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ABSTRACT 

The temperature dependence of the transverse relaxation time, T
2

, 

of oxygen-17 in aqueous solutions containing cupric and chromous ions 

has been studied in the temperature range -59.6 to l50°C. The low 

temperature region was rendered accessible by using eutectic solutions 

of water and perchloric acid ( 40.7% HCl04 by wt.). As a result of this 

study, lower limits were set for both the rate of exchange of water 

molecules from the first coordination sphere of the paramagnetic ions 

and the rate of inversion of the distorted octahedra of water molecules 

surrounding the metal ions. The enthalpies of activation for these 

exchange processes are given. The rate constants for the exchange are 

observed to be larger than those reported for other plus two ions of the 

iron group. These large rate constants have been interpreted in terms 

of the Jahn-Teller distortion of the octahedra of water molecules around 

the hydrated cupric and chromous ions. 

In the case of the cupric-water system, the observed temperature 

dependence of T2 for oxygen-17 is seen to parallel that for the T2e of 
. p 

the paramagnetic electron of the cupric ion. An explanation of this 

rather striking phenomenon is given by proposing that T2e relaxation for 

the param~gnetic electron is a function of the chemical exchange process 



-vi-

detected by the nuclear magnetic resonance measurements. 

The chemical shift of the resonance of the bulk water molecules as 

a result of the presence of the paramagnetic ions was measured in both 

cases. This represents the first measurement of the shift for the 

oxygen-17 nuclear resonance in the presence of cupric ions and was 

made possible only by observing the system at elevated temperatures. 

The shift measured for oxygen-17 in the presence of chromous ion is 

shown to be in good agreement with the value reported in the literature. 

From these chemical shift measurements the average coupling constants 

for the interaction of the oxygen-17 nucleus and the paramagnetic ions 

were calculated. 
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I. INTRODUCTION 

A. Background 

In recent years new techniques for the investigation of very rapid 

reactions in solutions have become available.
1

'
2 

Consequently, a de-

tailed study of a number of important reaction mechanisms has been made 

possible. In the present work one of these new techniques, NMR, is used 

to study the exchange of bulk solvent water molecules with water molecules 

in the first coordination sphere of hydrated metal ions. In those cases 

where this rate of exchange is too rapid to be studied by conventional 

3 4 methods, this technique has proved to be very useful. ' 

The NMR technique for the study of very fast reactions in this case 

exploits the line-broadening of the nuclear magnetic absorption of 

oxygen-17 in the bulk solvent which is brought about by the paramagnetic 

ions. Numerous measurements have been made of the effect that paramag-

netic metal .ions have on the proton magnetic resonance of water, but the 

data were not sufficient to indicate whether the protons exchange inde-

pendently of the oxygens or whether the whole molecule is involved in 

the exchange process. In fact proton measurements give little kinetic 

information because the correlation time for the relaxation mechanism 

usually does not correspond tc· a chemical reaction. By making measure-

ments of the exchange process using oxygen-17, these results give.infor-

mation directly on the motion of the oxygen atoms of the water molecules. 

In the case of manganous ion. comparison of the proton and oxygen-17 data 

has confirmed that it is the whole water molecule that undergoes ex-

4 
change. 
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Usually it is necessary to study the temperature dependence of the 

line-broadening process in order to ascertain whether the observed rate 

as measured by the broadening of the resonance signal is actually the 

rate of exchange of the water molecules or merely a lower limit to this 

rate. The experimentally observed quantity is the width of the resonance 

line, and when this quantity is expressed in units of radians per second 

it is equal to l/T2 , the rate of transverse relaxation. This quantity, 

l/T2 , is the rate at which the components of magnetization at right 

angles to the external field lose their precessional coherence. The 

broadening is controlled by either of two factors: l) the lifetime of 

the water molecules in the first coordination sphere of the paramagnetic 

ion or 2) the rate of transverse relaxation within the first coordination 

sphere. The broadening produced in the former case should show an 

Arrhenius type temperature dependence, while that in the latter case 

may have a slight positive and in many cases a negative temperature de-

pendence. Thus by performing a temperature study of l/T2 , one can 

usually determine which of the above two processes is the controlling 

factor in the transverse relaxation process of the oxygen-17 nuclei in 

the presence of the paramagnetic ion. 

Specifically, this work is devoted to a detailed study of the ex-

change process involved in the cupric and chromous ion systems. The 

first part is a more detailed treatment of the cupric system which was 

studied earlier by Swift. 4 The temperature dependence of the transverse 

rate of relaxation in the case of cupric ion was measured over the 

range -59°C to l50°C. For chromous ion it was not possible to go above 

l00°C because of the instability of chromous ion at these elevated 

temperatures in the presence of perchlorate and hydrogen ions. However, 
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the chromous system was studied down to -55°C. Only in the case of 

cupric ion can a definite value be assigned to the rate constant for a 

water exchange process. In the case for chromous ion only an upper limit 

to the rate could be calculated from the temperature study. 

B. Electronic Structure of Cupric and Chromous Ions 

Cupric and chromous ions belong to the first transition series and 

they have the following electronic structure respectively) (Ar) 3d9 and 

(A.r) 3d
4 

where (Ar) stands· for the electronic system of argon. As is 

obvious from the electronic structure of the ground state of these two 

ionsJ when placed in a crystalline field of octahedral symmetry they 

both should be highly susceptible to a Jahn-Teller configurational in

stability.5 We would then expect that no regular octahedrally coordina-

ted cupric and chromous complexes should existJ and this is in accord 

with the experimental findings.
6

J7 In factJ x-ray data on crystals of 

these two ions place four of the six coordinated ligands at a distance 

0 0 8 9 
of approximately 2.0 A and two at a distance of approximately 2.4 A. J 

The Jahn-Teller configurational instability causes the octahedra of 

these two complexes to compress in the x-y plane while being elongated 

along the z-axis. 

It is also believed that in aqueous solutions the cupric and 

chromous ions coordinate with six water molecules to form such a dis-

torted octahedron. If this is in fact true J two of the six water mole-

cules should be more labile than the other four because of the weakening 

of the bonds through the distortion. Indeed it was found in the work 

by Swift and Connick) 
4 

that the exchange of the water molecules from 

the first coordination sphere of Cu(II) is very fast; a iower limit of 
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8 -1 
2 x 10 sec is given for the rate of exchange of the axial water 

molecules. Evidence is also presented in this work to show that such 

labile water molecules do exist for these two ions. 
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II. THEORY OF NUCLEAR RELAXATION IN SOLUTIONS 

A. Introduction 

There are many mechanisms by which nuclei may interact to cause 

nuclear relaxation. Before outlining these various mechanisms, the 

general theory of relaxation will be discussed. For a more formal and 

mathematical treatment of this subject references 10, 11, and 12 should 

be consulted. 

To understand how nuclear relaxation occurs in liquids it is instruc

tive to recall the state of affairs in the liquid state. Contrasted to 

the solid state, there exist in solutions rapid molecular motions of 

large amplitude and random character. These motions might include rota

tional tumbling of individual molecules, relative translational motions 

of molecules and even, because of chemical exchange, net movement of 

atoms or groups of atoms from one molecule to another. It is these 

random motions coupled with the properties of the nuclei that give rise 

to the nuclear relaxation phenomena. Thus in treating the relaxation in 

the liquid state one is required to investigate how the rapidly fluctu

ating magnetic fields or gradients, caused by the rotations and trans

lations of charged particles or dipoles in solution, induce transitions 

between the nuclear energy levels of the spin system and hence cause 

nuclear relaxation. 

The calculation of the transition probability of a nuclear system 

being subjected to a random perturbation is usually treated by means of 

correlation theory following the early ideas of Bloembergen, Purcell and 

Pound. 13 The correlation theory treatment assumes that the random 

motions of the liquid may be represented by a function P(y(t)), where P 
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is a prescribed function of y) which however varies randomly with t. 

Therefore P(y)t) has an average value of zero over a long time interval 

T. The question arises as to how long a time T one must wait to have 

the average value of the function P(y(t)) tend closely to zero. There 

exists a time interval such that the value the function P(y(t)) has at 

the end of the interval is quite likely of the same sign and perhaps even ~ 

of similar magnitude) as at the beginning of the interval. The latter 

statement is true in a statistical sense for any choice of the starting 

point for the small interval. It then can be said that over such an 

' 

interval the values of the function are correlated and a correlation 

function for the system is defined as) 

Equation (1) gives the probability that function P(y(t)) will have the 

value y
2 

at time t 2 when we know it had the value y
1 

at time t
1

. Clear

ly the correlation is better the shorter the interval. 

The correlation theory further assumes that the random motions of 

the system may be treated as a stationary random process) i.e. one 

which depends not at all on the origin of time but only on 

T = It - t 1. Then the correlation function becomes 2 1 

P(y(t)) p*(y(t + T)) ( 2) 

where G(T) has the properties of being both an even and real function of 

14 
T. In Eqs. (1) and (2) the asterisk indicates a complex conjugate) 

since P(y(t)) may in general be complex. The bar denotes an ensemble 

average) that is) we suppose that there are many identical systems 

(here our molecular complexes) and we are averaging the product for the 
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instants of time t and t + T over all the molecules. 

This treatment of the random motions of the system lends mathemati-

cal precision to some of our qualitative ideas about the loss of corre-

lation within an assembly of tumbling molecules. Moreover, it is 

directly useful in a quantitative description of relaxation processes 

within the liquid. 

B. Transition Probability of a System Subject to 

a Random.Perturbation-Redfield Theory 

Let us assume that the total Hamiltonian for the ensemble of nuclear 

spins under consideration may be written in the following manner, 

H = H
0 

+ ~ (t) (3) 

where H
0 

is a time independent term and H
1 

(t) is the perturbation term 

arising from the random motions of the system. Here we will consider the 

spin system as being in effect a sub-system of the entire system,.which 

includes in addition the many degrees of freedom of atomic and molecular 

motion. 

The usual approach to the solution of calculating the transition 

probability of the spin system subject to these random perturbations is 

to first describe the random motions in terms of the correlation theory 

given above and then to apply the conventional transition probability 

theory. 15 This was the approach used by Bloembergen, Purcell and 

13 16 Pound and later by Wangness and Bloch. It is applicable in this 

case but will not p~ovide a complete description of the spin system. 

At most it will provide information on the rate of change of the proba-

bility amplitude of a state of a system, assuming that the phases of the 

state of the system are unknown or random. 

For a more complete quantum-mechanical description of the system, 
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one should use the density matrix formalism. 17 This approach is due to 

Redfield)ll who modified the Wangness-Bloch16 theory. The density 

matrix formalism has the advantage that here the off-diagonal matrix 

elements are not assumed to be equal to zero and thus in addition to the 

rate of change of the diagonal matrix elements) or the probability ampli-

.. . .. 

tudes) it gies the rate of change of the off-diagonal elements as well. ~ 

This is necessary in the complete quantum mechanical description of the 

system) and further it does not require the random phase assumption. 

Redfield's theory begins by describing the spin system by a density 

matrix and then considering how the density matrix changes with time as 

a result of the perturbation H1 (t) of the lattice motion. The time de-

pendence is contained in the equation of motion for the density matrix) 

dp(t) 
dt 

Written in the "so-called interaction representation) that is) trans-

forming to a coordinate system rotating at the frequency H ) Eq. (4) 
0 

becomes 

Equation (5) is then integrated by successive approximations) and to 

second order) the result is) 

* * p (t) = p (0) 

or taking the time derivative) 

i 
11 

t * * f [ H
1 

( t ) ) p ( 0 ) ] dt 
0 

(4) 

(5) 
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l t * . * * 
b 2 6 [ Hl ( t ) ' [ Hl ( t I ) ' p ( 0 ) ] ] d t I • ( 7 ) 

* * Since H
1 

(t) is a random function of time, it follows that p (t) 

and hence its time derivative will also be a random function of time . 

Thus the observable behavior of a statistical ensemble of systems will 

be described by an average density matrix p* which is obtained by 

taking the ensemble average of both sides of Eq. (7) over all the random 

* Hamiltonians H
1 

(t). 

Redfield then shows that the first term in Eq. (7) vanishes under 

certain initial conditions because of the stationary character of 

* H
1 

(t). In the event that this term does not go to zero, he indicates 

that at most it will cause a shift in the energy and may be included in 

a redefined H . Then by expanding the double commutater and making use 
0 

of the correlation theory discussed above, he calculates for the aa 1 

dp * ( t) 
matrix element of dt the following expression, 

* dp (t)aa 1 = 
dt 

. ~ [a.-a. 1+13 1 -13]t 
e 

where Raa 1 i3i3 1 is called the relaxation matrix and it has elements 

given by 

+ 5 Q ·L: J I Q I ( Y-'·13 I ) ] 
a.~-' y yo:, Yl-' 

(8) 

(9) 

where the Jaa 1 l3i3 1 's are the Fourier transforms of the correlation func

tions, 

G( -r) (10) 
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Equation (8) is the equation of motion for the density matrix for 

a system subject to a random perturbation as derived by Redfield. Since 

this equation is the first term in a power series expansion, in order 

for the series to converge the density matrix of the system must not 

change by much during the time 6t in which we are observing the system. 

This will require 

- 1-- >> 6t. 
Rcro, I f3f3 I 

Equation (ll) gives the condition of validity of this theory. 

(ll) 

The 

power of the theory rests in the fact that according to Eq. (8) this 

treatment provides us with a set of linear differential equations among 

the elements of the density matrix, which in principle we can always 

solve. 

C. Mechanism of Relaxation of Nuclei in Liquids 

Now that we have seen how one treats a system subject to a random 

perturbation, the different forms these perturbations may take for 

nuclei in solutions will be described. Since we are primarily interest-

ed in the transverse relaxation of oxygen-17 and subsequent determina-

tion of the exchange rate of these molecules from the first coordination 

sphere of the paramagnetic ions, these mechanisms will be discussed from 

this point of view. Thus our discussion is primarily concerned with the 

relaxation phenomena resulting from the interaction of an electronic 

spin S and a nuclear spin I. 

The transverse relaxation of the oxygen-17 in the bulk solvent, 

brought about by the paramagnetic ion, is controlled by the slower of 

either of two processes: l) the rate of exchange of water molecules 

into the first coordination sphere of the paramagnetic ion and 2) the 

• r.. 
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rate of transverse relaxation of the oxygen-17 nuclei while they are 

in the first coordination sphere of the paramagnetic ion. 

