(1971),“obtained

B /L 00RO
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g

2.0023 - 2(2.0023+k ) cosZa + 5 (6.2)

2 .
Ak-knﬂkco(cog a+ V2 sinccosa)
A

3
I

= 2.0023 - 2.0023 cos’q - 2/§;kﬂﬂsinacoéa - L (6.3)

' 2 L
ZAkﬂﬂkOO(z 51§ a + V2 sinacosa)
A ' ’

where

tana = |8 + A./2 + (52 + A8 + 9X 2/4>1/2J V2 A, (6.4)
. 1 1 1 . 1
A=k A,

A is the free ion spin—orbit coupling constant, § the energy separating
the ground A1 state from th¢ first E state (the trigonal field splitting),
and A the octahedral field.splitting. Assuming that the relaxation
behavior exhibited in Fig. 27 is caused by an Orbach process, then
§ = 1850 cm_l. ‘Substitutién into éqs. 6.2 through 6.4 yields values
of kTrTr = 0.96%0.12 and kOO = 1%0.7. The value of knﬁ:is reasonable when
compared to the larger amounts of covalency needed to explain the g
values qf chelated Ti (III) ions where more covalency is expected. As
McGarvgy fognd; the g values are not very sensitive to the value of koo
and little significance caﬁ be placed on its value save that it is.of
the right order of magnitude..

The g values of Ti.(H20)63+ are thus consistant with thé assumption

of octahedral symmetry with a small trigonal distortion and the presente‘

of an excited state 1850 cm_l above the ground Al state. It is perhaps
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worth&hile to note that, for the acetyacetonate,.McGarvey found that
'6'='311X103 cmfl. Since his g values are closer to 2.than the
hexaquo'compiéx, the energy splitting should be siightly less in the
hexaquo case, inlliﬁe with the assignment of & = 1850 cm_l.
2. Relaxation B

The linewidth behavior shown in Fig. 27 can be fit to an equation

of the form

-1 _ /3g8 . ' |
T, = —Zgé- Aprpexp(—G/kT) . (6.5)

where AHp—p is the peak;to-peak 1inewidth of the derivative presentatién
and § = 1850 50 cm_l; The pre-exponential factor has a value of
‘2.6X1014 sec_l. The form of eq. 6.5 strongly indiéates an Orbach
mechanism._ Substitution of our values into eq. 2.33 and making the
approximations discpssed by Kiveléon (1966) yields a physically
unreasonable value of TC. The problem is due, in large part, to
the indepencdence of the relaxation on whether the‘solution is frozen
or not. The assumptions Kivelson (1966) used to derive eq. 2.33 are
no 16nger valid once the solution freezés. Approaching the problem
froﬁ the other side, Orbach (1961) found that for Xramer's ;ons in
solids |

le'l = T2_1’= s> exp[8/4 kT - 117t S (6.6)

For § > kT the last term may be approximated by exp(-8/kT)y. 1If § is
measured in degrees Kelvin, comparison with expefimental results
(Stanley and Vaughan, 1969) shows that eq. 6.6 can be apprbximated by

1,7 e, = a8 e -8 . 6.7)

bss0npbOG0D
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where A is in the range 103—105. ZEquation 6.7 holds very well for
. 2 .
a large variety of transition metal ions including Ni‘+, VZF and C02+.
b+ | 2+ . ) 4
For V' ', which is iscelectronic with Ti”™ ', A is almost exactly 10 .
Using this value and § = 1850 cm—l;in eq. 6.7 gi?es a pre-exponential

14 it S : . v .
factor of 2x107 sec ~, in éxcellent agreement with the experimental

value of 2.6%1014 sec_l.'

- Experiments conducted at S-band showed no change ih the relaxation
behavior on changing the frequency.. This is further confirmation of the
Orbach process, since it is éxpécted to have no frequency dependence.

Possible>contributions ﬁo the linewidth from other mechanisms
can be quicklyvshown té be negligible. The predémiﬁate isotope is
48Ti,.which_has no nuclear spin. Therefore,‘ali mechanisms utilizing
the hyperfine.coupling are necessarily'zefo. .In titanium (ITI) éomplexes
having linewidths narrow eénough to allow observation of the hyperfine
49

lines from thé 47Ti and Ti nuclei, there is a dependence of the

Iinewidth upon m This suggests that the tumbling mechanism may

I
have an appreciable contribution to the overall linewidth. Using

2.04 K for the interatomic distance of Ti—HZO-(Yalsimirshii and
Volchenskova, 1967), an estimate of the molecular ra&ius_can be made.

