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ABSTRACT

Chapter I which is divided into three sections serves as
an introduction to this thesis. Section 1 discusses previous
studies which use the Nuclear Magnetic Resonance (NMR) and Elect;ron
pParamagnetic Resonance (EPR) techniques in inorganic kinetics.
Section 2 deals briefly with the theory of NMR line broadening
as applied to exchange reactions; the modifications to the
general theory which have been used in this thesis are indicated
in this section. Section 3 deals with the theory necessary to
extract tumbling correlation times from the line widths in an
-EPR spectrum.

Chapter II discusses the preparation and characterization
of the complexes studied here. Methods of purification of all
the reagents and discussion of the instrumentation are also
included in this chapter.

Chapter III contains six sections which discuss the various
systems on which the NMR line broadening tedmique'was used.
Section 1 deals with the proton NMR line broadenings caused by
the paramagnetic vanadyl ion in the solvents N,N-dimethylformamide,
acetonitrile, dimethylsulfoxide, trimethylphosphate and trimethyl-
phosphite. Activation enthalpies, entropies and exchange rates
were obtained for the N,N-dimethylformamide and acetonitrile
systems; however, only limits on the exchange rétes could be
obtained for the other systems. Exchange was too fast to

measure by the NMR technique in dimethylsulfoxide and



trimethylphosphate and too slow in trimethylphosphite.
Solvent proton relaxation in these latter cases was best
accounted for by a dipolar interaction between the unpaired
electron on the vanadyl ion and the protons of one rapidly
exchanging inner sphere molecule plus a similar interaction
with a continuum of outer sphere molecules.

Section'z discusses the behavior of the vanadyl ion,
vanadyl acetylacetonate and vanadyl trifluoroacetylacetonate
in various alcohols. Differences in the hydroxy and methyl
proton exchange rates for the vanadyl ion in methanol can be
accounted for by proton éissociation and exchange of whole
solvent molecules, respectively. Results on the chelated
systems were explained by rapid exchange of one solvent molecule
on the conpiex with intramolecular proton transfer to the oxygen
of the chelating ligand.

Section 3 outlines the results of a study of the NMR line
broadening of the methanol resonances by copper acetylacetonate
and the solvated copper(II) ion. Line broadening in the former
system was attributed to a dipolar interaction process inwvolving
‘two rapidly exchanging inner sphere molecules and a continuum
of outer sphere molecules. In the latter system the line
broadening was accounted for by rapid exchange of methanol
molecules and a labile equilibrium forming a species with a
hydroxy proton dissociated from a methanol molecule in the

first coordination sphere of the copper(II) ion.



Section 4 discusses the NMR line broadening of solvent
methanol and trimethylphosphate protons by solvated chromium(II)
and 'vanad.ium(II) ions. The results for the chromium(iI) systems
can be explained by either rapid exchange of the bulk solvent
or by ligand interchange between the axial and equitorial
positions on the Jahn-Tellar distorted chromium(II) ion. 1In
the case of vahadium(II) ., methanol ex‘change was too slow and
trimethylphosphate exchange too fast to measure by the NMR line
broadening technique.

Section 5 deals with the line broadening of the dimethyl-
.sulfoxide and tri.methylpﬁosphate proton resonances by nickel(II) and
cobalt(II). The nickel(II)-dimethylsulfoxide system is the only
- one that yielded all the kinetic parameters for solvent molecule
exchange. Only limits on the exchange rates could be obtained
for the other systems. The cobalt(II)-trimethylphosphate system
was unique in that an octahedral-tetrahedral equilibrium existed
between the cobalt(II) and the coordinating trimethylphosphate.

In section 6 the results of a NMR study on vanadium(III)
in N,N-dimethylformamide are reported. It was found that an
octahedral-tetrahedral equilibrium also exists in this system.
All the kinetic parameters for ligand exchange were obtained
for both the octahedral and tetrahedral complexes.

An Electron Paramagnetic Resonance line width study of
the vanadyl ion in various solvents is discussed in Chapter IV.

It was found that the EPR theory of Kivelson could be used to
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extract tumbling correlation times of the solvated complexes
from the hyperfine resonance line widths. These tunbling
correlation times were used in the interpretation of the NMR
data. A residual line width was observed which could not be
accounted for by Kivelson's theory or by a spin-rotational
relaxation mechanism. The origin of this excess line width is
discussed.

Chapter V is a general discussion on the factors affecting
ligand exchange on transition metal ions. A survey of the
available exchange data indicates that the main contributions
"to ligand exchange activation enthalpies are a crystal field

factor and a solvation factor.
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CHAPTER I: INTRODUCTION

1. General Comments

The nuclear magnetic resonance (NMR) line broadening
technique is a very useful tool for determining kinetic paramefers
for exchange reactions. Of particular interest in inorganic solution
kinetics are the rates of solvent exchange from the first coordination
sphere of a me£a1 jon. This exchange process is commonly denoted as:

* kl * 1
MS +S —— MS .5 +S (1)

k1

where S and S* are chemically the same and n is the number of
.solvent molecules in the first coordination sphere of the metal, M.

Comparisons of the rates for the above reaction and the
rates of ligand substitution processes determined by various flow
and fast relaxation techniques have led to some useful conclusions
about the mechanism of ligand exchénge. These results, which are
sumnmarized in recent reviews (1-4), indicate that substitution
generally occurs by an le ion pair type mechanism. It has also
been found that the variation of the‘water exchange rate for
various first row transition metal ions may be correlated by
crystal or ligand field theory. This theory should also predict
the variation of the exchange rate with varying solvent ligands.

A number of studies on cobalt(II) and nickel(II) in various
aqueous and nonaqueous solvents (6-16) indicate that crystal field

effects may be important in ligand exchange processes; however,



it is difficult to separate this factor from a general solvent
effect. The vanadyl ion, being a dl-system, should show relatively
small variation in exchange rate due to crystal field effects
because the lone electron is in a T-type, dxy orbital. Therefore,
studies of the vanadyl ion in various solvents should permit some
estimation of general solvent effects on ligand exchange rates.
These effects ﬁay then be compared to cobalt(II) and nickel(II)

to help sort out the solvent and crystal field effects.

In addition to the NMR study an Electron Paramagnetic
Resonance (EPR) line broadening study of the vanadyl complexes
in various solvents was also undertaken. The variation in
line width of the vanadyl ion hyperfine EPR lines has been
interpreted in terms of the theory developed by Kivelson (17).
The fitting of the EPR line widths to this theory provides a
value for the rotational tumbling time of the vanadyl complex.
The values for the tumbling times have been used in the
interpretation of the NMR line broadening.

The temperature dependence of the EPR line broadening was
also studied in several vanadyl-alcchol systems to test the
‘predictions of Kivelson's theory about.the variation in the EPR
hyperfine line widths with the viscosity of the solvent, and to
determine if the tumbling times of the complexes obeyed the
Debye formula for the rotation of solid spheres in solution.

It was generally found in this work that the theory provided



an adequate description of the EPR hyperfine line widths and
that the Debye formula, with a suitable hydrodynamic radius,
does describe the tumbling motion of the vanadyl complexes.
Studies similar to this have been undertaken by a number
of other workers (17-28). Wilson and Kivelson (24,26) have
shown that Kivelson's theory predicts the proper dependence of
;he EPR hyperfine lines in vanadyl acetylacetonate on solvent
viscosity, and that the motion of this complex can be adequately
explained by the Debye formula using a radius of 3.288 in
noncoordinating solvents. McCain and Myers (27) found that
Kivelson's theory did not give an adequate description of the
EPR hyperfine line widths of the vanadyl ion in aqueous solution.
However, on the basis of the EPR work presented in this thesis
it was concluded that Kivelson's theory will adequately predict
the hyperfine line widths of the aquo vanadyl ion if appropriate

experimental errors are assigned to the measured line widths.

2. Nuclear Magnetic Resonance Theory

The variation in magnetization of a system is adequately
described for the purpose of this work by the Bloch phenomenological
equations which were first presented in two papers by Wanagsness and
Bloch (29) and Bloch (30) and later were modified by McConnell (31)
to include exchange. The modified Bloch equations give the change

in magnetization (M) of the bulk solvent molecules (S), which are



exchanging with a site on the metal ion (M), as:

s
a M u° yM
X = Y { M;SHO + M;sﬂl sin wt } - Tx -2 X (2-a)
at 2 s M
au S ] M5 uS u"
X = Y { M; Hl cos wt - M;SH } - Ty S AR 4 (2-b)
at ° 2s s m
szS S S
” = ¥ {'— M; Hl sin wt - M; H1 cos wt } +
s s s M
° 2 _ Y + Y (2-¢)
- - -C
Tise Tis s w

The corresponding equations for the change of magnetization of
molecules in the site adjacent to the metal ion (M) can be
obtained by interchanging the S's for M's in the aﬁove equa-
tions. 1In these equations Mo is the equilibrium magnetization,
2H1 is the magnitude of the sinusoidally.varying magnetic

field perpendicular to the main magnetic field, Mz is the
magnetization induced in the system in an arbitrarily defined
z-direction usually taken in the direction of the external
magnetic field, Mx and My are magnetizations perpendicular to
Mz and to each other, Y is the magnetogyric ratio of the species

of interest and is the proportionality between the resonance

frequency in radians per sec for the magnetic species and



the magnetic field in gauss, w is the frequency associated
with the sinusoidally varying Hl, T1 is the longitudinal (spin-
lattice) relaxation time which is dependent on the interaction
between the magnetic species and the lattice (solvent),
T2 jg the transverse (spin-spin) relaxation time which depends
upon the phase correlation of the magnetic species in the different
sites, t is the time, TS and TM are the lifetimes of the magnetic
species in the bulk solvent and in the first coordination sphere
of the metal ion, respectively. The superscripts, M and S, have
been dropped in the above definitions of the symbols since the
definitions apply for either site S or site M.

The modified Bloch equations can be transformed, for
mathematical convenience, into rotating coordinates moving at

the same angular velocity as the radio frequency field (Hl)

by the following relationships:

u = M cos wt - M sin wt (3)
X y

and

v = M sinwt - M cos wt (4)
X Yy

where the parameters have the same definition as above. With the
additional definition

G = u+1iv (5)

equations (2-a) and (2-b) reduce to



This equation gives the rate of change of magnetization in the
x and y directions in the bulk solvent. Similarly, the rate of
change of magnetization for a magnetic species in the first

coordination sphere of the metal ion is given as

ac G M

M {1 1 , } S ,
—— — == = T (W,~W) G -——-=-‘LYHM . (7)
dt Ty Tom M M Ty A 1o

W and w, are the resonance frequencies for the magnetic species
in the bulk solvent and in the first coordination sphere of the
metal ion, respectively.

| If the condition of slow passage through all resonances is
established, then a steady state of magnetization exists in the
system in which case dGS/dt = dGh/dt = 0. Equations (6) and (7)

can then be written as:

G

{ %L-+ El—' - iAmS } GS . Y HlMBS (8)
S 2s M
and
G
1 1 . S . M
—+———--1,Aw}G"—=-1,yHM , (9)
{ TM T2M M M Ts | 1o
respectively, where Aws = ws-w and AwM = Wy -w. The approximation

that MBM << M;s is now made because the concentration of M is
usually small compared to the concentration of S. Solving equations
(8) and (9) for Gs and comparing this result to the general solution

of the Bloch equations which are not modified for chemical exchange



{equation (10-4) of reference (32)} it can be shown that the

imaginary part corresponding to the absorption mode yields:

-1.2 -1 2
111 Hmy DT myymy) T A g
T T T -1 -1 .2 2
2 20BS 25
p T LT, ) + (T D17 + dw )
and
AwM
Aw = -Aw = (11)
P S -1 -1 2 2
TMTS{[(T2M ) + (T, D17+ AwM }
where T2OBS is the transverse relaxation time observed for the bulk

solvent in a solution containing a small concentration of M in S and

Aws is the observed chemical shift from some reference point for

the bulk solvent in this same solution. 1In order to determine the
paraméters in the above equations from the experimental data it is
necessary to first look at the line shape function {g(uv)} for a
Lorentzian curve which may be derived from the Bloch equations (32):

2T,
gy = 2 2 2 3.2 (12)
1+ 41°m, (0 -v) + ¥°H ‘T T,

If the magnitude of the oscillating magnetic field is small so that
saturation does not occur, then

Y2H12T1T2 << 1 (13)

Equation (12) then becomes

2T2
g) = 53 3 . (14)
1+ 47 T, (uo—u)




From this equation it can be shown that the full width at half
maximum height {AU%Hz} is related to the transverse relaxation

time T2 by

1
Ez— = TIAU;’ . (15)

Therefore, 1/T and 1/T.. can be obtained by measuring the full
2S

20BS
width at half height of the resonance signal for a solution of M in
S, and for pure S, respectively. Aws in radians per sec can be
obtained by measuring the shift in Hz from some internal standard for

the solution of M in S (AUOBS) and for the pure solvent (AUS)'

respectively, and using the relationship
Aw = 27mAv . (16)
From the general relationship for T:

1 _ Rate of disappearance of a gpecies (17)

-

Concentration of the same species

the following expressions for T_ and TM can be obtained upon

S
consideration of equation (1):
L = k. {nMs_1} . (18-a)
T 1 n
S
and
L - x_{Is]-n M 1}; (18-b)
TM -1 n "'

where [S] is the total solvent molality of pure solvent. Then, the

following relationship exists between the two life times above if



P
1 - 1 . M
= - (nns 1/ ((s)-ntus, D} 2= = - (19)

PM ié the probability of S being in the first coordinate sphere of M.
All concentrations are taken in molal units, m, throughout this study.
It is usual practice to express the temperature dependence of

_1 using the transition state theory expression

Tn

1

T

= -]%r- exp(-AH*/RT + As*/R) (20)
M

where k is Boltzmann's constant, h is Planck's constant, T is the

absolute temperature, R is the gas constant, AH* and As* are the
reactioﬁ enthalpy and entropy, respectively. The expression for
AmM was developed by Bloembergen (7) from consideration of the
hyperfine interaction between the unpaired electrons on M and the

magnetic nuclei on S. This expression is given as:

o W BVS(S+1)
AwM = - 27 (é) o eff . (21)

h
3k T YI
If the spin only value for ueff is assumed then

w_ S(s+l)h

A

p, = ———— (—) Ye (22)
M 3k T b/ v,

where W, is the operating frequency in radians, k, h and T have their
usual meanings, A/h is the hyperfine coupling constant, S is the sum
of the spins of the unpaired electrons on M, Ye and YI are the

magnetogyric ratios of the electron and the magnetic‘nucleus,
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respectively, and ueff js the effective magnetic moment of M.

The evaluation of a theoretical expression for the T2M
relaxation mechanism in equation (10) has been treated in detail
by Solomon in a review article on "Relaxation Processes in a
System of Two Spins" (33). The interaction considered is between
two species, the unpaired electrons on the metal ion (M) and the
magnetic particle on the coordinated solvent (S). These spins
are denoted as §'and f, respectively. The total Hamiltonian

for these spins along the z-direction in a magnetic field, Ho’ is:

= -- _- [
H Hb h YI Ho Iz h Ye Ho sz + H (23)

where X = h/2T, Ho is the external magnetic field, Iz and Sz are
the z-components taken in the direction of Ho for -f andg,
resPectivély, and Ho js the Hamiltonian for the motion of particles.
Similar equations can be written for the Hamiltonian in the x and ¥
directions. The second two terms on the right of equation (23)

are the Zeeman energies of the spins in a constanf magnetic field.
B' is a perturbation Hamiltonian necessary to describe the
jnteractions between the two spins. This interaction can be of
two types: the dipole-dipole interaction in which case the
magnetic fields of the spins interact through space causing the
spins to be relaxed or the hyperfine interaction which is an
indirect interaction between the spins due to spin polarization

of the electrons through the bonds in the complex. The perturbing
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Hamiltonian then has the following form

' = ' ’
B HDD + HHF

where HDD' is the dipole-dipole interaction Hamiltonian given by

B ' = iy v/r"} 3o s - I8} (24)

and HHF' is the hyperfine interaction Hamiltonian given by
' - é -b.-\
B h (h) IS | (25)

; represents the vector which may be constructed between the two

interacting spins and r, is its magnitude; A/h is the isotopic

i
hyperfine coupling constant which is a measure of the degree of
interaction between the magnetic species.

The interactions between the two spins‘} and ghcreate a
time dependent perturbation on the system which causes various
transitions between spin states to take place. However, if the
fluctuations of the perturbation are rapid as in liquids, then

the result is a time independent transition probability per

unit time. By treating a system of unlike spins in this manner
' -1

‘Solomon has obtained the following expression for (TZM) due
to a dipole-dipole interaction (33):
2 2
s g Stsly? &% 8 (t.)
(T,) = = 5% L a(ty, + c2 +
™ pp 15 r,® ¢l 1+ (w —w)z('r )2
i I e c' 2
(26)
3(t.) 6(1.) 6(t.)
c’'1 + c2_, Cc'2

2 2 2 2 2 2
1+mI ('rc)l 1+we ('rc)2 1+(w1+we) ('rc)2
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Solomon and Bloembergen (34) obtained the following expression

for ('.[‘ZM)-1 if a hyperfine interaction is considered:

2
-1 1l A
(TZM) HF = -3" S(s+1) (E)

where Wy and w, are the resonance frequencies of the magnetic nucleus

(1),

(t) (27)

+
e’ l 2 2
1+ (wI-we) ('re) 2

and electron, respectively, and (TC)l and (TC)2 are the longitudinal
and transverse correlation times for the dipole-dipole interaction
with the electron, respectively, and (Te)1 and (‘re)2 are the
longitudinal and transverse correlation times for the hyperfine
interaction with the electron, respectively (15). It is general
practice to assume that the longitudinal and transverse correlation
times fdr these two interactions are equal and have the following
definition: -

-1 -1 -1 -1
= ('rs) + (TM) + (TR) (28)

~~

~

~
i

and

-1 -1 -1
()7 = (1) T+ (T (29)

where Ts, TM and TR are the correlation times for electron relaxation,
for the lifetime of S on M, and for the complex tumbling. It is
easily seen that the shortest correlation time in equation (28)
equals T and the shorter correlation time in equation (29)
equals Te'

The expressions given in equations (26) and (27) can be

. A 2_ 2 2_2
1 d << << <<
simplified by noting that wI we, wy Te 1 and W, Te 1,
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then the total equation:

2M 2M /DD 2M/J HF
can be reduced to:
2
S(s+l)Y B
I S L gn .
TZM 15 r,6 l-H.O T
* (31)

2 T
1l A e
= S(s+1) (—) 31 + i .
3 R e 1+we21: 2

Up to this point the T2M relaxation process has dealt only
with the interaction of the unlike spins for solvent molecules in
the first coordination sphere of the paramagnetic centre. There is
the possibility that this interaction may extend beyond the first
coordination sphere and cause relaxation of spins in second and
more rémote spheres of the paramagnetic centre. Since the solvent
molecules beyond the first coordination sphere undergo very weak
interactions with the paramagnétic centre the hyperfine coupling
constant for these molecules would be ekpected to be small;
therefore, the hyperfine contribution to (TzM)—l is neglected
in consideration of outer sphere relaxation. However, the
dipole-dipole interaction through space cannot be neglected in

consideration of outer sphere interactions. Two possibilities

exist for this type of interaction (41):
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(1) The lifetime of the solvent molecules in the second
coordination sphere of the paramagnetic centre may be long with
respect to the complex tumbling time; this results in a well
defined second coordination sphere. The first term of equation
(31) can then be wsed to calculate the contribution to (r,) "
from this second coordination sphere by taking a reasonable
interaction distance and assuming that very little contribution
comes from more remote spheres because of the inverse sixth
power dependence on the interaction distance.

(2) The lifetimes of the solvent molecules in spheres
beyond the first éoordinétion sphere are short with respect to

the tumbling time of the complex in which case the solvent

distribution can be approximated as a continuum and the (T2M)~1
expression can be integrated over this continuum (68). The
result of this integration gives (sz)-1 directly, that is:
oo
4ﬂr2nS(S+l) v, 2 g2 g2
r, )"t = L I 7T+
2p 15 r6 c
r (32-a)
o
131
2 C2 }'&t
l-H.oe 'l'c-
2 2,2 1371
()7t = ATnSSHD v 9 B ) g 4 c (32-b)
2p 45 RE C 2_ 2
r 1+ T
o e C

where all the symbols have their usual meaning and n is the number
of paramagnetic centres per cubic centimeter of solution which is

related to their concentration, [M], Avogrado's number, N, and the
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density of the solvent, p, by:
(33)

n = pPN[{M]/1000 .

This outer sphere relaxation process is independent of the inner

sphere relaxation processes, therefore, equation (32-b) can be

added directly to equation (10) as a separate term.
In order to simplify the interpretation of the temperature

-1 and Aw it is necessary to recognize certain

dependence of (sz)
The four limiting

limiting conditions in equations (10) and (11).

conditions noted by Swift and Connick (8) are:

2 P
i (B (2] e B L
2M M 2p M S
p
Ao = —-—'5—-2— , (34-a)
P Aw T
M M

relaxation occurs by a change in the precessional frequency between

the two available sites and (sz)_1 is controlled by chemical

exchange and Awp is small.

2
1l 2 1l 1 2
— > S - =
( ) AwM > T - PM TM AwM and
2p .
(34-b)

Ty 2M'M

Awp = pM AwM,

relaxation occurs by a change in precessional frequency which controls

(sz)-1 and chemical exchange is fast. Awp is appreciable and
approaches PM AwM when Ty becomes sufficiently short to make
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< O
Ty Aw,, 1
2 2 P
(T__l_) »A,,,MZ,(;_) N U R Ty
M M 2p M ] (34-¢)
0\
Aw = Py Awu -
M
-1 a

relaxation by a '1‘2M mechanism is fast causing (sz) to be
controlled by chemical exchange and Awp is small since

/Ty > /Ty, -

2 P
T l‘t >> 'rl~ ’ A‘“’M2 ; "1'*'1— = "r—n' and
2M ™M 2M 2p M

(34-4)

Awp = PM Awu,

rapid chemical exchange occurs and ('1‘2p)_1 is controlled by an
inner ;phere dipole-dipole or hyperfine T2M relaxation process
and Awp may be appreciéble.
A fifth possibility may occur if the chemical exchange is
slow and (sz)“1 is controlled by an outer sphere dipolar interaction.
In this case Awp is small because of the small coupling constant
for the outer sphere. The theoretical expression for (sz)-l is

given by equation (32-b).

Since all the parameters in the general expression for (sz)'l

are dependent differently on the absolute temperature as shown by
equations (20), (21), (22), (31) and (32), (the last two equations

are dependent on correlation times which are assumed to have
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exponential temperature dependences) a plot of log (sz)’l

versus the inverse absolute temperature will give a good
indication of the type of mechanism which controls (sz)-l.
After having identified the relaxation mechanism it is then
possible to obtain the magnitude of the various parameters which
control the relaxation by using a graphical fitting procedure
and the theoretical expressions for these parameters.

In this study a nonlinear least squares computer programme
(37) was used to fit the general expression for (T2p)-1 {equation (10) }
to the temperature dependence of the NMR line broadening data. 1In
analyzing the data in this manner it was still necessary to apply
the limiting conditions given abové in order to determine initial
guesses for the adjustable parameters. It was generally found
that the parameters obtained by the limiting conditions method
agreed within the 95% confidence limits for the parameters obtained

by the nonlinear least squares method. A copy of this programme

and the directions for its use éppear in reference (38).

3. Electron Paramagnetic Resonance Theory

The general theory for the factors which control the electron
paramagnetic resonance (EPR) line widths has been developed and
discussed by Kivelson (17). The theory applies to free radicals
in diamagnetically dilute crystals or in dilute liquid solutions.

The main assumptions made by Kivelson are that spin-orbital
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interactions are neéligible because of the quenching of orbital
angular momentum, a étrong applied magnetic field is used, there

is sﬁall anistropy in the radical, and negligible rela#ation

occurs by chemical exchange processes or intermolecular interactions.
The modulation of the interaction between the free electron(s) and
the nucleus.due to the tumbling of the complex is taken to be the
major contribution to the relaxation érocess.

EPR spectra of vanadyl complexes show eight hyperfine lines
which result from the interaction of the one unpaired electron with
the vanadium nucleus which has a spin of 7/2. The variation in
these hyperfine line widths can be analyzed by the above theory
after they are related to the various quantum numbers of vanadium

(m

;= 7/2 to -7/3) by the following expression

V3. 2 3 4
> HAHi=a+Bmi+ymi+6mi tem . (35)

AHi is the peak to peak width of the mith component of the derivative
spectrum of the complex, m, is the ith quantum number, o = a' + a"
where 0" is the residual line width which will be discussed
subsequently, &' is the line width contribution due to modulation

of the anistropic hyperfine tensor and the anisotropic g-tensor,

B is the line width contribution due to the cross correlation
between these two modulations, Y is the portion of the line width

due to additional modulation of the anisotropic hyperfine tensor,

§ contributes to the line width because of the modulation of the
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anisotropic dipolar tensof and g-tensor, and € contributes
because of quadrupolar relaxation and is usually essentially
zero.

The residual line width (a") has been treated most successfully
in terms of a spin-rotational relaxatidn mechanism (25). Spin-
rotational relaxation results from the inability of the electrons
to rigidly follow the motion of the nuclear framework as the
complex rotatgs. The imbalance of rotating charge creates a magnetic
moment which can interact with the electron spin in the molecule. A
mechaﬁism of this type would be expected to depend on the anisotropy
in the complex and on the solvent in which the complex is dissolved
but not on the magnetic field. An expression for the spin-

rotational interaction has been given by Hubbard (39):
" 2 3.2, 2 2
a" = 24/5 (R/g8) U /12mr KY) {(2¢,” + ¢ D)kT/M} (36-a)

where o" is given in gauss, I is the moment of inertia, Cll and C1
are the diagonalized components of C (the spin-rotational inter-
action tensor) along the unique molecular axis and perpendicular
to it, respectively, r is the effective hydrodynamic radius of
'the complex, and N is the bulk solvent viscosity in poise.

Now, since CIL and C, are not reédily available, the following

1
approximate relationship can be used (73):

2

2. 2.2 . 2 2;
¢+ ¢, B I°/m° = (ang” + g %) (36-b)
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whergAgl==gl - 2.0023 and Agll =9, " 2.0023. Combining
equations (36-a) and (36-b) gives an expression which is

indépendent of the moment of inertia, that is:

a" = 24/3 (/g Q2mr)™H (g, % + g, Dk, (36-0)

In aqalyzing the EPR spectra of the vanadyl complexes
the hyperfine line widths from the derivative solution spectrum
were measured and fitted to equation (35) by a least squares
method. This analysis yielded values for o, B, Y and 6. Theoretical
expressions for a',.B, Y and § which depend on the complex tumbling
‘time (TR) have been given in Table III of reference (26); These
expressions were programmed to run on an IBM 360/67 computer.