Considering the latter process first, the oxygen-17 nucleus may 

experience transverse relaxation through the following interactions while 

it is in the first coordination sphere of the paramagnetic ion: 1) di-

pole-dipole interaction, 2) scalar-coupling, 3) quadrupole interaction 

through molecular reorientation and 4) anisotropic chemical shift. 

With the exception of the anisotropic chemical shift these mechanisms 

are the ones which we have found to provide the dominant relaxation 

paths. These mechanisms will be discussed in the order in which they 

are listed. 

1. Relaxation in the Absence of Chemical Exchange 

a. Dipole-Dipole Interaction. The interaction energy of two spins I 

and S interacting through dipolar coupling is, 

.:!...~ 

H (t) = I· S 
1 3 r 

..::...~ ..::.. ..:... 
3(I·r)(S~r) 

r5 
(12) 

~ 

where r is the radius vector joining the two spins, and I and S in our 

case represent the spin of the nucleus and electron respectively. If 

one expresses this interaction in spherical polar coordinates it can 

be shown that H
1 

(t) will have the form, 

H
1 

(t) = (13) 

Here the Fq's are the random functions which lead to the relaxation, 
..::... 

and they are functions of angles e and ¢ and the radius vector r des-

cribing the relative orientation and separation of the .two spins. The 

Aq's will appear as operators acting on the spin variables and are 

independent of the spin coordinates. 
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The result of this interaction and how it leads to relaxation is 

explained as follows. Each spin I and S will have its effective field 

that it would feel in the absence of the other modulated by the magnetic 

field created by the presence of the other spin. This modulation, as is 

evident from Eq. (12) will depend upon the direction and distance of 

separation. The relaxation effects result from the dependence of the 

modulation on the distance and direction of the neighboring dipoles. 

When the o17 of a water molecule is in the first coordination 

sphere of the paramagnetic ion, the interaction is characterized by a 

correlation function describing the rotation of a rigid sphere in a 

solution. The effective correlation time thus becomes equal to the 

rotational time constant for the Brownian motion. The H
1

(t) fields have 

no preferred direction, and in the limit of rapid motion and short 

correlation times, this mechanism should be as effective in causing 

transverse as longitudinal relaxation. 

The fact that the correlation time should be governed by the rota-

tion of the molecule or complex rather than the relative translational 

motion is a consequence of concerning ourselves only with intramolecular 

interaction rather than intermolecular interaction. In the former case 

the variation of the dipolar coupling of the spins arises almost unique-

ly from the rotation of the molecule, the variation of the distance 

between spins due to the vibration being negligible. That experimentally 

we are dealing with intramolecular interaction is justified to some 

extent by the equation for H
1 

(t), Eq. (12), which indicates that the 

interaction is dependent on the inverse cube power of the distance of 

separation. 

. ; . 

·, 

.. 
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Finally, it should be mentioned that this problem is treated 

mathematically by inserting the value of Hl(t) from Eq. (12) into Eq. 

(8) in order to get the equation of motion of the density matrix for 

the system. To evaluate the rate of transverse relaxation, the rate of 

change of expectation value of I or I with time is calculated and the 
X y 

coefficients R~,~~· will be equal to l/T2 • The longitudinal relaxation 

time is computed in a similar manner but this time using the expectation 

value of I • . z 

b. Scalar coupling. If the wave function for the electron spin S has 

a non-vanishing value at the position of the nucleus I, nucleus I may 

experience another type of coupling distinct from the dipolar coupling 

discussed above. This coupling is called scalar coupling and the Hamil-

tonian for this interaction is of the form, 

~-~ 

= A I·S (14) 

The coupling can be a longitudinal relaxation mechanism for the nuclear 

spin I, if the electronic field that it sees, proportional to AS, has 

a random time-dependence. This latter may arise through a variation in 

A, the coupling constant, brought about by chemical exchange with a 

time constant T or relaxation of the spin S, with a time constant T , 
e s 

where the faster of the two interruption processes controls. Similarly 

transverse relaxation is produced but with a contribution from the zero 

frequency of motion spectral density also. If both time constants in 

the above interaction are appreciably longer than the electron Larmor 

period it is possible for the scalar coupling interaction to shorten 

T2 appreciably, while leaving T
1 

practically unchanged. However, in 
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fields low enough that the·Larmor period for the electron is appreciably 

longer than the time constant for the scalar coupling interaction, the 

contribution of this interaction to the nuclear T
1 

and T2 becomes equal. 

This mechanism will be discussed in more detail later because it 

has been found that in the case of cupric and chromous ions, it makes 

the dominant contribution to the relaxation of oxygen-17 in water. 

c. Electric quadrupole interaction. This interaction represented by 

the Hamiltonian, 

H (t) == Q • DE 
l 

l will be present only if the nuclear spin I is greater than 2 because 

only then will the nucleus have·a quadrupole moment. Here Q is the 

(15) 

quadrupole moment of the nucleus and DE is the electric field gradient 

of the system. The origin of this effect arises from the interaction of 

the quadrupole moment of the nuclear spin with the electric field gradient 

created by the presence of an unsymmetrical electronic cloud. This inter-

action will depend upon the relative orientation of the nuclear spin and 

the electric field, and again it should be governed by a correlation 

time which is related to the rotational tumbling of the complex. In 

the limit of very rapid motion, the electric quadrupole interaction 

should be as effective in causing T
1 

as T2 relaxation. 

d. Anisotropic chemical shift. The Hamiltonian for this interaction 

is of the form, 

H
1 

(t) ==- y H"A·I 

where H is the external field. This Hamiltonian should be recognized 

as the interaction that leads to the chemical shifts observed for nuclei 

imbedded in bulk matter. The interpretation to be given to the 

... 
• 
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Hamiltonian is that it represents the interaction of the nucleus I with 

its surrounding magnetic field, and A, the chemical shift tensor, is a 

measure of this coupling. The trace of A, because of molecular tumbling, 

leads to the chemical shift, while the traceless part of A.in the 

presence of molecular tumbling leads to nuclear relaxation. The reason 

that it is the traceless part of this tensor and not the trace that 

leads to the relaxation phenomenon is that the trace of this tensor is 

invarient to rotations of the molecule, i.e. that part of the surround-

ing magnetic field that is coupling to the nucleus I by the trace 

elements will always appear to the nucleus as a static field. and produces 

only a shift in the resonance signal. The traceless part on the other 

hand is not invarient to rotations and will appear as a fluctuating 

magnetic field to the nucleus I as a result of the molecular tumbling, 

thus leading to nuclear relaxation. 

2. Transverse Relaxation in the Presence of Chemical Exchange. 

If the possibility exists of chemical exchange of the nucleus in 

question between two or more different magnetic environments, the treat-

ment of the relaxation phenomena becomes more involved.. All of the above 

relaxation mechanisms may still be operative, but the contribution to 

the relaxation process from each of the magnetic environments must be 

considered. The chemical exchange itself, if rapid enough, may provide 

the interruption of the interaction between the paramagnetic ion and 

the nucleus. This was seen to be one of the possibilities in the case 

of scalar coupling. When the precessional frequencies are different 

in the two environments, exchange can lead to broadening. Further, 

the contribution by one environment to relaxation at the frequency of 

the other environment may be limited by the rate of chemical exchange. 
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Nuclear relaxation in the presence of chemical exchange has been 

18 
treated by McConnell. He mod.ified the Bloch equations of motion for 

the various components of the magnetic moment of the nucleus to include 

chemical exchange. More recently Swift and Connick4 applied the 

McConnell equations to the limiting situation present in dilute aqueous 

solutions containing paramagnetic ions. It is this treatment of the 

exchange process that will be used in the present work. 

In the Swift and Connick treatment it is shown that the rate of 

transverse relaxation for the exchange process involving two sites is 

given by, l l f::;{D 
2 

+ --- + . 
T2m 

2 T2m-rm m 
l l (16) 

= 
G'l Tl )2 + 

2 T2p TH 0 + [i'(J) 
2 T2m m 

m 

where l/T2p = (l/T2 - l/T2H 0 ), that is, l/T2 is the difference between 
2 p 

the rate of relaxation in the presence of the paramagnetic ion and the 

nate in the absence of the paramagnetic ion. -rH
20 

and -rm are the life

times of the water molecules in the bulk and in the first coordination 

sphere of the paramagnetic ion, respectively, while 
l 

T2m 
is the rate 

of transverse relaxation of the oxygen-17 nucleus in the first coord.i-

nation sphere of the paramagnetic ion. This equation was derived under 

the condition that the concentration of the coord.inated. water molecules 

is much less than the bulk concentration and that both slow passage and 

non-saturation conditions prevail. This equation may be extended to 

the consideration of more than two sites, as will be discussed later, 

but for the present we are concerned only with the form of the equation. 

From Eq. (16) it can be shown by analysis that in the presence of 

chemical exchange there are two mechanisms by which the bulk nuclei may 

.. 



-17-

experience relaxation arising from the presence of the paramagnetic 

species. 

The first of these mechanisms} which is a direct consequence of 

the possibility of chemical exchange existing} is the so-·called w or 

chemical shift mechanism. As the nuclei undergo exchange into a magnetic 

emrironment and return to the bulk solution environment} their magnetic 

moment may have experienced an appreciable shift of phase if the environ-

1ment from which they are returning has a resonance frequency significant

ly different from that of the bulk and the time spent there was long 

enough. 

The second mechanism of relaxation in the presence of chemical 

exchange is the so-called T2m mechanism. This mechanism includes any 

of the ones discussed above in Sec. (1-a). The contribution to the wid.th 

of the bulk resonance will be controlled. by the rate of relaxation in 

the magnetic environment. 

The effectiveness of either of these mechanisms in causing trans

verse relaxation of the bulk water will depend on the lifetime of the 

water molecule in the first coordination sphere compared to how effec

tively the nuclei are relaxed while they are in the first coordination 

sphere of the paramagnetic ion. That this is true may be seen if we 

consider the two limiting cases of slow and rapid. exchange. 

In the limit of slow exchange we may visualize a situation where 

the water molecule is completely relaxed each time it enters the first 

coordination sphere of the paramagnetic ion. Thus if the rate of 

exchange is increased} the relaxation mechanism will become more effec-

tive in relaxing the bulk waters because more of them will be able to 

move in near the paramagnetic ion in a given length of time. However} 
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as the exchange rate increases a cond.ition will finally be reached. where 

the time spent by a water molecule near the paramagnetic ion will be 

insufficient for the relaxation process to be effective. 

Swift and. Connick have considered Eq. (16) for the various limiting 

cases involved. Only if one can find cond.i tions where the relaxation is 

governed. by chemical exchange can a direct measurement of the exchange 

rate be made. 

•"" 
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III. EXPERIMENTAL 

A. 

Experimental Apparatus 

+2 
Cupric Ion (Cu ) 

Measurements of line widths and heights were made using a Varian 

model V-4200 Wide -Line Spectrometer operated at 8.134 and. 5· 772 Me. 

Both the sideband technique and the derivative method of detection were 

used in this work. For all linewidths less than 2000 cps the side-band 

technique was employed. In this case the gross magnetic field was 

modulated with frequencies of 412 cps and 2,088 cps depending upon the 

width of the resonance line. The 412 cps modulation of amplitude 2 .• 25 

gauss was obtained from the Varian model output control unit, while the 

2,088 cps of amplitude 3.06 gauss was obtained from a Varian Model 

V 3521 Integrator. When the linewidths exceeded 2000 cps the sideband 

technique was discarded in favor of the derivative method because of the 

very large modulation frequency that would be required. In these cases 

the gross magnetic· field was modulated with a frequency of 88o3 cps and 

varying amplitudes depending upon the widths of the resonance lines and 

the signal to noise ratio. Since all of the linewidths measured using 

this method. were in excess of 2,000 cps, the required amplitude of the 

modulating field necessary to give a desirable signal to noise was usually 

large enough also to introduce slight broadening of the resonance sign-

nals. A correction for this broadening was made employing the method 

of Wahlquist. 19 In no case did the broadening from modulation exceed 

10% of the total linewidth. 

All measurements were made under conditions of slow passage and non-

20 
saturation. The gross magnetic field was swept at varying rates de-

pending upon the width of the resonance signals. This rate varied from 
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ca. 1.5 gauss/min. to ca. 3 gauss/min. To insure that all work was 

done under non-saturation conditions each linewidth was measured at 

varying r.f. amplitudes. 

from .3 to .8 sec. 

The time constant for the recorder varied 

For T
1 

measurements) using the saturation method) absolute values 

·~ 

of the amplitudes of the r.f. field had to be known. These values were '. 

obtained by measuring the induced emf of a coil constructed of copper 

wire wound into three turns having a diameter of 1.023 em) placed in the 

NMR probe. The induced emf was measured using a Tektronix model 545A 

oscilloscope equipped with a type B plug-in unit. Also in these experi-

ments the amplitude of the modulating fields had to be known. These 

measurements were made in a similar manner employing a coil having 

approximately 1000 turns that had been calibrated in previous experi-

21 
ments. 

2. Temperature Measurement and Control 

The temperature range covered in these experiments was from -59° 

to l50°C. The samples were contained in 10 mm O.D. glass tubes as 

shown in Fig. 1. The temperatures were obtained and controlled using 

a Varian EPR Temperature Control Unit that had been modified for the 

Varian Wide-Line NMR Spectrometer. The temperature was measured using 

two copper-constantan thermocouples. One of these was placed in the 

thermocouple well as shown in Fig. l in such a manner that it extended 

beneath the surface of the solution) yet not far enough to extend into 

the coils of the probe. The second thermocouple (see Fig. l) extended 

from below through the dewar containing the sample far enough to reach 

the outside of the sample tube. Again care was taken to prevent the 

thermocouple from extending into the coils of the probe. Thermal 
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equilibrium was defined as the state when these two thermocouples 

recorded the same temperature. Dry nitrogen was used to heat and cool 

the samples. By regulating the temperature of the Temperature Control 

Unit and the flow of nitrogen the temperature could be controlled with-

in less than a degree over most of the temperature range. However, at 

or near both extremes of the temperature range covered the two thermo-

couples would record temperatures that differed sometimes by as much 

as 2°C. In these cases the average of the two thermocouples was taken 

as the temperature of the. sample. 

3· Sample Preparation 

The preliminary work for these experiments was carried out using 

water that was enriched to 1% in oxygen-17. In some of the final work 

water enriched to 10% in oxygen-17 was used. This water was obtained 

from ~he Weizmann Institute of Science. 