Using 33, thercoﬂtribution from the anisotropy of the g tensor is 4.8vgauss
at room temperature.. This éontribution is expected.to increase as the
temperature is decreased, but, since the relaxation is dependent on

random reorientation‘of the molecule with respect'to thé applied

magnetic fieid, this mechanism‘will not cause relaxation once the

solution freezes. Relaxation caused by the anisotropy in the g tensor

may therefore be neglected except above the freezing point. The
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contribution from this mechanism'never exceeds 1% of the total linewidth;
: Spin—rotatién interactioﬁ is also operative oﬁly.above the freeziﬁgv
point since it is dependent upon the complex rotatiﬁg with respect

to the applied magnetic field. The contribution fiom this mechaﬁiSm

is 0.04 gauss at roon température. This contribution is expected to
decrease as the temperature is lowered and may be neglected. The
‘rotational spin-orbit mechanism also gives -an extremely small con~.
tribution énd'is also neglected. Unresolved portion hyperfine

splittings are expected to give a contribution of'about 2 gauss

(Luz and Shulman, 1965; Leﬁis and Morgan, 1968). ?hus there is no
significant contributibn»from any mechanism othér thaﬁ the Orbach process.

Watanabe and Fujiwara (1970) have reported Orbach relaxation in
.the solution EPR of Ti (III) chelated with organié ligands. They
concluded that § is less than 7000 cm_l. There appears to be no EPR
évidence to support the supposition of Charles (1971) that the relaxation
mechanism is a Van Vleck-Raman process.

Linewidth measﬁrements of TiCl3 in D20 were ‘also made as a function
of temperature} A value of 182050 cm_l was obtéined; well_within the
experimentai error of the value obtained in H20 and indi¢ating that the
relaxation is not dependent on internal vibrations of the water
ligands. - The prébable source of energy needed to cause an excitation
6f'1850 cm-l appears to be vibrations of_the octahedral complex. -

This couldvexplain thé independénce of the relaxation upon whether the

solution is frozen or liquid.
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3. The Jahn-Teller Effect

Both the g values and the relaxation of hexaquotitanium (III) are
consistent with the assignment of a_trigonally distorted octahedral
complex with a .trigonal splitting of 1850 cm_l. The source of the
distortion ié'most probaEly the consequence of the theory of Jahn ana
Teller (1937). TheASymmetfic, octahedral complex possesses a triply
degenerate orbital ground state. The Jahn-Teller theorem states
that the éomplex will spontaneously Aistort to a configufation of lower
energy with a non-degenerate ground state. The magnitude of‘the Jalin-
Teller distortion has been calculated by Van Vleck (1939a) to be of
the order of 1000 cm-l. The experimental splitting of 1850 cm'_1 is
thus seen to be an extremely reasonable value considering thevusually
approximate agreement of calculated Jahn-Teller splittings with
experiment.. From the size of the Jahn-Teller distortion and the
nearness of the covaiency factors in eqs. 6.2 and 6.3 to unity, a
static JahnfTeller distortion appears to be.presént.

For titanium (III) ions substituted into CsAl élUm, the titanium
atom is located in an octahedron of water molecuies trigonally
distorted bf the effects of more‘distant atoms in the'crystal. Thus;
even before invoking any Jahn-Teller stabliizatipn, the ground state
of fhe titanium (III) ion is split, with the singlet state lowest
in energy. The fixed trigonal distortion caused by the alum lattice
inhibits the Jahn-Teller effect. Instead of the iarge, static
. Jahn-Teller Splitting observed in the hexacuotitanium (IIT) complex,
Shing and Walsh (1974) have observec a rapid, dynamic Jahn-Teller

distortion in the alum. From the EPR spectrunm and the extremely
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fast Orbach relaxation observed they conclude ﬁhat the dynamic Jahn-
Teller effect results in an orbital reduction factér of sufficient.
magnitude to nearly cancel the trigonél field of the lattice. Thus_

iﬁstead of.é trigonal splitting of the order of‘1000 cm.l (Van Vleck, 1940),

. . : s -1 . . '
‘their experiments show a splitting of 6 cm ~. This results in extremely

fast relaxation and resonance can only be observed at liquid helium
temperatures. The much larger splitting in aqueous solution slows
the relaxation and allows observation of the resonance at room

temperature.
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