This programme calculated a value of T, from the Y derived from

R
the least squares fit (the latter was found to be least sensitive

to expgrimental errors in the measurement of line widths). Then
this Tg Was used to calculate B and § from the theoretical
expressions. The individual hyperfinevline widths were recalculated
from these parameters and the least squares value for &, and were
found to agree within experimental error with the observed line
widths. a" was calculated from the theoretical expression for a'
and the total value (a) obtained from the least squares fit.

This value of a" was then compared to the valge predicted by the
spin-rotational theory. Details of the operation of the compuﬁer

programme are given in Chapter IV and a copy of the programme

appears in Appendix B.
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The value of TR was analyzed with the Debye equation

3
T - 4mr™n (37)
R 3kT

for the rotation of spherical particles in solution and was found
to be reasonably well explained by this relationship if a suitable
r was chosen.

In order to carry out the above calculations in the computer
programme it was necessary to know the anisotropic components of
the coupling constant (Ax, Ay, Az) and g-value (gx, gy, gz) as
well as the average values, <A> and <g>, respectively. The

" latter quantities could be obtained from the solution spectra

by using the following equations (26):
< = - < ‘ - 1 38~
A g> B {Hi qi} /2m R (38-a)

and

<g> = gy + 95 {lHg =% (H-H_ )10 -H_ )}
' (38-b)

2 2 2 2 2
- 2<P>7 R [I(T+1)-my ]/gs BY (H,+H_,)

where Hi and H-—i are the magnetic fields of the M., and Mm_ith

quantum numbers (I), respectively, g and Hs are the g-value and

resonant.magnetic field of a standard of known g-value and all
the other parameters have their usual meaning.

In the determination of <A> the four valﬁes for (I—li-H_i)/mi
were determined from the eight hyperfine lines in the vanadyl

hyperfine EPR spectrum and the average of these values was
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used in determining <A>. Since <A> and <g> are not independent

of one another, <g> = gg was used in determining <A>. This value

of <A> along with the average of the values (Hi-H_i) and (H1+H-i)

was used to determine <g>. <g> was generally found to be less

than 2% differenf than gs, therefore, no correction was made to <A>.
The anisotropic cémponents for the coupling éonstant and g-value

were obtained by rapidly freezing the solution of vanadyl complex |

in liquid nitrogen in order to form a glass and then the EPR spectrum

of the glass was run at -173°C. Either two or three overlapping

spectra with eight hyperfine components each were obtained for

this vitreous state. The spectrum with the largest coupling

constant was identified with Az ané 9y and was used to obtain

these two paramaters by taking the average separation between

hyperfine components and by using the relationship

hUo = ngHz

where Uo is the operating frequency and Hz is the magnetic field

midway between the mo=+ % and m,

was difficult to obtain the other anisotropic components accurately;

= - ¥ hyperfine components. It

therefore, the relationships between the average components and the

anisotropic components:

<A> =

Wi

{Ax + A.Y + Az} (39)

and

. _<g> =

Wi

{g, + 9, 9, (40)
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were used to obtain Ax, Ay, gx and gy.

In the case where only two overlapping spectra'occur, Ax = Ay
and 9, = gy, and these parameters can be easily obtained if the
average values of <A> and <g> are known from the solution spectra
and Az and 9, are known from the glass spectrum. However, 1if
Ax.f Ay and gx # gy three overlapping'spectravare obtained from
which the differences, Ax - Ay and 9y = gy, can be obtained. Knowing
these differences the individual parameters can again be calculated

from equations (39) and (40). The‘computer programme handles all of

these calculations if suitable input parameters are used.
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CHAPTER II: THE PREPARATION AND CHARACTERIZATION OF COMPLEXES,
PURIFICATION OF REAGENTS AND INSTRUMENTATION

1. Purification of Solvents

N,N-dimethylformamide (DMF) (Fisher Reagent Grade) was
purified by vacuum distillation (40°C) from barium oxide (Fisher
Reagent Grade) onto Linde 3A molecular sieves; only the middle
portion was retained. The DMF was stored under vacuum over the
molecular sieves until it was used in sample preparation when it
was again vacuum distilled onto the complex.

Acetonitrile (Baker Reagent), trimethylphosphate (Aldrich),
trimethylphosphite (Matheson, Coleman and Bell), dimethylsulfoxide
(Fisher Reagent) and methanol (Fisher Reagent) were purified and
dried by double vacuum distillation from Linde 3A molecular sieves;
only the middle fraction was retained in each case. The solvents
were stored under vacuum and on molecular sieves.

Ethanol, l-propanol, 2-propanol, l-butanol (all Fisher reagent),
tertiary butyl alcohol (Eastman), 2,2,2-trichloroethanol (Aldrich
Chemical Co.), and 2,2,2-trifluoroethanol (Eastman Organic Chemicals)
were all vacuum distilled two consecutive times through a 12 inch
fractionating column from Linde 3A molecular sieves. The middle
portion of each distillation was retained and stored under vacuum
over molecular sieves. Subsequent transfers of the alcohols for

preparation of the EPR samples were made by vacuum distillation,
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2. Preparation of penta-N,N-dimethylformamidovanadyl

perchlorate {VO(DMF) _(c10,),}

Vanadyl sulfate (A.D. MacKay Inc.) and barium perchlorate
which was prepared by neutralization of barium carbonate (Fisher
Reagent) with 60 percent perchloric acid (Baker and Adamson)
were added in stoichiometric amounts to rédistilled water. The
barium sulfate was removed by filtration; a 0.22u Miilipore
filter (Millipore Filter Corp., Bedford, Mass.) was used. The
filtrate was concentrated by vacuum distilling the water at
room temperatﬁre. A large excess of benzene and N,N—dimethyl-
formamide was added to the remaining concentrated solution.
This mixed solvent was vacuum distilled, the water being removed
as an azeotrope with benzene. The DMF was allowed to evaporate
slowly leaving blue crystals. This procedure was repeated three
consecutive times. Iﬂ the final treatment purified DMF was
used. Finally a concentrated DMF solution was cooled fo -10°C
and blue crystals of VO(DMF)S(C104)2 formed and were collected
by vacuum filtration.

éﬁgE:Calc'd. for VO(DMF)S(C104)2: C, 28.,60; H, 5.60; N, 11.10.

Found: C, 28.86; H, 5.69; N, 11.02.

All subsequent handlings were done in either a dry nitrogen atmosphere
or in suitable vacuum apparatus.

A known amount of VO(DMF)S(C104)2 was put into a weighed
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container and the purified DMF was vacuum distilled onto the
solid. NMR and EPR samples were prepared by pouring the solution
into sample tubes attached to the flask through a side arm and
sealed under vacuum. Thus, all samples were prepared and stored

under vacuum and in the absence of water.

3. Preparation of pentaaguovanadyl perchlorate {V°(32915(C1°,lgl

and pentaaquovanadyl tetrafluorcborate {VO(320)5(3F|121

Hydrated vanadyl perchlorate or vanadyl tetrafluoroborate

were prepared-by adding barium perchlorate or barium tetrafluoro-
borate and stoichiometric amounts of vanadyl sulfate (Fisher
R;ageht) to redistilled water. Barium perchlorate and barium tetra-
fluoroborate were prepared by neutralization of barium carbonate
(Fisher Reagent) with perchloric'acid (Baker and Adamson) and
tetrafluoroboric acid (Baker and Adamson), respectively. The
barium sulfate was removed by filtration using a Millipore

filter and the filtrate was concentrated by vacuum distillation of
the water at 25°C to yield blue crystals'of the hydrated vanadyl
perchlorate or tetrafluorcborate. These crystals were used in all

subsequent preparations without further purification.

4. Preparation of vanadyl tetrafluoroborate complexes with acetonitrile,

trimethylphosphate, trimethylphosphite, and dimethylsulfoxide

Vanadyl tetrafluoroborate complexes with the above solvents

were prepared by adding 5 gms each of hydrated vanadyl tetrafluoro-
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borate and Linde 3A molecular sieves to approximately 100 mls
of freshly distilled solvent. Note: the reaction with trimethyl-
phosphite is very exothermic and reagents must be mixzed slowly or
the solﬁent may ignite and explode. The mixture was stored under
vacuum for 5-6 hours and then the molecular sieves were filtered
under vacuum from the solution; the solvent was removed by vacuum
distillation. The oil which remained was redissolved in a minimum
amount of solvent and filtered. The solution was cooled to -10°C
in an attempt to obtain a crystalline product. All operations were
carried out under vacuum.

Crystals were obtained for the acetonitrile and dimethyl-
sulfo#ide complexes.

Angl. Calc'd. for VO(CH,CN) (BF,),: C, 26.9; H, 3.39; N, 15.7

Found: C, 25.9; H, 3.28; N, 15.7
1 . .
Calc'd. for VO[(CH3])ZSO]5(BF4)2. C, 19.1; H, 4.8].
round: C, 19.4; H, 4.99.

The trimethylphosphite and trimethylphosphate complexes could
not be obtained in crystalline form. Trimethylphosphite was removed
from the vanadyl tetrafluoroborate by prolonged vacuum distillation

leaving a viscous oil which was analy:.»d directly.
[ ] . -
Anal. Calc'd. for VO[P(OCH3)3]8(BF4)2. Cc, 23.4; H, 5.88i

Found: C, 23.7; H, 5.85.



28

Vanadyl concentrations were subsequently determined on the basis
- of the 8:1 mole ratio of trimethylphosphite to vanadyl tetrafluoro-
" borate indicated by the analysis.

The concentrations of the vanadyl ion in the trimethylphosphate
system'wére determined spectrophotometrically using the extinction
coefficients given in reference (40).

The complexes were all stored under vacuum and all transfers
were made in a dry nitrogen atmosphere or under vacuum. NMR samples
were prepared and transferred to 5 mm o.d. tubes and sealed
under vacuum,. EPR samples were sealed under vacuum in 3 mm o.d.

flattened quartz tubes.

5. Preparation of pentamethanol vanadyl perchlorate {VO(CH,OH)E(C10412}

Crystalline hydrated vanadyl perchlorate (5 gms) was treated
with excess purified methanol and two mole equivalents of 2,2 -dimethoxy-
propane. The solution was stirred for two hours at room temperature
and the solvent was then removed by vacuum distillation. The green

crystals which separated were analyzed for carbon and hydrogen.

Anal. Calc'd. for vo<cn3on)5(c1o4)2= C, 14.05; H, 4.73.

Found: C, 13.91; H, 4.70.

Subsequent handlings for preparation of the NMR and EPR samples
were carried out under dry nitrogen or in suitable vacuum apparatus

to exclude atmospheric water.
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6. Preparation of bisacetylacetonato-oxovanadium(IV) {VC.mg:l 495}

This complex {VO(acac)z} was obtained from Aceto Chemical
Company Inc. and recrystallized twice from reagent grade chloroform

(Shawinigan) and stored under vacuum.

]
Anal. calc'd. for VclOH1405 C, 45.3; H, 5.32

Found: C, 44.9; H, 5.23,

7. Preparation of biétrifluoroacetylacetonato—oxovanadium(IV)

{VC10~8-5-6}
This cdnplex'{VO(tfac)z} was prepared by adding stoichiometric

amounts of hydrated vanadyl perchlorate and trifluoroacetylacetone
(Penin#ular Chemical Research Inc.) to slightly acidic (sto4) |
redistilled water. The solution was slowly neutralized by the
addition of sodium carbonate. The greenish precipitate which
separatea from the aqueous solution was extracted into chloroform

(Shawinigan) and recrystallized from this solvent.

[ ] "
Anal. calc'd. for VClOHBOSFG C, 32.2; H, 2.16.

Found: C, 32.7; H, 2.22.

8. Preparation of trisacetylacetonatovanadium(III) {VC15§2196}

Trisacetylacetonate vanadium(III) was prepared under vacuum
by the slow addition of dilute aqueous ammonia to a solution

containing vanadium trichloride and acetylacetone in a mole ratio 1:3.

The entire operation was carried out under vacuum.
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The light brown product was extracted into chloroform and

recrystallized from this solvent.
1] .
‘Anal. Calc'd. for VC15H21 6 C, 51.7; H, 6.06.

Found: €, 50.1; H, 5.95.

9. Preparation of bisacetylacetonatocopper (II) {Cuclogl4gql

and hexamethanol copper (1I) perchlorate {C“(CH3°H)5(C1°|121

Hydrated cupric sulfate (BDH) and acetylacetone (Eastman)

were added in.a 1:2 mole ratio to redistilled water. When a
saturated solution of Na2C03 (Matheson, Coleman and Bell) was
added to the well-stirred aqueous solution a dark blue pre-

cipitate formed. This precipitate was extracted into chloroform

(Shawinigan) and crystallized from this solvent.

1 ] . .
Anal. Calc'd. for Cu(C10H1404). C, 46.0; H, 5.41.

Found: C, 45.8; H, 5.45.

Hydrated cupric perchlorate was prepared by treating an aqueous
solution of cupric.sulfate (BDH) with barium perchlorate. The
barium sulfate was filtered from the solution using a 0.22u
Millipore filter. The filtrate was eQaporated to dryness under
vacuum. The resulting blue crystals were dissolved in purified
methanol in the presence of about 10 grams of Linde 3A molecular

sieves. This mixture was allowed to stand for 24 hours and the



31

molecular sieves were filtered off under vacuum. Three successive
treatments with methanol and molecular sieves in the above manner
with the subsequent vacuum distillation of excess methanol yielded

light blue crystals.

Anal. Calc'd. for Cu(CH3OH)6(C104)2: Cc, 16.0; H, 5.38.

Found: C, 15.5; H, 5.35

10. Preparation of chromium(II) and vanadium(II) tetrafluoro-

borate complexes in methanol and trimethylphosphate

Chromium (II) tetrafluoroborate was prepared in aqueous
solution by treating chromium metal of 99.999 percent purity
(UnitédAMineral and Chemical Corp.) with degassed 1 molar tetra-
fluoroboric acid (Baker and Adamson). The water from the blue
solution was vacuum distilled at room temperature until only a
small residual volume remained. This solution was treated under
vacuum with about 20 mls. of degassed, purified methanol or degassed,
purified trimethylphosphate. The solvents from the chromium(II)
tetrafluoroborate solutions were then allowed to evaporate slowly
under vacuum. The addition and subsequent removal of methanol or
trimethylphosphate was carried out three times. The final solutions
were then analyzed for chromium(II) by oxidation to chromium(III)
with standardized ferric ammonium sulfate (Mallinckrodt Chemicals)
solution; excess iron(III) was reduced by iodide, the iodine
produced being determined with standard sodium thiosulfate.

These solutions contained greater than 99.0 percent of the chromium(II)

that was expected from the weighed amount of chromium metal
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used. Chromium(II) solutions of methanol and trimethylphosphate
for the NMR line broadening study were prepared by transferring
known weights of standard solutions under vacuum to containers
into which purified solvent was vacuum distilled.

v;nadium(II) tetrafluorcbhorate was prepared in aqueous
solution by the electrolytic reduction of vanadyl tetrafluoro-
borate using a Model D-612T D.C. Power Supply from Electro
Products Laboratories, Inc.

The aqueous solution of vanadium(II) tetrafluoroborate
was then treated in the same manner as the chromium(II) tetra-
fluoroborate solutions. The concentrations of the final standard
V(fF4)é - methanol and trimethylphosphate solutions were determined
by the reduction of the silver ion in a standard Ag(BF4) solution by
the vanadium(II) to give vanadium(III). The silver precipitate
was filtered with a 0.22u Millipore filter, dried and weighed;
three determinations were made on each solution. The concentrations
of the standard solutions were 0.101 molal and 0.0975 molal,
respectively, in good agreement with the émount of vanadium
expected from the weighed amount of vanadyl tetrafluoroborate
used in the electrolysis. NMR solutions were prepared by
diluting the standard solutions in a mannér analogous to the

chromium(II) solutions.
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11. Preparation of nickel(II) and cobalt(II) perchlorate

complexes in dimethylsulfoxide and trimethylphosphate

Hydrated nickel(II) and cobalt(II) perchlorate were prepared
by neutralization of the respective carbonates with perchloric
acid.

The complexes of N:I.(C104)2 and Co(C104)2 with dimethyl-
sulfoxide (DMSO) and trimethylphosphate (TMPA) were prepared
by mixing the appropriate hydrated perchlorate salt ﬂQ 10 gm),
solvent (v 50 ml) and Linde 3A molecular sieves. The solution
was stirred for 24 hours and the molecular sieves were removed
by filtration. This ptocess was repeated three times; all
6perations were carried out under vacuum. The solvent volume
was then reduced by vacuum distillation to an amount suitable
to permi£ crystallization of the metal ion complex. The absence
of water was established from the lack of an infrared band in
the 3500 cm_1 region of the infrared spectrum of the complex
crystals. The spectra were determined in a nujol mull between
pressed sodium chloride disks on a Perkin Elmer 337 infrared
spectrophotometer. Carbon and hydrogen analyses further serve

to characterize the compounds.

Anal. Calc'd. for Ni(DMSO)s(ClO‘l)Z: c, 19.84; H, 4.99
Found: C, 19.40; H, 4.79.
Calc'd. for Ni(TMPA)6(ClO4)2: c, 19.68; H, 4.96.

Found: C, 19.63; H, 4.78.
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Anal. calc'd. for Co(DMSO)G(C104)2= C, 19.84; H, 4.99.
Found: C, 20.09; H, 5.18.
Ccalc'd. for Co(TMPA)G(C104)2: Cc, 19.68; H, 4.96.

Found: C, 19.45; H, 5.07.

The complexes were stored under vacuum and subsequent handling was

done in a suitable vacuum apparatus or under a dxy nitrogen atmosphere.

12. Preparation of hexa—N,N-dimethylformamidovanadium(III)

perchlorate {V(DMF{L(CIO‘)3}

Hexa-N,N-dimethylformamidovanadium(III) perchlorate was
prepared by adding vanadium trichloride (v 0.5 gm) (Stauffer
Chemical Co.) and anhydrous thallous perchlorate in a mole ratio
of 1:3 to purified DMF (10 mls.) under vacuum. The precipitated
thallous chloride was removed by vacuum filtration. The DMF
from tﬁe green filtrate was evaporated under vacuum at room
temperature to a suitable volume (5 mls.) for crystallization
and cooled at -10°C overnight. The green crystals which formed

were collected by filtration under vacuum.

Anal. calc'd. for V(DMF)6(C104)3: c, 27.47; H, 5.52; N, 10.78.

Found: C, 27.49; H, 5.38; N, 10.68.

All subsequent transfers of the complex were carried out under
vacuum. NMR samples were prepared by vacuum distillation of

purified DMF onto a weighed amount of complex.
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visible and ultraviolet spectra of the complexes were
recorded on a Cary model 14 spectrophotometer using either
1 om quartz cells or 1 cm i.d. pyrex cells. The pyrex cells
could be sealed under vacuum. Infrared spectra were determined
on Perkin Elmer model 337 and 421 spectrophotometers using

pressed NaCl disks.

14. The preparation of NMR and EPR samples and the determination

of their spectra

The first step in the general method used for preparing the
NMR and EPR samples waé to transfer the complex to a weighed
Qacuum flask. This operation was carried out under a nitrogen
atmosphere. The flask was reweighed and then evacuated. The
appropriate solvent was vacuum distilled onto the complex. The
amount of solvent transfered was determined by weighing the flask
again. The solution was then transferred to a 5 mm o.d. pyrex
NMR tube or a 3 mm o.d flattened quartz EPR tube; this operation
was also carried out under vacuum.

Spectra were determined on the machines mentioned above.
Temperatures were controlled by standard Varian variable temperature
probes which are cooled below room temperature by nitrogen gas
passing through a copper coil immersed in liquid nitrogen. The
nitrogen gas is reheated by a thermostatically controlled heating
element in the probe. The temperature ranges covered are shown

in the tables in Appendix A.
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CHAPTER III NUCLEAR MAGNETIC RESONANCE LINE BROADENING
STUDIES OF NONAQUEOUS SOLVENTS CONTAINING TRANSITION METAL IONS

1. Line Broadening of the Nuclear Magnetic Resonances of
N,N-Dimethylformamide, Acetonitrile, Dimethylsulfoxide,
Trimethylphosphate and Trimethylphosphite by the Vanadyl Ion

The NMR line broadening technique has been applied previously
to a nunber of systems to determine ligand exchange rates on metal
ion complexes as discussed in Chapter I. This section describes
the application of this technique to the solvated vanadyl ion in
N,N-dimethylformamide (DMF), acetonitrile (AN), dimethylsulfoxide
(DMSO) , trimethylphosphate (TMPA) and trimethylphosphite (TMPI).

'The results of this section are discussed in Chapter V in relation
to previots work on the water exchange rate on the vanadyl ion
(41,42) and the rate of exchange of several solvents on cobalt(II)
and nickel(1I) (6,9,10,11,12).

In the vanadyl-dimethylformamide and -acetonitrile systems
the solvent exchange rate is determined from the NMR line broadening.
However, in the other systems studied here: the vanadyl ion in
dimethylsulfoxide, trimethylphosphaté and trimethylphosphite,
chemical exchange never becomes the controlling relaxation mechanism.
In order to decide whether exchange is faster or slower than the
observed relaxation it is necessary to determine if relaxation
is occurring in the inner or outer coordination spheres of the
vanadyl ion. The criteria for distinguishing between these two

alternatives are discussed.
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The absorption spectra of the vanad).rl complexes studied
show the typical long wavelength absorption and the accompanying
shoulder; however, only the trimethylphosphate and trimethylphosphite
complexes show the short wavelength absorption.v The spectra for
the dimethylsulfoxide, trimethylphosphate and acetonitrile complexes
agree with those previously reported by Gutmann and Lausegger (40).

The values of Dq are calculated from the crystal field theory
spectral assignments made by Ballhausen and Gray (43) who assumed
that for {voso 4'5}120} a compressed tetragonal, C av structure was
most appropriate for assigning the spectral bands. The separation
of free ion d-orbitals in the octahedral field and then the
tetragonal field is shown below.

Energy level diagram used to make spectral

‘assignments for vanadyl complexes (43)

The long wavelength absorption is associated with the b2 -+ e transition
and the accompanying shoulder with the b2 > bl transition which gives
10 Dg. The higher energy transition which is observed for some of

the vanadyl complexes and not others as mentioned above is taken to

be the b2 > al transition.
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Molecular oroital theory which leads to energy levels
analogous to those shown above could be used to interpret the
visible spectra more explicitly but Dg-values seem to provide
a simple parameter for comparison to other systems. The order
of the Dg-values for water, methanol, dimethylformamide and
dimethylsulfoxide (Table I) is typical of that found in nickel (II)
complexes (44). From previous work, fhe Dq-vélues of acetonitrile
(12,44) and trimethylphosphate (45) are expected to be higher
than that of water, whereas they are definitely lower than water
in the vanadyl systems. However, the former results are based
on nickel(II) and cobalt(II) complexes, respectively, and the
Dg-values may be high due to metal-ligand T-bonding, which
apparently is not so important in the vanadyl complexes (43).

The molal NMR relaxation time (Tép? was determined from
the NMR' line broadening usihg a slight modification of equation (16):

-1

(T..) (Av - A )
(T P -1 ) oBS SOL sec'"lmolal-1 (41)
(M} M)

where AU is the full line width at half height of the bulk
solvent resonance ig an [M] molal vanadyl solution, and AUSOL is
the line width of pure solvent. Plots of log (Tép)-l versus the
reciprocal of the absolute temperature are shown.for the vanadyl
ion in N,N-dimethylformamioe in Figure 1, in acetonitrile in

Figure 2, and in dimethylsulfoxide, trimethylphosphate and

trimethylphosphite in Figure 3.



Spectral properties

TABLE I

of vanadyl ion in various solvents
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DMSO - dimethylsulfoxide,
TMPA - trimethylphosphate,
TMPI - trimethylphosphite,

DMF - N,N-dimethylformamide.

e —— — P — — S ——
Compound Solvent(c) Spectral Band Maxima Dgq
— g
o (BF4) 2 DMSO 12,100 14,300 - 1430
VO(BF4) 2 TMPA 12,200 13,900 26,300 1390
Vo (BF4) 2 T™PI 12,500 14,500 24,100 1450
VO (BF 4)2' CH ,CN 12,750 14,800 - 1480
vo (C104) 2 DMF 12,680 15,400 - 1540
CH ,OH (a) 13,000 15,500 27,400 1550
(b)
VO (804) 2 HZO 13,000 16,000 - 1600
(a) Chapter III, Section 2.
(b) Reference (43).
(c) The solvent name abbreviations are:
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Temperature dependence of log (sz')-1 for the
formyl proton resonance of N,N-dimethylfoxrnamide
containing vanadyl perchlorate.
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Figure 2: Temperature dependence of log (sz')_1 for the

methyl proton resonance at 60 MHz of acetonitrile

containing vanadyl perchlorate.
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Temperature dependence of log ('1‘2p')-1 for the
proton resonances of trimethylphosphite at 60 MHz,
dimethyl sulfoxide at 60 MHz and trimethylphosphate
at 100 MHz, all containing vanadyl tetrafluoroborate.
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There was no frequency dependence of the formyl proton line
width of bulk solvent N,N-dimethylformamide containing vanadyl ion
when the samples were run at 60 MHz and 100 MHz and Awp = 0,
Therefore it was concluded that a combination of conditions (34-a)

and (34-d) would explain the broadening data for this system in

regions (I) and (II) of Figure I. That is, T2M-1' TM-l > AwM in
which case equation (10) reduces to
)Y = b/t + 1) (42)
2p M M 2M°°

In region (I) chemical exchange is fast (‘tM is short) and (Tip)-l

is controlled by an inner sphere relaxation which has a small
temperature dependence; however, in region (II) the lifetime for
inner sphere exchange, TM' becomes longer than T2M and (Tép)"1
is controlled by an exchange process with a large temperature
dependence. In region (III) inner sphere exchange becomes slow
and relaxation is controlled by a dipolar interaction of the
unpaired electron on vanadium with solvent molecules in the
outer coordination spheres of the vanadyl complex. This process
was relatively easy to identify in the vanadyl-dimethylformamide
system because an outer sphere dipolar interaction is expected
to have a small and negative temperature dependence as observed
in region (III).