For work carried out in the high temperature range, i.e. 20° to 

150°C, the solution was prepared and placed in 10 mm O.D. tubes and 

sealed. The copper solutions were prepared from a stock solution of 

reagent grade Cu(No
3

)2 and contained 0.1 molar hydrogen ion obtained 

from HClo
4

• 

For the sub-zero temperature range, the experiments were carried 

out using eutectic solutions of perchloric acid and water. It has been 

22 
shown that a 40.7% by weight solution of HC104 freezes at -59.6°C. 
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B. Chromous Ion 

l. The Preparation and. Storage of Pure Chromous Perchlorate. 

-
a. Background. Perchlorate was chosen as the sole anion to be used 

in these experiments for two reasons. First, it is generally accepted 

that perchlorate ions (with perhaps a few exceptions23 ) do not form 

associated complexes with cations in aqueous solutions. Secondly) it 

has been shown that perchlorate does not exchange oxygen with water at 

24 
a detectable rate. 

The standard method of preparation of chromous perchlorate using 

the Jones reductor was considered unsatisfactory for our purposes because 

the resulting solutions would be contaminated with zinc ions. Instead 

we chose to prepare solutions of chromous perchlorate by reducing 

aqueous chromic perchlorate solutions electrically at a mercury cathode 

in an atmosphere of nitrogen. A glass apparatus was constructed for 

this purpose. 

b. Electrolysis Cell (See Fig. 2). A three compartment electrolysis 

cell was constructed. These compartments were connected by means of 

coarse sintered d.iscs. The middle compartment was constructed in a 

manner such that a continuous flow of electrolyte could. pass through it 

so as to minimize cross-contamination of the electrodes. At the top 

of each compartment was a gas inlet tube and the gas exit tube was 

located. on the side. These exit tubes were pulled out to a fine point 

to prevent air from the atmosphere leaking in. A platinum electrode 

sealed in from the bottom of the left compartment was used as reference 

electrode. Also a piece of platinum wire was sealed into the cathode 

compartment to provide electrical contact for the pool of mercury used 

as the working electrode. The chromous solution was transferred through 
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the side arm located at the bottom of the cathode and equipped with a 

stopcock. 

c. Cell Operation (See Fig. 2). A desired amount of chromic perchlorate 

was introduced into the cathode compartment. Likewise a solution of 

approximately 0.1 molar HC10
4 

was introduced into the middle and anode 

compartments. The middle compartment was connected via a tygon tube to 

a reservoir containing a solution of 0.1 molar HC10
4

• The other end 

of the compartment was connected to a flask for the disposal of the 

spent HC10
4

. The rate of flow of electrolyte through the center com

partment was regulated by a stop-cock-connected to the outlet tube of 

the reservoir and by a screw clamp at the outlet of the middle com

partment. After all three compartments were filledJ nitrogen containing 

less than 3 ppm of 02 was bubbled through the anodeJ cathode and through 

the reservoir connected to the middle compartment. The flow rate of the 

middle compartment was adjusted until no HC10
4 

passed into the cathode 

from the center compartment and no chromic perchlorate passed out of 

the cathode into the center compartment. 

After having purged the system with dry nitrogen for approximately 

an hourJ the cathode and anode leads were connected to a D.C. power 

supply having a maximum output of 50 volts. A voltage of 30-40 volts 

was applied across the cell. Owing to the high resistance of the cellJ 

the maximum current obtained was only 0.2 amperes. The cell was de

signed to contain approximately 35 ml of solution in the cathode com

partment and the concentration of chromous ion produced varied from 

0.2 to 0.4 molar. The electrolysis was allowed to continue for a 

period. of 4-6 hours until the pale sky-blue color of chromous ion 

appeared. After the solution turned sky-blue the electrolysis was 
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continued for at least one more hour. This procedure yielded solutions 

that varied. from 85-90% in chromous ion content. The amount of chromic 

ion remaining was not too important because it has been shown that 

chromic ions are very ineffective in causing relaxation of oxygen-17. 

After the completion of the electrolysis the chromous solution was 

transferred to a storage vessel. 

d. Transfer of Chromous Solution to Storage Vessel. Since chromous 

is known to be one of the strongest reducing agents in aqueous solutions, 
25 

care had to be taken throughout these operations to exclude oxygen from 

entering the system. The chromous solution as prepared above was stored 

26 
in a Stone type storage vessel. This vessel was made from a 2 ml 

burette containing a reservoir (See Fig. 3) and equipped with two 

teflon stop-cocks. To the tip of this burette a 7/25 male glass joint 

was attached. This was designed to fit the 7/25 female joint connected 

to ~he cathode compartment of the electrolysis cell. The storage vessel 

was connected to the electrolysis cell via a glass T joint. One end 

of the glass T join~ was connected via vacuum tubing to an oil vacuum 

pump and the other end to a source of dry nitrogen. Before addition of 

the chromous solution, the storage vessel was alternately flushed with 

nitrogen and pumped down with the vacuum pump to remove any oxygen that 

might be present in the storage vessel. After having swept the storage 

vessel with nitrogen, a vacuum of approximately 100 microns was pulled 

on the storage vessel and the vacuum exit and the nitrogen entrances 

were closed with screw clamps. The stopcock of the cell compartment 

was opened. Because of the difference in pressure, the chromous solu-

tion flowed spontaneously into the storage vessel. After all had. been 

transferred, the stopcock was closed and. a slight positive pressure of 

• 
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manner. Approximately 100 ml of 2N H2so4 were placed into a titration 

vesseL To this a known amount of K2cr2o
7 

was added and the system was 

flushed thoroughly with dry nitrogen. An excess of ferrous ammonium sul-

fate salt was then added. The ferrous ammonium sulfate reacts with 

+++ +3 
K2cr2o

7 
to form Fe + Cr • The chromous was titrated against the 

Fe+3 formed. The titration itself was carried out in a closed system, 

the system being closed by using a rubber stopper with holes for the 

burette containing the chromous solution, the electrode and an entrance 

and exit for the nitrogen. All titrations were done using a saturated 

calomel electrode as the reference electrode and a platinum electrode 

as the indicator electrode. The emf was measured using a Radiometer 

model 22 pH meter. 

The chromic content was determined. by d.ifference from an analysis 

of the. total chromium content obtained spectrophotometrically by treat-

ing the chromous solution with excess H2o2 in an alkaline med.ium. The 

2-
Cr04 thus formed has a strong absorption band at 375 m~ with an ex-

tinction coefficient of 4.815 x 103.
28 

.. 



-31-

IV. RESULTS AND DISCUSSION 

A. Cupric Ion 

The earlier work
4 

carried out on the cupric-water system seemed 

to lead to two conclusions. First, very low temperatures would be re-

quired to reach the region where the rate of relaxation is governed by 

the slowness of chemical exchange. Secondly, it was postulated that 

there were two kinds of coordinated water molecules which could undergo 

exchange. This assumption was based on the idea that the structure of 

the hydrated copper ion should be that of a distorted octahedron because 

of the Jahn-Teller configurational instability. This type of structure 

has two sets of different water molecules, the two axial water molecules 

and the four equatorial water molecules. The former are assumed to be 

less tightly bonded than the latter. Using this hypothesis the exchange 

process was interpreted in the following manner. Below approximately 

80°C, the loosely bound axial water molecules were assumed to be the 

only ones exchanging appreciably while above approximately 80°C the 

tightly bound equatorial water molecules were assumed to begin to ex-

change also with the bulk waters. The experimental evidence that the 

latter process might be taking place was based on a marked .beridover 
.. 

observed in the ln T2p vs. 1/T plot for Cu(II) near l00°C. 

In the present study the temperature range of the previous work has 

been extended in order that the two above conclusions could be examined 

more closely. In Figs. 4 and 5 are shown the results of the present 

work on the cupric-water system. The experimental data have been tabula-

ted in Appendix I. 

In Fig. 4, the top curve gives the temperature dependence of T2 
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for the enriched water while the second and third curves give the 

temperature variation of T
2 

for oxygen-17 in the presence of 1. 09xl0 -.3· 

M Cu(No
3

)
2

• The data for the middle curve were obtained in the presence 

of 0.100 M perchloric acid while those for the bottom curve were taken 

in the presence of 5·27 M perchloric acid. The high concentration of 

perchloric acid was used in order that temperatures considerably below 

O~C could be studied. It should be noted that the second and third 

curves are displaced from each other although the data represent T2 

for the same concentration of cupric ion. This displacement is believed 

to be due to the high concentration of perchloric acid used to make the 

low temperature region accessible. More will be said about this later. 

In Fig. 5 is shown the temperature variation of T2p for oxygen-17 

in the presence of 1. 09xl0- 3 M Cu (NO 
3

) 
2 

and the two concentrations of 

perchloric acid. The quantity +- is defined as before by 
2p 

1 1 
== --

1 
(17) 

and thus represents the difference of the reciprocals of curves (2) and 

(1) and (3) and (1) in Fig. 4. 

As predicted by the earlier work, very low temperatures indeed had 

to be used to reach the region where the overall relaxation is controlled 

by the slowness of chemical exchange. In fact, as is evident from Fig. 

4, the data indicate that at the lowest temperature obtainable under 

the present conditions the system is on the threshold of this region. 

Also, it is apparent that above this temperature the broadening of the 

resonance is controlled by the slowness of the relaxation process in-

valved. 
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The rather· sharp bend .reported in the :earlier work was not observed 

here, but the slope of the log T2p curve near 100°C does change appre

ciably. This change in· slope is not a consequence of the presence of 

the concentrated perchloric acid because the effect is also observed 

with only O.lM perchloric acid at about the same temperature, as is seen 

in the top curve in Fig. 4. 

The possible interpretation of this change in slope and the relaxa-

tion processes involved in this system will now be discussed and it will 

be shown that some of the earlier conclusions were incorrect. 

Before attempting to give an interpretation of the change in the 

slope of the curve in the high temperature region, we will consider the 

mechanism of relaxation below 100°C. As stated in Sec. II of this work, 

the following interactions might be operative in a system such as the 

one under consideration in which there is a nucleus interacting with a 

paramagnetic ion: l) dipole-dipole, 2) electric-quadrupole, 3) aniso-

tropic chemical shift, 4) ~mechanism, and 5) scalar-coupling. Each 

of these possible interactions will now be discussed in the order given 

to find the one or ones that will explain the observed variation of T2p 

for the cupric-water system. 

1. Dipole-Dipole Interaction 

In liquids of normal viscosity, Abragam gives the contribution to 

I 29,30 1 T2p from dipole-dipole interaction as, 

2 2 h2 

[ 4 + 
l s(S+l)rirs TcP l 3 + 6 

T2p 
. 2 2 + 2 2 2 2 

15 r l+(wi-m8 ) Tc l+mi T l+ms T 
c c 

6 

J 
(18) 

+ 2 2 
l+(mi+mS) "c 



where Sis the spin of the paramagnetic ion, r
1 

and r 8 are the magneto

gyric ratios for the nucleus and electron respectively, and w
1 

and w
8 

their respective resonance frequencies. The symbol r denotes the dis-

tance of separation between the electron and the nucleus, T is the 
c 

correlation time for the dipolar interaction, and P is the fraction of 

the nuclei interacting with the paramagnetic ion. Under the present 

2 2 
experimental conditions, w8 >> w1 and rn1 Tc << 1. Thus Eq. (18) 

reduces to3 

= 
( ) 2 2'!2 s S+l r

1 
r8 n P 

(19) 
15 r 

This equation may be used to calculate the expected contribution to the 

observed relaxation from the dipolar interaction between cupric ion and 

oxygen-17 in its first coordination sphere. The correlation time for 

this process will be the time constant for the tumbling motions of the 

system and. may be calculated approximately by treating the complex as 

a rigid sphere of radius a rotating in a medium of viscosity ~· Abragam 

has shown that under these conditions T is given by3l 
c 

T 
c 

4rr~a3 =---
3kT (20) 

The value for a will be taken as the Cu-0 distance plus the Van der 
0 

Waals radius of oxygen. Taking the Cu-0 distance to be 2.25 A, which 

is the average distance of the axial and equatorial water given by x-ray 
0 

data on Cu(so4 )5H20, a value of 3.65 A is calculated for~· The vis-

cosity of a 40.7% perchloric acid solution has been determined by 

22 
Brickweddie to be 1.5 cp at 25°C. With these values, Tc at 298°C 

-11 
is found to be equal to 7-4xl0 sec. Substituting this value into 
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Eq. (19), the value of l/T2p for a 1.09x10- 3 M cupric solution is found 

-1 
to be 0.14 sec at room temperature compared with an experimental value 

at this temperature of 600 sec-1 • Thus within the above approximations, 

the dipolar interaction should make a negligible contribution to l/T2p. 

Alternatively evidence for the absence of appreciable dipolar inter-

action between· cupric ion and the oxygen-17 nucleus is obtained by com-

puting from the observed contribution of dipolar interaction of cupric 

ions with protons 'the value expected for oxygen-17. Bernheim et a1., 3 

found that in the case of transverse relaxation of protons in the pre-

sence of cupric ions, dipolar interaction accounts for all of the ob-

served effects. From these data, we may estimate th~ contribution to 

the oxygen-17 relaxation which the cupric ions should make through 

dipolar interaction. From Eq. (19) 

(21) 

where ·we have assumed that the correlation time for .the motions of the 

two nuclei are identical. If one takes the Cu-0-H bond angle to be the 

tetrahedral angle, 109° 25 r J for the coordinated state, which is support-

ed. by x-ray 32 data, the 0-H distance to be that for the uncoordinated 
0 0 

water molecule, 0.96 A, and the Cu-0 d.istance to be 2.25 A, then a value 
Q 

of 2.72 A is calculated for the Cu-H distance. Using these values in 

Eq. (21) we find. that the dipolar interaction should be approximately 

0.057 times as effective in causing transverse relaxation of oxygen-17 

as it is for protons in the presence of the same concentration of 

copper. If we take the observed values of the proton data from Bern-

heim et. al. and multiply them by this factor, after correcting for the 



difference in concentration) one finds as before the dipolar interaction 

makes a negligible contribution to the transverse relaxation of oxygen-17 

by cupric ions. In fact) at 25°C (Tl) for 1.09xl0- 3M cupric solu-
2p H 

tion as calculated from the data of Bernheim 

Multiplying by the above factor yields 0.066 

-1 et al. is 1.15 sec 

sec-l for(Tl) • 
2p 0 

The above conclusion is in agreement with the experimental deter

minations of T
1 

of oxygen-17 by Swift
4 

and the values of T
1 

determined 

in this work at room temperature. The experimental values for T
1 

and 

the method.s of determination for the present work are given in Appendix 

II. In both cases an inequality of T
1 

and T2 was found. If the dipolar 

interaction were the major contributor) theory33 predicts a. near equality 

of T
1 

and. T2 ) which is contrary to what is found experimentally. 

