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ABSTRACT

The techniques of Nuclear Magnetic Resonance and Electron
Paramagnetic Resonance have been used to study the interaction of
electrons and nuclei in soluﬁion. Results of a study of the inter-
action between paramagnetic manganeous ions (Mn++) and water mole -
cules indicate that the abnormally large ratio of the proton relaxation
times, 11/223 previously found in the system, can be essentially
explained by an isotropic hyperfine interaction between fhe -electrons
and protons in the solution, When this interaction is destroyed by
complexing the Mn't with the hexadentate ligand, ethylenediamine-
tetraacetate (MnY-Z), or with the tetradentate ligand, nitrilotri-
acetate (MnX—l), ‘Il is increased slightly and EZ is increased mar-
kedly, so that T, = T, and the ratio is unity as expected,

An isotropic hyperfine interaction is also found to exist in
ferric fluoride solutions. The interaction between the electrons of
the ferric ion and the fluoride nuclei produces characteristic reso-
nance spectra for the different complexes in the system., From a
study of the system, the existence in solution of the FeFZ': com-
plex - is definitely established., A value for the dissociation con-
stant of the complex is obtained and an upper limit is set for the rate
of exchange of complexed and uncomplexed fluorides in the systems.
The amount of 2s - character of the Fe +1— F~ bond in the ferric
fluoride complexes is also obtained.

The shifts, due to the magnetic susceptibility in the system

are treated in Section IV. It is found that the shifts deviate from the

values one would expect if the susceptibility in the system were



isotropic, Both organic and inorganic systems are treated, The
method used to measure these small shifts is also described,
Part II consists of a published article on the oxygenation

of ferrous ion in acidic phosphate-pyrophosphate solutions,
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I. INTRODUCTION

The techniques of Electron Paramagnetic Resonance (EPR) and
Nuclear Magnetic Resonance (NMR) have found extensive use'in the
fields of chemistry and chemical physics since their discoveries in 1945
and 1946. The methods have been used to yield information about
molecular structure, distribution of electrons in atoms and molecules,
and the rates of fast chemical reactions. In these studies the magnetic
resonance observation of the electron or nucleus provides information
about the electronic structure and exchange properties of the system
without significantly perturbing the system.

The investigations presented in this thesis are concerned only
with the application of (NMR) and (EPR) to the study of species in liquid
solutions. There shall not be an attempt to present the complete
theories of (NMR) and (EPR) since these are treated quite adequately
in a number of books (1), (2), (3) and review articles (4), (5), (6), (7).
Only the theory necessary to understand the experimental results will
be presented.

Since both EPR and NMR are spectroscopic in nature, the
equation serving as their foundation is the fundamental equation of

spectroscopy.

hy_sEl-EzsAE (1)

where the symbols have their usual meanings.
The nuclear resonance condition is derived from this equation

by considering an ensemble of nuclei, each with angular momentum I
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and magnetic moment p , in a magnetic field H. Insucha field
there arises a set of 2I+ 1 quantized Zeeman energy levels due to
the different orientations of the nuclei. The populationsof the levels
vary according to a Boltzmann distribution, which at normal
temperatures and m#gnetic fields of a few thousand gauss, results in
a slight excess population in the lower levels. Transitionsbetween
the levels caﬁ be induced by application of a small oscillating field,Hl,
generated by a radiofrequency coil at right angles to a larger static

field, H0 . The energy of the Zeeman levels is given by the expression

E:—EOEz-MHCOSO (2)

The angle 0 between the magnetic moment vector and the magnetic

field vector is defined by the relation, cos @ = m/I where m is
the magnetic quantum number running from -I to +I . Transitions
are permitted for which Am = 4 1 | Thus,
AE=hy =y H/I (3)
— — =

This nuclear resonance condition is usually expressed in terms of an
angular frequency, W, equal to Zﬂ'i . When this substitution is

made, equation 3 becomes

ﬁ)_sZTrEE/Ih=_;_L_E/Ih= YE (4)

The quantity Y is called the gyromagnetic ratio. The angular frequency
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w is the well known Larmor precession frequency of the nuclear
magnetic moment vector, {, about the magnetic field vector H.
At resonance this frequency must be equal to the externally applied
radiofrequency. In liquids, as will be seen later, H in equation 4,
is not necessarily equal to the externally applied magnetic field. Two
different, but related, methods of investigating the nuclear resonance
phenomenon have been developed by Bloch (8) and Purcell (9).

The condition necessary to observe electron magnetic resonance
is similar to that for nuclear resonance, differing only in the magnetic
properties of the electron as compared to those of the nucleus. The
energy of interaction between an electron, with angular momentum

eh

1/2 & and magnetic moment gLB e~ and a magnetic field H is

also given by

Em—gl.-ﬂ (2)

This interaction is at a minimum when P is parallel to the direction
of H. For an electron spin the separatioAn of the energy levels in a

field H is

AE =2 H=ghg H (5)

where g , the ''spectroscopic splitting factor' would be equal to 2.0
if the electron were completely free. In practice the g-value differs
from 2.0 because the electron is affected by the binding forces in the
molecule. Combining equations 1 and 5 the condition for electron

magnetic resonance is obtained.



hvy = gp,ﬁ H (6)

The electron resonance is usually written as above to distinguish it
from the nuclear case (equation 4). However, if a_)_/ 2w is sub-
stituted for v in equation 6 an expression quite similar to equation 4
is obtained; the difference being only between the value for the
magnetic properties of the nucleus as compared to those of the
electron. This difference also accounts for the fact that (NMR) is
observed in the radiofrequency range (1 - 40 Mc) while EPR occurs
in the microwave region (1-300 KMc).