For the vanadyl-dimethylformamide system the data was fitted
to the following function:

' -1 =
(sz) = PM/(TM + T2M) + C1 exp (Ea/RT) (43)
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by a nonlinear least squares programme (37). The first term

on the right comes from equation (42) and the second term
results from consideration of the outer sphere contribution

to the broadening as shown below. It follows from the definition

of PM in Chapter I that:

n[M)
My = | (44)
(s] - n[M] -

where [M] and [S] refer to the vanadyl ion and solvent molal
concentrations, respectively, and n is the number of exchanging
solvent molecules in the first coordination sphere of the metal
ion,

For this system a simplified form of equation (31) is used

for the inner sphere T2M relaxation broadening since we21c2 >> 1:
2 2
-1 7 YI 92 B” s(s+1)
(Tom! = Ts'{ 6 } Te (45-a)
Inner r
i
16
= 320 5(s+1) T exp (E_/RT) (45-b)
r ° a
i
= 02 exp (Ea/RT) (45-c)

The hyperfine term of equation (31) was assumed to be negligible
because of the apparent small isotropic hyperfine coupling constant
as indicated by the lack of shift. The corresponding expression

for the outer sphere dipolar broadening is:
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-1 a2 712_92 82 s(s+l) 4 ™ n
(T ) = ——-{ } T (46-a)
2p outer 45 r 3 ¢
o
2,90 x 1014 p S(s+l) To
- 3 exp (Ea/RT) (46-b)
o
= C, exp (E,/RT). (46-c)

This equation follows from equation (33) if wez'l'c2 >> 1 and Tc has an
exponential temperature dependence with an apparent activation energy
Ea' The activation energy appearing in the inner and outer sphere
expressions given above has been assumed equal because, as noted later,
this activation energy is interpreted to be associated with a tumbling
process for the vanadyl complex. The solvent diffusion time (Td) may
be shorter than the tumbling time (TR) and be the dominant relaxation
time beyond the second coordination sphere; however, it has been found

(116) that T, = T_ which makes these two processes indistinguishable.

d R

In the interpretation of the broadening data for the vanadyl-
acetonitrile system an analysis similar to that in the vanadyl-
dimethylformamide sYstem was carried out. However, since there was
no evidence (that is, bend over in the data for this system at
the highest temperatures) that an inner sphere relaxation process
was contributing to the line broadening (Figure 2), the T2M in
the first term on the right in equation (43) was omitted. A

nonlinear least squares fit of the (Tép)-1 data was then carried

out on the following expression:

. -1
(sz) = PM/TM + c1 exp (Ea/RT). (47)
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Before equations (43) and (47) could be fit to the vanadyl-
dimethylformamide and vanadyl-acetonitrile ('1‘:'213)..1 versus ('1‘°1<)-1
data, respectively, the transition state theory expression for TM

"{equation (20)} and the appropriate expressions for inner and
outer sphere dipolar broadening {equations (45-¢) and (46-c) } were
substituted into equations (43) and (47). Initial guesses for

AH*, AS*, Cl, C2 and Ea were obtained by a graphical fitting of

the data. The least squares results for AH*, AS+, and Ea are
given in Table II.

The obvious difficulty in interpreting the values obtained
.for C1 and C2 from the nonlinear least squares method is that Tc
is not known and the interaction.distances cannot be estimated to
better than about *0.2 ; for the outer sphere distances. It has
been found that the coxrelation iime (Tc) can be calculated from
the EPR line widths of the vanadium hyperfine lines of the
solvated vanadyl ion. This procedure, which will pe discussed more
fully in Chapter IV, makes use of the theory developed by
Kivelson, et al (17,24) to explain the variation in the EPR
hyperfine line widths with the variation in quantum number of
vanadium. The values for Tc at 25°C for all the complexes
studied here, as obtained from the EPR studies of these complexes,
are given in Table III and justified in Chapter IV. The value

of Tc for the vanadyl-dimethylformamide system can be used in

conjunction with the least squares values of C1 and C2 to



48

calculate outer and inner sphere interaction distances,
respectively, as will be discussed later. Similarly, the outer
sphere interaction distance for the vanadyl-acetonitrile complex
can be calculated from the value of C1 obtained for this system.
However, it will be shown in the second section of this chapter
on the vanadyl-methanol system and later in this section on
other vanadyl-nonaqueous solvent systems that the most reasonable
estimates of the interaction distances, as compared to models,
are obtained by considering the low temperature dipolar broadening as
due to the outer sphere contribution along with the inner sphere
contribution of one rapidly exchanging molecule trans to the
vanadyl oxygen.

The value of C1 obtained for the vanadyl-acetonitrile
system and Ea' as given in Table II, predict a dipolar contribution
of 16.5 siec-lmolaml-1 to ('rép);1 at 25°C. If all this broadening
is attributed to oute; sphere dipolar broadening and if the Tc
value in Table III is used, then an outer sphere interaction
distance of 8.65; is obtained. This distanée appears to be too
short from consideration of a model of this complex in which
bond lengths were taken from reference.(46); a value of 9.90;
js more reasonable. However, if ﬁhere is one rapidly exchanging
inner sphere solvent molecule with an interaction distance of

(-] - - -
5.30A, then it will contribute 10.l sec 1 molal 1 to (Tip) 1.

The remainder of the broadening, 6.4 sec-1 molal—l, can be



TABLE II

Kinetic parameters for solvent exchange

on the solvated vanadyl ion
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T — o~ e
10”3x x vy ast @ E
(c) a
Solvent -1 -1 -1 -1 -1
gsec — @ 25°C kcal mole cal deg =~ mole kcal mole
DMSO > 1.52 3.44% 0.20
TMPI < 0.35 1.87% 0.35
TMPA > 0.84 2.25%*0.15
CH3CN 2.97 6.65 £ 0.29 -20.3 £ 0.9 3.44% 0.62
DMF 0.76 6.77 + 1.94 =-22.6 t 5.7 2.26% 0.68
cnaoa(b) 0.55 9.46 + 0.68 -14.2 + 0.21 2.91%0.30
nzo(b) 0.50  13.7 -0:6
(a) Calculated assuming a coordination number of 4.
(b) Data for CH30H and H20 are taken from Chapter III,
section 2 and reference (43), respectively.
(c¢) Solvent abbreviations are listed in footnote (c) of Table I.
(c) Errors are quoted as the 95% confidence limits on the

" parameters from the nonlinear least squ

ares fit to the data.



attributed to an oﬁter sphere interaction for which an
interaction distance of 11. A is calculated. This latter value
is somewhat longer than expected; however, the expectsd value of
9.90; is obtained if the inner sphere distance is taken as 5.90;.
The latter value may be longer than that originally predicted
from the copper(II) model complex (46) because of weaker bonding
in the position trans to the vanadyl.oxygen.

In the vanadyl-dimethylfsrmamide system the inner sphere
jnteraction distance for the formyl proton can be determined by
.using 02 from the least squares £it to the broadening data and
equation (45-b). This interaction distance was found tobe 2. 92A
if four exchanging inner sphere molecules are assumed. If the
nunber of inner sphere molecules is taken as five, then ry only
changes by five percens. The interaction distance obtained for
this system is reasonable in view of the model used by Matwiyoff
(6) for cobalt(II) and nickel(II) in N,N-dimethylformamide. The
value cslculated for (Tz'p)-1 at 25°C is l.6ox103 sec-lmolal_l;
therefore, one rapidly exchanging inner sphere molecule wsuld be
expected to contribute one fifth of this value or 320 sec—1
molal-l to (Tép)-l at 25°C. The value ostained for (Tip)-l
at 25°C from C1 for this system is 168.5 sec.lmqlal-l.
Therefore, it must be assumed that the dimethylformamide
molecule trans to the vanadyl oxygen does not form a normal

inner sphere bond and has a much longer interaction distance.
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An outer sphere interaction distance for the formyl proton was
then calculated under the assumption'that there was no inner
sphere contribution to the low temperature broadening and was
found to be 5.75;. This value is reasonable, judging from
molecular models. |

4In the other three systems studied here: vanadyl ion in
dimethylsulfoxide, in trimethylphosphate and in trimethylphosphite,
it can be seen from Figure 3 that no chemical exchange controlled
line broadening was observed and it is not known whether exchange
is fast and ('I‘ép)-l is controlled by inner sphere dipole-dipole
relaxation, or if exchange is slow and the observed broadening is
due to outer sphere dipole-dipole relaxation. In principle,
using equations (45-a) and (46-a) , the inner and outer sphere
broadeniné can be calculated and the results compared to the
observed value to decide whether one is observing inner or
outer sphere relaxation. Again it was necessary to use the
correlation times, which were obtained from the EPR line widths
of the solvated vanadyl ion in the corresponding solvent, along
with the observed ('I‘ép)-l at 25°C to calculate interaction
distances. The results are shown in Table III. It should be
noted that in the calculation of r, the observed (Tép)-l values
have been corrected for the dipolar broadening resulting from
one rapidly exchanging solvent molecule undergoing inner sphere

dipolar broadening as discussed above for the acetonitrile system.



. .52

TABLE IIT

Interaction distances for inner (r.) and

outer (r ) sphere dipole-dipole broadening

== S —
-1 -1 (b)
L L
(TZP) (a) (T2p)corr loloxt
(c) -1 -1 5 -1 -1 ¢ 4 %o
Solvent sec “molal sec “molal sec
] (-] [}
@ 25°C A @ 25°C @ 25°C A A
CH3CN 16.5 5.3 6.4 0.62 6.3 11.8
{5.9) (10.1) (9.9)
TMPI 176 4.8 77 1.10 5.70 7.0
TMPA 460 4.9 343 ' 1.32 5.13 4.8
DMSO 455 4.5 357 1.17 4.45 4.3
(a) The ri values for CH3CN, TMPI, TMPA and DMSO are
estimated from structures in references 46,47,48
and 49, respectively.
(b) Corrected assuming one rapidly exchanging inner sphere
solvent molecule. (T! )-'1 is used to calculate ro.
corr
(c) Solvent abbreviations are listed in footnote (c) of

Table I.
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The estimatéd interaction distances in Table III are based
as much as possible'on known structures from the literature (46,47,
48,49) in order to get the best values for the outer §phere
interaction distances. However, because of free rotation about the
ligand-metal bond and bonds in the ligand itself there is actually
a range of interaction distances. Those given in Table III are the
average of the estimated limits assuﬁing free rotation about all
single bonds in the ligand and about the metal-ligand bond.

It is apparent from the results in Table III that in the
trimethylphosphate and dimethylsulfoxide systems the inner sphere
.interaction distance is'feasonably close to the estimated
interaction distance. In addition, the calculated outer sphere
distanceg in these solvents ;re much too short to be reasonable.

It seems unlikely in view of the results in acetonitrile,
N,N-dimethylformamide and methanol (Chapter III, section 2) that
the EPR method (Chapter IV) yields too short a correlation time

in dimethylsulfoxide and trimethylphosphate; therefore, it is
concluded that solvent exchange is’fast in these two solvents
leading to an inner sphere dipolar relaxation process. Thus,

only a lower limit can be established foi the exchange rate from
the NMR line broadening. ,
The broadening in the trimethylphosphite system seems most

consistent with outer sphere relaxation because the calculated

©
outer sphere interaction distance (7.0A) is reasonable, whereas
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the inner sphere interaction distance (5;73) is O.SK longer

than the estimated value. In the trimethylphosphate and
dimethylsulfoxide systems the difference bétween estimated and
calculated inner sphere interaction distances is 0.25; or less.
The conclusion that outer sphere relaxation is dominant in the
trimethylphosphite system is also indicated by comparison to the
broadening in the trimethylphosphate systems; the solvent
molalities, densities and estimated interaction distances are
similar, however, the broadening is 2.6 times less in the
trimethylphosphite system. Therefbre; if outer sphere relaxation
"is being observed, then only an upper limit can be placed on the
exchange rate of trimethylphosphite on the vanadyl ion as given
in Table II. )

It might also be mentioned at this point that an attempt to
analyze the results for all the systems studied here in terms of
a model where the second coordination sphere molecules are
reasonably strongly coordinated and contribute to ﬁost of the
dipolar outer sphere broadening (4;) was generally unsuccessful.
This lack of success may be due to the outer sphere molecules
not retaining a specific orientation with respect to the complex.
Therefore, the model which treats the solvent as a continuum (36)
with labile outer sphere molecules has been used' throughout
this thesis to explain the outer sphere broadening.

It has also been ocbserved that the values of Ea in Table IIIX
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are similar to those predicted from the temperature dependence of
the viscosities of the solvents. This is consistent with the
concept that the dipolar relaxation process is dependent on the
turbling of the complex in solution. The tumbling process will
be discussed more fully in connection with the EPR results in
Chapter IV. The exchange parameters for the vanadyl systems

studied here will be discussed in more detail in Chapter V.
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2. Line Broadening of the Nuclear Magnetic Resonances of Methanol,
Trichloroethanol and Trifluoroethanol by Vanadyl Complexes

The line broadening of the methyl and hydroxy proton resonances
of methanol caused by the vanadyl ion shows typical chemical exchange
control above 0° with the hydroxyl protons exchanging faster than the
methyl protons. These results ?re interpreted in terms of proton
dissociation from the coordinated hydroxy group and solvent methanol
molecule exchange; the low temperature line broadening is attributed
to a dipolar relaxation process.

When vanadyl acetylacetonate is dissolved in methanol or
-trichloroethanol and vanadyl trifluoroacetylacetonate is dissolved
in methanol, only the solvent hydroxy proton shows chemical
exchange controlled NMR line Broadening. The methyl or méthylene
solvent‘protons in these systems show only a TZM controlled transverse
relaxation time which is due to a dipolar-interaction. Vanadyl
acetylacetonate causes only T2M controlled nuclear relaxation of
both the hydroxy and methylene protons of trifluoréethanol.

The proton exchange process occurring in the vanadyl
acetylacetonate-methanol and -trichloroethanol systems and in the
vanadyl trifluoroacetylacetonate-methanol system was interpreted as
an internal proton transfer from the alcohol coordinated in the
position trans to the vanadyl oxygen to the coordinated acetylacetone
or trifluoroacetylacetone ligands, respectively. Since previous

studies (18,42) indicate that solvent molecule exchange from the

sixth position is very fast, it was necessary to treat these
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results using a three site mechanism.

A spectrophotometric study of vanadyl perchlorate in
methanol shows a typical absorption at 13;000 cm-1 (e, 17.0) with
a shoulder at 15,500 cm-l, and an additional band at 24,700 cm'-1
(€, 117). The molecular orbital diagram given by Ballhausen and
Gray (43) for VO(SO4).5 H20 can be used as in Chapter III, section 1
to assign the spectral transitions observed in VO(CH3OH)§+. The

1l

13,000 cm © and 15,500 cm-1 absorptions are identified as the

1

b2 + e and b2 + b. transitions, respectively, and the 27,400 cm

1
absorption is assigned to the b2 *> a, transition., The value of
'Dq obtained directly from the b2 -+ bl transition is 1,550 cnrl
which may be compared to 1,609 cm-l for vomzo):". The kinetic
significance of these relative Dq values will be more thoroughly
discussed in Chapter V.

The variation of log (sz')-l with the inverse absolute
temperature for vanadyl perchlorate in methanol, vgnadyl acetyl-
acetonate in methanol, vanadyl trifluoroacetylacetonate in methanol, and
vanadyl acetylacetonate in trichloroethanol and trifluoroethanol are
shown in Figures 4 to 8, respectively, The values of (sz')m1 were
obtained from equation (42) where [M] is the molal concentration of
the corresponding complex. The curves that show two distinct
regions were analyzed by the nonlinear least squares method

discussed in Chapter I1II, section 1l using equation (47). The

mechanism responsible for the exchange controlled line broadening
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will be discussed subsequently for each system. Appropriate Pu

)

values were used, along with guesses of AH*, As, €, and Ea which

2
were obtained by resolving the two regions graphically. The

values for AH* and AS*, obtained from the nonlinear least squares
fit to the data and the exchange rate at 25°C are given in Table IV. When
log (sz')-1 showed only a linear dependence on the inverse
temperature the data was fit to a straight line by eye.

The constant, C2, obtained from the nonlinear least squares
fit was used to calculate the dipolar relaxation broadening at 25°C
whenever this constant was available. The value for this broadening
could also be cbtained directly from the line chosen to best fit

0)-1

the data for cases in which only a linear decrease of log (sz
with decreasing (T °K)-:L was observed. These broadenings can be
analyzed by using equation (45-a) or (46-a) if the correlation
time (Tc) and the proper interaction distances are known.

There is evidence in these systems for a combined inner and
outer sphere dipolar relaxation process controlling the broadening
at the lower temperatures, as found for the vanadyl ion systems in
Chapter III, section 1. It woﬁld be expected that for all transition
metal ions dissolved in methanol the ratio of outer sphere broadening
of the hydroxy proton compared to the methyl protons should be
approximately constant. This generalization is based on the similarity

in ionic radii of transition metal ions and on the assumption that

the orientation of the outer sphere molecules is the same in all
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cases. The validity of this proposal may be tested for nickel(II)
(36); cobalt(II) (36); and vanadium(II) (Chapter III, section 4)
for which the ratios are 1.64, 1.62; and 1.70, respectively.
However, for the vanadyl ion in methanol this ratio is 2.6 and

is similar for the other vanadyl complexes in methanol. Several
altermatives to the inner-outer sphere dipolar relaxation process
which may give rise to the anomalous ratio for systems containing
a vanadyl complex might be noted. If two solvent molecules are
hydrogen bonded to the vanadyl oxygen atom, then the two hydroxy
protons would be about 2.8& from the vanadium atom provided the
assunmption is made that these two protons each make a 120° bond
angle at the vanadyl oxygen atom. Thé methyl protons are at an
average distance of about Gi for the same model. If this model
is assumed in the vanadyl ion-methanol system and the EPR
correlation time, 4.lox10-11 sec, from Chapter IV is used along
with the inner sphere dipolar expression {equation (45-a)},

since these two protons are actually in the first coordination

sphere, a good estimate of ('1‘21:")-'1

for the hydroxy proton is
obtained. However, the value for (sz')-l for the methyl protons

is about twenty times smaller than the 6bserved value. The
_Qifficulty lies in the fact that this model requires the interaction
distances for the two types of protons to differ by about a factor

of two and the expression for the predicted line broadening depends

on the inverse sixth power of these distances. Therefore, the
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l)-l

-1
]
predicted ratio of (T ) / (T2 o,

for this model will always
be about 64 compared to the observed ratio of 2.6.

A similar difficulty arises if it is assumed that the dipolar
broadening is due solely to a rapidly exchanging methanol in the
sixth coordination position, which is trans to the vanadyl oxygen.
Assuming the metal to solvent oxygen bond lengths to be the same as
those in VO(HZO)§+ (50) and with normal covalent bond lengths and
angles for methanol, the interaction distances are about 2.9; and
3.93 for the hydroxy and methyl protons, respectively. These values
1

')y"" = 4.5. This ratio is close to the

predict (T CH;

2p')8; / (sz
value of 4.85 found for chromium(II) solutions in methanol where
inner sphere dipolar broadening is expected to occur (Chapter III,
section 4), but is not consistent with the observed ratio in the
vanadyl systems.

It was assumed, therefore, that both normal outer sphere
and inner sphere (due to one rapidly exchanging me;hanol trans to
the vanadyl oxygen) dipolar processes were contributing to the
observed line broadening. If the inner and outer sphere interaction
distances are taken to be 3.96; and 4.80R, respectively, for the
methyl protons as estimated from models and using Tc = 4.10x10f11 sec,
then the inner and outer sphere contributions to.(sz')-1 are 33
and 74 sec-lmolal-l, respectively, at 25°C. Their sum is reasonably

close to the observed value of 100 sec-]'molalm1 which was calculated

from the constant (C2) obtained from the least squares analysis.
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Similarly for the hydroxy proton, using inner and outer sphere
-] (-]
distances of 2.95A and 4.00A, respectively, the calculated
1

broadening is 280 sec-lmolal- which is in better agreement than

should be expectgd with the observed value of 275 sec—lmolal-l.

The same analysis was used for the other systems studied here and
the results are shown in Table V. The correlation time, Tc'

was determined from the EPR line widths of the vanadyl complex

in the appropriate solvent using the theory developed by Kivelson
(17). The method is described in Chapter 1IV. The values for Tc
were used to calculate the hydrodynamic radius of the ion, r,
"using equation (37). The outer spher? hydroxy and methyl distances
were arbitrarily taken as (r + 0.5)3 and (r + 1.3)2, respectively.
This procedure gives a consistent method for treating all the
‘systems. The inner sphere interaction distance for the hydroxy
proton was calculated from the observed broadening after subtracting
off the outer sphere contribution. The methyl proton inner sphere
line broadening was then calculated from equation (45-a) using

(ri) = (r,) + 0.95;. The distance of 0.955 between the

CH3 1 on .
methyl and hydroxy protons is derived from models of the methanol

molecule. It can be seen that for all the systems listed in

Table V the calculated and observed values of (T ')"1 or
2p CH3
(sz');; are in good agreement. Therefore, it was concluded
2

that only the inner and outer sphere dipolar interactions are

contributing significantly to the low temperature line broadening.
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The rapid exchange of a fifth solvent molecule, presumably in
the coordination position trans to the vanadyl oxygen, is
consistent with the coordination number of four found for the
vanadyl ion in water (42), the recent structure determination
of'{VO(H20)4SO4}-H20 (50) and the H2017 NMR work on various
vanadyl complexes (51).

The temperature dependence of log (sz')-1 for the methyl
and hydroxy protons of methanol for the system containing vanadyl
perchlorate in methanol is shown in Figure IV. It is apparent
from the high temperature region that the hydroxy and methyl
protons are exchanging at different rates. The kinetic parameters
for the exchange processes are given in Table IV.

It is possible to estimate the limiting conditions which
apply when chemical exchange is controlliﬁé (TZP')-I. In order
for AwM to be ten times greater than(%{dKO.leoasec-l at 25°C)
for the methyl protons the hyperfine coupling constant muét be
about lx106Hz. If a value of 10'-9 sec is used for the eleétron

spin relaxation time, Te' then the value of (T )-1 due to the

M
hyperfine interaction is about l.3x104 sec-l. This gives the

-1

: e - -1 , .
conditions AwM = (T2M) >> (TM) which, when used in the

general two site expression for (T2p)-1 given by equation (10),
-1 -1
gives (sz) = PM(TM) .
The methyl protons must be exchanging with the whole

methanol molecule, whereas, the hydroxy proton can also exchange
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by proton dissociation from coordinated methanol or possibly
by protonation of the vanadyl oxygen. For the latter mechanism

two éaths have been considered:

5 + -
A. 2CH,O0H ™+ CH,OH, + CH,0
cucut + {v=0}?* X2, cu.oH + {no=v}3* (49)
3772 — 3 -
k
k-z
a1 2F - ooyt 3t
B. CHOH + {v=0} —1—>k CH,0 + {Ho=v} (50)
..3.

The reciprocal lifetime of the hydroxy proton in a solvent methanol
molecule for scheme A is given by

+

2+
{v=0 ][CH30H2 ]

2

-1 -1 3+
on - (T )oH k_z[V—OH ] k

( 2p

) (51)

T
S {CH 3om

\

"The value of (Ts);; at 25°C is 500 molal-'lsec-1 from Figure 4. The

CH_OH + concentration calculated from the autoprotolysis constant

3 2
=17
of methanol (K1 = 1.15x10

molar) (52) is 3.3x10-9 molar, however,
this value is likely to be about 10-3 molar due to the proton
dissociation from coordinated methanol (assuming a pKa of 6 as
found for the aquo vanadyl complex). This mechanism required that .

-1
(T, )

o’ OH has a first order hydrogen ion dependence if it is assumed

that {v-0u}>" is a strong acid as indicated by the study of
Rossotti and Rossotti (53) in up to 2.95M perchloric acid; in this
case the vanadyl ion is largely present in the unprotonated form.

The acid dependence of (sz);; was investigated in the vanadyl acetyl-
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acetonate-methanol system. This system also shows only hydroxy
proton chemical exchange and because of the reduced charge of
VO(acac)2 compared to VO(CH3OH) 52+, reaction A should be more
favored for Vo(acac)z. Four solutions were prepared containing
0.096 molal VO(acac)2 and 0.0, 0.01, 0.05 and 0.10 molal
2,4-dinitrobenzenesu1fonic acid. No significant variation in
the line widths in the four solutions was observed, proving that
the hydroxy proton exchange rate in the VO(acac)2 system and
also in the VO(CHBOH)S2+ system does not occur by reaction A.

In scheme B it is‘expected that k_3 will be diffusion

‘controlled and

\

vyl s oyt - k, w=02¥] . (52)

( s

o
Again it is assumed that the vanadium is mainly in the {v=0}2*

form, in which case [V=02+] = 1.0 molal and k3 = 500 sec_'1 at

25° from Figure 4. It is then possible to calculate K3 as follows

k -
( = 21220 L 50
-3 10

This result implies that the vanadyl ion has the same basicity as
the acetate ion (54) in anhydrous methanol which is again inconsistent
with the lack of basicity of the aqueous vanadyl ion (53).

Therefore, it was concluded that the most reasonable path for

hydroxy proton exchange is represented by the reaction:

: 2+ "yt +
CH,0H + {0= — {0=
o + {o V (HOCH,) } {o=v(HOCH,) _,(OCH,)}" + CHOH,  (53)
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where it is possible for n=4 or 5; from the conclusions about the
dipolar relaxation it seems most likely that n=4. The rate constant
for proton dissociation by reaction (53); assuming n=4; is

4.35x103 sec”! at 25°C.

The variation of the proton relaxation time with temperature
for solvent methanol containing vanadyl acetylacetonate is shown in
Figure 5. 1In this system only the hydroxy protons show a chemical
exchange controlled nuclear relaxation. The relative values of the
methyl and hydroxy line broadening at low temperatures may be
explained by a combination of inner and outer sphere dipolar
relaxation as discussed éreviously. The parameters used and the
results are given in Table IV.