In the light of the above arguments the dipolar interaction may 

be d.iscard.ed as a possible mechanism of relaxation in the present study. 

2. Electric Quadrupole Interaction 

The contribution to l/T2p from electric quadrupole interaction may 

be calculated from the expression3
4 

3_ 
40 (1 

+ Tj32)f~)2 \11 -r c Pcu2+ (22) 

V l . d . the ext e e . e he e c~Qq) J.. s the quadrupole a 1. J.n r m narrowJ.ng cas w r ) n 

coupling constant and Tj is the asymmetry parameter for the complex. 

Unfortunately the quadrupole coupling constant) (e~q) ) is not known 
2+ \_ 

for the Cu(H2o)6 ion. If) however) we assume that the observed data 

could be completely described by quadrupole coupling) we can calculate 

the value of the quadrupole constant necessary and see if it is what 

might be expected. Taking the value of l/T2p at room temperature as 
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approximately 600 sec-l we 

mately 160 Me, assuming the 

find that ( ~q) would have to be approxi

asymmetry parameter may be neglected and the 

correlation time is given by the time constant for the tumbling motion 

2+ 
of the Cu(H2o)6 species. For an order of magnitude comparison, we may 

compare the above calculated. quadrupole constant of oxygen-17 in the 

cupric complex with that of the oxygen nucleus in pure water. The latter 

value has not been determined experimentally but an upper limit to it may 

be estimated from the NMR linewidth in water by assuming that the width 

is due entirely to electric quadrupole relaxation. 
1 

From Fig. 4, T 
2 

for oxygen-17 in 0.100 M acid solution is 182 sec-l at 25°C. Sub-

stituting this value of l/T2 along with the values of the correlation 

time obtained from Eq. (20) gives a value of 8.8 Me for (e~q) for 

oxygen-17 in water to which has been added 0.100 M perchloric acid. In 

using Eq. (20) to calculate T ' c 
the viscosity, ~ = 0.891 cp at 25°C, 

was obtained from Brickweddie's data and. a was taken as the Vander 
0 

Waals radius of oxygen, 1.40 A. 

If one compares the upper limit to the quadrupole coupling calcu-

lated here for oxygen-17 in water, 8.8 Me, with that necessary to explain 

the observed. line broadening of oxygen-17 in the cupric-water system, 

the conclusion is drawn that the value of 160 Me is unreasonably large. 

The quadrupole coupling is not expected. to change this drastically in 

going from water to water coordinated by cupric ion. Thus it is con-

eluded that the contribution to the line broadening from the electric 

quadrupole interaction is negligible. 

3· Anisotropic Chemical Shift.· 

The contribution of the anisotropic chemical shift to l/T2P may be 

estimated from the following equation, 35 
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H 
2 

5 
2 

(1 + 
0 z 

2 
2L) 1" 
3 c 

(23) 

where here again the correlation time is just the tumbling motion of the 

system, and 5 is the z-component of the traceless tensor for this 
z 

interaction. This mechanism may be dismissed immediately because as is 

evident from Eq. (23), it should be frequency dependent. Experiments 

carried out at both 5. 77 and 8.14 Me showed no evidence of the relaxa-

tion mechanism being frequency dependent. 

4. ~ Mechanism 

The ~ mechanism, like the anisotropic chemical shift is frequency 

dependent and in this respect it may be excluded also. Calculations 

show that in order for the ~ mechanism to be important, an impossibly 

large scalar coupling constant, A, would be required.. On these two 

bases the ~ mechanism will also be neglected. 

5· Scalar Coupling Mechanism 

The preceding arguments have removed from consideration the possi-

bility of any of the above mechanisms contributing measurably to the 

rate of relaxation of oxygen-17 in the presence of cupric ions. The 

remaining alternative is scalar coupling between the oxygen nucleus and 

the paramagnetic ion. If this is the case, the mechanism of relaxation 

will be in agreement with that proposed by Swift.
4 

The contribution to l/T2 from scalar coupling interaction between 
.p 

a nucleus and a paramagnetic electron is3,36 

s (s + 1) 
[

1" + 
e 1 + 

(24) 

'· 
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Here w1 and illS are the resonance frequencies of the nucleus and the 

paramagnetic electron respectively, T and T 1 are the correlation times 
e e 

for the scalar coupling interaction, and A is the coupling constant. 

That there are two correlations times for this process may be .explained 

if we recall the two possible mechanisms by which the scalar interaction 

may be interrupted. The first possibility is where the coupling between 

the paramagnetic electron and the nucleus is being interrupted by the 

relaxation of the paramagnetic electron. In this case T and. T 
1 would. 

e e 

correspond. to the longitudinal and transverse relaxation times for the 

electron respectively. The second. possibility is that the chemical ex-

change process brings about the interruption. Here T and T ' will be 
e e 

equal and would represent the lifetime of the water molecules in the 

first coordination sphere of the paramagnetic ion. 

2 2 
Under the present experimental conditions illr <<ills and ills ""e >> 1, 

in which case Eq. (24) reduces to 

(25) 

where T may be the lifetime for the exchange out of the magnetic en
e 

vironment or the longi tud.inal relaxation time for the electron, T1 e · 

To investigate the possibility of scalar coupling being the princi-

pal source of relaxation two factors must be determined. First, the 

coupling constant must be known and secondly, the source of interruption 

of the coupling, i.e., T exchange or Tle" An evaluation of the coupling 

constant will now be given. 

a. The Scalar Coupling Constant. The resonance of 

molecules should experience a shift in frequency of 

the bulk water 

S(S+l)H Aye 

3kT Yn 
p 
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in gauss as a result of the scalar coupling with the paramagnetic ion, 

where y and y are the magnetogyric ratios for the electron and the 
e n 

nucleus, A is the scalar coupling constant, and H is the magnetic field. 

Thus if the shift can be detected experimentally, the coupling constant 

may be measured. directly. In the present case, because the resonance 

signal for the oxygen-17 is so broad at room temperature, no detectable 

shift can be measured.. However, two factors might make the shift detect-

able experimentally~ First, one expects the shift to be proportional 

to the concentration of the paramagnetic ion. Thus by increasing the 

concentration of the paramagnetic ion the shift may be increased. 

Secondly, although the linewidth is d.irectly proportional to the concen-

tration (Eq. (24)), it decreases with increasing temperature in the 

region above room temperature, (see Fig. 5). By choosing the right 

combination of these two factors, one might hope to make the shift de-

tectable. In the present case the concentration of cupric ion was in

creased from L09xl0- 3 M to l.32xl0-
2

M and a shift of 5.4 ppm was ob-

served at 99.6°C. The value of 5·4 ppm is an average value of several 

determinations and a typical shift observed. is shown Fig. 6. The data 

for the determinations have been tabulated in Appendix I. Using this 

value of the chemical shift, a value of A can be calculated from the 

equation due to Bloembergen,37 

S (S+ 1) 
3kT 

A p (26) 

Because of the Jahn-Teller effect which is believed to be operative 

in the cupric water system, Eq. (26) should be modified. slightly. The 

actual shift measured experimentally should represent a sum of the 
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contribution of the water molecules bonded in the x-y plane plus the 

contribution of the water molecules bonded along the z-axis. This. is 

based on the idea that the unpaired electron is not expected. to be 

shared equally by all six water molecules. The unpaired electron is 

believed to be in the d. 2 2 orbital, thus having its highest electronic 
X -y 

distribution in the x-y plane. The four water molecules there are ex-

pected to experience a larger coupling with the paramagnetic electron 

than the ones bonded along the z-axis, both because of the higher elec-

tron density and the shorter bond distances in the x-y plane •. Equation 

(26) then becomes 

w 
a 

CD 
a 

S(S+l) ye 

3kT Yn 
(27) 

where a, b, and c refer to the bulk, axial and equatorial water mole-

cules respectively. Pb and Pc represent the probability of a water 

molecule being attached in the b and c positions and are given by 

[cu2+J~ [Cu 2+]n 

pb 
. p c 

where ~ 2, = 4. = [H
2

0] ' = [H
2
o] = n 

c c 

(28) 

~ and Ac are the coupling constants for the b and c positions. Substi

tuting Eqs. (28) in (27) we have 

!::in a = S ( S+ l ) y e 
CD 3kT Y a n 

w 
Using the observed value for ~ , we calculate that 

CD 
a 

+8 
L45xl0 cps, 

(29) 

(30) 



where we have written the expression in brackets in Eq. (29) as (nA) for 

convenience. The significance of expressing the coupling constant in 

this form will become apparent later. 

b. Calculation of the Correlation Time. Now that we have a value for 

nA (~)) we may calculate the value of Te from Eq. (25) using the value 

of (l/T2p) observed experimentally. To be consistent with the treat

ment given above for the evaluation of the coupling constant) Eq. (25) 

should be modified to reflect the consequence of the Jahn-Teller distor-

tion. To do this we must first decide upon some mechanism by which the 

water molecules undergo exchange between the paramagnetic ion and. the 

bulk. The model chosen is the following. Because of the Jahn-Teller 

distortion) it is assumed that direct exchange occurs only between the 

axial water molecules and. the bulk. The equatorial water molecules ex-

change indirectly with the bulk via the axial positions) that is) we 

assume that the complex ion undergoes inversion where two axial water 

molecules become equatorial and. two equatorial waters become axial) 

followed by exchange of the latter with the bulk. The direct exchange 

between the bulk and the equatorial waters) if it occurs at all) is 

assumed to be too slow to be important in the relaxation process. 

The basis for this model is the observation that the bonding of 

the axial water molecules is weaker than that of the equatorial water 

molecules as indicated by the longer bond distances of the former in 

solids. Experimental evidence that such a model is reasonable is based. 

on the observation that the exchange for the cupric water system is 

approximately 100 times faster than the rate for any of the other plus 

two ions studied by Swift. 
4 

This would imply that there exist some 

very labile water molecules) and. it seems likely that these correspond 



-46-

to the axial waters. 

Thus we may imagine that the relaxation occurs by having a water 

molecule from the a environment enter the complex through a Q position 

where it will immed.iately begin to precess at a rate characteristic of 

the Q magnetic environment. Then this molecule may return to the ~ 

environment or it may via inversion go to the c environment and immediate-

ly begin to precess at a rate determined by the magnetic field in the 

c environment. The b to ~ exchange may occur many times before the 

water molecule returns to a. Upon returning to ~' the water molecule 

will generally be precessing with a different phase than the other bulk 

water molecules; how much will depend on the time spent on the para-

magnetic ion and how effectively it was dephased while there. The de-

phasing leads to transverse relaxation. It is to be noted that a ran-

domization of the scalar coupling is brought about by an ~ to b exchange 

or a flip of the electron spin, but not by a Q to ~ exchange, i.e. in-

version. 

The limiting case of relaxation control with inversion rapid 

compared to random interruption may be expressed mathematically by 

following the treatment given by Slichter. 38 If we assume that the 

magnetic field the nucleus sees in the Q environment is proportional to 

A S and that for the c environment is proportional to A S , then the -0 z c z 

amount of dephasing that the nucleus will experience while on the para-

magnetic ion will be given by 

s 
5~ = 'h z [~ tb + Act c ] (31) 

where tb and tc are the average times spent by the water molecule in 

the b and c environment between exchanges with the a environment. After 
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the latter process occurs n times, the mean square dephasing, L¢2 
will 

be, 

(32) 

where < S 
z 

> is taken to be S(S+l) 
3 

The number of times, n, this pro-

cess takes place in a time interval ! is, 

(33) 

where tb + tc is the average time for the interaction. Equation ( 32) 

now becomes 
t (34) 

Taking T2 to be the time for an ensemble of nuclei in phase at 

t 0 to get 1 rad.ian out of phase, we find that 

or 

where 

p, 
be 

S(S+l) 1 

3 'h2 

S(S+l) 1 
[A tb + A t ]

2 
-0 c c p 

3 1? t + t 
b c 

= 
(~ + nc )[cu2

+] 

LH20] 

be 

• n = 2 n = 4. 
' b ' c 

(35) 

(37) 

For rapid inversion compared. to random interruption the average values 

of tb and tc will be in proportion to their populations so that 

tc = 2tb. Writing tb + tc = "e' the lifetime for random interruption, 

Eq. (36) becomes 
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S(S+l) _!_ (~ + 2A ]2 T 
1 c e p 

T2p 3 t_2 3 3 'be 

or 
[Cu2+J + 2A ]2 

1 S(S+l) (~ 
(21t)2 

2-r 
c e 

(38) rr- == 
[ H20] h2 2p 3 3 

For the situation where inversion is rapid. but the interaction is 

interrupted by the relaxation of the electron, then T e == T1e.. Where 

electron relaxation is slow so that £ to ~ exchange interrupts the 

scalar coupling, Te == tb + tc 

1 
T 

e 

3t == 3-r , thus 
b ba 

(39) 

Equation (38') is seen to be analogous to Eq. (25). There are possibili-

ties for the exchange mechanism other than the above model. In these 

cases Eq. (38) must be modified, as will be seen later. 

Using Eq. (38) and Eq. (30) we may calc[u*:t! ~vll~e for Te from 

the observed chemical shift. From Eq. (30) h cj is seen to be 

equal to 

cps. (40) 

Substituting Eq. (40) into Eq. (38) and using the value of 

(l/T2p) = 98 sec-l at 99.6°C (See Fig. 4) the value of Te is calculated 

to be 1.44xlo-10 sec for the above model. 

If the assumption is now made that all of the observed. relaxation 

effects are produced. by the relaxation of the electron, Eq. (38) may 

be used to decide whether or not the value calculated for T is the 
e 

lifetime of the electron spin or whether it correspond.s to the lifetime 
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of the exchange process. In order to uo this, Tle should be known as 

a function of temperature. Unfortunately this quantity is not avail-

able. However, 6H, the total width of the EPR resonance of cupric ion, 

which is proportional to T2e' has been determined over the temperature 

range of 20°C to l30°C by both Hayes39 and Avvakumov, et.al. 
40 

Since 

Tle ~ T2e' an upper limit for the contribution to T2p from scalar coup

ling interrupted by T
1

e may be calculated through the use of Eq. (38) 

over this temperature range. Thus, 

l S (S+ l) [Cu+2 ] [-\ +2Ac ]2 
(2TI)2 _g Tle == [H

2
o) T2p 3 h2 3 

< S(S+l) [Cu+2 ] [-\ +2Ac ]2 2 
T2e (H20] 

-
3 1i2 3 

(41) 

In utilizing the data of Hayes 39 and Avvakumov, et.a1.,
40 

to 

calculate T2e, the total linewidth reported had to be corrected for the 

contribution of the hyperfine splitting. At high temperatures this 

correction was approximated by subtracting from the total linewidth the 

width of the hyperfine splitting determined by Hayes at -5°C, i.e. 