The same considerations used previously may be applied to
the vanadyl acetylacetonate complex to show that reactions A or B
cannot explain the hydroxy proton exchange. There is the additional
- possibility that the CH proton of coordinated acetylacetonate may
exchange with methanol. This possibility was tested by measuring the
line width of the CH proton of trisacetylacétonatovanadium(III)
dissolved in chloroform (no exchange) and in methanol. The spectrum
in both solvents recorded at 100 MHz exhibited two peaks due to
the CH and CH3 resonances at 3948 and 4492 Hz, respectively, down-
field from internal tetramethylsilane (TMS). The CH resonance was
broadened by less than 10 Hz in methanol, indicating an exchange

rate of less than 62 sec“1 at 40°C. Therefore, this type of

exchange is too slow to account for the solvent hydroxy proton
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Dissociation of one of the acetylacetonate ligands

and substitution of solvent molecules could also explain the

results:

VO(acac)2 + ZCH3

71

+ +
OH + H . VO(acac)(CH3OH)2 + Hacac (54)

The equilibrium constant is 10-2 for the reaction analogous to (54)

in aqueous solution (55). Hydroxy proton exchange may occur by
proton dissociation from VO(acac)(CHBOH); by a process analogous
to reaction (53). If a hydrogen ion concentration of 10-3M is
issumedA(due to proton dissociation from coordinated metﬁanol)
in the VO(acac)2 solution then there is about 10% of the
dissociated species present. The addition of up to 0.10 molal
acid should cause about 50% dissociation and, therefore, about
a 5 fold increase in PM(TM)-l and in tgrn in (sz')-l. It
was noted above that the line widths did not change for the
solutions which were 0.01, 0.05, or 0.10 molal in 2,4-dinitr§—
benzenesulfonic acid. Therefore, this mechanism cannot explain
the exchange broadening except in the unlikely event that the
complex is largely dissociated even in pure methanol solutions.
Partial dissociation of one of the chelate rings would
also produce a species which would undergo heroxy proton

dissociation. Pearson and Moore (56) have found evidence

for the reaction:

. .
VO(acac)2 + CHOH + H — {Vo(acac)(acacH)(CH3OH)}+ (55)

3
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in the hydrolysis of vanadyl acetylacetonate. It is not possible

to realistically estimate the equilibrium constant for reaction (55).
However; as part of a general EPR line broadening study, as outlined
in Chapter 1V, the coupling constants in the plane, A, and Ay; and
~g-values in the plane, Iy and gy, for the Vo(acac)2 complex have
been determined in a number of alcohols. In the series of alcohols
including methanol, trichloroethanol, and trifluoroethanol the value
of Ag = (gx—gy) is cénstant at 0.0100 and the value of AA = (Ax-Ay)

is aiso constant at 6.5 * 0.5 gauss. The temperature dependences
of the line widths over a wide temperature ranée of the respective
alcohols show no anomalies and are quantitatively consistent with
the presence of only one vanadyl species. The EPR results of
Wuthrich and Connick‘(51) indicate that it shbuld be possible to
observe a separate signal for a new species if it constitutes
about 10% of the total species. Therefore, the EPR study discussed
in Chapter IV establishes that there can only be a small concentration
of the dissociated vanadyl acetylacetonate in the alcohol solutions..
This conclusion, combined with the.lack of acid dependence of the
line broadening, makes it very unlikely that there is a partially
'dissociated species undergoing chemical exchange.

Several other points argue against a partially dissociated
exchanging species. The study of Wuthrich and Connick (51)

indicates that water exchange is about 103 times faster from

various vanadyl chelates than from VO(OH2)42+ which indicates
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that exchange rates are dependent on cha;gé effects. The

reduced charge on the VO(acac)(CH3OH)2+ species is expected to
_give'a slower rate of hydroxy proton dissociation than VO(CH3OH)n2+,
not faster as observed. However, the observed chemical exchange
might be due to whole methanol molecule exchange from VO(acac)(CH30H)2+.
1f this were the case then the methyl protons would also be expected
to show chemical exchange controlled iine broadening. The only
alternative is to assume that the acetylacetone ligand has decreased
the éoupling constant for fhe methyl protons by more than a factor

pf 10 compared to the value in VO(CH30H)52+, while not dramatically
affecting the coupling constant for the hydroxy protons. Then the
hydroxy protons would satisfy the limiting condition (TzM-lf3>(TM-l)2,
Aw“z, whereas the methyl protons would satisfy the condition

1l -1.2 2
>>(T2M ), Aw_ . Under these limiting conditions the hydroxy

M
proton would show exchange control of (sz')-1 but the methyl protons

(T2MTM)

.would not. However, this proposal seems unlikely since the
coordination of an acetylacetonate ligand would not be expected
to affect the coupling constant of the methyl protons dramatically
without affecting that of the hydroxy proton.

It should also be noted that the line broadening in the
chemical exchange controlled region is greater for VO(acac)2 than
for VO(CH30H)52+. This result is the opposite of that expected

when the higher charge on VO(CH3OH)52+ is considered. A similar
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comparison between VO(tfac)2 and VO(acac)2 is not very
revealing since faster exchange in the latter system could
be attributed to more dissociation.

Another possible exchange mechanism may be represented

by reaction (56).

o H
" 12 ” /b\CH
<> \lz O + CH,O*H ;T:> O 3, CH,OH  (56)

21
/N

. H CH3

The detailed mechanism may be either a direct substitution as
implied-in reaction (56) or an intramolecular interchange of
species I, since direct exchange of methanol in species I with
bulk solvent is fast. The latter condition is based on the results
for the solvated vanadyl ion in water (42) and methanol. The
transverse relaxation time of the hydroxy protons in species II,

(

2II), is assumed to be short due to a hyperfine interaction.

The solvent proton T, will then be controlled by the rate of the

2
I+II interchange of the hydroxy proton. It is necessary to

assume that T2II for the methyl protons is longer than the

exchange lifetime. As noted previously this conclusion does
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not seem very probable in view of the results on v02+ in
methanol.
If the I*II interchange lifetime is slower than (TZII)OH
but faster than (TZII)CH then the hydroxy proton dissociation
3
from species (II) may control the solvent hydroxy proton

relaxation by the following mechanism:

" //’0\\ l|,/’o‘\ + '
D 3 +CH OH O + CH3OH2 (57)

I1X 111

The previous comparison of VO(CH3OH)§+ and VO(acac)2 as
well as slower exchange on VO(tfac)2 compared to VO(acac)2 make
this an unlikely possibility. Another possible mechanism which
was considered to explain the behavior of the acetylacetonate
and trifluoroacetylacetonate complexes in methanol and trichloro-
‘ethanol is pictured in Figure 9. This mechanism proposes a
three site relaxation process for the hydroxy proton of the
solvent methanol. The solution of the Bloch equations

(Chapter I, section 2) for the three site case yields (58):



76

I II
| o
V o
\:) Tﬂ(/\)+(‘}10H
/’
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CH3OH2 + CH30H < CHzOH +C|‘|30HQ
T3

Figure 9: A proposed mechanism for the exchange of the hydroxy
proton of methanol for the system of vanadyl acetyl-

acetonate in methanol.
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M _Aw
{Fl" * ?I—}A“’sz Ay +{12 * 11 } 12 3)+ 11 ({)‘22 + 2}“"32 *
22 ‘23 32 317 Ta3 13
1 1 2 2 p | Buwyhu,
T + —— sz A3 + - + -
23 32 23 217 T3

22 21 2 23 3
2 Aw_Aw
1213+A“’22A‘”32
23 32
where A, = T -1 + T -1 + T -1 ; T., is the transverse relaxation
i 2i ij ik 2i

time of the nucleus in the ith site and Awi is the.chemical shift of
the nucleus in the ith site from that in a site on species (I) in
the absence of exchange. The relationship T12T23T3l = T13T32121

has also been used to obtain equation (58). The equation developed
by Swift and Connick can be obtained from equation (58) simply by
setting (‘t32)'-1 = (‘r23)“1 = 0 and collecting terms. It is obviously

necessary to simplify equation (58) before it can be applied. A

consideration of data in the literature gives the following values:

(58)
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7r'L = 10° (VO] ; ?]—'— = 10° [MeOH]

12 21

L= log[MeOH2 ? ?:-l— = 109 {MeOH] (59)

+
T ]
i3 31

?l—-= 10° [MeOH] ; ;l—-= 101 {ovome]

23 32 ,

The rate constants for the II*III, I*II and I*III processes are
estimated from references 59, 28 and 60, respectively. With these
approximate values and assuming that ki > Awi, the following

expression for (sz)-l is obtained:

1 1 42 1 1 1 1§12 1 1 1
T )T -+ *1 b $+T 3§T lT—+7-+*3 o

1 T2 lTe2 T2z m T:2 23723 13 1T23 T2 Tar T2z’ Ta2722
T 1 1 1 1 1 i 1 1 -
2pp {7+ H + b+ + + +
Too T’ T2z ;1 To2Ts2 . Ta3T2s3 T21%32 T23™n
(60~-a)

The conditions that can be applied to equation (60-a) are

T -1>>T -1 -1 and T -1, -1 -1

21 22 ,123 31 >T23 ,T32 . The relative values of

the T's given in equation (59) are consistent with these conditions.
The line width for the hydroxy proton in CH3OHz+ is expected to be
similar to that in methanol; therefore, the condition T31-1>>T23’1
is certainly justified. If the T22-relaxation is primarily due to
the dipolar interaction, then the previous calculations of these

values (Table V) confirm that 121-1 is larger than Tzz-l. Equation

(60-a) then simplifies to:
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T T A
Tl = 121 {7 i vl I 131 {3 i.T b (60-b)
2p 12 22 21 13 23 3l
and in addition if T ~Y<ct. "l anam, <<t "t then equation (60-b)
722 21 23 31 '
yields:
P P
T1 - T2M . T3M (60-c)
2p 22 23
where P2M = T21/‘r12 and P3M = T3l/T13' This final equation contains

no exchange rates as expected because relaxation by fast exchange
dominates over the slow exchange and leads to a T2M relaxation
process; This result does not explain the chemical exchange
controlled region experimentally observed. However, if

-1 -1

T >

-1 . X . .
>
22 121 ,123 , because of considerable hyperfine interaction

between the unpaired electron on vanadium and the protons, then

from equation (60-b):

= + | (60-4)

Since the I*II exchange in Figure 9 involves the whole methanol
molecule, this result indicates that both the hydroxy and methyl
“protons should show chemical exchange controlled line broadening

unless the methyl coupling constant is 10 times less than that

1 ~1 -1
>> <<
g > (T oy 3¢ (T22)CH3 (T

of the hydroxy proton so that (T22)o 21)

As noted previously the latter condition seems unlikely and

this mechanism cannot be correct. This conclusion is also

CH3



consistent with the work of walker, et al (28) and Reuben and
Fiat (42) who have established that exchange from the sixth
position is much faster than the chemical exchange rate being
measured in this case. |

A mechanism which does seem to be consistent with the
observations is an internal proton tran?fer to the coordinated
acetylacetonate oxygen from.an alcohol ligand coordinated to the
sixth position. Again this relaxation process must be treated
as a three site problem in which case tge II+III stép of

Figure 9 is replaced by the following mechanism:

0 0 )
\ T, [
~N ' 23 A
o oo -
32 /
0
er? o
3 3
ir’ o II1

The limiting conditions applied to equation (60-a) to analyze

this mechanism are T '-1>>T -1 -1 and T -1 1

. .
21 22 %23 - 32 5 which

means that the reverse of reaction (61) is much faster than
proton transfer from acetylacetone to solvent methanol. 1In
this case the following expression is obtained:

1 Ty 1 LEYY
(T )- = { T ] 1 [ } (62-a)
%p Ty T2 Ty3' (Ty' + T3")
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Now, if T23'is very short due to the hyperfine interaction since
the proton is now in the xy-plane in the III'site and T2£ is long
because only the dipolar interaction can act on the proton in the
II' site, then:

= P (1,,") (62-b)

-1 21 1 -1
= { ?"“} M 23

It is also possible in the present system that only sz'
and (T22')-1 are small relative to the other values in equation
(58), but the Aw3' cannot be ignored. This would be more consistent
with the condition that T23' is short due to a hyperfine inter-
action since this interaction requires a finite electron-nuclear
couplihg constant and therefore some finite value for Aw3'. If
terms in sz' and (T22')-l are dropped from equation (58) and

,-1 -1, , -1 L -1 -1 -1

3 ' ' l o~ ' ' + [
noting that X3 LY + T2 (T + T4 ) A3 (‘l.’21 Ty )
~1 -1 -1
3 L] L} ] >> L}
since A3 (121 + 12 ) (132 23) , then
(
1 L L1 { 1 v (w2
T, ,T T 3
-1 12 23 13 . 23
(Tp) = 1 2
P =+ aLn?+ e,
Ta' 123' 3 3
s {63-a)
: o -1 y-1 -1
cancel under either of the probable conditions ('I‘23 ) >> (T32 ,(131 )
2 2 . -1 S T -1
or Aw3 >>A3' . If it is also assumed that (T21 ) >>(’r23 ) (113)
then
Tl
-1 _ 21 ¢ 1 o 1 -
(r) T = % { =)= py (10T, (63D

12 23
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The various limiting conditions which have been discussed
correspond to easily recognized situations. If (T23')—1 is short
then nuclear relaxation in site III' is very fast and the rate
limiting step for the relaxation in site I is the exchange into
ITI'. This might be either I+ II' or II'+III' exchange and under
the present circumstances it seems most likely that I* i1’
exchange is faster. Then, as long as I*II' exchange is faster
than II'+III' exchange the nuclear relaxation in site I is controlled
by the II'*III' exchange. Similar considerations apply when Aw3'
is large but then the relaxation occurs through the change in
precessional frequency or depha#ing of nuclei from site I. The
rate constants for.VO(acac)zin methanol and trichloroethanol and
VO(tfac)2 in methanol are given in Table IV.

Substantiating proof for a mechanism involving coordination
to the 6th position is the observation of a reduction in the value
of (sz')-1 from 3.40x103 sec--]'mc»lal-l to 6.30x102 sec-lmolal-l
(at 30°C) by adding a ten fold molar excess of trimethylphosphite
to the VO(acac)z—methanol solution. Trimethylphosphite will
coordinate in the 6th position (61) and consequently decrease the
concentration of méthanol in this position.

The proton transfer, II'+III', is considered to be one of
the electron pairs in an sp2 hybrid orbital on the acetylacetonate
ligand oxygen. The bonding of the acetylacetonate ligand to the

metal in III' would certainly be weakened because of the reduced
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* TABLE IV
e

‘Rate parameters for solvent proton exchange with

vanadyl complexes

l

Vanadyl Exchanging kxlO-3 'AH*(a) As*(a)
Complex Solvent Protons sec-'1 kcal mole-l cal mole
-1
deg
vo2* cH O o 4.35 10.90(£0.73)  -5.39(+2.3)
CH3 0.565 9.46(%0.68) -14.2(%2.1)
Vo(acac)2 CH30H OH 66.6 11.79(£0.72) 3.1(x1.7)
vo(tfac)2 CH3OH OH 12.0 11.12(0.70) - 2.6(+2.1)
VO(acac)2 CC13CH20H OH 401 6.41(+1.49) -11.5(*4.2)
(a) Errors are quoted as the 95% confidence limits from

the nonlinear least squares fit to the data.



charge on the oxygen, however neither the metal ligand 0-bonds,
nor the ligand Ti-bonds are necessarily broken during the proton
transfer process.

Several predictions of rate trends can be made on the basis
of reaction (61). If the rate of internal proton transfer follows
the normal pattern for intermolecular proton éransfer (62), then
increasing the acidity of the alcohol and the basicity of the
acetylacetone should increase the rate of proton transfer. The
results described later show that these predictions do correspond
to the observations.

The temperature dependence of (sz')_1 for the protons of
methanol containing vanadyl trifluoroacetylacetonate is shown in
Figure 6. It can be seen by comparison to Figure 5 that the
line broadening behaviér of VO(acac)2 and VO(tfac)2 are similar.
The low temperature broadening of the hydroxy and methyl protons
is attributed again to inner and outer sphere dipolar relaxation.
The unusually long outer sphere interaction distance results from
the longer tumbling'time found for this coﬁplex which in turn
gives a greater hydrodynamic radius‘from the Debye formula. If
" there is hydrogen bonding between the frifluoromethyl groups and
.solvent methanol then VO(tfac)2 may be a sticky, rather than a
hard sphere and the Debye theory may not apply. Alternatively,
if the hydrogen bonds have a lifetime longer than 10-10 sec,

then the hydrogen bonded solvent molecules may be tumbling
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with the VO(tfac), and the molecule would then have a larger
hydrodynamic radius.

It should also be noted that the inner sphere distances
(ri)

and (ri)CH are longer in this system than for Vb(acac)z.

OH 3

This change is in the opposite direction to that expected on
electrostatic grounds since the perfluoromethyl groups should
leave more positive charge on vanadium in V’O(tfac)2 relative

to that in VO(acac)z, and therefore give a stronger bond to

the methanol. However, it must be remembered that the acetyl-
acetone ligands in VO(acac)2 and probably in V'O(tfac)2 are

below the vanadium atom and the blanes of each acetylacetonate
ligand intersect at an angle of 163° in Vo(acac)2 (63). The
factors affecting this type of distortion are not well understood,
but if it is greater in VO(tfac)2 than in VO(acac)z, then steric

crowding may result in a longer bond length to methanol in VO(tfac)z.

As mentioned previously, the slower hydroxy proton exchange
observed in this system compared to VO(acac)2 is as expected
on the basis of the proton transfer mechanism because the tri-
fluoroacetylacetonate oxygens will be less basic than those in

acetylacetonate.



The temperature dependence of ('.l:‘zp')-1 for the hydroxy
and methylene protons of trichloroethanol solutions of Vo(acac)2
‘are shown in Figure 7. The low temperature hydroxy and all fhe
methylene proton broadening may be explgined by the inner and
outer sphere dipolar relaxation processes as discussed previously.
The interaction distances and correlation timé used are given in
Table IV. The interaction distances generally show the expected
changes when compared to the VO(acac)z-methanol sys;em. The
high value for Ea appears unusual but actually corresponds
closely to that expected from the temperature dependence of the
- viscosity of trichloroethanol (8.5 kcal, Chapter IV).

Chemical exchange control of the hydroxy proton (sz')-l
is again observed at high temperature, but there is no exchange
control of the nuclear relaxation of the methylene protons. The
faster exchange in this system is consistent with either hydrolysis,
equatioh (55), interchange, equation (56) or (57), or intramolecular
proton transfer, equation (61). Since trichloroefhanol is a
stronger acid than methanol it is expected to show faster proton
transfer. Although the equilibria would not be so favorable for
hydrolysis or interchange, the faster proton transfer might
compensate for the smaller concentration of exchanging species.

It is apparent from the temperature depepdence of ('1‘2p')-1

for the hydroxy and methylene protons of trifluoroethanol

solutions of VO(acac)2 as shown in Figure 8 that no chemical
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exchange controlled line broadening is observed for either

of the protons; Examination of the interaction distances

given in Table V reveals some rather unexpected values for

this system. The inner sphere interaction distances are shorter
than the values for VO(CH30H)52+, exactly the reverse of the
expected trend as discussed for VO(acac)2 in érichloroethanol.
The large errors given in the structural determination of
trifluoroethanol_(64), bf electron diffraction, do not preclude
the possibility that the bond angles are rather different from
those in methanol and therefore, the relative interaction
‘distances of the hydroxy and methylene protons may be different.
Extrapolation of the results from the trichloroethanol'system
to the trifluoroethanol system would indicate that the hydroxy
proton exchange lifetime may be shorter than T2M in the latter
and there may be some hyperfine contribution to the hydroxy
proton broadening as well.

It may be useful to summarize the conclusions from the
results in this section. Information obtained from the exchange
parameters of the vanadyl perchlorate-methanol system will be

" discussed more completely in Chapter V; The NMR line
broadening of solvent alcohol protons by various vanédyl
complexes indicates that there is a rapidly exchanging
solvent molecule in the coordination position trans to

the vanadyl oxygen. This conclusion rests primarily on
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the unusual ratio of hydroxy to methyl or methylene proton line
broadenings; It is found that this ratio can be quantitatively
explained by assuming one rapidly exchanging inner sphere solvent
molecule plus the usual outer sphere molecules all interacting
with the unpaired electron spin by a dipole-dipole mechanism.

Chemical exchange control of the NMR lihe broadening has
been observed for the hydroxy alcohol proton in éll systems
except Vo(acac)2 in trifluoroethanol. The methyl or methylene
proton line broadening was controlled by chemical exchange only
for V’O(CHBOH)S2+ in methanol. In the latter system the methyl
-proton broadening is associated with whole solvent molecule
exchange from the four coplanar positions. The faster hydroxy
proton exchange is caused by proton dissociation fromvthe
coordinated methanol molecules, analogous to that observed for
VO(H20)52+ in water (59). |

Several mechanisms have been considered to explain the
hydroxy proton exchange in the various vanadyl acetylacetonate
chelate systems. Protonation of the vanadyl oxygen is not
consistent with the expected low basicity of this site. A
-partially solvolysed species undergoing exchange is not
consistent with the lack of acid dependence of the hydroxy
proton exchange rate. This mechanism also requires that the
inner sphere relaxation time for the hydroxy protons is 100

times greater than that for the methyl protons for Vo(acac)2
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in methanol if whole solvent molecule exchange is much faster
than in VO(CHBOH)s2+ as predicted from the results of Wuthrich
and Connick (19). Proton dissociation from a solvent molecule
trans to the vanadyl oxygen is eliminated because the whole
solvent molecule exchange rate from this site is much greater
than the observed rates. Finally two mechanisﬁg designated
"interchange" and "intramolecular proton transfer" have been
considered and both are found to be reasonably consistent

with the observations.

The interchangé mechanisms proposes that normal proton
" dissociation occurs from a species with one end of an acetyl-
acetonate ligand in the position trans to the vanadyl oxygen and
an alcohol molecule in the position vacated by the end of the
acetylacetqne. The lack of chemical exchange controlled methyl
or methylene proton line broadening requires that the hyperfine
coupling constant for these protons is ten times less than that
for the hydroxy protons. This mechanism does not seem consistent
with the low and more favorable AS1= and fasﬁer exchange in the
VO(acac)z-methanol system compared to the VO(CH30H)52+-methanol
" system but is otherwise consistent with the results.
The results may also be explained by an intramolecular

proton transfer from the molecule trans to the vanadyl

oxygen té one of the acetylacetone oxygen atoms. This mechanism

requires that proton relaxation in the trans position is slower
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than chemical exchange but that relaxatioﬁ of the proton on the
acetylacetone oxygeh is faster than the chemical exchange. This
condition seems reasonable since the electron nucleaf hyperfine
coupling constantvis expected to be much greater for protons
in the xy plane of the complex. This mechanism is consistent
with the greater exchange rate and more favorabie entropy for
VO(acac)2 in methanol compared to VO(CH30H)52+ in methanol.
The less favorable entropy for methanol hydroxy proton exchange
with Vo(tfac)2 comparedito VO(acac)2 also is compatible with
this mechanism.

An estimate of the relative basicity of solvent methanol
and a coordinated acetylacetone oxygen may be made by comparing

equilibrium constants for the reactions:

K
64 - +
———
VO(acac)ZCH3OH + CH3OH vo(acac)20H30 + CH30H2 (64)

K
65
—
VO(acac)ZCH3OH VO(acac)(acacH)(CH3O) (65)
Reasonable estimates based on the assumption that the reverse
reactions are diffusion controlled would indicate that K6 4-"-'10-8
and K65=5x10-6. With due account for the difference in

concentration of the bases this result indicates that coordinated
acetylacetone is from 10 to 100 times stronger a base than a
solvent methanol molecule. This result does not seem intuitivély

reasonable but it is too approximate to constitute a strong



grgument,against the intra

More kn

and the acidity of coordinated ligands

molecular proton transfer mechanism.

owledge on the charge distribution in these complexes

is obviously required.

92
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3. Nuclear Magnetic Resonance Line Broadenings of Nonaqueous
Methanol by Copper(II) Complexes ‘

It was proposed by Cotton and Wise (65) that the unpaired
electron in copper(II) existed in the dxy orbital as in the vanadyl
ion. This proposal led to the study of copper'(II) acetylacetonate
{Cu(acac)z} and copper(II) perchlorate {Cu(ClO4)2} in methanol, to
determine if the same behavior was exhibited by the copper(1I) and
vanadyl systems.

Plots of log (T2p')-1 versus the inverse of the absolute
temperature for the two copper systems are shown in Figures 10 and.
11. (sz')_1 was obtained as before from equation (41l) of
Chapter III, sectibn 1. 1In this study [M] is the concentration
in molal units of copper(II) acetylacetonate or copper (II)

perchlorate. The small, linear decrease of log (sz')-l with

(T°K)-1 for Cu(acac)2 in methanol (Figure 10) indicates that
the broadening of the hydroxy and methyl proton resonances is
due to a T2M relaxation process. The lack of any shift of
the methanol proton resonance signals in this system suggests
that any hyperfine contact coupling between these protons and
_the unpaired electron on copper(II) is small. This is reasonable
if solvated Cu(acac)2 exists as a distorted octahedral complex
with the methanol ligands in the two sites above and below the

plane formed by the copper and the two acetylacetonate ligands.

The Jahn-Teller distortion in the complex may make the copper-
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Figure 10: Temperature dependence of log (sz‘)“1 at

60 MHz for the protons of methanol containing

copper acetylacetonate.
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methanol coordinate bonds somewhat weaker than in a regular
octahedron and consequently the hyperfine coupling constant
may be smaller.

The broadening (Figure 10) is assumed to be due to a
dipole-dipole interaction which is dependent on a correlation
time, Tc, given by equation (28) of Chapter I, section.l. If
the Cu(acac)z has two axial methanol molecules exchanging
rapidly with T <<T

M 2M’
contribution to (sz')-l {equation(45-b)} in addition to the

then there is an inner sphere dipolar

usual outer sphere contribution {equation (46~b)}. The
“respective amounts of inner and outer sphere broadening were
calculated by an interative method. The same interaction
distances as those obtained for VO(acac)2 in methanol were
used and the iteration was carried out until self-consistent
values for Tc were obtained. The resulting correlation time

of 4.80x10-11 sec at 25°C gives inner sphere and outer sphere

-1
H of 40

o sec-]'mola.l-1 and 130 sec'-1

tri i T !
contributions to ( 2p ) 5

molal_l, respectively, for the hydroxy proton. Of course
the sum of these contributions agrees exactly with the observed

-1 of 53 sec-lmolal-l. The methyl proton broadening

]
(T2p )OH 5

may then be calculated using this value of Tc obtained from

(sz');1 and the same methyl interaction distances as used in

the VO(acac)z-nethanol system. The calculated inner and

outer sphere methyl proton broadenings are 78.2 sec“]'molal--1
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and 77.o sec-lmolal-l, respectively; their sum is in reasonable

agreement with the cbserved value for (T ')-1 of 165. sec-1
2p CH3 0

molal-l. There is also evidence that Cu(acac)2 coordinates to

only one other ligand with distortion of the acetylacetonate
ligands out of the plane (82). Therefore, this possibility was

considered here and it was found that a correlation time of

-11 w1 o
7.65x10 sec gave an inner apd outer sphere (T2p )OH at 25°C

of 329.o sec-lmolal-1 and 206.o sec-lmolal-l, respectively, the

sum of which is identical with the observed value. However, the

corresponding values for the methyl protons are 60.7 sec

‘mnlal_1 and 120.0 sec-lmolal-l, respectively, the sum of which

is in relatively poor agreement with the observed value of

165.0 sec-lmolal-l. The agreement of calculated and observed
l)—l

2p CH3 is only slightly better if two inner sphere molecules

(T

are assumed, but the correlation time seems much more reasonable
when compared to the value of 3.60x10-11 sec for VO(acac)2 in
methanol.