38 oe. At -5°C Hayes was able to partially resolve the EPR signal and 

his value for the width of the m == -3/2 component was used. The 

41 asymmetry of the EPR spectrum given by Hayes indicates that the hyper-

fine components differ in width and therefore the average linewidth 

should be somewhat larger than the value taken at - 5°C. The corrections 

at the higher temperatures, while rough, should not be seriously in 

error because they were small. The corrected and uncorrected values of 

6H are shown in Fig. 7· 
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From the values of DR at -5°C, 46.3° and 130°C, T2e was calculated 

and Eq. (41) was evaluated using Eq. (40) for the value of (~ + 2Ac)/h
2

. 

The results are shown in Fig. 8 labeled as model (1). It is to be ob-

served that all three points fall substantially below the observed 

values of T2p. These calculations thus show that if T
1

e were equal 

to T2e' the rate of interruption of the scalar coupling by T1e is too 

small to account for the observed data. It is interesting that the 

temperature dependence of T2e appears to parallel the observed tempera

ture dependence of T2p. This quite striking effect will be discussed 

in detail later. 

It may be possible that the model chosen does not represent the 

physical process that is occurring. To make this treatment complete 

other models should be considered. 

For a second model, the situation is hypothesized where the complex 

undergoes inversion at a rate slow compared to both the direct exchange 

of water molecules between the bulk and the b environment and the rate 

of relaxation of the electron. Also the exchange process is thought to 

occur so rapidly that the E_ environment makes a negligible contribution 

to T2P. Under these conditions the only contribution to the relaxation 

processes will be that from the c environment. Thus in Eq. (38), 

(~ + nc) = 4 and~ = 0. Then Eq. (38) becomes 

S ( S+ 1 ) [ Cu +2 ] 
3 [H

2
0] 

( 42) 

Again using the values of T
2

e from the data of Hayes39 and Avvakumov 

et.al~ 40 and the experimental coupling constant, an upper limit to the 

contribution to T2p from the relaxation of the electron is calculated 

and shown in Fig. 8 labeled as model (2). 
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Again it is found that this contribution is too small to account for 

the observed data. In fact the discrepancy is even worse for this model. 

As a third possibility, the complex is assumed to undergo inversion 

so rapidly that the lifetime of the distorted octahedron becomes of the 

order of a vibration time of the ligands. Such a situation would lead 

to six equivalent positions requiring (~ + nc) 6, and the result for 

this model becomes identical to that found for model (1). 

Thus the conclusion to be drawn from the above arguments is that 

if T
1

e is equal to T2e' the contribution to T2p from the relaxation of 

the electron is a factor of l. 9 to 2. 8 too small to explain the observed 

data. 

In addition, it has been argued on theoretical grounds by both 

McConne1141 and Al'tshuler and Valiev
42 

that T is not equal to T2 le e 
2+ I for Cu Al'tshuler and Valiev place the ratio T1e T2e at about 60. 

If this is the case, no measurable contribution to the interruption of 

scalar coupling by Tle of the electron .would be expected for the cupric-

water system. However, there is some question as to the applicability 

of both the Al'tshuler and Valiev and the McConnell theories to the 

electronic relaxation mechanism operating in the cupric system. Neither 

of these theories provides an explanation for the large temperature de-

pendence of T2e (See Fig. 8). In a later section, it is suggested that 

this large temperature dependence of T2e might be a result of the T2e 

relaxation mechanism being a function of the chemical exchange process. 

It is also shown there that this effect of chemical exchange on T2e 

does not of necessity affect the relaxation mechanism for T
1
e. It is 

the T1e that i.s important in the present wor.k and if it is undergoing 

relaxation independent of the chemical exchange process, it is not 
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expected to exhibit the large temperature dependence observed for T
2

p 

Thus on this basis it is concluded that no appreciable contribution from 

the Tle interruption is present unless T1e relaxation is produced by 

chemical exchange. In the latter case the interruption by T
1

e can 

equally well be treated as chemical exchange interruption. 

Now that it has been established as plausible that the relaxation 

process is interrupted by chemical exchange) the value of the first 

order rate constant) k) for the exchange of. water molecules may be com-

puted using Eq. (38). Results for each of the models considered pre-

viously have been tabulated in Table I for two temperatures. For model 

(l)J k will be 1/Tba' In the case of model (2)) the rate calculated 

would be the inversion rate. Which of the models best describes the 

experimental observations will be discussed later. 

Table I. 

Model 

l 

2 

3 

Rate Constants for the 

in l. 09xl0- 3M Cu(No
3
,) 2 

17 Exchange Process of H20 

Containing O.lOOM HC104 

(k) 
-1 

sec )298.l°K (k) -1) 0 sec 357.1 K 

8.3x109 1.8x10
10 

8.3x109 1.8x10
10 

2.8x109 o.6lxl0 
10 

,., 
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c~ Relaxation of Oxygen-17 in the Presence of 5.27 M Perchloric Acid. 

In Fig. 5 are shown the experimental data for T2p of oxygen-17 for a 

1.09x10- 3 M cupric solution in the presence of 40.7% perchloric acid 

(5.27 M). Also given are the data from Fig. 8 obtained for T2p at the 

same cupric concentration but in 0.100 M perchloric acid. As stated 

before, the high concentration of perchloric acid was used in order 

that the relaxation process could be studied at temperatures consider-

ably below 0°C. It should be noted that the two curves have similar 

shapes, but that the relaxation mechanism appears to be more effective 

in the concentrated perchloric acid solution. Since this effect was 

not observed in the case of T
2 

for the water blank in going from 

0.100 M to 5.27 M perchloric acid, it is believed to arise from some 

effect on cupric ion. This problem will be considered in detail later. 

A similar effect was observed for the chromous system. 

In treating the experimental data on T2p for oxygen-17 in concen

trated perchloric acid, it will be assumed that the arguments given 

earlier that the interruption to the scalar coupling is that of chemical 

exchange are applicable here. 

Neglecting the high temperature bend for the moment and treating 

all six water molecules as being equivalent, the temperature dependence 

of T2p shown in Fig. 5 may be explained through the use of Eq. (16), 

which under the present conditions reduces to 

l 

T2Cu -rH20 
l + _l_ 

-rcu T2Cu 

(43) 

where the 6. w terms are omitted following the arguments advanced in 

Sec. IV. I 
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First, if it is assumed that at the lowest temperatures l/T
2

p is 

chemical exchange controlled, then in Eq. (43) the condition is imposed 

that l/T2Cu >> 1/TCu and the equation reduces to 

l 

TH 0 
2 

(44) 

It should be noted that the slope of the curve of Fig. 5 at the lowest 

temperature is of the appropriate sign for a chemical rate of reaction 

although the magnitude of the slope is not fixed with any accuracy by 

the data. 

Secondly, the data indicate that in the high temperature region 

T2p is controlled by the slowness of the relaxation process, which then 

requires that in Eq. (43) l/T2Cu << 1/TCu , and for this region, 

Tcu 
(45) 

If this analysis is correct, the temperature dependence of T2P 

over the whole temperature range should follow a curve that is the 

combination of Eq. (44) and Eq. (45), i.e., 

( 46) 

Here 1/T2Cu according to Bernheim, et.a1. 3 is given by an equation 

similar to Eq. (25) where the arguments given there for the absence of 

the second term from Eq. (24) also apply here, i.e., 
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1 S(S+l) A2 CT == T == 
T2Cu 3'h2 e e (47) 

where c S(S+l) A2 

3'h2 

and 
1 1 1 --- + 

T Tle 'cu e 
(48) 

Imposing the conclusion made earlier that l/T1e << 1/•cu' T2p is seen 

from Eq. (46) to be 

T 
Cu 

Feu 
(49) 

Since the only temperature dependence of the second term on the 

right should come from 'cu' the limiting slope for the high and low 

temperature regions should be of equal magnitude but of opposite sign. 

Assuming this to be the case and that the rate constant for the exchange 

process has a temperature dependence of the Arrhenius type, the data in 

Fig. 5 have been fitted with two straight lines as shown. 

The curve fitting process may be checked by comparing the coupling 

constant needed for the fit with that observed experimentally in 

0.100 M HC104. The coupling constant may be calculated by considering 

the intersection of the high and low temperature limiting curves. At 

the intersection, according to Eq. (49) 

'cu 1 

Pcu (c 'cu 
p ) 
Cu 

(50) 

2 1 
or 'cu c (51) 



From the value of T2p at the intersection and Eq. (51) with the aid of 

Eq. (47), (nA/h) is calculated to be 8.6x107 cps. In calculating this 

value, PCu has been corrected for the change in the water concentration 

from 55·5 moles per liter in pure water to 42.6 moles per liter in 

5.27 M HC10
4

. This value of (nA/h) is to be compared with that obtained 

experimentally from the chemical shift. From Eq. (40) (nA/h) is exp. 

seen to be l.45xlo
8

. Thus the ratio of the two is, 

(nA/h)Calculated 

(nA/h)Experimental 
0.59 (52) 

The fact that the ratio is not unity could mean that the data were not 

treated properly in the curve fitting. It could also mean that the 

coupling constant is different for these two media. The coupling con-

stant measured in the 0.100 M perchloric acid may very well be different 

from the one calculated here if complexing by perchlorate ions is taking 

place. 23 +2 
Jackson, Lemons, and Taube, observed this effect for Cr in 

high concentration of perchlorate. ·Also it should be noted that the 

chemical shift measurement, from which the coupling constant was deter-

mined, was obtained in the region where the curve for log T2p vs. 1/T 

undergoes a rather large change in slope. From the appearance of the 

data the relaxation mechanism there seems to be becoming more effective, 

which might indicate a larger coupling constant than that calculated 

for the data fitted by the straight line at the lower temperatures. If 

this is the case, the ratio calculated above would deviate from unity 

and in the direction shown in Eq. (52). 

Thus based on these arguments and the ones given earlier that all 

of the observed relaxation effects should come from the chemical exchange 
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process, the curve fitting process at the lower temperatures is presumed 

to have been done correctly. 

Table II gives the values of the rate constant for the exchange 

process involved in the cupric water system along with the entropy and 

energy of activation for this process. Whether these values correspond 

to the actual rate of chemical exchange of water molecules from the 

first coordination sphere of cupric or whether they correspond to the 

inversion will be discussed in Sec. C. 

d. High Temperature Bend. Before a discussion of the high temperature 

bend in the curve for temperature dependence of T2p vs 1/T is given, it 

should be verified that the bend is real rather than some artifact of 

the experimental method used to determine T2p in the high temperature 

region. A strong argument against such a supposition is the fact that 

such behavior was not observed in the determination of T2 for the water 

blank under virtually the same experimental conditions. 

Kinetically a curvature of this sign would arise from two parallel 

paths for the relaxation. A new chemical species might be involved.in 

the new path at high temperature. 

The temperature dependence of relaxation should come primarily from 

the activation energy of the process interrupting the scalar coupling. 

If these activation energies for the two paths were quite different, at 

the lower temperatures the path having the interruption process with 

the higher activation energy would dominate, while the path with the 

lower activation energy would be the dominating one at the higher 

temperatures. 

A new chemical species could give rise to the observed effect if 
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Table II. Values Calculated From Fig. 5 for.the Exchange 

Process of H2o17 in 1.09x10-3 M Cu(No
3

)2 in 

5.27 M HC104 at 25°C. 

m* (kcal) 4.3 

( -1 9 k sec ) 1.51x10 r 
ffl::j: (e. u. ) -2.1 

kr 1/Tba for model 1 and 

1/T. for model 2, where T. is the lifetime with 
l l 

respect to inversion. 

the relaxation mechanism in the new environment were more effective 

than the mechanism operative at the lower temperatures. This would 

lead to a shortening of T2p and thus the observed bending of the curve. 

If the relaxation mechanisms were very effective for the new species, 

only a small concentration of it would be needed to produce the observed 

effect; thus, this hypothesis might be very hard to verify experimen-

tally. 

The high temperature bend is believed to be a result of some 

chemical process since it was argued in the previous section that all 

of the observed relaxation effects could be explained by having a 

scalar coupling interaction interrupted by chemical exchange, rather 

than T
1

e interruption. 

The fact that the temperature dependence exhi?ited by T2e for the 

electron is very similar in both shape and slope leads one to believe 

that whatever process is responsible for the high temperature bend for 

T2p of oxygen-17 may very well be responsible for the curvature observed 
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for the T
2

e of the electron. Usually the mechanism of.relaxation of 

electrons in solution involves some process related to the tumbling or 

vibrational motions of the molecules and is not expected to exhibit such 

a large temperature dependence. 

It is possible that each time the complex undergoes an exchange or 

inversion, the orbital angular momentum of the electron suffers a 

drastic change which then is relayed to the electron spin via spin-

orbit coupling to cause dephasing of the electron spin and hence.trans

verse relaxation. From the experimental data of Hayes39 and Avvakumov
40 

one may infer that it is not necessary for the electron to undergo 

dephasing each time the complex undergoes exchange or inversion. If 

this were the case the values of T2e and the exchange lifetime would 

have·to differ by a factor, e.g. T
2

e = 6TCu for the "Fast Inversion 

Model". From the models used earlier one may calculate how often the 

electron must undergo a T2e change per chemical exchange in order to 

account for the observed values of T2e. Calculations show that models 

(1), (2) and (3) would require that ca. 7, 3 and 7 exchange processes 

respectively would be required per T
2

e change to account for the obser

vations. 

Although this model for the transverse relaxation of the electron 

may not correspond to the actual relaxation mechanism , it does provide 

an explanation for the rather large temperature dependence of T2e. 

Now that the high temperature bend is believed to be a result of 

some chemical process, several sources will now be considered. Since 

a very similar effect was observed in the chromous-water system, the 

arguments given here will be presumed to hold for the latter system 

also. 

• 
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~. Transverse Relaxation Via Two Parallel Paths. If we assume that 

the Jahn-Teller effect is operative in the cupric and. chromous systems, 

the distortion would lead to two sets of water molecules that would 

differ chemically and magnetically. In effect the relaxation problem 

may be treated as a three environment one. The relaxation process taking 

place in the b and c environments might provide the two parallel paths 

necessary to account for·the curvature observed for T2p. 

The two sets of water molecules would be magnetically different 

because the electron density of the unpaired electron.is believed to 

be different at the axial and equatorial sites. In the case of cupric 

ion, the unpaired electron is believed to have its highest electron 

density in the d 2 2 orbita1. 43 The oxygen nuclei in the equatorial 
X - y 

plane should experience a greater coupling with the paramagnetic electron 

because of the higher unpaired electron density here and because the 

bond distances are shorter than for the axial positions. 

For chromous ion, the paramagnetic electron density is thought to 

have its highest probability in the d 2 orbita1.
44 

This would favor 
z 

strong scalar coupling with the axial water molecules, but not as much 

as with the equatorial waters of cupric ion because of the longer bond 

distances in the axial positions. In addition, since there are only 

two water molecules in this case, rather than four in the cupric case, 

that have the unpaired electron density pointed directly toward them, 

oxygen-17 nuclei would be expected to experience weaker coupling with 

chromous than with cupric. This is in agreement with the results of 

Jackson, Lemons and Taube, 23 and with the results of this work. Jackson, 

Lemons and Taube, explain the small coupling constant for chromous by 

pointing out that the water molecules in the axial positions would 
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experience a paramagnetic shift while those in the equatorial plane 

would experience a diamagnetic one. The shift ·observed experimentally) 

which is proportional to the coupling constant) is the sum of the two 

and will be small only because these interactions have opposite signs. 

This viewpoint taken by these authors will be discussed again later. 

With these two sets of magnetically different water molecules we 

may now investigate the possibility of their providing relaxation in 

two parallel paths. The problem as stated before may be treated as 

having three sites for the water molecules: the bulk water J the axial 

and equatorial positions. Again these sites will be referred to as ~J 

£J and ~ respectively. The relaxation in the b and c environments 

might take place independently) or the relaxation processes' for two 

environments could be connected. 

In the first caseJ the bulk water molecules would exchange directly 

with both b and c and the inversion process) assumed before) would not 

be present. Thus the water molecules would move in and occupy a£ or c 

site) be partially or completely relaxed) and then return to the bulk. 

The total relaxation rate would be the sum of the rates of relaxation 

in the two environments. 45 Thus according to Ref. (4)J 

l 
T 
ac ca 

(53) 

Since we are interested in the region where the linewidth is controlled 

by the slowness of the relaxation processes in the b and c environments) 

the conditions that l/T2b 

Then Eq. (53) reduces to 

<< 1/-rb and l/T2 << 1/-r must be imposed. a c ca 
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T2b 

Also from Eq. (47) it follows that, 

1 ~2 S(S+l) 
== --

T2b 'h2 3 

1 
A 2 

S(S+l) c 
== 

T2c 'h2 3 

(54) 

Tb (55) 

T 
c 

where ~ and Ac are the coupling constants for the £ and ~ environments 

respectively, while Tb and Tc are the correlation times for the two 

environments. According to Eq. (48), these correlation times should be 

given by, 

1 
T 

c 

1 
== -- + 

Tle 

1 
T 
ca 

(57) 

where the rate of relaxation of the electron is the same for both en-

vironments. Since it has been postulated that the interruption to the 

" scalar coupling is that of the chemical exchange process, then in 

Eq. (57) above, l/T
1 

<< 1/-rb ,1/-r • Thus the correlation times for e a ca 

the b and c environments are just the lifetimes of a water molecule 

in these environments, i.e., Tb == Tba and Tc 

ditions Eq. (54) becomes, 

T 
ca 

S ( S+ 1 ) [A 2 p b 

3
'h 2 -l:l Tba Cu 

+ A 2 
c 

T 
ca 

Under these con-

p c 
Cu 

This equation has the right form to account for the bend in the high 

temperature region. The interruption process with the higher activa-

tion energy would be expected to dominate at the lower temperatures 



while the process with the lower.activation energy would dominate in the 

high temperature region. Thus,. this would correspond to having the 

more tightly bonded equatorial water molecules provide the relaxation 

path at the lower temperatures, while the more weakly bonded axial waters 

would provide the path in the high temperature region. 

Although this interpretation appears to have all of the ingredients 

necessary to explain the·observed temperature dependence, it is unlikely 

that it is the mechanism of relaxation being observed. First, it re-

quires that the inversion process be slower than the direct exchange 

of equatorial waters. Secondly, it requires the direct exchange of 

equatorial waters to be much faster than the exchange of waters of 

2+ 2+ 2+ Nl.2+ other plus two ions such as Mn , Fe , Co , and Thirdly, it 

requires the crossing of T2b and T2c at high temperatures. With a 

slower exchange rate and higher coupling constant, T2c would be expect

ed to be greater than T2b in the whole temperature range investigated. 

The possibility is now considered that the relaxations in the b 

and c environments do not occur independently, but are connected be-

cause of the inversion of the octahedron. The model considered is the 

same as that given in Sec. d, i.e., direct exchange is allowed to occur 

between the bulk and the complex only through the ~ sites. The a - c 

exchange is assumed negligible. 

Since the two environments are connected, the total relaxation in 

this case will not appear as a simple sum of the rates of relaxation 

in the two environments. Further, with chemical exchange interruption, 

the b - c exchange cannot be considered to be a random interruption 

of the scalar coupling interaction. A given water molecule will leave 

the bulk and enter the first coordination sphere of the paramagnetic 
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ion via the £position. Once it is on a£ site it may go to the c and 

back to b several times before it returns to the bulk, or it may return 

directly to the bulk. In the £ site it experiences scalar coupling 

characteristic of that site, while in the £ site it will experience a 

different scalar coupling. Inversion back to the b site will establish 

the original b scalar coupling, rather than a random b scalar coupling. 

Likewise for a second inversion to £, etc. True randomization will 

only occur on exchange into the ~ environment as long as T
1

e is long 

compared to the chemical exchange from the b and c environments into 

the a environment. The equation for l/T2p in this case will be identi

cal to Eq. (38) of Sec. d, i.e., 

\a E 
3 be (59) 

This equation states that the observed relaxation should be proportion-

al to the rate of exchange of the £ molecules with the bulk. Assuming 

that rate to have the usual experimental temperature dependence, this 

equation does not predict the bend in the data observed experimentally. 

(Fig. 5). 

However, this model has the possibility of explaining the bend if 

one considers the relative rates of inversion and exchange. If the 

assumption is made that the inversion process is slower than the ex-

change process of b molecules to §:, and that in the region below the 

bendover only the axial water molecules are really in the relaxation 

controlled region, while the equatorial water molecules are still in 

the chemical exchange controlled region, then in this region the axial 

waters would be the only ones contributing to the relaxation process 
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and Eq. (59) then becomes, 

(60) 

As the temperature is increased., however, the rate of inversion may be-

come comparable to the relaxation rate in the c environment and we will 

begin to observe relaxation from this environment, and the relaxation 

process would become more effective. The additional contribution to 

l/T2p would lead to smaller values of T2p than expected otherwise. 

The equation for l/T2p in this region will be of the form, 

(61) 

where a may ta.ke values between 0 and 1, depending on the relative rates 

of relaxation and inversion in the c environment. a will increase with 

temperature. In the limit where a approaches unity, the log T2p curve 

must again become parallel to that of the lower temperature region but 

there is no indication from Fig. 6 that such a condition has been 

reached. Unfortunately it was not feasible to extend the temperature 

range further in order that a more complete picture of the bending 

region could be obtained. This probably will have to be done before 

an unambiguous interpretation of what is occurring can be made. 

A possible argument against the above interpretation is that it 

requires the inversion process to be slower than the exchange of axial 

waters with the bul . .k. There is evidence from the studies of Cu
2+ in 

solids that in positions of octahedral symmetry in the lattice the 

inversion is very rapid. In solutions the solvent may, of course, 

arrange itself unsymmetrically so as to favor a stronger Jahn-Teller 
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distortion. If one could measure the chemical shift and hence the 

scalar coupling constant as a function of temperature, more insight 

into this problem would be gained. 

The possibility of a new chemical species coming into being at the 

higher temperatures will now be considered. First, the possibility of 

having complex formation between cupric and perchlorate ions may be 

dismissed as a plausible explanation of the high temperature bend 

because this behavior was observed both at 0.100 M perchloric acid where 

complexing is unlikely, and at 5.27 M perchloric acid. 

Another possibility of a new chemical species. would be a geometric 

transformation such as the change from an octahedron to a distorted 

46 
tetrahedron. Cupric ions are known to form such complexes. There 

is some evidence that this does not occur in the present case. No 

such effect was revealed in the EPR study of T
2

e for cupric ion over 

39 40 the temperature of 25°C to l30°C by Hayes and Avvakumov. However, 

if the relaxation in this tetrahedral environment is effective enough, 

only a small concentration of the new species would be needed to give 

the observed NMR effect. 

We may try to decide if such a process is probable by considering 

whether the relaxation in a tetrahedral as compared to an octahedral 

structure should be more effective. ·Since the number of water molecules 

involved here is four, the relaxation process has to be at least 1.5 

times as effective. 

47 9 Using Crystal Field Theory, the energy level diagram for a d 

ion in a tetrahedral field is the same as that for an octahedral field, 

but with the energy levels inverted. Thus the t 2g levels are lowest in 

energy, while the e levels will be higher. 
g 
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The Jahn-Teller distortion is known to be operative in tetrahedral 

complexes of cupricJ
48 

and it has been shown that the complex distorts 

in such a way as to preserve tetragonal symmetry. If the tetragonal 

axis is taken as the Z-axis) the unpaired electron must be present in 

the d orbital. Thus the orbital having the highest electron density 
xy 

does not point directly towards any of the water molecules. In the 

case of the octahedron) we had the orbital containing the highest 

density of unpaired electrons pointing directly at four water molecules. 

In the tetrahedron) the electron cloud for the unpaired electron points 

between the ligands and should be shared equally by all. 

Thus these arguments lead one to believe that the scalar coupling 

an oxygen-17 nucleus would experience in a tetrahedron would be smaller 

than that observed in an octahedron for two reasons: First) we have 

fewer watersparticipating in the relaxation process and second) the. 

coupling of the unpaired electron and the oxygen-17 nucleus should be 

smaller. However) if the rate of chemical exchange is decreased in 

this case compared to the octahedron) the rate of relaxation might be 

expected to increase and this model could yield the curvature observed. 

But the rate may not decrease too much or else the relaxation of the 

electron may then provide the interruption to the scalar coupling) 

which would be contrary to the earlier considerations. Thus the 

conclusions is drawn that this geometric transformation is quite 

possibly not the phenomenon that is being observed. 

B. Chromous Ion 

1. Background. 

The electronic structure of chromous ion is very similar to that 
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of cupric in the sense that it too should be susceptible to a Jahn

Teller distortion. If the very fast rate constant for the water 

exchange process in the cupric-water system is related to this distor

tion, one may expect the same for the chromous ion. Also if the 

abnormal temperature dependence of T2p observed for the oxygen-17 

nuclei in the presence of cupric ions is a result of the Jahn-Teller 

effect, we might expect to find a similar behavior for the chromous 

system. 

In order to investigate these two possibilities a temperature de

pendence study of T2p for oxygen-17 in the presence of chromous ions 

has been conducted. Figure 9 shows the results of this study and the 

data have been tabulated in Table I-4 of Appendix I. The temperature 

range covered was from -59° to l00°C. The high temperature measure

ments did not extend as far as those for the cupric system because 

chromous ion in the presence of dilute perchloric acid, is unstable 

above l00°C. 

The data for the top curve in Fig. 9 was obtained from a 0.075 M 

chromous solution in the presence of 0.010 M hydrogen ions. The values 

of T2p as they appear on the plot have been corrected to 0.100 M 

chromous for comparison with the low temperature study. They were ob

tained in the presence of 40.7% perchloric acid (5.27 M). 

The slight displacement of the curves for the high relative to 

the low temperature work should be noted. This effect is believed to 

have arisen from the high concentration of perchloric acid used for 

the low temperature work. A similar effect was observed for the cupric 

water system and an explanation for this will be given in Sec. D. 

Neglecting the displacement of the two curves, there are three 
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interesting features of the temperature dependence of T
2

p in comparison 

to what was observed for the cupric-water system. (See Fig. 5). First 

the slopes of the curves are smaller than for the cupric system. Second-

ly, the high temperature curve probably does exhibit the same curvature 

as observed for copper and it is noticed that the bend occurs at about 

the same temperature. Finally, the low temperature data do not indicate 

that we are approaching the region where the relaxation is beginning 

to be controlled by the slowness of chemical exchange. 

2. Relaxation Mechanism. 

In order that the relaxation mechanism operative in the chromous-

water system may be determined, the chromous data will be subjected to 

the same tests that were applied to the cupric-water system. That is, 

calculations are made to determine which of the mechanisms, dipole-

dipole, electric quadrupole, anisotropic chemical shift and scalar-

coupling are important in this system. 

a. Dipole-Dipole Interaction. Again from Eq. (19) of Sec. IV-A, the 

expected contribution of the dipole-dipole mechanism to the observed 

T2p may be calculated for the upper curve of Fig. 5· The correlation 

time used here will be the same as that estimated for the cupric case, 

apart from the lower viscosity, because X-ray data for chromous com-

pounds show the bond distances to be almost identical to those for 

cupric ion. 9 The contribution to the value of l/T2p at 25°C is cal-

-1 
culated to be 48 sec The experimental value of T2p at 25°C is 

seen from Fig. 9 to be 182 
-1 

sec Thus based on this theoretical 

calculation the dipole-dipole interaction is expected to make about a 

25 percent contribution to the observed T2p at 25°C. 
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This theoretical calculation of the expected dipolar contribution 

could be checked by correcting the dipolar relaxation of protons in 

aqueous chromous solutions for the difference in interaction of oxygen 

and hydrogen. Unfortunately no data are available for the dipolar in-

teraction of protons with chromous ion. An indirect calculation may 

be made for the chromous system from the values in Sec. A for the 

3 cupric system, obtained from the proton work of Bernheim, et .al. It 

was found that for a 1. 09x10-3 M cupric solution, (l/T2 )d .. 1 for p lpo ar 

the interaction of 
I 

oxygen-17 with cupric has a value of 0.066 sec-1 • 

From Eq. (27) 

(___ 1 ~ Cr 

I \T2p7 dip 

6 1~ Cu 

T2p) dip 

scr(scr+l) P Cr 

scu (scu+l) Pcu 

(62) 

assuming that both processes have the same correlation time. For a 

2+ 3 0.100 M Cr concentration versus 1.09x10- M cupric concentration this 

ratio gives 

(

. 1 )Cr 

T2p dip 
= 7 .34xl02(T 1 ) c~ = 48 

\~2p d. 
lP 

-1 
sec (63) 

in fortuitous agreement with the previous calculation. Thus based on 

these calculations, the dipolar interaction of oxygen-17 with chromous 

is expected to contribute approximately 25% to the total observed line-

b. Electric Quadrupole Interaction. Following the procedure outlined 

in Sec. IV-A, the contribution to the total linewidth from electric 

quadrupole interaction may be calculated using Eq. (22), Here, too, 
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no experimental value is available for the electric quadrupole coupling 

constant of oxygen-17 complexed to a chromous ion. Again, the observed 

value of l/T2 for chromous at room temperature will be used to c~lcu-p . 

late a value for (eQq/h) by assuming that the process leading to the 

broadening of the .oxygen-17 resonance is entirely that of the electric 

quadrupole interaction. This calculated value will then be compared 

with the value of (eQq/h) calculated for oxygen-17 in pure water in 

Sec. IV-A. Using Eq. (22) and (l/T2p)Cr2+ = 182 sec-l at 25°C, (eQq/h) 

is calculated to be 20.1 Me. This value is seen to be approximately a 

factor of 2.3 larger than the value of 8.8 Me calculated for oxygen-17 

in pure water. Since the relative magnitude of (eQq/h) for oxygen-17 

in different environments depends primarily on the number of unbalanced 

p-electrons, 49 qualitatively (eQq/h) for the oxygen nucleus would be 

expected to decrease rather than.increase in going from pure water to 

waters coordinated to chromous ion. Taking the pure water value as an 

upper limit, the quadrupole coupling contribution to T2p of the chromous 

2 
solution is at most (l/2.3) = 0.19 of the total. Therefore it is 

concluded that quadrupole relaxation is relatively small although per-

haps appreciable. 

c.· 6 ill and Anisotropic Chemical Shift Mechanisms. · Since both of these 

mechanisms should be frequency dependent, they may be dismissed as 

possible relaxation mechanisms for the chromous water system because 

measurements of T2p at 5·772 and 8.134 Me showed no frequency dependence. 