There is also the possibility that Cu(acac)2 has a tunbling tiﬁe
identical to VO(acac)2 in methanol. If this possibility is
assumed and the interaction distances for Cu(acac)2 in methanol
are taken to be the same as in the VO(acac)z—methanol system,
then the inner and outer sphere dipolar relaxation mechanisms

account for 402.o sec-]'twalal-l of the observed 535.o sec

molal-1 for the hydroxy proton and 113.o sec"lmolal-1 of the
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observed 165.0 sec-lmolal-l for the methyl protons at 25°C,
-1

OH and (T

-1
. [] ]
If the remainder of (sz ) 2p )CH is attribgted to

3
a hyperfine interaction, then assuming the approximate value

for T = 10720 sec (67) the coupling constant for the hydroxy

proton would have to be (A/h)OH = 1.45x106 cps. and for the methyl

proton (A/h)CH = 9.l°x105 cps. These coupling constants indicate
3 .
that a shift of approximately 15 Hz should have been seen at 25°C

for the hydroxy proton and 10 Hz for the methyl protons. However,
since no shift was observed, the cdupling constants must be at

least an order of magnitude less than those given above. These

' : -1 -1
s e . . ' '
results indicate that any contr.:LbutJ.on to (sz )OH and (sz )CH3

from a hyperfine interaction must be negligible.

The correlation time, Tc = 4.80x10“11 sec, obtained for the

distorted octahedral model may be the electron spin relaxation

time, T the solvent exchange time, T,, or the complex tumbling

s’ M

time, Tgpr as shown by equation (28). The shortest of these three

times will equal Tc' Since copper(Il) complexes are known to

give reasonably sharp EPR spectra T_ must be much larger than

]
4.80x10-11 sec. Tc may be the chemical exchange lifetime;
11

however, it seems more consistent with T_ = 3.60x10- sec for

R

the Vo(acac)z-methanol system. The temperature ‘dependence

( 2.5, kcal mole ) also agrees with that of the latter system
( 2.60 £ 0.20 kcal mole 1).

The temperature dependence of log (sz')-1 and the chemical
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Figure 1l: Temperature dependence of log (sz') at 60 MHz
‘for the protons of methanol containing copper (II)

perchlorate - A, containing copper (II) perchlorate

and 1.5 molar in hexafluorophosphoric acid - O.
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shift, Amp, for the methanol protons in the copper(II)
perchlorate—methanol system are shown in Figures 1l and 12,
reséectively. Both the hydroxy proton and methyl protons show
-1 -1
: L] 3 (]
a linear variation of log (sz )OH and Awp with (T°K) at low

temperatures; the temperature dependence of these parameters

is small. This behavior indicates rapid exchange and T, control

-1

1 ]
of sz. However, at high temperatures (T2p )OH

and Amp for the
hydroxy protons deviate dramatically from the low temperature
linearity but the methyl protons appear to behave nbrmally.
This is the behavior expected if the hydroxy protons on the

" coordinated methanol are dissociating from the copper complex

as indicated by equation (66).

2+ K + +
———————
Cu(CH30H)6 + CH,OH Cu(CH3OH)5(CH3O) + CH30H2 (66)

(7) (B)
where
+
{(B] [CH3OH2 1

2
’ [B]
K = = (67)

O; data indicates that the undissociated form predominates

]
The (sz )
at low temperatures. This proposal was verified by adding copper(II)
perchlorate to anhydrous 1.5 molar hexafluorophosphoric wcid in
methanol. This solution was prepared by mixing Cu(CH3OH)6(Clo4)2

and 60% HBPFG in methanol and storing for four days over molecular

-1

sieves. The added acid prevents proton dissociation and log (T2 ')
OH
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and Awp for the hydroxy proton show only the expected linear

1l -1
. The fact that (sz )CH3 for the

methyl protons is the same in both pure methanol and in the

dependence with (T°K)~

H3PF6 solution shows that no water has been left in the first
coordination sphere of copper(II) in the latter solution.
Preliminary calculations indicated that inner and outer

sphere dipolar and inner sphere hyperfine interations, equation (31),

are contributing to the low temperature (sz');; of the hydroxy
proton and to the (sz');; of the methyl protons. The outer

3
sphere dipolar contribution was assumed to be the same as that

- for copper(II) acetylacefonate in methanol, and the inner sphere
dipolar contribution was taken as three times that for copper(II)
acetylacetonate since the copper(I1I) ion probably has six rather
than two inner sphere solvent molecules. These assumptions imply
that the same interaction distances, tumbling time, and activation
energy apply for Cu(acac)z(CH30H)2 and Cu(CH30H)62+ in methanol.
The assumptions made here are at least consistent.with the results
for VO(acac)2 and VO(CH3OH)52+ in methanol.

-1
CH data was analyzed

3
in Figure 11 by fitting it to the following expression:

Initially, the methyl proton (sz')

-1 -l - '
(sz')cn3(oas) - Ty )CH3(DIPOLAR) Py Ccu3 exp (E /RT) (68)

by a nonlinear least squares method. THis expression is a

modi fication of equation (31l); Ea is the temperature dependence
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of the hyperfine interaction correlation time, CCH3 contains, in
addition to other known parameters, the product of the square of
the isotropic hyperfine coupling constant and the hyperfine
interaction correlation time at infinite temperature (To). To
separate these latter two parameters, it was necessary to obtain
the isotropic coupling constant, (A/h)CH3 = 2,30 ¢ 0.4lx106 cps,
from an analysis of the shift as discussed below. This analysis
gives To = 8,22 % 0.30x10_12 sec with a temperature dependence
of 1.64 * 0.0é kcal mole-l; these parameters give a hyperfine
interaction correlation time (TA) at 25°C of 1.:‘%1:(10“10 sec.

The isotropic coupling constant for the methyl protons
can be cbtained from the shift measurements. Extrapolation of
the plot of AQP versus (T°l<)-1 shows that Awp'is not zero when
('I‘°l<)-1 is zero. This is contrary to the prediction of equation
(22) and may be most simply interpreted by assuming that the
magnetic moment is not given by the spin-only value and that it

is temperature dependent. Griffith (74) has given an expression

for the magnetic moment of copper(II):

2
Hegs

g2 + 12kT _ (69)

E(’r,)-E ’E)

alw

2 1 2 2 2 .
= + = = = -
where g = 3 (g g“+g°)withg =g =g andg = A

90 and g, can be obtained from a low temperature (-173°C) EPR

spectrum of a dilute solution, 10-3 molal, of Cu(ClO_4)2 in
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anhydrous methanol.. These parameters were determined from two
well defined spectra and were found to be 2.393 and 2.055,
respéctively. E(2T2)-E(2E) is the energy of the transition
shown by the broad absorption band at 12,300 cnrl in the
visible spectrum (75) for Cu(ClO4)2 in methanol. The last
term in equation (69) results from so-called high frequency
contributions due to mixing of ground and excited electronic
states. Using this expression for ueff allows the isotropic
hyperfine coupling constant to be calculated by a nonlinear
least squares fit of equation (21) to the shift data.

The hydroxy proton (sz');; and Awp data for the Cu(C104)2
methanol solution containing H3PF6 was also treated in the same
manner as the methyl proton data. It was found that To and Ea
agreed for the two analyses within the error which is quoted as
the 95% confidence limits on the least squares fit. The isotropic
coupling constant for the hydroxy protons was calculated to be
(A/h)OH = 3,75 0.10x106 cps.

It is possible, after making several reasonable approximations,

to give a quantitative interpretation of the temperature variation of

-1

(sz')OH and Awp for the hydroxy protons in the copper-methanol

system. It is assumed that the Cu(CH3OH)5(CH3O)f species is less
effective in broadening the hydroxy proton resonance because of

a much reduced hyperfine contribution to the relaxation mechanism.

-1

If the dipolar (inner and outer sphere) contributions to (sz')OH
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are assumed to be the same for Cu(CH3OH)62+ and Cu(CH3OH)5(CH30)+,
then

-1 -1 . -l , -1
Tap dou(ops) - F2p ) OH (DIPOLAR) {(sz a * Ty )g } HYPERFINE

(70)

+ +
where A and B represent Cu(CH30H)62 and Cu(CHBOH)S(CH3O) , respectively.

-1

H (DIPOLAR) due to the approximation that the

The érror in (sz')

stoichiometric factor is the same for species A and B is less than

5%. The hyperfine contributions of A, (sz')gl, may be represented

by (A] CA exp(Ea/RT)' where [A] is the concentration of A, CA is a

constant containing the isotropic hyperfine coupling constant and

the hyperfine interaction correlation time at infinite temperature.
-1

If an analogous expression is written for (sz')B , assuming the

activation (Ea) is the same for both species, then

-1 b=l _
(25" Yon (oBs) ~ (T,5" ) ox (DIPOLAR) {pMA[A]CA+PMB[B]cB} exp (E,/RT)
where PMA = 6/[CH3OH] and PMB = 5/[CH3OH]. Now, [A] and [B] are

related through the equilibrium constant given by equation (67) and
(Al + (8] = [cu’tl = 1.00
, = moraL ~ oo
Also, K is assumed to have the usual form

K = exp(-AH/RT + AS/R) .

Then substituting equations (67) and (73) into (72) gives

(B] = exp(As/R) { -exp(-AH/RT)+ Fxp(-2AH/RT)+ 4 exp(-AH/RT) } ;

(71)

(72)

" (73)

(74)



105

(A) is obtained immediately from equation (72).

The expressions for [B] and [A] were substituted into
equation (71) and the best fit of the data to this equation was
obtained by varying AH, As and CB; CA was evaluated from the
results of the Cu(ClO4)2-methanol-H3PF6 system; AH, As and CB

were found to be 5.63 kcal mole-l, 8.70 e.u., and 33.3 sec ,

respectively. The isotropic coupling constant and correlation

time in CB were separated by determining the coupling constant

from a fit of equation (75) to the hydroxy proton shift data.

A

@ (oBs) = Fma b

A [A] + P AmMB [B] (75)

MB

All the parameters in equation (75) are known except the coupling
constant of species B, which was found to be (A/h)OH(B) = 3.75 %
0.20x106 cps from the least squares fit. The correlation time

(To) could then be calculated from CB giving To = 2.4 xlO'-12 sec

6
or at 25°C, 1_ = 3.‘36x10-ll sec. It may also be noted that ueff

B
was taken to be the same for the dissociated and undissociated
copper (II)-methanol complexes. This procedﬁre assumes that
E(2T2)-E(2E) does nof vary significantly for the two species,
‘and since the second term on the right>in equation (69) only
contributes about 4% to the total'ueff, this is not considered to
be a significant assumption. However, it is also assumed that g,

the average g-value, is the same for both species. This

assumption may be reasonable since it was found in the EPR study
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on vanadyl complexes in Chapter IV that although 9 and g, may
vary appreciably, g does not vary significantly:. Therefore, the
same behavior may be demonstrated by these two copper complexes.

It is now of interest to attempt to identify the correlation
times which have been obtained for the two species A and B, that is,
T, = 1.3 xlo_10 sec and T_ = 3.9 xlo-'11 sec at 25°C. T, for the

A 1 B . 6 A
undissociated species is very similar to the value obtained by
Meredith (67) for the aquo-copper(II) system (Te =.1.44x10“10 sec at
25°C) which he identified with the exchange of water on copper(II).
It is quite possible that the value obtained here is the exchange
rate of methanol on copper(II). However, for the dissociated
species a shorter correlation time has been obtained. From the
parameters obtained above the equilibrium constant for dissociation
is K = 7.6x10-3.molal at 25°C., IfK = kf/kr and the reverse of
reaction (66) is assumed to be diffiusion controlled, that is,

10

kr = 10 sec—l, then kf & 108 sec-l; therefore, the correlation

an

time cannot be due to a intermolecular dissociation of the proton.
However, it may be possible that intramolecular proton transfer to
the coordinated methoxide in the dissociated species can proceed
somewhat faster than 108 sec—l. If the axial and equatorial hydroxy
proton coupling constants differ this process would account for the
change in the correlation time of this proton with no apparent
change in that for the methyl protons.

In the analysis of the shift for the Cu(C104)2—methanol

system it should be noted that due to the anisotrophy in the
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copper(II) complexes, which is caused by Jahn-Teller distortions,
the isotropic shift has contributions from a contact interaction

and a psuedo-contact interaction (83). That is

M = Mo+ Aw (76)
P c pc

where“Awp is the total observed shift, ch is the contact shift,
and Awpc is the psuedo-contact shift.

McConnell and Robertson (66) have given an e#pression for
the psuedo-contact shift:

- st(s+1)(3 cos2 ¢ -1w

Aw = Q + -
1

where B is the Bohr magneton, S is the sum of the free spins; 944 and
9, are the anisotropic g-values parallel and perpendicular to the
crystal field axis, ¢ is the angle between the crystal field axis
of the complex (taken in the axial direction for the copper(II)
complexes) and the radius vector from the metal ion to the proton,
r, is the length of this vector, k is Boltzmann's constant, T is
the absolute temperature and wo is the operating frequency. If
the inner sphere interaction distances of the hydroxy and methyl
are taken to be the same in this system as for the vanadyl ion-
methanol complex as in Chapter III, section 2 and ¢ is taken as
equal to 0° for the ligands in the axial positions and 90° for

those in the equatorial positions, then a total psuedo-contact
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contribution to the observed shift of a 1l Molal solution at 25°C
fog the hydroxy protons is 243.o radians and for the methyl
protbns is 120.o radians. This psuedo-contact shift éontribution
can then be calculated for any temperature and subtracted from
the qbserved shift, thus allowing a contact coupling constant

to be calculated. The isotropic hyperfine contact coupling
constants for the hydroxy and re thyl ﬁrotons were found to be
(/) oy conzace) = 3+ * 0.50x10% cps and (A/h) e, (conracn)
2.25 * 0.45 x 106 ¢cps, respectively. These coupling constants
differ from the total hyperfine coupling constant by only about

4% which means that only 4% of the shift is caused by a psuedo-

contact interaction due to anisotropy in the copper(II) complexes.
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4, Nuclear Magnetic Resonance Line Broadening of Methanol
and TrimethylphosPhate by Chromium(II) and Vanadium(II)

The line broadening of the proton magnetic resonance of the
solvents methanol (CH3OH) and trimethylphosphate (TMPA) in the presence
of chromium(II) and vanadium(II) has been studied in an extension of
the p?evious studies on these ions in aqueous solution. Meredith and
Connick (67) studied the 017 line broadening in the chromium(II)~-
water system and Taube and co-workers (68) have reported a similar
study on vanadium(II) in water.

' Plots of log ('I‘ZP')-1 versus the inverse of the absolute
temperatufe are shown in Figures 14 and 16 for the chromium(II) and
vanadium(II) - methanol systems and in Figures 17 and 18 for the
chromium(II) and vanadium(II) - trimethylphosphate systems. The
excess broadening of the bulk solvent proton magnetic resonances
as shown in these plots are interpreted as due to a dipolar
interaction of the protons with the paramagnetic centres. Equation
(31) for the inner sphere broadening and equation (32) for the
outer sphere broadening were used in the analyses of this data.

The inner sphere.interaction distances required in equations
(31) and (32) were taken from the estimated values for the vanadyl-
trimethylphosphate system in Chapter III, section 1 (4.903) and
the calculated values for the vanadyl-methanol system in Chapter III,

(] o
section 2 (2.9 _A and 3.9 A for the hydroxy and methyl protons,

5 0

respectively). The outer sphere interaction distance for the

(-]
trimethylphosphate system was taken as 7t55A and for the methanol
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systems as 4.00; for the hydroxy proton and 4.80i for the methyl
protons.

It can easily be shown that the observed broadening in
the chromium(II) - methanol system is not due to a hypexfine
inte;acti;n. The hyperfine coupling constants which can be
calculated from the temperature dependence of the shift
(Figure 15) are 7.2Ox104 cps for the hydroxy proton and
1.03x105 cps for the methyl protons. These values substituted
into the second term of equation (31) (assuming we21e2>>1)
give Te = 1.25x10_8 sec. However, the inability to observe an
- EPR resonance for chromium(II) puts an upper limit of approx-
imately 6x10-11 sec. (67) on Ts. Therefore, this large in-
consistency shows that the broadening does not originate from a
hyperfine interaction.

However, if the ligand exchange is rapid for the chromium(II) -
methanol complex, then the excess broadening can be interpreted as
an inner and outer sphere dipolar relaxation process. It was
initially assumed that the excess broadening for the hydroxy
proton was due entirely to an inner sphere dipolar relaxation
process and a correlation time (Tc) was calculated using equation
(31) with we21c2>>l, then Tc was substituted back into weztcz
in equation (31) with no approximations and a new value for Tc
was obtained. This process was continued until a self consistent

correlation time was obtained. The resultant value of Tc
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was then used in equation (32) to calculate an outer sphere
dipolar relaxation contribution to the broadeniné. This
contribution was then subtracted from the total broadening
and a reiteration process was carried out on equation (31)
to obtain a new Tc and then a new outer sphere broadening
contribution. The iteration was continued until there was

complete self consistency. The final value for T, Was

5.25x10-12 sec. The activation energy (1.32 * 0.20 kcal

mole-l) for this correlation time was obtained from the

temperature dependence of log (sz')-l. Inner and outer

"sphere contributions to (T2p')-1 at 25°C for the hydroxy

proton were 1902.0 sec'-lmolall-l and 98.0 sec'-l molalnl

giving the total observed value of 2000.0 sec.1 molal—l.

This correlation time was then used to calculate the inner

and outer sphere values of (sz')-l for the methyl proton

resonances; they were calculated at 25°C to be 342.o s.ec-l

mvalal'-1 and 87.o sec-1 molal-l, respectively, giving a total

value of 429.0 sec'-1 molal-l compared to the observed value

of 420. sec-1 molal-l. The hyperfine interaction contributes

0
-1 -1 w1
less than 1 sec =~ molal ™= to (T2P )~ when calculated using

the above correlation time and the previously determined

coupling constants.

From the definition of Tc' equation (28), it is possible

that it can be interpreted as the complex tumbling time (TR),

116



the electron spin relaxation time (Ts), or the ligand exchange
lifetime (TM)’ A value of 4.10x10-11 sec with an activation
energy of 2.91 + 0.30 kcal mole-:1 was obtained for TR for the
vanadyl-methanol complex at 25°C. The large difference between
these values and those obtained for the chromium(II) - methanol
system indicates that tunbling of the complex is not controlling
the electron-proton interaction in the latter system. The
lifetime for water ligands on chromium(II) was shown by Meredith
(67) to be two orders of magnitude longer than the correlation
time obtained here. If the lifetime of the methanol molecule

on chromium(II) is assumed to differ by no more than an order
of magnitude from the water lifetime as found for nickel (II)

and cobalt(II) then T, # Ty* However, it appears that if

TS < 65(10-11 sec for chromium(II), then the value for

T = 5.253:10—12 sec obtained here can be associated with the
electron .spin relaxation time. The small temperature dependence
of 1, is consistent with this interpretation. It may also be

possible for an axis interconversion process to be controlling

117

the relaxation of the methanol protons. This process is discussed

by Noack and Gordon (69) for Jahn-Teller distorted copper(II)
complexes and does not require that the entire complex rotate.
It is possible for the metal ion to undergo a change of
orientation within the ligand matrix which causes the methanol

ligands to experience a change in environment. This process
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may be expected to be rapid with a low activation energy which
is consistent with the results obtained here.

The arguments applied above can also be used td explain
the data for the excess broadening of the trimethylphosphate
resonance due to the presence of chromium(II). A correlation

time of 4.3 xlO'-12 sec at 25°C was obtained from the iteratiwve

5
process giving an inner and outer sphére contribution to (sz')-1
of 360.4 sec-lmolal"1 and 39.6 sec-lmolal-l, respectively. The

activation energy for (sz')-l was also found to be small,
1.26 * 0.20 kcal mole-l. Again the value for Tc and the

activation energy do not seem reasonable for a tumbling process

because for the vanadyl-trimethylphosphate system TR = 1.3211:.10"10 sec

and Ea = 2,25 % 0.20 kcal mole-l. The parameters obtained for
the ehromium(II) - trimethylphosphate were again attributed to
the electron spin relaxation with the possibility of axis inter-
conversion.

Excess broadening of the bulk solvent methanol resonance by
the vanadium(II) ion was interpreted as due to an outer sphere
dipolar relaxation mechanism because inner sphere exchange is
normally expected to be slow (70). Equation (32) was used under
the assumption that we21c2>>l and ro = 4.00; forlthe hydroxy
proton of methanol as obtained in the vanadyl-pethanol system.

A value of Tc = 2.68x10-11 sec was calculated. This value for

-1

= =1
Tc and ro = 4,8 Outer 210.o=ec

L]
OA for the methyl protons gave (sz')

molal-l in excellent agreement with the observed value of 210 sec_1
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molal™l at 25°C for the methyl protons (Figure 16). T, for
vanadium(II) in methanol was taken as the complex tumbling
time because of the similarity of the temperature dependence
of ('rzp')'l, 3.26 * 0.30 kcal mole L, compared to the
activation energy for the tumbling of the vanadyl complex

in methanol ( 2.91 * 0.30 kcal mole 1), the value for T,
obtained above also agrees favorably with L ll.loxlo-11 sec
for the vanadyl ion-methanol system.

This same interpretation may be used for the broadenihg
of the proton resonance of trimethylphosphate in the presence
of vanadium(II). Using r, = 7.553 a value for T = 2.45x10-10 sec
was obtained at 25°C. This value is very close to the tumbling
correlation time obtained in the vanadyl ion-trimethylphosphate

system, T_ = 1.32x10_'10 sec; however, the activation energy

R
obtained here, 1.21 * 0.20 kcal mole_l, is significantly

lower than the value cbtained in the vanadyl system, 2.40 % 0.30
kcal nnle-l. Therefore, fast exchange of trimethylphosphate
ligands on vanadium(II) is proposed in which case equations (31)

and (32), with wezrcz>>1, are required to obtain a correlation

‘time. An iterative method as described above yielded

-11 .. -1 -1 -1
Tc 2.47x10 sec giving (sz )I er 669.0 sec “molal and
-1 -1 -1
' = ° :
(T2p )Outer 76.0 sec “molal at 25°C. The latter correlation

time must be identified with the electron spin relaxation time

(TS) in order to explain the low activation energy. The



120

results from the two vanadium(II) systems require that

]
trimethylphosphate. There is not sufficient understanding

T, > 2.5x10-11 sec in methanol, but TS = 2.5x10.'11 sec in

of the factors affecting TS to give theoretical justification
for this result.

Thus, the electron spin relaxation of chromium(II) can
account for the solvent proton resonance line broadening of
the methanol and trimethylphosphate which contain this ion.
However, it has also been suggested that axis interconversion
could also explain the results. The latter interpretation
would substantiate existing views that chromium(II) forms
Jahn-Teller distorted complexes in solution because it requires
that axial and equatorial ligands be in different environments
and that the rotation of the metal ion causes the environments
to interchange. The similarities in correlation times and
temperéture dependences of chromium(II) in methanol and tri-
methylphosphate (5.2 xlO-12 sec, 1.32 % 0.20 kcal mole-l;

5
2.45x10-12 sec, 1.21 + 0.20 kcal mole-l, respectively) to these
parameters (3.3x10-12 sec, 1.7 kcal mole_l) obtained by Hudson
(72) for Jahn-Teller distorted copper(II) in copper-doped tris-
(2,2'-dipyridine) zinc nitrate indicates that this interconversion

process may dominate in relaxing the solvent protons.

The ligand exchange rate on vanadium(II) is expected to
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be slow in all cases, (reference 70, p. 151). vanadium(II)

in methanol substantiated this proposal because an outer
sphere dipolar relaxation pfocess adequately explains the
broadening data. In the vanadium(II) - trimethylphosphate
system, however, it was necessary to invoke fast inner sphere
exchange to adequately explain the broadening results. This
latter mechanism can be justified if the trimethylphosphate
ligand is considered to be a bulky ligand which cannot properly
form a regular octahedral structure with vanadium(II) in which
case steric hinderance would cause rapid exchange of the

‘coordinated ligands with the bulk solvent.
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5. Proton Relaxation in Dimethylsulfoxide and
‘Primethylphosphate by Nickel(II) and Cobalt(II) Perchlorates

This section deals with the temperature dependence of the
proton NMR line broadening of dimethylsulfoxide (DMSO) and
trimethylphosphate' (TMPA) solvents containing nickel(II) perchlorate
{Ni (C104)2} and cobalt(II) perchlorate {Co(C104)2}. This work,
which is an extension of previous studies on these two paramagnetic
ions in nonaqueous solvents, was carried out in order to extend
the number of systems in which these two ions and the vanadyl ion
can be compared.

The solvent proton relaxation in dimethylsulfoxidé solutions
of N:i.(ClO‘;)2 shows features which are typical of those observed
previously for nickel(II) in water (8), methanol (36), N,N-dimethyl-
formamide (6) and acetonitrile (12). The theory developed by
Swift and Connick (8) and recounted in Chapter I, section 2 serves
to expiain the results for this system. The temperature dependence
of (T, )7L/p, and the chemical shift (g, /P) of the bulk
solvent protons for solutions of Ni (C104)2 in dimethylsulfoxide are
given in Figures 19 and 20, respectively.

The temperature dependence of the line broadening for this
latter system may be described by a combination of limiting
conditions (34-b) and (34-4) of Chapter I, secti.on 2. Then

- 2 -1 .
(sz) /1-'*M = TM AwM + (TzM) (78)

2
= Ty AwM +C exp(Ea/RT) (79)
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The parameters have been defined previously. However, in order
to determine the exchange lifetime (TM) in equation (79) it is
necessary toknowAwM. The latter may be obtained from the

observed chemical shift and equation (11) if (l/TM)2> (AwM)2>> (1/'1‘2MTM) .