I 

Also in the case of ~mechanism, a much larger coupling constant than 

that determined from the chemical shift of chromous ion would be re-

quired to explain the observed T2p. 
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d. ·Scalar Coupling Mechanism. These arguments have reduced the possi-

ble important relaxation mechanisms to two,i.e,, dipole-dipole and 

scalar coupling. The contribution from the scalar coupling may be es-

timated from Eq. (38); this form of the equation is necessary because 

the Jahn-Teller effect is thought to be operative in the chromous system 

also. 

As with the cupric system, if we are to decide whether the relaxa-

tion is due to scalar coupling, the process causing the interruption 

must be known. In addition, a value of A, the scalar coupling constant, 

must also be determined. 

The latter of these two quantities is readily determined experi

mentally as has been shown by Jackson, Lemons and Taube. 23 The· chemical 

shift is relatively large compared to the linewidth at room temperature. 

2+ 
From a series of measurements for 0.100 M Cr in 0.010 M HCl04 taken 

~ /m was found to be equal to 12.35 p.p.m. 
a a 

This value 

agrees favorable with the value of 13.8 p.p.m. calculated from the 

23 data of Jackson, et.al., for the same chromous concentration. The 

data for these measurements are tabulated in Appendix I. The value of 

(An/h) calculated from the shift through the use of Eq. .(26) is 

+6 
(An/h) = 4.41Xl0 cps, (64) 

which, as discussed in Sec. IV-A, is smaller than that observed for 

the cupric system. 

This value of (An/h) may be used to calculate a value of -r at 
e 

25°C, the correlation time for the interruption process, from Eq. (38). 

Assuming the same model as there, -r is calculated to be 3.98 X 10-lO 
e 

sec. Whether this value corresponds to the interruption of the scalar 

.. 
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coupling by the T
1 

of the electron or by the chemical exchange process . e 

will be considered presently. 

Unfortunately for the chromous system there are no available data 

on T
1

e or T
2

e for aqueous solutions. Thus a direct comparison of the 

value of ~ just calculated with these quantities is impossible. An 
e 

upper limit for T2e was found by attempting to observe the EPR line

width of a 0.300 M Cr
2
+ solution containing 0.01 M perchloric acid. 

A conventional Varian X-band spectrometer operating at approximately 

9000 Me was used. The magnetic field was swept from 0 to 10,000 gauss 

but no signal from chromous ion was detected. From previous experi-

~ents run on this instrument, it could be estimated that the linewidth 

of the chromous ion must be at least 2000 gauss or larger. Therefore 

T2e must be 6Xlo-11 sec or shorter. 

If it is postulated that the relaxation of the electron is providing 

the interruption to the scalar coupling, T
1

e would have to have a value 

of 3.98XlO-lO sec. This in turn would require that the ratio of T
1

e 

to T
2

e be greater than or equal to 67. There is no experimental or 

theoretical evidence that T2 must equal T
1 

for chromous ion. The e · e 

arguments of Alt 1 shuler and Valiev
42 

do not seem to be applicable here 

because according to their theory the line width of chromous should not 

be vastly different from that of cupric and thus would predict too 

short a T
2

e for cupric ion. Also, the hypothesis that the chemical 

exchange process could be leading to T2e relaxation would seem unlikely 

in this case because of the very small limit on the T2e lifetime. 

As in the cupric system, the temperature dependence of T2p is 

relatively large and considerably larger than is ordinarily expected 

for T1e relaxation of a paramagnetic ion. Therefore it is concluded 
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that the interruption is not by T1e of the electron unless the electron 

relaxation itself is dependent on a chemical exchange. In the latter 

case the interruption process may still be considered as a chemical 

exchange interruption. 

8 -10 The correlation time calculated above, T = 3·9 XlO sec, is not 
c 

too short to be the result of a chemical exchange process. If a rate 

constant is calculated assuming the scalar coupling is being interrupted 

by the chemical exchange as in Modell, a value of k = 7.5X109 sec-l 

is obtained. This value of k is seen to be about that calculated for 

the cupric-water system. 

e. Scalar Coupling Versus Dipolar-Interaction. Although the above 

discussion led to the conclusion that the relaxation effects could be 

accounted for in terms of the scalar coupling mechanism, the calcula-

tion in Sec. IV-A-a indicates that a sizable contribution could also 

arise from the dipole-dipole mechanism. The observed rate of relaxation 

in this case would be expressed by an equation of the form, 

Since the correlation time for the dipolar interaction: is determined by 

tumbling of the complex, the first term in Eq. (65) gives no informa-

tion on the chemical exchange process, which is of prime interest in the 

present work. If the contribution of the dipolar term could be sub-

tracted out, the second term could be evaluated. For such a treatment 

a more accurate estimate of the contribution of the dipole interaction 

would have to be obtained. It should be recalled that the estimated 

25 percent contribution was obtained by using the value of (T ) 2p dip. 
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for the cupric system, which in turn was based on a correlation between 

the relative effect cupric ion has on proton and oxygen nuclei. In the 

following treatment the dipolar contribution will be neglected and the 

accuracy of the results thus obtained will depend upon how serious 

this neglect is. 

f. Determination of the Rate Constant. Although it was hypothesized 

in Sec. IV-A-e that the interruption to the scalar coupling relaxation 

mechanism is chemical exchange, this may not be verified until l) a 

better estimate of the Tle of the electron is obtained, and 2) the low 

temperature data can be extended to the region where the relaxation is 

controlled by the slowness of exchange. Calculations show that the 

latter may prove very difficult experimentally. Assuming the interrup-

tion process is the chemical exchange, calculation of the intersection 

of the high and low temperature limiting lines, as was done in Sec. IV-A 

for cupric ion yields the prediction that the threshold for chemical 

exchange control should occur at approximately -l30°C. 

On the assumption that the relaxation process is being interrupted 

by chemical exchange, the rate constant for exchange may be calculated 

from the data. using Eq. (38). For this calculation all that one needs 

is a. value of the scalar coupling constant, which is available from 

23 
the chemical shift measurement. However, the data. of Jackson, et.al., 

on the chemical shift of o17'by Cr2
+ raise doubts as to whether the 

coupling constant measured from the chemical shift is the correct one 

to use in these calculations. This subject will be considered in de-

tail in the next section. To the extent that .the coupling constant 

obtained from the chemical shift is appropriate, the rate constant for 

the exchange process involved in this system has been calculated and 
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tabulated in Table III along with the enthalpy and entropy of activation. 

It will be shown that these rate constants are at best lower limits to 

the actual rates. In calculating the entropy, it is necessary to 

assume a rate, and to the extent that the k calculated is incorrect, 
:.j: 

the value given for ~ will be in error. 

g. High Temperature Bend. Since it is believed that in the chromous 

system, just as in the cupric case, the interruption to the scalar 

coupling is a chemical exchange process, the same explanations for the 

high temperature bend given in Sec. IV-A for cupric ion will also be 

applicable here. 

a 

Table III. Values Calculated from Fig. 9 for the 

Exchange Process of H2o17 in 0.100 M 

Cr(Cl04)2_ in 0.01 M HC104 at 25°C. 

* .6H (kcal) 
:j: 

~ (e.u.) 

k (sec-1 ) 
r 

3·1 
a -3.0 

7.5X109 a 

Assuming model l or 2 to apply. The value of k is 
r 

1/~ba in the former case and 1/~i in the latter. 

.. 
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C. Chemical Exchange Versus Inversion 

In this section an attempt is made to decide which of the three 

models given in Sec. IV-A best describes the observed experimental data. 

These three models were seen to be: 1) rapid inversion having the 

scalar coupling interrupted by the chemical exchange between the 

axial positions and the bulk) 2) slow inversion relative to the axial 

exchange process and 3) very rapid inversion leading to six equivalent 

water molecules. 

The third model will be dismissed because it would predict that 

the rate constant for the exchange process should be very similar to 

those observed for other plus two ions of the iron group. This is 

contrary to the observed factor of more than 100 between these rate 

constants. 

In deciding which of the two remaining models best fits the ob-

served data) it first must be decided which of the two rates) chemical 

exchange or inversion might be the faster. No information for this 

decision seems to exist in the data obtained for these two systems. 

However) if the data of Jackson) Lemons and Taube) 23 are considered) 

a partial solution to this problem might be obtained. 

The work of Jackson) Lemons and Taube dealt with the effect 

perchlorate has on the chemical shift of oxygen-17 by chromous ion. 

It was observed that as the concentration of C104 is increased) the 

shift in the H2o17 
resonance is decreased and ~ventually changes sign. 

This effect was interpreted as preferential replacement by C104 of 

water molecules in the axial positions in the first coordination sphere 

2+ 
about Cr . The observed shift in oxygen-17 was assumed to be a sum 
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of the contributions from the axial and equatorial positions. The 

contribution from the former is presumed to lead to a paramagnetic shift 

while that of the latter should give a diamagnetic shift. The para-

magnetic shift arises from oxygen atoms in the axial positions trans-

ferring an electron from an s or p orbital to the half-filled d 2 
z 

orbital. This would leave an electron on the oxygen atom having the 

same spin direction as those on chromous, thereby giving a paramagnetic 

shift. When the oxygen atoms in the x-y plane transfer an electron to 

the unoccupied d 2 y2 orbital, the transferred electron lines up 
X -

with the spin of the paramagnetic ion while an electron with spin of 

opposite sign to those on the chromous remains on the oxygen, thus 

leading to a diamagnetic shift. If Cl04 ions are complexed preferen

tially in the axial positions, the paramagnetic contribution to the 

shift of oxygen-17 should decrease and finally go to zero, in the 

limit that all of the axial positions become occupied with C104 ions. 

This would give rise to the reversal in sign observed in the chemical 

shift. 

According to the data of Jackson, Lemons and Taube, increasing 

the perchloric acid concentration from.O.Ol M to 5.27 M should decrease 

the chemical shift of the oxygen-17 in absolute value by a factor of 

3-3,. and hence l/T2p by a factor of 11. The opposite effect was ob

served experimentally, i.e., l/T2p actually increased by a factor 

greater than 2. Since the perchloric acid is believed to occupy only 

the axial positions, these considerations would lead one to assume that 

these positions are unimportant in the T2p relaxation mechanism. 

2+ 
This argument cannot be directly applied to the Cu system 

because there having the perchlorate: ion in the axial positions should 



'•' 

-81-

not affect the coupling constant very much,if at all. The water 

molecules there are already assumed to experience a very small coupling 

from the cupric ion and to play a minor role in the relaxation process. 

Thus these arguments favor model (2) above and imply that the 

actual rate being measured by the NMR data is the rate of the inversion 

process. At the same time this requires that the axial molecules are 

exchanging faster than the rate at which the complex inverts. 

Also, these arguments require that the value of the coupling 

constant to use for calculating the inversion rate for chromous should 

be that for the four equatorial water molecules. The value obtained 

from the chemical shift measurement would represent the sum of the 

axial and equatorial coupling constants. Consideration of Jackson, 

Lemons and Taube's data indicates that the value of A obtained from 
I 

the chemical shift measurement may be too small. To the extent that 

it is too small, the rate constants reported in Sec. IV-B for the 

chromous system are too small. The actu~l chemical shift of the 

equatorial waters should be obtainable if one extends the chemical 

shift data for the oxygen-17 in the presence of Cr2+ to higher per-

chlorate concentrations. 

Thus at present, it appears that model (2) provides the best 

description of the observed experimental data. 

D. The Effect of Perchloric Acid on Transverse Relaxation 

The observed increase in the rate of relaxation of oxygen-17 

in going from 0.100 M to 5.27 M perchloric acid may possibly be 

explained using the above arguments. Since it has been established 

that the relaxation mechanism for the two systems is probably that of 

scalar coupling being interrupted by chemical exchange, the increase in 
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relaxation must arise from either an increase in the scalar coupling 

constant or a decrease in the chemical exchange rate. The first of 

these two alternatives seems unlike~y according to the above discussion. 

The second possibility could occur if the exchange process as postulated 

is that of inversion. By having the C104 ions occupy the axial 

positions the inversion rate may be expected to decrease. First, it 

is possible that the increase in mass of the Cl04 ions over that of 

the water may lead to this decrease. Secondly, since it was shown by 

23 -Jackson, Lemons and Taube that C104 ions preferentially bond to 

the axial positions, complexing in the equatorial plane represents an 

unstable state. This effect would lead to a longer lifetime for the 

water molecules in the equatorial plane and hence more effective relaxa-

tion. 

If however, the inversion process is not the rate being measured, 

but we are actually measuring the chemical exchange process for the b 

and ~ water molecules, then the change in the activity of the water 

in going from 0.100 M to 5.27 M perchloric acid may be large enough 

to cause an appreciable decrease in the rate of chemical exchange. 