2 Aw 2

& M M

AwM/(l + T ) (80)

Wops”Pm

At high temperatures T, is short and TMZ AwM2<<l; therefore

M

A /PM = Aw (81)

Yors M

where AwM is given by equation (21). The temperature dependence of
AwOBS/PM at high temperatures (Figure 20) was fitted to equation
(81). The analysis gave A/h = 7.57 % 0.50x105 cps for ueff = 3.3 B.M.
(77) and a coordination number of 6.

The expression for AwM and the transition state theory

expression for T, may then be substituted into equation (79) to give

M

- - -2m W M h 4fS(5+1) v, 2
(T, ) 1/P = (kT/h) 1 exp(AH*/RT-AS*/R){._._—O_—E-f—f- ﬁ) e}
o 3kT h 7

+ C exp(Ea/RT) .
(82)

The data in Figure 19 were fitted to equation (82) using a nonlinear
least squares programme with AH*, AS*, C and Ea as adjustable
parameters. The results are given in Table VI.

Having determined AH* and AS*, it was then possible to fit

equation (80) to the shift data in Figure 20 as shown by the solid
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line in this figure. The calculated and experimental curves
agree well except for the low temperature 60 MHz data. The
discrepancy for the latter is due to the overlap of the toluene
resonance, whiéh was used as an internal reference, with the
broad dimethylsulfoxide resonance giving inaccurate measurenents
for small shifts.

If (TzM)_l is assumed to be due to a hyperfine relaxation

2_.2_.2_2

process (equation (27), with the approximations that wI Te <u)e Te

and weztez >>1, then Te is calculated to be 1.80x10“10 sec. This

value seems much larger than expectéd from previous studies on

" nickel(1I) (8,12,36). Alternatively, the inner and outer sphere
dipolar relaxation may control TZM' If the inner and outer sphere
interacticn distances are taken as 4.503 and 6.75Z, respectively,

as in the vanadyl-diﬁethylsulfoxide system (Chapter III, section 1),
then a correlation time of 9.45x10—12 sec gives exact agreement

with the observed (sz)-1 at 25°C. The inner and outer sphere

contributions to (sz)-l/PM are 266.0 and 38.0 sec ~. This
correlation time is more consistent with the previous values for
nickel(II) in various solvents.

There is very poor agreement between the kinetic parameters
obtained here (Table VI) and those of Thomas and Reynolds (77) and
Blackstaffe and Dwek (78). The temperature range in thé latter

two studies seems to be too small to properly determine the T2M

region at high temperatures. Poor determination of this effect
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may result in too low an activation energy for exchange. However,
there is reasonable agreement between the studies for the values
of ('I'zp)_l/PM at different temperatures. For example, the data

1 -1

of Thomas and Reynolds gives 1.27x103 sec = and 7.34x102 sec

for (sz)'-l/PM at 23°C and 34°C, respectively. These values

may be compared to the values of 1.18x10-3 secm1 and 6.80x102 sec
interpolated from Figure 19 also at 23°C and 34°C, respectively.
Interpolation of the corresponding values from the graphs of
Blackstaffe and Dwek shows reasonable agreement as well.

Our hyperfine coupling constant of 7.57 £ 0.50::104 cps
is not in very good agreement with the value of 9.30x104 cps
calculated from the shift at 40°C reported by Thomas and
Reynolds; Blackstaffe and Dwek's value (8.10x104 cps) obtained
from their high temperature shift does not agree with either
of these values. Since a more complete temperature dependence of
the shift has been carried out here and found to agree with the
line broadening results, it is felt that the value found in this
study at least has more experimental basis.

For the solvent proton relaxation of dimethylsul foxide
containing cobalt(II) a plot of (T2p)-l/PM versus the reciprocal
of the absolute temperature is shown in Figure 19 and fhe
corresponding shift plot is shown in Figure 20. The slow
increase (E, = 1.9, kcal mole ) of (sz)"-l/PM with decreasing

temperature is typical of a TZM controlled relaxation process.

1
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Thus, the results may be explained by an inner sphere, outer
sphere or hyperfine relaxation mechanism or a conbination of
all these mechanisms. If it is assumed that all the relaxation
ig due to a hyperfine interaction with an isotropic hyperfine
coupling constant of 2.08 % 0.50x104 cps, cbtained from the
temperature dependence of the shift and equation (21) and
ueff = 5.0l B.M. (76), then an unrealistically high value of

Te = 1.76::10-8 sec-1 is obtained for cobalt (I1). Therefore,

the T2M relaxation must be due to inner and outer sphere dipolar
interactions. If the same interaction distances as in the

nickel (II) system are used then a correlation time of 4.41x10-13 sec
was calculated by the usual jterative procedure. The inner and
outer sphere contributions to (sz)-l/ y are 66.0 sec_l and

8.50 sec'-1 or a total of 74.5 sec-1 as observed at 25°C. This
correlation time may be identified with the electron spin
relaxation time and is in good agreement with the values obtained
for cobalt(II) in N,N-dimethylformamide (6), acetonitrile (12)

and methanol (36). substituting this correlation time into

the expression for the hyperfine relaxation shows that

this process gives negligible contribution to the broadening.

From Figure 19 a lower limit of 1.53x104 sec-1 may be placed on

the exchange rate of a single solvent molecule from the

coordination sphere of cobalt(II) in dimethylsulfoxide.

It may also be noted that the coupling constant cbtained
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here, A/h = 2,08 & 0.50x104 cps, does not agree very well with
the value of 5.9x105 cps reported by Reynolds and Thomas. The
reason for this disagreement is not known. In this work the
isotropic hyperfine cqupling constant was obtained by fitting
the observed data to equations (21) and (81) by a nonlinear
least squares method.

The temperature dependence.of the line broadening of the
bulk solvent protons in trimethylphosphate solutions of nickel(II)
perchlorate (Figure 21) is also typical of 'I'2M controlled relaxation.
The activation energy (Ea) for this relaxation mechanism is
1.04 kcal mole—l. A quantitative interpretation of the broadening
data again indicates that inner and outer sphere dipolar
interaction distances of 4.903 and 7.553 (Chapter III, section 1)
and a correlation time of 3.62x10-12 sec adequately explain
the observed value of (sz)_l/PM at 25°C. The correlation
time again is identified with the electron spin relaxation
time. Very little contribution from the.hyperfine interaction
process is predicted with this correlation fime.

The variation of the chemical shift with temperature in the
hickel(II)-trimethylphosphate system is.shown in Figure 22. If
the spin only magnetic moment (2.83 B.M.) is assumed for nickel(II)

then a hyperfine coupling constant of 7.21 £ 0.45x103 cps is
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Figure 22: Temperature dependence of the shift at 60 MHz for the

protons of trimethylphosphate containing nickel (II)

perchlorate.
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obtained from a nonlinear least sguares fit of the shift data
to equations (22) and (8Bl).

The small temperature dependence of the bulk solvent
proton relaxation of trimethylphosphate solutions of Co(C104)2
is also indicative 6f a T2M relaxation process. The variation
of the-linelwidths with temperature for a 0.495 molal solution
of Co(ClO4)2 in trimethylphosphate are shown in Table VII;
these values will be discussed more thoroughly below.

The mbst unusual feature of this system is the tenmperature
dependence of the chemical shift. Variation of the shift with
. temperature is also shoﬁn in Table VII. The shift actually
changes sign at about 80°C, whereas according to equation (21)
or (22) it can be either positive or negative depending on the
sign of the couplipg constant, but it cannot change sign.
Introduction of a pseudocontact shift cannot resolve the
anomaly because this shift also has a regular temperature
dependence and would not cause the sign change. 1In order to
explain the temperature variation of the shift it is necessary
to assume that there are at least two cobalt(II) species in
equilibrium in solution and that their relative concentrations
change with temperature. Furthermore, to explain the change
in sign of the observed shift the hyperfine goupling constant
must have a different sign for the two species. In view of .

the known tendency of cobalt (I1I) to form tetrahedral complexes



134

8°91 y-ot v-otl- y°81l- L9V sbT"0 0SZ°0 0
8 vl 8 ¥l voET- 1 281 S 69°v €€2°0 T9T°0 o1
S°tl 9°¢tl 8° 0T~ 8°C1I~ LV 2TZ°0 €LT°O 014
z Tt L A 05°8- 9°01- €LY €12°0 28270 Ot
11 S°TI1T 85°9- oL L- SL°Y €020 T62°0 ov
v°e6 z°6 €y E- gL V- mhrv L8T°0 80€°0 09
1°8 €°8 €0° T~ ov°o 8°v €LT"0 22€°0 o8
1°L 0°L z8°0 ge*¢ €8°Y T9T°0 ©¥eE°0 00T
v°9 S°9 vee GSs°S 98° Vv 0GT°0 6&¥E°0 ozt
L°S L°S €e°t S6°L 88°Y 191°0 ¥SE"O ovT
m&O~A¢UA9><V mmUEmmOAQDQV mQD~AGUAw><V mmo.wmoam?<v [s] AHMMMEv R3] %
ﬁmvwzuzmndomm AmvnhHmw GOﬁMM“wwwmnou axnjexadwal

MR T

Woa8ks saeydsoqdiind

SET—(11) 370000 oW 707 SaINssd AN PaAIdsqo pue paRETRITED

IIA TTENL



135

-TeTow Sev-0 ST SIeydsoudiirswial UT ¢ (Yo10) 00 3O UOTIRIIUSOUOD BUL

(®)

9°LY 9Ly Lv'v 6vE"0 9VT 0 oL-
€0V € Iv 8°Sh- S vb- 6v°y EE€€°0 TIT°O 09-

0°ve 0°€€ 9°6€- L-se- €5y LIE°O 8LI'O 05-

z°62 v°62 T°ce- € ze- 95y 00E"0 G6T°0 ov-

8°vZ 9°vZ 6°LZ- 9°82- 65°v 682°0 0TC°0 og-
8°12 z €T pece- v sT- z9'v OLZ'0 §TT'O 0z-

6°81 6°81 g 61~ p-12- G9°v LST'0 BET'O oT-

sdo 1 T Anps sdo ¢S9O Anau : sdo T Am ay) sdo 580 Am ay) [s] SMME [¥] %%

() ONINAQUOHE (o) WITHS noﬁwwmwwmmaoo sanzezaduel

(p,3ucd) IIA TTEVL



136

with bulky, weakly'bonding ligands (79,80) it seems most‘
probable that the two species are octahedral'{CO(TMPA)62+}
and-tetrahedral {co(T™MPA) 42+} complexes. A spectropﬁotometric
study which is discussed below ipdicates that the tetrahedral
species is favored at high temperatures and the octahedral
species at low temperatures. The possibility of octahedral
mixed aquo-trimethylphosPhate comple#es causing the cbserved
results is not consistent with the spectrophotometric study nor
is it expected that such species would have coupling constants
with 0pposite signs judging from preQious work on mixed aquo-
" methanol (9,10) and aquo-chloro (81) complexes.
The considerations all indicate the presence of a tetrahedral
species and a quantitative description of the shift data may be

undertaken. The equilibrium involved may be written as

A+25 — B (83)

S

where A represents the tetrahedral Co(TMPA) 42+ species, B represents
+
the octahedral Co(TN[F'A)G2 species and S the free solvent. An

equilibrium constant is then defined for the above reaction by

k = —BL o exp(-tusrr + AS/R) (84)

(a] (s] .
where all concentrations are given in molal units.

The observed chemical shift (AwOBs) is the sum of the

contributions from the tetrahedral species (AwA) and octahedral
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species (AwB)

AbiS = PMA AwA + PMB AwB (85-a)
C C
A B
= pMA T + PMB T - (85-b)
C C
4[A) A 6(B) B _
{ = } + { = } (85-c)

[SOI-{4[A]+6[B]} [SO]-{4[A]+6[B]}

where [S°] is the molality of the pure solvent. These equations

are derived in an obvious way from equations (22) and (81). The

" constants CA and CB depend on the hyperfine coupling constant and

other physical constants as seen by comparison to equation (81).
In'principle it is possible to determine the concentrations

of A and B as a function of temperature by using equation (84)

and making use of the concentration conditions

[cobalt(II)]TOTAL = m = [A] + [B] (86)

and

s = (S]]~ {4[a}+6[B1} (87)

The chemical shift versus (T°K)"1 data could be fit by a nonlinear -
least squares computer programme using AH, As, CA and CB as variablés.
It was felt, however, that a more meaningful fit of the shift data

might be cbtained if AH and AS were determined independently from a

spectrophotometric study.
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The spectrum of cobalt(II) in trimethylphosphate was
recorded at temperatures between 24.1°C and 82.5°C. Bands
were observed at 535 my (€, 179), 580 mu (e,191), 630 mu (€,184)
and a broad band centred at 1550 mu (€, 36). The extinction
coefficients are quoted for a spectrum at 24.1°C. Gutmann and
Bohunovsky (97) report bands at 505 mpy and 545 mu while Jorgenson
(98) reports bands at 464 mu and 515 my. The spectra reported in
both cases are rather typical of octahedral cobalt(II), whereas,
the spectrum observed in the present study has features more like
tetrahedral cobalt(II) and is similar with but not identical to the
spectrum reported recently by Frankel (99) who reports bands at
632 myu (e, 235), 600 my (€, 205), 583 my (€, 205) and 552 my (€, 150).
It has also been found in this study that one drop of water in
5 ml of cobalt(II)-trimethylphosphate solution produces a solution
with a spectrum identical to that reported by Jorgenson. It
was concluded that traces of water result in the formation of
mixed agquo-TMPA cobalt(II) octahedral complexes.

The results of this study are given in Table VIII. It
should be noted that the central peak at 580 my shows a greater
relative increase with temperature than the 630 my peak which
in turn increases more than the 535 mi peak. This effect has been
noted previously for tetrahedral cobalt(II) by Katzin (79), and
is attributed to the increasing width and overlap of the peaks at

higher temperature causing the intensity of the centre peak to
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increase fastest. The procedure of Katzin has been followed in
that the least affected peak, that at 535 my, has been used to
caléulate the temperature dependence of the equilibrium constant
for tetrahedral-octahedral interconversion. It was assumed
that the absorbance of the octahedral species can be neglected
at 535 my; this assumption is consistent with numerous previous
spectral studies on cobalt(II). The absorbance at 535 my, (Ab)535,

and the molal concentration of the tetrahedral species [A] are

related by

(Ab) €, [A] (88)

535’7 = €a

where p is the solvent density and eA is the molar extinction
coefficient of the tetrahedral species. The temperature dependence

of the density was calculated from the empirical equation

p = 1.800 - 2.00x10" T - (89)

where T is the temperature in °K.
It is easily shown by a combination of equations (84), (86)

and (88) that

eAxm

[Solz{exp(-AH/RT + AS/R)} + 1

(Ab) (90)

535/P

Since the spectrophotometric study was carried out with

m= 5.96x10.-3 molal the solvent concentration is essentially

constant and independent of the concentrations of A and B.
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The variation of (Ab)535 with temperature may be fit to
equation (90) by a nonlinear least squares computer programme
using €pr AH and AS as adjustable parameters. It was found that
the best fit of the data to equation (90) gave a value of
l.26x103 molar-l cm-1 for eA' This value seems unreasonably
high when compared to the.extinction coefficients of other
similar tetrahedral cobalt(II) species (80, 100).

The sensitivity of the fit of the spectrophotometric data

to changes in €_ was determined by systematically lowering EA

A
and holding it constant while fitting the data to equation (90)
using only AH and AS as variable parameters. It was found that
for eA as low as 350 nolar-l cm-'1 a fit could be obtained for
which the calculated and obsxved values of (Ab)535 agreed to
within 2%. However, the best fit AH and As with €, set at
350 molar"l cm-1 did not produce a fit of the chemical shift data
to within the estimated error of * 2 Hz. The disagreement between
calculated and observed shifts in this case was éenerally * 5 Hz.
Therefore, a value as low as 350 molar-1 cm"1 for the extinction
coefficient of Co(TMPA)42+ does not give an adequate fit of all the
data but it is not possible to fix the value accurately between
350 and 1260 molar ® cm T.

Comparison of the extinction coefficients of CO((CH3)3N0)4(C104)2
(100) indicates

(80) and Co((CH3)3NO)2C1 and Co(TMPA3)2Cl

2 2
that the extinction coefficient of Co(TMPA)4(C104)2 should

be about 500 mlt:tlar-1 cm-l. If this value is chosen
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then the fit of the spectrophotometric data gives AH = -1.58 kcal
mole ~ and As = -11.96 eu. These values in turn were used to
obtain a least squares fit of the shift data to equation (85-c)
with CA and CB as adjustable parameters. The calculated and
observed values (Table VII) agree within the estimated error
(x 2 cps) except for the values at =50, 120 and 140°C for
which the difference is about 4 cps. The agreement for
these three points does not improve dramatically even for
SA = 1000 molar-1 cm-l; therefore, an extinction coefficient
of 500 mr::lar_1 cm-'1 was assumed to be a reasonable estimate.
The values of CA and CB may be used to calculate the
hyperfine coupling constants of -6.20x104 cps and 4.85x104 cps
for the octahedral and tetrahedral species,'respectively. The
latter were calculated by substituting the effective magnetic
moment of 4.9 B.M. in place of g\[§?§:33 in equation (21). The
negative coupling constant refers to an upfield shift and the
positive coupling constant a downfield shift.
It does not seem meaningful to place any errors on AH,
AS and the coupling constants quoted above because they all
depend on the rather arbitrary choice.of 500 mc)lar-'1 cm
for the extinction coefficient of the tetrahedral species.
Experience in fitting the results has indicated that AH

and the octahedral coupling constant are the most reliable

parameters and may change by a factor of two if the extinction
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coefficient falls within the reasonable limits of 350 to

1260 molar » cm ©. The inability to fit the data without any
assﬁmptions seems impossible because the tetrahedral'cobalt(II)
species never appears to constitute more than 50% to 70% of
the total cobalt concentration. Therefore, it is not possible
to reliably determine either the extinction coefficient or
coupling constant of the tetrahedral'form.

1 shows only a linear

A plot of log (sz)_1 versus (T°K)-
jncrease as the temperature js decreased which is typical of a

T relaxation process. Therefore:

2M
P S ST S SR e .3 B ¢ SN
-7 2p°0OBS MA 2MA" INNER 2MA’ OUTER
s P (T )Y 4 [B] (T )71
MB 2MB’ INNER 2MB‘' OUTER .
PMA' PMB' [a], and {B] can be obtained as before and the T2M

terms can be obtained from equations (31) and (32). The inner
and outer sphere interaction distances were taken the same as for
the nickel(II)-trimethylphosphate system. The only unknowns in
equation (91) are the correlation times for the octahedral (TOCT)
and.tetrahedral (TTET) complexes. TOCT was assumed to be
jdentical for the inner and outer sphere dipolér interaction as
well as for the hyperfine interaction for the octahedral species;

similar assumptions were made about ToET" The correlation times

were both assumed to have exponential temperature dependences

(91)
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with To being the correlation time at infinite temperature.

Equation (19) was then fit to the broadening data by a non-

~-12
linear least squares method, yielding (‘to)OCT = 2.46x10 sec,

-1 -13
(Ea)OCT = 0.37 kcal mole , (‘to)TET 1.66x10 sec, and

-1
= 1.54 kcal mole ~. These parameters give (‘t)OCT
12

(Ea)TET

4.55x10" sec and (T) oy = :z.zoxlo'12 gec at 25°C. The
ocbserved and calculated broadenings are given in Table VII.

A general review of the results of this section (Table IX)
shows that the only system for which a definite exchange rate
could be obtained was the nickel(II)—dimethylsulfoxide system.
For all the other systems the data was best analyzed in terms of
a fast inner sphere exchange of the ligands on the metal ion
leading only to an inner and outer sphere dipolar relaxation
of the bulk solvent protons. since the exchange parameters could
be obtained at only the lower temperatures, it is not surprising
that no exchange controlled region for the broadening of the bulk
solvent was observed in the Co(C104)2- DMSO systém because exchange
rates on cobalt(II) are about two orders of magnitude faster than
on nickel(II) in identical solvents (82). Therefore, low enough
tem@eratures could not be obtained to get exchange control of
the broadening in dimethylsulfoxide (m.p. 18.5°) containing
cobalt (II). The lower limit of 1.53x104 sec—l_at 25°C for the

exchange of dimethylsulfoxide on cobalt (II) seems reasonable

from comparison to the exchange rate of nickel(II) in this
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solvent and other systems of these two metal ions. A more
detailed discussion of these latter nickel(1I) and cobalt(II)
systems and the various factors which may partially determine
the exchange parameters in these solvents is given by Stengle
and Langford (4).

Comparison of the trimethylphosphate systems of nickel(II)
and cobalt(II) to the dimethylsulfoxide systems shows that the
former exchange rates are as fast or faster than the latter
(Table IX). This behavior may be attributed to the bulkiness
of the trimethylphosphate ligand which could cause steric
jnterference in the complex and easy rejection of one ligand
as required by a dissociative type mechanism. The proposal
that steric hinderance is appreciable in the trimethylphosphate
complexes is also substantiated by the presence of a tetrahedral
species in the cobalt(II)-trimethylphosphate system. Tetra-
hedrally coordinated cobalt(II) complexes tend to form only in
solvents which are bulky in structure and/or weakly cooxdinating
(80). It may also be renoted that fast soivent exchange best
accounted for the results in the vanadyl-dimethylsulfoxide
and -trimethylphosphate systems. The‘ correlation between these
systems will be extended in Chapter V.

The hyperfine coupling constants which also appear in
Table IX warrant some discussion because of the apparent

peculiarity of sign change. In this table a downfield shift
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‘of the bulk solvent is denoted by a positive coupling constant
and an upfield shift is denoted by a negative coupling constant.
Only a qualitative explanation of these sign changes will be
attempted here. A coupling constant measures the degree of
interaction of the magnetic nucleus under observation with the
wnpaired electrons on the paramagnetic ion. The nature of this
interaction can vary as discussed in reference (12). Various
types of interaction considered here are:

(1) spin polarization which requires that the electrons

on the coordinating atom of the ligand (oxygen in the systems
studied in this section) be delocalized by a O-interaction
with the metal ion, thus inducing spin polarization through
O-type bonds on all the atoms of the ligand. This mechanism
requires a positive spin density on the hydrogen atoms of
trimethylphosphate and a negative spin density on these atoms
in dimethylsulfoxide; there fore, this mechanism only accounts
for the downfield shift in the nickel(II) and tetrahedral
cobalt(II) -trime thylphosphate systems.

(2) o-T configuration interaction which requires that

the spin density in the O-type orbitals of the coordinated atom
induce an opposite spin density in the T-system in the molecule
which may transmit spin density to the protons by hyper-
conjugation. Such a mechanism predicts an upfield shift
for the protons in all the complexes studied here. This is only

observed for the octahedral cobalt (I1)-trimethylphosphate system.
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(3) overlap of metal ion e’:g;bitals with a ligand orbital
whose wavefunction incorporates at least a slight contribution from
every atom in the ligand molecule. Spin is again partially
delocalized onto the metal ion causing a downfield shift of
the ligand proton resonances. The octahedral cobalt(II)-
trimethylphosphate shift is the only one that cannot be explained
by this mechanism.

(4) a psuedocontact shift which arises from an anisotropy

in the complex gives rise to a small upfield shift. Since this
mechanism is usually considered to be negligible in cobalt(II)
and nickel(II) due to small anisotropies in these complexes,
and since suitable anisotropic parameters are not available for
the calculation of the magnitude of this shift in the complexes
under consideratiog hefe, it was assumed that this mechanism
does not dominate in these systems.

(5) EQB-“ overlap with configuration interaction requires

that there be an overlap of the tzg-orbitals on the metal ion
with the ligand T-orbitals which subsequeﬁtly interact with the
G-orbitals which transmit spin density to the protons by a spin
polarization effect. This mechanism adequately accounts for
the downfield shift in the cobalt(II)-dimethylsulfoxide complex
and the upfield shift in the cobalt (II)-trimethylphosphate
octahedral complex. Nickel(II) would not be expected to show
this type of interaction because of complete spin pairing in

the t. -orbitals.
2g
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It appears.from the above discussion that no inteiaction
process between the unpaired electron on the metal and the nuclei
acéounts for the shift in all systems. However, from consideration
of other nickel(II) and cobalt(II) systems (6,8,36) where a
o-type polarization interaction appears to dominate in shifting
the resonance of the nucleus, it can be seen that the nickel(II)
coupling constant is 1-4 times largér than the cobalt(II)
coupling constant in identical solvents. The nickel(II)- and
cobalt (II)~dimethylsulfoxide systems also show this same
behavior. However, it was found for the nickel (II)- and
cobalt(II)-acetonitrile systems (12) that the shift was upfield
rather than downfield which could best be accounted for by a
o-T éonfiguration interaction. The coupling constant for
the nickel(II)—acetonitrile system was 11 times larger than
that for the cobalt(II)-acetonitrile system. It was suggested
that possibly a O-type polarization mechanism was competing with
the O-T interaction and causing a smaller coupling constant in
the latter system. The coupling constants for nickel(II) and
cobalt(II) in trimethylphosphate indicate a similar duality
of coupling mechanisms. In this case iﬁ seems that the O-T
interaction is even more important for cobalt(;I) and results

in a coupling constant of opposite sign to that for nickel(II).
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6. Nuclear Magnetic Resonance Line Broadening of
N,N-dimethylformamide Resonances by Vanadium(III)

Most of the previous work that has been done on ligand
exchange using the NMR line broadening technique has dealt with
the divalent first row transition metals. Very little work has
been carried out on the trivalent ions due to their instability
with respect to hydrolysis and decomposition in most common
solvents. The aqueous iron(III) system has been studied recently
by Blatt and Connick (84) and also by Zeltmann and Morgan (85).
The exchange rates on iron(III) are generally about 106 slower than
‘isoelectronic manganese (II) as expected if ligand exchange is an
Syl process.

vanadium(III) presents an interesting comparison with theory
because it may be expected to e#change by an SN2 process sinée it
is a d2 system with an empty low energy tzg orbital. This possibility
was first predicted by Taube (86) on the basis of valence bond theory,
but is also consistent with crystal field argumenté presented by
Basolo and Pearson (70). However, thé only results available for
exchange on vanadium(III) are the thiocyanate system studied by
Kruse (reported by Eigen and Wilkins) (87), Sutin, et al (88)
and Garner and Furman (89) and the aguation rate of V(N3)2+ reported
by Espenson (90).

In this study the temperature dependence of the line
broadening and shift of the formyl proton in N,N-dimethylformamide

(DMF) containing vanadium(III) perchlorate has been studied. The
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normal plot of log (sz')m1 versus the inverse of the absolute
temperature was made and is shown in Figure 23; the corresponding
shift plot is shown in Figure 24. This system has two unusual
features. Firstly, the (sz')-1 data shows a frequency dependent
region at low temperatures, and then rises with an unexpectedly
high apparent activation energy at high temperatures. This
behaviour indicates a chemical exchange region at high temperatures.
Secondly, the rapid decrease of the shift as the temperature is
raised is not consistent with equation (22) which predicts that

the shift goes to zero when (T°K)_1 is zero.

These peculiarities show that there must be at least two
different vanadium(II) complexes in equilibrium in this system. Due to
the similarity of the visible spectrxum of the vanadium(III)~DMF system
(maxima at 635 my, € = 28.9 and 428 mﬁ, € = 40.3) to the vanadium(III)-
aquo system at 25°C (94) it may be cohcluded that the major species
at this and higher temperatures is the octahedral complex. Four (93) and

five coordinate (115) vanadium(III) complexes have been isolated.

It was arbitrarily assumed that the four coordinate species existed at

lower temperatures. This equilibrium can be represented by:

K
3+ (o) 3+
V(DMF) . o VIDME) -+ 2DMF (92)
where
IV(DMF)?] (8]
Ko = o = exp (-AHO/RT + ASO/R). (93)
[V(DMF)6 ] [A]

B and A represent the tetrahedral and octahedral species, respectively,
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Temperature dependence of log (sz')- at
60 MHz ~ O and at 100 MHz - A for the formyl
proton of N,N-dimethylformamide containing

vanadium (III) perchlorate.
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and the bulk solvent concentration is assumed to be constant
(this assumption yields less than 5 percent error in Kb)‘
Since the broadening and shift data are normalized to 1 molal

the following relationship holds

3+
fa] + [B] = [V ]Total = 1l.0m . (94)

The lack of frequency dependence in the high temperature ('.l‘zp')-1

data and the apparent absence of any chemical shift at high
temperatures is consistent with the octahedral exchange being
described by condition (34-a). The slight frequency dependence
‘of the low temperature (sz')-1 data and the increased shift at
lower temperatures suggests that exchange on the tetrahedral
species can be represented by conditions (34-b) and (34-4d).

Therefore, the broadening and shift are given by equations (96)

and (97) , respectively.

w1l _ 2 R §
(Tyo') = Byp[Al/Tyy + FyplP] {1 Mg * T} (93)
= Pp__[A] (kT/h)exp(-AH* /RT + L\s=l= /R)
MA A A
+ P [B] { (h/kfr)exp(AH* /RT-As* /R) x(C /'r)2+c' exp (E /Rr)}
MB B B B B S¥P %
(96)
where P = 6/[DMF}, P =4/ [DMF] AH* and As* ; AH* and As* are
MA ' "MB ' A A’ B B

the activation enthalpy and entropy for exchange on the octahedral

~and tetrahedral complexes, respectively, CB contains the known
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parameters in equation (22) along with the unknown isotropic
1]
hyperfine coupling constant and CB contains the parameters

which are given in equation (31).

AwOBS = PMB [B] CB/T . (97)

Also from equations (92) and (93):

Ko exp(-AHo/RT)
(B] = = (98)
1+Kb exp(-ASo/R) + exp(-AHo/RT)
and
' exp (-AH_/RT)
{a}] = 1.0 - (99)

exp(-ASo/R) + exp(-AHo/RT)

The cbvious difficulty in applying t.he.above equations to the
data i§ the large number of unknowns. However, by fitting equation
(97 ) to the shift data by a nonlinear least squares method it was
possible to obtain AHO and Aso and (A/h)B; these parameters were
found to be -2.11 * 0.70 kcal mole-l, -8.94 * 0.40 e.u. and
1,29 * 0.10x105 cps, Ko = 0.40. These parameters can then be
substituted into equation (96), thereby decreasing the number
‘of unknowns to six. The (sz')-lvdata was then fit to this equation
by a nonlinear least squares method where six parameters were
adjusted to give the best fit to the 60 MHz data. The parameters

1 ¥

obtained were AH*A = 6.31 * 0.50 kcal mole , AS = -26.9 * 2.5 e.u.,

AH*B = 6.82 * 0.43 kcal mole™, As*B = -6.36 * 1.50 e.u.,

A
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E, = +1.67 + 0.15 kcal mole ® and cg' = 1.43 ¢ 0.15x10° sec
L

molal ~. The corresponding parameters for the fit to the 100 MHz
data are AH*A = 6,50 * 0.50 kcal mole-l, AS*A"'23'7 + 5.2 e.u.,
AH+B = 6.53 t 0.70 kcal mr::len1 ¥

, AS B = -7.10 £ 0.50 e.u.,
E, = +1.55 & 0.90 kcal mole™l, and c ' = 1.57 # 0.35x10% sec”!
molal-l. The proper frequency dependence was predicted at low
temperatures (Figure 23). |

If the T2 relaxation process is due to an inner sphere

M
isotropic hyperfine interaction, equation (31), then it is found
that CB' and Ea give TS = 6.00x10‘-9 sec at 25°C. This electron
"spin reléxation time seems too long for vanadium(III) in
N,N-dimethylformamide because it was not possible to see an EPR
spectrum of this system. Therefore, it was assumed that an
inner and outer sphere dipolar mechanism was causing the relaxation.
The normal iterative procedure gives Tc = 7.10x10"12 sec at 25°C
which is associated with TS because L for this system is expected
to be of the order of 1.12x10.lo sec which is the ﬁumbling
correlation time for the vanadyl ion in N,N-dimethylformamide.
This correlation time predicts negligible contribution to ('I‘zp')-1
from the hyperfine interaction process.

The line broadening of the two types of methyl protons in
N,N-dimethylformamide provides further evidence ;hat the above

interpretation is correct. The two methyl resonances are

separated by only 5 Hz in pure N,N-dimethylformamide and, therefore
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overlap considerably because they are broadened by the paramagnetic
jon. However by using a fairly low vanadium(III) concentration
(0.013 molal) and working in the temperature range of minimum
broadening (50° to -10°) it has been possible to keep the two
peaks at least partially resolved. The individual peaks were
resolved on a Dupont 310 Curve Resolver and the line widths
determined from these resolved curves (Table LVII).

Thé values of ('1‘21)')-'l for the methyl protons approach those
of the formyl proton at high temperatures as expected if solvent
molecule chemical exchange is controlling the line broadening.

At low temperatures the broadeniné of the methyl proton resonances
is less than that of the formal proton again as expected since the
broadening depends on AwM and in turn on (A/h) in this region.

The hyperfine coupling constant for the methyl protons is
expected to be smaller than that of the formyl proton (6). It

is not possible to quantitatively analyse the methyl proton
broadening because the chemical shift was too small to permit an
accurate determinination of the hyperfine coupling constant.

The exchange rate for octahedral vanadium(III) in
'N,N-dimethylformamide at 25°C is 1.70x102 sec-l. This value
is within the expected range when compared to the results of
Sutin et al (88) for the substitution of thiocyanate on
V(0H2)2+in water. The large negative entropy of activation

(-26.9 e.u.) is unusual when compared to the values for
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cobalt(II) and nickel(II) but is consistent with an SN2
substitution mechanism for vanadium(III).

Tetrahedral vanadium(III) in N,N-dimethylformamide has,
an exchange rate of 2.55x106 sec-l, at 25°C. This value.is
consistent with Taube's qualitative prediction that tetrahedral

vanadium(III) should be labile. The small value of AS* is

also consistent with a predicted SN1 mechanism,
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CHAPTER IV  ELECTRON PARAMAGNETIC RESONANCE LINE WIDTH
STUDY OF THE VANADYL ION IN VARIOUS SOLVENTS

Several recent pulications (17-28) have dealt with the
Electron Paramagnetic Resonance (EPR) spectra éf vanadyl complexes
in various solvents. The variation in width of the eight hyperfine
conponents of the vanadium(IV) EPR spectrum has been treated in
terms of Kivelson's (17) theory with reasonable success (24-28).

The initial purpose of this EPR study on the vanadyl ion
in N'N-dimethylformamide (DMF), methanol (CH3OH), acetonitrile (AN) ,
dimethylsulfoxide (DMSO), trimethylphosphate (TMPA), and trimethyl-
phosphite (TMPI) was to determine the tumbling times (TR) of the
vanadyl ion-solvent complexes by usiﬁg Kivelson's EPR theory.

The tumbling time could then be used in intefpreting the NMR
line broadening of the above solvents.

An analysis which is discussed in detail below was carried
out to determine the best method of determining TR from the EPR
theory. The theory was generally found to give an adequate,
self-consistent fit of the hyperfine line widths; however, the
residual line width (a") did not agree with tﬁe value predicted

.from the spin-rotational (SR) relaxation theory as given by
equation (36). This discrepancy between predicted and observed
residual line width led to an investigation of several other
vanadyl systems in an attempt to determine how well the residual

line width could be accounted for by a spin rotational process.
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It was also of interest to investigate how well Kivelson's EPR
theory stood up under a wide variation of temperature and solvent
viscosity. The systems that were studied were: vanadyl acetyl-
acetonate in ethapol, n-propanol, isopropanol, n-butanol,
t-butanol, trichloroethanol, and trifluoroethanol, vanadyl
trifluoroacetylacetonate in methanol and vanadyl perchlorate in
water., It was foﬁnd £hat the residual line width could not be
accounted for by the SR -theory but could be interpreted either
as an intramolecular dipolar oxr hyperfine interaction between
the unpaired electron and the vanadium nucleus or as an interaction
.between the unpaired electron and a rapidly éxchanging ligand,
presumably trans to the vanadyl oxygen.

The EPR theory, which is mentioned above and discussed in
Chapter I, section 3, predicts that the h¥perfine line width is
‘given by a third order polynomial shown in equation (35). The
coefficients (a', B, Y and §) are given by the theory (24) and

have the general form:

2_ 2

w T
1 e R
j=¢C,. T, + C,. { } T_ + C.. { ————————-} T (100)
1) R 2j 140 21 2 R 33 140 21 2 R
e R e R

where j = o', B, Y or §, o is the rotational correlation time
for the complex and the constants (cij' i = 1-3) are predicted
by the theory and may be calculated if the anisotropic componehts

of the hyperfine coupling constant (Ax, Ay, and Az) and the

g-value (gx, gy, and gz) are known. The latter parameters may
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be obtained from the EPR spectrum in a glass.

It is apparent that by fitting the variation of the
hyperfine line widths with spin quantum number (mi) to equation (35)
the best fit values of & = o' + a”, B, Y and § may be obtained.
Then B, Y and § may be used in equation (100) to calculate TR'

In principle all three coefficients (B, Y and 6) should give the
same TR value, but this ideal is not reached in general. For this
reason it was of interest to determine which of the coefficients
was least susceptible to errors in the EPR line widths and should,
therefore, give the best value for TR A computer programme was

" drawn up to calculate B, Y and § from all the line width combinations

+

(6561) if a * 10% error was assumed on each line width. The results
showed that Y varied by only * 10%, whereas B varied by % 25% and
6§ varied by a large factor. Therefore, Y was used to calculate ‘I:R
for each combination of lines and the average Ty Was taken as the
pest value. This value was then used to calculate B and §,
which were used along with the average values of Y and & to
recalculate the line widths. These coefficients predicted the
original line widths within the estimated * 10% error.

It became apparent in the initial calculations on the
vanadyl ion - DMF, CH3OH, AN, DMSO, TMPA and TMPI systems that
the approximation wez‘rR2>>l in equation (100) was justified.

Therefore, this approximation allows TR to be determined from

the Y coefficient by solving a quadratic equation. The B and §
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coefficients were calculated from the theoretical expressions
for these parameters. The residual line width (a") was
calculated in two ways; first a' was calculated from the
theoretical expression for this parameter, then this quantity
was subtracted from the average o taken from the least squares
fit of equation (35) to all conbinations of the EPR hyperfine
lines with their errors. Secondly, the contribution to the
width of the hyperfine lines from the theoretical o', B, Y and &
coefficients, obtained from the best TR’ was determined and the
average of the residuals was taken as a". The two methods of
obtaining 0" agreed identically. However, o" did not agree well
with the residual line width contribution predicted from the
SR-theory as can be seen from the results given in Table X.
Other results obtained for the above systems are also shown
in Table X. Typical.glass and solution spectra are shown in
Figures 25 and 26, respectively, for the vanadyl ion in
N,N-dimethylformamide.

It may be noted that in the initial output from the
computer programme that the average values of «Q, B, y and §
- from the least squares fit of equation'(35) to the EPR line
width data when the * 10% error on the m = 7/2 line was
considered were identical to the coefficients obtained from
the line width data when no error on this line was taken.

Therefore, the error on the m = 7/2 line was dropped from
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the computations wifhout loss of generality in order to décrease
computer time, Thié point is also noted in the computer
progfamme in Appendix B. |

Since there was considerable disagreement between the
observed and calculated residual line widths in the systems
listed in Table X additional systems containing vanadyl acetyl-
acetonate and vanadyl trifluoroacetyl#cetone in various alcohols,
as listed above, and vanadyl perchlorate in water were studieé
to test how»well the SR-theory accounted for the residual line
width. Alcochol solvents which had various liquid ranges and
viscosities were chosen. Viscosities for all the alcohols
except trifluoroethanol and trichloroethanol were taken from
the Handbook of Physics and Chemistry (46th ed.) and from
reference (95). The results of a temperature study on the
viscosity and density of trifluoroethanol and trichloroethanol
are shown in Table XI.

It was observed in the calculations of these latter
systems that the approximation, we21R2>>1, was no longer justified.»
In order to eliminate this approximation and still make the

equation in T_ solvable it was necessary to first calculate

R

the correlation time as discussed above; this TR could then

E)

be used to evaluate wezt The numerical value for wezt

R ° R

could be substituted into the complete theoretical expressions

2

{equation (100)} and a new T, could be calculated. wezTR
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could be re-evaluated and the same procedure followed to obtain
a better value for TR; this iterative process was continued until
there was less than 1% improvement in TR. It was found that two
or three iterations were sufficient to give a correlation time
which satisfied these conditions. The final corrxelation time
was generally about 10% smaller than the correlation time used
in the initial step of the iteration. TR was then used to
calculate theoretical values for o', B and §. The residual line
width was calculated as before. These parameters are given in
Tables XIII - XXI for all the systems on which the temperature
study was doné. The cbserved coefficients are those which

were determined from the average of all the least squares
coefficients and the calculated coefficients were obtained by

introducing the final T into the theoretical expressions for

R
the coefficients. The calculated and theoretical parameters
agree within * 10% except for a" which will be discussed in
detail below. A typiéal variation of the hyperfine line widths
with quantum number and temperature is shown in Figure (27) for
vanadyl perchlorate in water; the solid lines indicate the
theoretically predicted line widths. The difficulty which McCain
and Myers (27) had in determining a suitable TR for the vanadyl
ion in water was not encountered here.

Tables XIII - XXI also contain the observed and calculated

T the average hyperfine coupling constant, <A>O

BS’ and the

RI

average g-value, <g> It should be noted that the isotropic

OBS*®
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coupling constants and g-values vary in a regular way with
temperature .as observed by Wilson and Kivelson (44) for vanadyl
acetylacetonate in toluene. A representative temperature
dependence of these parameters is shown in Figures (28) and

(29) for vanadyl perchlorate in water. The same view is taken
here as by Wilson and Kivelson in that the variation of these
parameters is a reflection of the variation in interaction
betwéen the solvent and complex as a function of temperature.
The observed TR's are the final values obtained from the
jterative procedure and the calculated TR's are the values

- cbtained from the Debye formula when a suitable hydrodynamic
radius (r):and‘thé temperature dependence of the viscosity are
used in equation (37). The calculated TR'S fall within a * 10%
error of the cbserved TR's. The hydrodynamic radii are expected
to have a * 10% error on them because of the erroxs on TR’ the
viscosity, and the temperature. The correlation times were
found to obey the Debye formula fairly well excep£ for vanadyl
trifluoroacetylacetonate in methanol; this system seems anomalous
because of the large hydrodynamic radius necessary to explain
the correlation time at high temperatures and because of the
large deviation between predicted and ocbserved values at low
temperatures (Table XXI). It appears that due ;o the high
electronegativity of the fluorine in the trifluoroacetylacetonate
ligand association, probably through hydrogen bonding, occurs

with the solvent methanol. The correlation time will then
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depend strongly on the nature of the_associated complex and
not necessarily on the hydrodynamic radius of the complex.

1t is significant to note that the hydrodynamic radii
for VO(acac)2 in the alccholic solvents (Tables XIII - XX)
does not exceed 3.803. These radii are consistent with the
proposal by McClung and Kivelson (96) that VO(acac)2 has an
effective hydrodynamic radius of r, = 3.8 ¢% O.SR as determined

from diffusion experiments and that:

r = K r (101)

where 0<k<l. Values for r and K are given in Table XII. K is
a measure of the ratio of the intermolecular torques on the
solute molecules to the intermolecular forces' on the solvent
molecules. It should be emphasized that since k<1 it cannot
be associated with a solvation effect which would increase I
rather than decrease it as experimentally observed. McClung
and Kivelson propose that K will increase with increased
anistropy of the solvent molecules for a giVen solute. The
results given above appear to substantiate this proposal, that
"is, t-butanol and isopropanol have lowér K's than the other
more anisotropic alcohols. For the other alcohols r = r,
within experimental error; therefore, it may be concluded
that the Debye theory applies reasonably well to the VO(acac)2

complex in the alcohol solvents.
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Turning now to the residual line width mentioned above;
it is shown by a representative plot of residual line width
ver's-us T/ °K(cp) -1 for the vanadyl perchlorate-—waterisystem
(Figure 30) that a spin-rotational mechanism (41) accounts
reasonably well for this line width at high temperatures. The
line width contribution due to the spin-rotational mechanism
is guantatively expressed by equationv(36) and discussed in
Chapter I, section 3. The interaction distance required in
this expression was set equal to r and all the other parameters
were calculated in the computer programme. However, as the
Itemperature was lowered the_spin-rotational mechanism no longer
adequately explained the residual line width. It was initially
assumed that this excess residual line width was due to aﬁ
inner sphere dipolar interaction between.the protons on the
rapidly exchanging molecule trans to the vanadyl oxygen and
the unpaired electron. However, when the dipolar part of
equation (31) with interaction distances similar to the VO(acac)2
methanol system was applied to the residual line width the
correlation times obtained (approx. 10"4 sec) were unreasonably
long. Therefore, it appears that the excess residual line
width is due to some intramolecular interaction between the
unpaired electron and the vanadium nucleus. Kivelson mentions
the nuclear-electron dipolar interaction but neglects it in

his theory for predicting line widths. However, if the dipolar
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part of equation (31) is used to interpret this intramolecular
interaction where YI is now the magnetogyric ratio of the
vanadium nucleus and TC is the correlation time for the nuclear-
electron interaction, then an exponential temperature dependence
would be expected for the excéss residual line width. It was
'found that a semi-logarithmic plot of the excess residual line
width versus (T°K)-1 did give a straight line within. an estimated
+ 10% error on the points for all the systems except ethanol.

The temperature dependences were all equal to about 6 kcal mole—1
which indicates that the same process is being observed in all
systems. To quantitatively analyze the results for a dipolar
interaction it was assumed that TC = Ts = 10-'10 sec since this
interaction may be associated with the relaxation of the electron.
The resulting interaction distances (rDD) are given in Table XII
and seem reasonable if oD is taken as the average distance
between the vanadium nucleus and the electron. Slight variations
in Iop MaY be due to the interaction of solvent molecules trans
to the vanadyl oxygen which could cause a variation in the
average distance of the electron from the vanadium nucleus.

The interaction process may equally well be interpreted by a
hyperfine contact interaction where the hyperfine coupling
constant can be obtained from the isotropic EPR spectrum;

these coupling constants are given at 20°C in Table XII.

The corresponding correlation times at 20°C are also given and
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are of a reasonable magnitude to be assigned to the electron
relaxation time. Unfortunately, the large temperature
dependence of the excess residual line width seems inconsistent
with these two relaxation processes.

It is conceivable that the excess residual line width is
due to a hyperfine interaction process between the unpaired electron
and an exchanging ligand trans to the vanadyl oxygen; however, it
was not possible to obtain the hyperfine coupling constant for fhis
interaction from the EPR study. This latter relaxation process
is more consistent with the large temperature dependence if the
'interaction correlation time is the ligand exchange time. The
di fficulty here, however, is that the coupling constant wili
obviously be large enough to give an appreciable shift of
the bulk solvent NMR resonances if a iigand exchange rate of

10 sec_1 is assumed. This shift was not

approximately 10
observed. It is possible that the residual line width is
due to a variation in super hyperfine coupling which has not
been resolved, as mentioned by Wilson and Kivelson (26); however,
the temperature dependencé of this interaction would be expected
to parallel the.solvent viscosity fof all the systems. Therefore,
it appears difficult to identify the cause of the excess residual
line width explicitly.

The above discussion on the residual line width can also

be applied to the systems given in Table X. Results for

an intramolecular relaxation process governing the excess
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residual line width are given in Table XXII. K could not be
ocbtained for these complexes because the effective radii, L
from diffusion experiments are not available.

The general conclusions from this EPR study are that
Kivelson's theory quantitatively predicts the observed hyperfine
line widths within the experimental error. The basis for this
conclusion is the good agreement between calculated and cbserved
coefficients in equation (35) as a function of temperature and
the ability of the theoretical coefficients to predict the
original observed EPR hyperfine lines. However, it is
necessary to propose relaxation mechanisms in addition to
spin-rotational relaxation to explain the total residual line
width (a"). The exact nature of these additional mechanisms
cannot be definitely established by the results from this

study.
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CHAPTER V. GENERAL DISCUSSION ON LIGAND EXCHANGE
ON TRANSITION METAL IONS

The primary purpose of this work was to determine the
rates, activation enthalpies, and activation entropies of chemical
reactions with the ultimate goal of obtaining mechanistic information
about these reactions. This mechanistic information can be
categorized into two types: stoichioﬁetric and intimate (111).

An analysis of the mechanistic information in terms of a
stoichiometric mechanism involves breaking the reaction into
individual elementary steps; whereas, analysis in terms of an
intimate mechanism involves consideration of the elementary

steps from the point of view of bond breaking or making, electron
densities, group polarizabilities, etc. The view held here is
that an analysis of the mechanistic infqrmation according to the
latter category yields more fruitful infbrmation about the

actual nature of chemical reactions.

There have been several attempts at obtaining mechanistic
information in organic chemistry ih both aqueous and mixed solvent
systems. Hughes and Ingold (112, 113) proposed a qualitative
theory for the effects of solvent on reaction rates and Amis
(114) has attacked the problem from a more quant;tative view~-
point. The organic chemical reactions of interest have been
of the type:

RX + Y—> RY + X
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where RX and Y are reactants which, in terms of transition
state theory, go through an activated complex to give products
represented by RY and X. The qualitative and quantitative
theories of the factors which affect the reaction mechanism
have primarily been concerned with the degree of bond breaking
and making in the transition state (SNI or SN2 type mechanisms),
charge separation, and the solvating powers of the solvent.

This interest has been carried over into inorganic

reactions of the type:

— +
MX + Y Yt X (102)

where M is the transition metal with n ligands (X) coordinat;ng
in the inner sphere and Y is a substituting ligand which is
usually the solvent. It has beep shown that both the qualitative
and quantitative arguments proposed for the organic systems can
be applied with slight modifications to inorganic reactions (5)
where the transition metal ion is inert. Typical inert metal
jons are cobalt(III), chromium(III), platinum(II) and palladium(II).
In principle similar argumenté should be applicable to
more labile ligand exchange reactions. Such reactions have been
most extensively studied for cobalt(II) and nickel(II) and
comparisons are now possible with the vanadyl ion. Results in
this general area have been reviewed recently by Langford and

Stengle (4).
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An understanding of the ligand exchange rates in labile
systems requires a knowledge of the effect of changing the
metal ion as well as changing the exchanging ligand. Crystal
field theory has been used in several attempts to quantitatively
explain the former factor. Basolo and Pearson (5) were the
first to propose that the relative exchange rates may be
explained by the differences in loss of crystal field stabilization
on going from the octahedral complex into the transition state for
the exchange reaction. This theory predicts qualitatively that
the activation enthalpy for exchange should parallel the Dg value.
and quantitatively that in the case of N12+(da) there should be
a destabilization of 1.8 Dg on formation of the most stable
transition state the "octahedral wedge." It is apparent from
the results for nickel(II) in Table XXIII that even the qualitative
predictions of this theory are not followed. For instance the
Dgq values for CH3OH, DMF and DMSO are all lower than that of
water yet AH* for water exchange is lower than for the other
three solvents. |

More recently Spees, Perumareddi and Adamson (101) have
‘proposed a significant variation of the previous crystal field
theory, in which they assume that spin pairing of the electrons
occurs whenever possible on formation of the transition state.
This theory was applied with reasonable success to the aquation

reactions of chromium(III) and cobalt(III). However, in this
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work attempts to apply the theory to the exchange reactions

of nickel(II) and cobalt(II) have been a notable failure.

The éredicted activation energies are at least a factor of 2
and, with apparently reasonable assumptions, as much as a
factor of 4 too large. The nickel(II) methanol system may

be used as an example. Spees et al predict for a high spin

da system that the crystal field contfibution to the activation
energy for the most favourable intermediate is (-2.84 Dg + 12B + 3C);
B and C are the Racéh parameters. Interpretation of the visible
gpectrum of Ni(CH30H)2+following the method outlined by Lever
(102) gives Dgq = 837 cm-l, B = 949 cm-l. The activation energy
is then (9020 + 3C) cm ® or (25.8 + 3¢C) kcal mole !, wWithout
considering the term in C the activation enthalpy is already

10 kecal mole-1 greater than the observed value, and if the

usual assumption that C = 4B is used then the activation energy
is 58 kcal mole-l.

It is apparent that electron pairing costs much more energy
than is gained back by increased crystal field stabilization in
the transition state and, therefore, no electron pairing is
likely to occur. This factor was not obvious in the cases
considered by Spees et al because the cobalt(III) complexes are
completely spin paired in the reactant and in .the case of
chromium(III) the larger Dgq values for the +3 ion were

sufficient to cancel the energy change for interelectronic
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repulsion. In fact it seems questionable if the original
proposal éf spin pairing in the transition state can be justified
since 10 Dg must be less than the pairing energy if the reactant
is high spin and the d orbitals in the transition state are
always separated by less than 10 Dq, therefore the electrons
should remain unpaired.