The activity of water changes by a factor of 1.5, which may be enough 

to account for the increase in relaxation by a factor slightly greater 

than 2. 

v 
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APPENDIX I 

EXPERIMENTAL DATA 

Table I-1 T2 for H2o17 in 0.100 M HCl04 and 5.27 M HC104 
as a function of temperature. Frequency 5·772 or 8.134 Me. 

103 0.100 M HC104 
T°K Linewidtha T2X103 (sec) 

2.391 11.27 28.26±.70 

2.492 13.38 23.81±. 74 

2.582 14.04 22.60±0.69 

2.683 15.59 20.43±0.78 

2.709 18.47 17.24±0.30 

2.738 19·57 16.28±0.62 

2.819 23.48 13.57±0.09 

2.923 24.35 13.08±0.16 

2. 961 28.15 11.31±0.16 

3.010 31.45 10.13±0.20 

3.067 33·08 9·63±0.195 

3.114 36.84 8.64±0.24 

3·256 45.31 7·03±0.20 

3·295 49.89 6.38±o.o4 
~' 

3·357 53· 55 5·95±0.10 

3.467 71.14 4.48±0.06 

3·496 80.38 3· 96±0.15 

3·567 98.80 3.22±0.07 

3·590 102.76 3.10±0.03 

3.615 105.76 3.01±0.04 

3.619 113.47 2.81±0.03 '-' 

3.614 109.20 2.916±o.o4 
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103 
5· 27 M HC104 

T6 K Linewidtha T2Xlo3 (sec) 

3-352 57-08 5-58+0.18 

3.662 125.66 2-53±0.05 

3.685 124.14 2-57±0.03 

3-817 160.18 1. 99±0. 03 

3-877 188.02 1.69±0.04 

3-938 223-90 1.36±0.02b 

4.024 287.11 1. o6±o.o1b 

4.130 305-77 o. 998±0. 03b 

4.200 335-00 o. 916±0. o4b 

4.242 427.48 o.n4±o.o6b 

4.372 681.53 O. 44 7±0. Olb 

4-533 958.08 o. 310±0. 003b 

4. 592 1252.4 o. 244+o. oob 

All linewidths reported in this Appendix refer to the whole 
width at half intensity in cycles per second and are the 
average of several values. 

b Gross magnetic field was modulated with a frequency of 2, 088 
cps. All other measurements were made modulating the gross 
field with a frequency of 412 cps. 
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TABLE I-2. T2 and T2p for a 1.09Xl0- 3 M Cu(No
3

)2 solution 

in 0.100 M HC10
4 

as a function of temperature. 

The gross magnetic field in all cases was modulated 
,#, 

. I 

with 412 cps. Frequency was 8.134 Me. 

103 
Lx1o- 2 -2 lXl0-2 

T2PXl0+3 Linewidth lXlO (H O) 
T°K T T2 2 T2 2 

2.369 32-77 1.029 0.327 0.705 14.18±0.13 

2.478 36·75 1.200 0.386 0.814 12.28±0.16 

2. 565 41.60 1. 306 0.455 0.852 11.74±0.20 

2.659 47·39 1.488 o. 529 0.959 10.43±0.20 

2.724 52.16 1.638 0.595 1.043 9·59±0.20 

2.793 52.58 1.651 0.667 0.984 10.16±0.16 

2.835 60.20 1.890 o. 719 1.171 8.54±0.24 

2.884 64.44 2.023 0.781 1.242 8.05±0 .. 19 

2.927 68.27 2.144 0.848 1.297 7·71±0.20 

2.995 68.80 2.207 0.952 1.255 7·97±0.09 

3.114 87.24 2-739 1.136 1.603 6.24±o.b4 

3.214 104.02 3.266 1.351 1.915 5.22±0.18 

3·256 110.00 3·454 1.460 1·994 5.02±0.10 

3·310 122.51 3.847 1.618 2.229 4.99±0.06 

3·352 133·18 4.182 1.818 2.364 4.23±0.15 

3·456 153.20 4.8ll 2.81 2.00 5.00±0.03 
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TABLE I-3· T2 and T2p for 1.09X10- 3 M Cu(No
3

)2 in 
* 5.27 M HC104 as a function of temperature 

·" 

103 
_L X 10-2 -2 lXl0-2 

T2PXl0+3 Linewidth lXlO (H o) 
T°K T2 T 2 T2 2 

2.200 46.24 1.452 0.265 1.19 8.40±0.03 

2.327 52.95 1.663 0.318 1.35 7.41±0.06 

2.398 55.29 1.736 0.353 1.38 7.25±0.01 

2.425 55·09 1. 730 0.370 1.36 7·36±0.02 

2.709 82.98 2.606 0.571 2.03 4.93±0.05 

2.857 100.24 3.148 o.8oo 2.35 4.26±0.04 

3.020 129.4 7 4.067 0.980 3.087 3.24±0.01 

3-098 152.44 4.787 1.136 3-651 2.74±0.02 

3-184 176.06 5-528 1.333 4.195 2.38±0.02 

3-238 206.48 6.350 1. 511 4.839 2.07±0.03 

3·340 269.09 7·634 1.852 5-782 l. 73±0. 01 

3-370 258.64 8.130 1. 923 6.207 1.61±0.02 

3-386 257-84 8.097 2.041 6.056 1.65±0.02 

3.682 536·99 16.86 3-85 13.01 0.769±0.03 

3· 949 929-30 29.18 7·353 21.83 o.458±o.o6 

3·984 1,176.2 36.94 8.333 28.61 0-350±0.04 
4.182 1,431. 5 44.94 13·33 31.61 0.316±0.01 

4.261 1,607·5 50-51 16.39 34.12 o:293±0.03 

4-374 1,785-95 56.09 21.834 34.26 0.292±0.04 

4.468 l, 929.1 60.61 28.51 32.04 0.312±0.03 

4.509 2,012.4 63.29 32.26 31.03 0.322±0.03 

4.577 2,064.3 64.81 37-88 26.93 0.371±0.05 
4.600 2,232.2 70.13 40.00 30-13 0.332±0.03 

* '•' Linewidths less than 537 cps were obtained by modulating gross field 

with 412 cpsj linewidths less than 1,786 cps but greater than 537 

cps were obtained by modulating gross field with 2,088 cps; line-

widths greater than 1,786 cps were obtained using the derivative 

method, modulating with 88 cps. Frequency was 8.134 Me. 
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TABLE I-4a. T2 and T2p for a 0.075 M Cr , ( Cl04 )2 solution in 
,-. 

0.010 M HCl04. All measurements were made at 

8.134 Me modulating the gross magnetic field with 

412 cps. 

103 
Linewidth !_Xl0-2 LXlo-2(H o) Lx1o-2 T Xl0+3 

T°K T2 T2 2 T2 2p 

2.645 40.31 1.266 o. 516 0.750 13·33±0.20 
2.736 46.07 1.447 0.589 0.856 11.68±0.30 

2.826 48.85 1.534 o.68o 0.854 11.71±0.16 

2.938 55.14 1·731 o.81o 0.921 10.86±0.40 

3.025 58.64 1.841 0.956 o.885 11.30±0.60 

3·137 73.60 2.311 1.188 1.123 8.93±0.20 

3.241 84.04 2.639 1.466 1.173 8.55±0.35 

3-355 105.6 3·316 1.852 1.464 6.83±0.34 

3.446 124.5 3· 911 2.272 1.639 6.08±0.16 

3·532 153·1 4.808 2.750 2.050 4.88±0.36 

3·584 167.2 5·251 3.06 2.191 4.57±0.10 
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TABLE I-4b. T2 and T2P for 0.100 M Cr(C104)2 in 5.27 M HC104. 

":. 
Measured at 8.1']4 Me. 

103 
Linewidth .Lx1o-2 .Lx1o-2(H o) _L X10- 2 T2 X103 

T°K T2 T2 2 T2 P. 

3·690 460.53 14.46 3.88 10.58 0.945±0.02 

3·699 420.00 13.19 3;98 9.21 l. 09 ±0.01 

3.806 491.9 15.44 5·10 10.34 0. 971±0,. 02 

3.811 589·9 18.52 5.18 13.34 0.752±0.01 

3.962 689.4 21.65 7·57 14.08 o. 70'9±0. 01 

3· 985 740.2 23.24 7·94 15.30 0.654±0.03 

4.092 803·9 25.24 10.40 14.84 ' 0.674±0.01 

4.097 919·9 28.89 10.63 18.26 o. 549±0.03 

4.199 1, 051. 33.01 13.84 19.85 0.504±0.01 

4.267 1,137· 35·70 16.60 19.10 0.524±0.09 

4.308 1,234. 38.74 18.48 21.20 0.471±0.05 

4.438 1,476. 46.35 25.80 20.55 o. 485±0. 01 

4.459 1,773· 55·67 27.60 28 .. 07 0.356±0.12 

4.543 2,448. 76.86 34.40 42.46 o. '235±0. 01 

4.588 2,553· 80.17 38.60 41.66 0. :240±0. Ol 
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TABLE I-5· Chemical shift of H2o17 in the presence of cupric 

and chromous ions. The concentration of cupric 

ion was l.32Xl0-2 Min 0.100 M HC10
4 

and the tempera

ture was 99.6°C. The concentration of chromous was 

0.100 M in 0.01 M HC104 at 25°C. 

Cupric 

w, (P.P.M.) 
(J.) 

4.89 

5·63 

5·99 

5·17 

5·70 

5·27 

4.73 

6. 56 

4.67 

Average: 5.4±0.21 

Chromous 

w, (P. P.M.) 
(J.) 

11.26 

12.22 

12.42 

13.22 

12.32 

11.77 

12.29 

12.15 

12.32 

11.92 

12.32 

14.02 

Average: 12.35±0.2 

.. 
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APPENDIX II 

17 
Determination of T

1 
for H20 

Perchloric Acid at 25°C. 

as a Function of 

The values of T
1 

for H2o17 as a function of perchloric were 

obtained using the saturation method. These measurements were carried 

out to verify that the interaction between cupric ion and the 

oxygen-17 nucleus was that of scalar coupling. Values of T
1 

were 

calculated by measuring the slope of the curve 

is plotted against (y H
1
h) where h is the 

height of the absorption signal. 
2 

J 1 (~) is a Bessel function of the 

first kind and appears in the equation for the absorption signal as a 

* result of the side-band technique of detection. C is a constant and 

is proportional to M
0

, the equilibrium value of the z-component of 

magnetization. This form of the equation for the determination of T
1 

from the saturation method was suggested to the author by Dr. Daniel 

Fiat. The data were observed to follow a straight line at moderate 

H
1

's, but at very high values of H
1 

substantial deviation occurred. 

Thus the values reported below are only approximate. It should be 

observed that within the experimental error, the T1 obtained is equal 

to the T
1 

for pure water. 

* J. V. Acrivos, J, Chem. Physics 36, 1097 (1962). 
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[HC104] % by wt. T1X10+3(So1ution) T1X103 = T2Xlo3(H20) 

·"-
1.12 4.5 sec 5·95 sec 

5·19 4.0 

11.34 6.6 

22.99 5·7 

29.26 6.2 

' 40.03 5·6 5·95 
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Fig. l 

Fig. 2 

Fig. 3 
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FIGURE CAPTIONS 

Sample tube for cupric solution experiments showing the 

position of the thermocouples used to measure the tempera-

ture and the position of the sample tube relative to the 

NMR probe. Lettered parts are as follows: (A) Sample tube, 

(B) Receiver coils, (C) Copper-constantan thermocouple, 

(D) Thermocouple well, (E) Copper-constantan thermocouple, 

(F) NMR Probe. 

+2 
Electrolysis cell for the preparation of Cr • Lettered 

parts are as follows: (A) Entrance for N2, (B) Exit for 

N
2

, (C) Coarse sintered discs, (D) Platinum wire providing 

electrical contact for the mercury, (E) 7/25 female joint, 

(F) Tygon tubing, (G) Screw clamp, (H) Connection for 

reservoir of HC104, (I) Mercury, (J) Platinum electrode, 

(K) Side arm connector for storage vessel, (L) 7/25 male 

joint, (M) T-tube, (N) Entrance for N2, (0) Vacuum pump 

lead, (P) 7/25 male joint, (Q) Teflon stopcock, (R) Storage 

vessel equipped with 2 ml burette. 

+2 
Apparatus for transferring Cr · solution from storage vessel 

to NMR sample tube. The lettered parts are as follows: 

(A) Bottom of storage vessel from Fig. (2), (B) Transfer 

tube, (C) Sample tube, (D) Thermocouple well, (E) Small 

glass tubing which extends through small neck of the sample 

tube, (F) Side-arm for connection to·vacuum pump, (G) 7/25 

female joint, (H) 7/25 male joint. 
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Fig. 6 

Fig. 7 
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Temperature dependence of log T2 • The top curve gives 

the temperature dependence of log T for the enriched water 
2 

while the middle and bottom curves give the temperature 

dependence of log T
2 

for oxygen-17 in a 1.09Xl0- 3M 

Cu(No
3

)2 solution. The circles denote measurements for 

T2 in the presence of 0.~00 M HC104 while the triangles 

denote measurements in the presence of 5.27 M HCl04• 

Temperature dependence of log T2p for a 1.09X10- 3 M 

Cu(No
3

)2 solution. The circles denote measurements made 

in the presence of 0.100 M HC10
4 

while the triangles 

denote measurements made in the presence of 5.27 M HC104. 

The lines drawn for the bottom curve are the results of 

curve fitting the data to theoretical equations. 

17 The paramagnetic shift of the bulk H20 water molecules 

in the presence of 1.32X10-
2 

M Cu(No
3

)2 at 99.6°C and 

8.143 Me. The sharp signal to the left of each sideband 

is from a reference capillary of water containing o17 in-

serted in the sample tube. 

Temperature dependence of the EPR linewidth of Cu(No
3

)2 . 

The circles are from the data of Hayes while the triangles 

are from the data of Avvakumov et.al. The crosses denote 

the linewidth corrected approximately for the contribution 

from the hyperfine splitting. 

Comparison between experimental values of T2p for a 

1.09X10-3 M Cu(No
3

)2 solution in 0.100 M HC104 and values 

of T2p calculated from Eq. (41) using T2e as the correlation 

time. 
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Temperature dependence of T2p for 0.100 M Cr(Cl04). 

The top curve gives the temperature dependence in 0.010 M 

HC104 while the bottom curve gives the temperature dependence 

in 5· 27 M HC104. 

.. 

,) 
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