More recently Breitschwerdt (103) has revised the calculations
of Basolo and Pearson by using a more complete quantum mechanical
treatment. The results show the same trends with different 4
electronic configurations as those of Basolo and Pearson but the
-absolute value of the crystal field contributions to the activation
energy (AH*CF) are somewhat different. For a C 4V square pyramidal
transition state, AH*CF for iron(II), cobalt(liI), nickel(II) and
manganese (II) are 2.87 Dq, 3.65 Dq, 4.80 Dq and 2.80 Dq, respectively.
Breitschwerdt has found that these values give good quantitative
predictions of the activation enthalpy for water exchange. However,
this version of the crystal field theory also predicts that the
activation energy for solvent exchange should parallel the
spectroscopic Dq value and as already noted the opposite trend
seems to be more generally observed.

The above discussion in this chapter and similar arguments
in previous work have emphasized the importance qf crystal
field effects without paying any heed to the possibility of

reactant and transition state solvation. The latter factor
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is well recognized but has proven very difficult to calculate
because it is always necessary to take the difference between
two relatively large solvation energies. It seems reasonable

to assume that the total activation energy (AH*) is made up of

a crystal field contribution (AH*CF) and a solvation contribution

%
(AH sol) so that

¥ ¥

amt = aH ¥

+ AH

CF sol (103)

¥
An sol

of the same charge and exchanging by the same mechanism. If this

should be a constant. for a given solvent complexed to ions

assumption is cofrect then only the differences in activation
energies for the different metal ions can be predicted by crystal
field theory. If AH+ for solvent exchange on nickel(Il) is taken
as an arbitrary standard then AH+ for other metal ions may be
calculated from the value for nickel (II) (Table XXIII) and the
predicted differences in crystal field contributions. For
example, using the crystal field contributions given by

Breitschwerdt (103)

Calc OBS
(AH*) o = (AH*) 24 + (AH* ) 24 (AH* ) 2+ (104)
Co Ni CF Co CF Ni
4 OBS .
= (AH') + 3.65 (Dq) - 4.80 (Dq) (105)
Niz+ c:02+ . Niz+

Activation enthalpies for cobalt(II) are compared in Table XXIV.

The agreement between calculated and observed values for (AH*) 24
Co
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are generally good éxcept for 'the ammonia system. It was
proposed by Glaeser, Dodgen and Hunt (104) that ammonia
exdhénge on cobalt(II) might involve an octahedral—tefrahedral
equilibrium and the disagreement found here could be rationalized
on this basis. Since the predicted activation enthalpy is
lower than the value found it is also necessary to assume that
the octahedral-tetrahedral mechanism in this system has a more
favorable entropy by about 15 e.u. than the normal exchange
mechanism, |

As noted previously Breitschwerdt (103) has obtained good
agreement between calculated and observed activation energies
for water exchange of a nunber of divalent first row transition
metal ions. There is unfortunately very little data for this
series of ions in nonaqueous solvents. The rece;ltly reported
activation enthalpy of 7.4 kcal mole-l for methanol exchange
on manganese (II) (105) is not in good agreement with the
predicted value of 11 kcal mole-l. However, the calculated and
observed activation enthalpies of 11.3 and 12.0 kcal mole_l (106),
respectively, for the iron(II) methanol system are in reasonable
agreement. The calculation in the latter two systems has assumed
that Dg for methanol is the same for nickel(II), ‘manganese (II)
and iron(II).

It is clear that more experimental values are needed in

order to determine if the predictions made here are generally
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correct. Assuming the latter is true, it would be very useful

to determine the values of (AH*Bol) and hopefully correlate

them with the physical properties of the solvents (Table XXVI).

Calculation of (Aﬂ*sol) requires an absolute knowledge of

¥

(B o

), whereas the activation energies calculated in this

work depend only on the difference in crystal field contributions.
*

In any case it appears that (AH s

ol) decreases in the order

CH3OH > DMF > DMSO > H20 > CH3CN x NH3. This order, of course,

assumes a similar exchange mechanism in all solvents.
The above procedure should be able to predict the exchange

enthalpies for solvent exchange on the vanadyl ion as well

Calc

(Table XXV). However, (AH') 24
vo

except for water exchange, regardless of the mechanism of exchange
and the (AH* )

CF Ni

it was concluded that nickel(II) does not provide a good model for

is consistently too high,

24 chosen from Breitschwerdt's results. Therefore,
comparison to the vanadyl ion in exchange processes. It should be

noted, however, that a C, transition state for water exchange on

4v
the vanadyl ion predicts an activation enthaipy of 12.7 kcal m;ole-l
compared to an observed value of 13.3 kcal mole-1 which suggests
that in this case the exchange mechanisﬁ is similar to that on
_nickel(II) and cobalt(II). A small activation entropy is also
consistent with this proposal. Since the activation enthalpies

{Table XXV) could not be predicted for exchange of other

ligands on vanadyl it may be inferred that exchange proceeds
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by a di fferent mechanism on this metal ion. From the
characteristics of the vanadyl ion observed in this study it
appears reasonable that an SN2 exchange mechanism might be
operative. This mechanism may be most easily visualized by
considering one rapidly exchanging ligand, trans to the vanadyl
oxygen, which allows easy access of the bulk solvent to the
planar positions via a SN2 exchange process. The large negative
entropies which do not parallel those of cobalt(II) and nickel(II)
also suggest SN2 exchange processes on the vanadyl ion. Further
studies on other transition metal ions are obviously needed to
establish a more definite basis for the differences between SNI

and SNZ type exchange mechanisms.
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TABLE XXIII

Kinetic exchange parameters and spectroscopic parameters

for nickel(II) in various solvents

k sec-l AH*, kcal

+ -1 -1
’
Complex % 250C mole-1 As’',e.u. Dq,cm " B,cm
2+ 4
Ni(H20)6 2.70x10 11.6 t 0.5 0.6 870 905
2+ 3
Ni(CH3OH)6 1.oox10 15.8 8.0 837 949
2+ 3
Ni(DMF)6 3.80x10 15.0 £ 0.5 8.0 £ 2.0 812 949
2+ 3
Ni(CH3CN)6 3.90x10 10.9 -8.8 1104 832
. 2+ 3
N.‘I.(DMSO)6 5.20x10 12.1 * 0.3 -1.3 * 0.5 773 923

Ni (TMPA) 2* >1. 85x102

Ni(NH3):+ 1.00x105 11.0 £ 1.0 2.0 £ 3.0 1095 818
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TABLE XXV

Kinetic exchange parameters and spectroscopic parameters

for the vanadyl ion in various solvents

=) e
k, ,sec AH', kcal ¥ -1
Complex 5 '250c mole-1 As’ e.u. Dq,cm
24+ 2
VO (H,0) ¢ 7.4,x10 13.3 -1.5 | 1600
24+ 2
VO (CH_OH) 5.6_x10 9.4+ 0.68 ~14.2 * 2.1 1550
Mg 5 6
2+ 2
VO (DMF) ¢ 7.6,x10 6.7, % 1.94 22.6 5.7 1540
2+ 3
VO (CH_.CN) 2.9.x10 6.6. + 0.29 -20.3 t 0.9 1480
3Nlg 7 5
VO(DMSO)§+ >1.52x103 1430
VO(TMPA)§+ >0.84x103 1390
VO(TMPI)§+ <O.35x103 1450




Physical properties

TABLE XXVI

for some selected solvents
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solvent Dipole Moment Dielectric Viscosity Density
(Debeyes) Constant cp gm/cc
nzo 1.85 (107) 78.54 (107) 1.002 (107) 1.000 (107)
CH3OH 1.70 (107) 32.63 (107) 0.547 (107) 0.795 (107)
DMF 3.82 (110) 36.71 (109) 0.800 (109) 0.945 (107)
,CH3CN 3.84 (110) 36.20 (108) 0.345 (108) 0.783 (107)
DMSO 4.30 (110) 46.60 (108) 1.960 (108) 1.101 (107)
TMPA 2.010 (107) 1.200 (107)
TMPI 1.48 (107) 0.570 (107) 1.052 (107)
NH, 1.46 (107) 16.9 (107) 0.135 (108) 0.603 (108)

References are given in brackets in the table.
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APPENDIX A

Tables XXVII to XXXIII of this appendix give the proton
magnetic resonance line widths at half height as a function of
temperature for the pure solvents used in this study. The data
was chosen for a representative run at 60 MHz and was reproduced
to * 1.0 cps for other runs at both 60 MHz and 100 MHz. Tables
XXXIV to LVII give the cbserved line widths at half height of the
bulk §olvent proton magnetic resonance and the corresponding
(sz')-1 as a function of temperature for solutions containing
various transition metal ions. The figures in the thesis to

which these tables correspond are also indicated.
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TABLE XXVII

Temperature dependence of the water proton line width at 60 MHz

M

Line width at

o C half height (sec-l)
100 1.00
90 1.00
80 1.10
70 1.20
60 1.30
50 1.35
40 1.45
30 ‘ 1.50
20 1.60

10 1.75
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TABLE XXVIII

Temperature dependence of the formyl proton line width

of N,N-dimethylformamide at 60 MHz

e ]

Line width at

T C half height (sec-l)
140 1.00
130 ' l.10
120 1.20
110 ' 1.25
100 1.30
90 ‘ 1.40
80 1.50
70 . 1.55
60 1.60
50 1.70
40 1.75
30 | 2.00
20 2.50
10 2.75
0 3.00
-10 . 3.05
-20 : 3.50
-30 3.75
-40 4.25

-50 ' - 4,50
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TABLE XXIX

Temperature dependence of the hydroxy and methyl proton

line widths of methanol at 60 MHz

Line width at

T° C half height (sec-l)
Hydroxy ~ Methyl

80 ‘ 10.80 0.75
70 0.80 0.80
60 0.80 0.80
50 0.80 0.80
40 0.80 0.80
30 | 0.85 0.85
20 0.85 0.85
10 0.90 0.85
0 0.90 0.90
-10 0.95 1.00
-20 0.95 1.00
-30 1.00 1.00
-40 © 1.00 1.00
-50 1.05 1.05
-60 | 1.10 1.05
-70 1.10 1.10

-80 1.15 1.10




TABLE XXX

Temperature dependence of the methyl proton line width

of acetonitrile at 60 MHz

215

Line width at

half height (sec )

T° C
80 1.00
70 1.05
60 1.10
50 1.10
40 1.15
30 1.20
20 1.25
10 1.30
0 1.30
-10 1.40
-20 1.45
-30 1.50
-40 1.50




TABLE XXXI

Temperature dependence of the methyl proton line width

of dimethylsulfoxide at 60 MHz

216

n

Line width at

T° C half height (sec-l)
180 1.00
170 1.00
160 1.00
150 1.00
140 1.00
130 1.00
120 1.10
110 1.10
100 1.15
90 1.15
80 1.20
7 1.30
60 1.30
50 1.35
40 1.40
30 1.40

20

1.70




Temperature dependence of the methyl proton line width

TABLE XXXII

of trimethylphosphate at 60 MHz

217

Line width at

T° C half height (secnl)
180 1.00
160 1.00
140 1.00
120 1.00
100 1.00
80 1.05
60 1.05
40 1.07
20 1.10
0 1.15
-20 1.15
—40 1.20
60 1.20
-80 1.25
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TABLE XXXIII

Temperature dependence of the methyl proton line width

of trimethylphosphite at 60 MHz

Line width at

T° c ~ half height (sec-l)
110 ' 1.00
100 | 1.00
80 1.05
60 1.05
40 ‘ 1.10
20 1.10
0 1.15
-20 1.20
—40 1.30

-60 1.40

-80 1.50
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TABLE XXXIV

Proton line broadening for 0.0907 molal (1), 0.0276 molal (2), and

0.0547 molal (3)

solutions of VO(ClO,)., in N,N-dimethylformamide

(Figqure 1) . Frequency: 60 MHz. *Frequency: 100 MHz.
== e
FORMYIL PROTON LINE BROADENING
T,C _1_31 °K T AVgpe, sec ! 10"%x (T,,") “lsec lmorar™
150 2.36 13.9 (2) 15.85
140 2.42 15.0 (2) 17.05
130 2.48 15.6 (2) 17.75
120 2,54 16.1 (2) 18.30
110 2,61 16.0 (2) 18.20
100 2,68 14.3 (2) 16.28
90 2,75 12.9 (2) 14.68
80 2.83 18.6 (3) 10.38
70 2,91 15.2 (3) 8.73
60 3.00 13.2 (3) 7.60
60 3.00 23.0 (1) 7.97
50 3.09 19.6 (1) 6.79
40 3.19 16.1 (1) 5.56
30 3.30 11.9 (1) 12.7 (1) * 4,11, 4,40*
20 3.41 3.0 (2) 3.39
10 3.53 2.9 (2) 9.2 (1)* 3.30, 3.20%*




TABLE XXXIV (Cont'd)
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e et et e S e
e a— e eGPt e et

FORMYL PROTON LINE BROADENING

T°,C lgzjx- A\)()Bs,sec-l lo-zx('l‘zp')-l,sec-lmolal'-1
10 3.53 2.7 (2) 3.14
0 3.66 2.6 (2) 2.96
0 3.66 5.3 (3) 3.06
-10 3.80 5.5 (3) 9.0 (1)* 3.14, 3.11*
-20 3.95 6.1 (3) 3.52
-30 4.11 11.8 (1) 12.7 (1)* 4.08, 4.40*
-35 4.20 13.3 (1) 4.62
-40 4.29 14.5 (1) 5.02
-45 4.38 15.4 (1) 5.34
-50 4.48 17.0 (1) 17.9 (1)* 5.87, 6.20*
-50 4.48 1l6.8 (1) 5.81
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TABLE ' XXXV

Proton line broadening of a 0.0851 molal solution

of vO(C10,). in acetonitrile (Figure 2). Frequency 60 MHz

M

'PROTON LINE BROADENING

T°,C l%i}x-l AUOBS'sec_l 10“2x(T2p')-],'sec"lmolal-1
80 2.83 80.5 2.97
70 2.91 60.5. 2.23
60 3.00 50.5 1.87
50 3.09 38.0 1.40
40 3.19 26.0 9.59
30 3.30 18.0 6.64
20 3.41 12.5 4.61
10 3.53 7.5 2.77
0 3.66 4.5 1l.66
-10 3.80 3.5 1.29
-20 3.95 2.5 0.92
~-30 4.11 2.5 0.92
-40 4.29 3.0 1.11
-50 4.48 3.6 1.33

-60 4.68 4.2 1.55
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TABLE XXXVI

Proton line broadening of a 0.1563 molal solution of

VO(BFI)2 in trimethylphosphite (Figure 3). Frequency: 60 MHz.

PROTON LINE BROADENING

T°,C _l%i oK BV e sec ! 10-2x(sz')-];sec-1mola1"l
120 2.54 4.1 0.82
100 2.68 4.8 0.97
80 2.83 5.3 1.07
70 2.91 5.9 - 1.18
60 3.00 6.5 1.31
40 3.19 7.3 1.47
20 3.41 9.1 1.83
0 3.66 11.5 2.31
-20 3.95 15.0 3.02

-40 4.29 21.0 4,22




Proton line broadening of a 0.0632 molal solution of

TABLE XXXVII

VO(BFI)2 in dimethylsulfoxide (Figure 3). Frequencv 60 MHz.
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PROTON LINE BROADENING

T°,C l%i,°x UOBS,sec- 10-%(T2p')-%sec-lmolal-
180 2,20 1.30 0.65

160 2.30 1.60 0.80

140 2.42 1.90 0.95

120 2,54 2,30 1.15

100 2,68 2,90 1.44

80 2.83 3.80 1.89

60 3.00 5.20 2,59

40 3.19 7.10 3.53

20 3.41 10.00 4.97




*TABLE XXXVIII

Proton line broadening of 0.0726 molal (1) and

0.0363 molal (2) solutions of VO(BF,)., in trimethylphosphate

(Figure 3).

Frequency:

100 MHz.
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PROTON LINE BROADENING

T®°, C lgz_fx AUOBS,se -1 10—2x(T2p')-%sec-lﬁolal—l
180 2.20 2.90 (1) 1.26
160 2.30 3.30 (1) 1.43
140 2.42 3.60 (1) 1.56
120 2.54 4.20 (1) 1.82
100 2.68 5.30 (1) 2.29
80 2.83 5.60 (1) 2.42
60 3.00 7.70 (1) 3.90 (2) 3.31, 3.38
40 3.19 9.50 (1) 4.80 (2) 4.10, 4.15
20 3.41 12.60 (1) 5.35
0 3.66 15.60 (1) 6.74
-20 3.95 21.20 (1) 10.30 (2) 9.16, 8.90 |
-40 4.29 30.00 (1) 13.00
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TABLE XL

Proton line broadening of a 0.067 molal solution of

vo(acac). in methanol (Figure 5). Frequency: 60 MHz.

_—W

PROTON LINE BROADENING

T°,C lgi'°x-l A\),sec-1 lo-zx(sz')-{sec-lmolal-l
OH Cl-l3 OH CH3
70 2.91 1.04 0.49
60 3.00 1.17 0.55
40 3.19 129.0 1.53 60.50 0.72
30 3.30 70.0 1.81 32,80 0.85
20 3.41 41.3 2.08 19.40 0.98
10 3.53 21.0 2.45 9.85 1.15
0 3.66 17.4 3.00 8.15 1.41
-20 3.95 15.4 4.50 7.25 2,12
-40 4.29 20.3 7.05 9.55 3.30
-60 4.68 36.6 13.00 17.20 6.10

-70 4.92 50.0 18.50 23.50 8.70




Proton line broadening of a 0.2186 molal solution of

TABLE XLI

vO(tfac) ., in methanol (Figure 6). Frequency: 60 MHz.
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PROTON LINE BROADENING

T°,C ;%i,°x‘l AUOBS,sec-l 10'2x(sz')'%sec'lmolal‘l
oH cu, OH o,
80 2.83 491.0 70.50
70 2.91 349.0 50.10
60 3,00 249.0 35.80
50 3,09 153.0 22.00
40 3.19 92.4 13.25
30 3.30 46.8 6.72
20 ;:4i 30.0  10.0 4.31 1.44
10 3,53 27.0  11.5 3.88 1.65
0 3.66 30.0  14.0 4.31 2.01
-10 3,80 36.0  16.0 5.16 2.30
-20 3.95 42.5  20.0 6.10 2.87
-30 4.11 53.0  24.5 7.61 3.52
-40 4.29 68.0  32.0 9.76 4.59
-50 4.48 87.0  42.0 12.50 6.03
-60 4.68 110.0  54.0 15. 80 7.75




TABLE XLII

Proton line broadening of a 0.0073 molal solution of

vo(acac). in trichloroethanol (Figure 7). Frequency: 100 MHz.
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PROTON LINE BROADENING

T°,C l%i_fx_l AUOBS,sec -1 10—2x('1‘2p')""%'s.ec-lmolal_l
OH CH2 OH CH2
80 2.83 42,5 0.9 18.4 0.39
70 2,91 36.4 1.3 15.7 0.56
60 3.00 31.4 2,1 13.6 0.91
50 3.09 28.6 3.1 12.4 1.34
40 3.19 33.0 5.9 14.3 2,55
30 3.30 42.5 11.0 18.4 4.76

20 3.41 61.0 19.5 25.4 8.45




TABLE XLIII

Proton line broadening of a 0.0613 molal solution of

229

vo(acac) . in trifluoroethanol (Figure 8). Frequency: 60 MHz.

e e TSI
PROTON LINE BROADENING
T°,C l%i,°x Aucms,sec-1 10-'2::('1.‘2p')'-1,sec-]'molzatlm1
OH CH2 OH CH2
80 2.83 6.5 3.33
70 2.91 8.5 4,36
60 3.00 12.0 6.15
50 3.09 15.5 5.2 7.95 2,24
40 3.19 23.0 8.1 11.80 3.00
30 3.30 31.0 11.7 15.90 4.90
20 3.41 45.0 16.3 23.05 6.00
10 3.53 70.0 25.8 35.90 9.55
0 3.66 110.0 36.1 56.40 15.00
-10 3.80 125.0 54.6 89.60 22.00
-20 3.95 300.0 103.5 154.0 39.00
-30 4,11 580.0 175.5 298.0 64.00
-40 4.29  800.0 410.0




Proton line broadening of 0.175 molal (1) and 0.069 molal (2)

TABLE XLIV

230

solutions of copper acetylacetonate in methanol (Figure 10).
Frequency: 60 MHz.
PROTON LINE BROADENING
T°,C __E_fx Auons_,sec-l 10-2x('1‘2p‘)-],'sec"]‘xﬁolal-1
OH CH3 OH CH3

40 3.19 24.3 (1) 7.77 (1) 4.35 1.39
20 3.41 31.5 (1) 9.73 (1) 5.65 1.74

0 3.66 43.8 (1) 12.20 (1) 7.85 2,18
-20 3.95 60.9 (1) 19.40 (1) 10.90 3.47
=40 4,29 38.7 (2) 11.55 (2) 17.60 5.25
-60 4.69 62.0 (2) 18.25 (2) 28.20 8.30
-60 4,69 62.1 (2) 19.10 (2) 25.30 8.70
-80 5.18 124.0 (2) 38.70 (2) 56.50 17.60
-90 5.46 162.0 (2) 50.30 (2) 74.00 22.90
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Proton 1lin

TABLE XLVI

. 232

e broadening of 0.0151 molal (1) and 0.00999 molal (2)

solutions of Cu(clo,)., in methanol (Figure 1l1). Frequency: 60 MHz.

TSN

e

PROTON LINE BROADENING

T°,C l%i,°x AUOBs,se -1 10_3x(sz')_%sec-lmolal_l
OH CH3 OH CH3
70 2.91 5.02 (1) 5.06 (1) 1.05 1.06
60 3.00 5.98 (1) 5.75 (1) 1.25 1.20
50 3.09 7.90 (1) 6.03 (1) 1.65 1.26
40 3.19 9.20 (1) 6.27 (1) 1.92 1.31
30 3.30 11.50 (1) 6.80 (1) 2.40 1.42
20 3.41 16.50 (1) 7.61 (1) 3.45 1.59
10 3.53 22.20 (1) 9.43 (1) 4.65 1.95
0 3.66 17.20 (2) 6.85 (2) 5.40 2.15
-10 3.80 20.40 (2) 7.50 (2) 6.40 2.35
-20 3.95 22,00 (2) 8.35 (2) 6.90 2.62
-30 4.11 26.20 (2) 9.40 (2) 8.25 2.95
-40 4.29 32.40 (2) 11.75 (2) 10.20 3.69
-50 4.48 40.00 (2) 13.60 (2) 12.60 4.28
-60 4.69 45,00 (2) 16.70 (2) 14.10 5.25
-70 4.92 56.40 (2) 19.10 (2) 17.40 6.00
-80 5.18 69.00 (2) 26.20 (2) 21.60 8.25
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TABLE XLVII

Proton line shift of 0.0151 molal (1) and 0.00999 molal (2)

solutions of Cu(Cl0,). in methanol (Figure 12). Frequency: 60 MHz,

PROTON LINE SHIFT

T°,C _];(_)_3_ ,°K-1 AUS,, s‘ec-l 10—3wa, rad sec-]'molalml
' CH3 OH CH3 OH

60 3.00 10.2 (1) 12.4 (1) 4.28 5.20
40 3.19 10.7 (1) 14.8 (1) 4,48 6.20
20 3.41 11.3 (1) 16.3 (1) 4.75 6.82
o 3.66 8.0 (2) 12.2 (2) 5.01 7.61

-20 3.95 8.6 (2) 13.4 (2) 5.40 8.40

-30 4,11 8.9 (2) 4.0 (2) 5.58 8.78

-40 4.29 9.2 (2) 1l4.6 (2) 5.81 9.18
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TABLE XLIX

Proton Line broadening of a 0.1523 molal solution of

VSBFI)Q in methanol (Figure 16) . Frequency: 60 MHz.

PROTON LINE BROADENING

. 3 ,.-1 -1 ., =2 I S S |

T® C 13 JK AUGBSvsec 10 x(T2p ) ,sec "molal

OH CH3 OH . CH3
-90 5.46 470.0 320.0 97.0 66.0
-80 5.18 340.0 210.0 70.0 43.2
-60 4.69 155.5 90.0 32.0 18.50
-40 4.29 84.3 46.0 17.4 9.50
-20 3.95 47.0 27.5 9.70 5.69
-0 3.66 29.5 16.3 6.10 3.36

20 3.41 20.5 11.0 4.24 2.26
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TABLE L

Proton line broadening of a 0.5285 molal solution of

Cr(BF,), in trimethylphosphate (Figure 17). Frequency: 60 MHz.

M

PROTON LINE BROADENING

T°,C 1%3,°K-1 Auoas,sec—1 : 10-2x('1‘2p').l,sec-]'xm:vla\l-1
-80 5.18 203.0 12.10
-60 4.69 155.4 9.21
-40 4,29 123.8 7.35
-20 3.95 100.6 5.99
0 3.66 80.8 4.80
20 3.41 59.0 69.5 4.13
40 3.19 54.1 59.0 3.51
60 3.00 54.1 3.22
80 2,83 49.0 2,92
100 2,68 43.7 2.60
120 2,54 40.1 2,38
140 2.42 37.8 2,25

160 2.30 35.0 2.08
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TABLE LI

Proton line broadening of a 0.967 molal solution of

V(BF,).. in trimethylphosphate (Figure 18) . Frequency: 60 MHz.

L i B

PROTON LINE BROADENING

T°,C _]%3_ okt MVops sec”t 10-2x('1‘2p' ) -%sec-lmolal-l
-40 4,29 39.4 12.80
-20 3.95 33.8 11.00
0 3.66 27.0 8.77
20 3.41 25.0 8.13
40 3.19 21.0 6.82
60 3.00 17.5 5.70
80 2.83 17.4 5.65
100 2.68 15.0 4.87
120 2.54 14.1 | 4,59
140 2.42 12.6 4.10
160 2.30 11.9 3.86

180 2.20 11.1 - 3.60
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TABLE LVIII

Proton line shift of a 0.085 molal solution of

V(Cl0,) ., in N,N-dimethylformamide (Figure 24)

T°,C 19?,°K-l A\)S,sec“1 Aw, rad. sec”l  molal”
T

=25 4.03 6.9 510

-35 4.20 8.0 590

-40 4.29 8.5 628

-45 4.38 9.2 680

-55 4.58 10.1 750
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APPENDIX B

This appendix gives the IBM 360/67 compiler output of
the Fortran version of the EPR computer programme us;ed in this
study. The prografnme has been divided up into several qections
and the operations in each section have been briefly outlined in
"Comment Statements". Compiling time for this programme was 0.8
minutes on level H and normal calculating time was about 3 minutes.
For a more detailed discussion of the actual computations of the

programme see Chapter IV of this thesis.
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