The advent of NMR and EPR made available, for the first
time, a method for studying experimentally the interaction between

the electrons and nuclei in solution.
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II. PROTON RELAXATION IN MN-‘-+ SOLUTIONS

The properties of the nucleus first found to be dependent on the
presence of paramagnetic ions in solution were the relaxation times.
In the original treatment of the problem by Bloembergen, Purcell and
Pound (10), the paramagnetic species were assumed to affect the
relaxation times through a dipole-dipole interaction. As pointed out by
the above investigators, the use of such an interaction leads to the
prediction that the relaxation times should be approximately equal at
the frequencies normally ﬁsed in NMR experiments (30 - 40 Mc). This
relation was approximately verified by Bloembergen, Purcell and
Pound and has been rather accurately verified in later works. How-
ever, Zimmerman (11}, in measuring the proton relaxation times in
a number of paramagnetic solutions, made the significant discovery
that in agqueous manganese (Mn++) solutions (either MnSO4 or MnClZ)
the times were not equal but differed by a factor of 10.

This section deals with the theories advanced to explain this
unique behavior of the proton relaxation times in aqueous manganese
solutions and the results of experiments designed to test the proposed
theories. Before presenting the proposed explanations, the well

known classical definitions of the relaxation times are discussed.

Theory
The relaxation times determine the speed with which the total

magnetization in the system returns to its equilibrium value after being
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changed by the oscillating magnetic field. The equation expressing
this change in M is given by

aM

~— = TM=xH )

where _I_—_I_ is the total magnetic field acting in the system.

The steady-state solution of equétion 7 for constant H
represents the precession of tﬁe vector M about H with angular
frequency Y_}_I_ . However, in actual nuclear resonance experiments H

is not constant but has components

14

H_=H,; coswt HY = -H, sin®t H, =Hj (8)

The components Hx and HY represent a magnetic field of amplitude
H,; , rotating in a plane normal to the large static field H,.

There are other mechanisms, not given by equation 7 which
cause a change iﬁ the magnetization. These lead to a definition of the
relaxation times. If the amplitude, H; , of the oscillating magnetic
field is reduced to zero, therz—component of the magnetization
will approach the equilibrium value of.the total magnetization, M—o s
exponentially. The characteristic time describing the approach to

equilibrium is defined as I, the longitudinal relaxation time. Thus

T = T (9)
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The transverse components M_ and MY represent the
rotating components of the precessing magnetization M. The
exponéntial approach to their equilibrium value, zero, is governed by

the transverse relaxation time IZ'

de MX dMY MY
™ T, ® " T, (10)

Although the relaxation times are defined for the case of no externally
applied oscillating magnetic field, there still exists local fluctuating
magnetic fields in the system due to the interaction between the nuclei
themselves. These fluctuations are responsible for the decay of the
magnetization. Since the transverse components are rotating they are
not influenced by the same frequencies from the fluctuating magnetic
fields as is the logitudinal component. The importance of this
difference will manifest itself in subsequent discussion,

As mentioned before, Bloembergen, Purcell and Pound (10)
studied the effects of dissolved paramagnetic ions on the relaxation
times of protons in aqueous solutions. In a theoretical treatment of
the problem, they assumed that the paramagnetic ions affected the
relaxation times through a dipole-dipole interaction between the proton
spins and the electron spins of the paramagnetic species. This type
of interaction is dependent on the random motion in the system since
it is a function of the angle between the dipole moment vectors. This
angle is constantly changing due to the Brownian motion in the system.

Accordingly, to describe this motion the above investigators defined
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a correlation time ’CC which can be thought of, in some cases, as the
time it take.s a molecule to make a complete revolution or the time it
takes one molecule to diffuse by another. The tumbling time, To » 18
approximately 10-1l sec. At frequencies normally used in NMR
experiments (30 - 40 Mc) this time is much shorter than the period of
rotation of the transverse components Mx and MY since these precess
with the Larmor frequency ® . Under these conditions Il

should be equal, since the rotation of the transverse components is

and IZ

unimportant.
Solomon (12), by assuming a dipole-dipole type interaction
between a nucleus and a paramagnetic ion in solution derived a set of

equations which predict the near equality of T, and __'I_'Z in the

1

frequency range 30 - 40 Mc. These equations are

2.2, 2 .
1 h Y‘I YS o 3% s 11
) = 3 2 T e 2 Trmten? |4
—ldp  10r MHor-ag) T 0T (@yteg) To
I £ e o 3. 6 6T 11
() == — gttt — 4 > 2)

e

“2dp S lgreg)m TRy Te Mg T LHE#O9TT

YI’ the gyromagnetic ratio of the protons with Larmor precession

frequency ® . , is equal to 2.66 x 1()4 radius sec:_1 gauss_l. The

I

gyromagnetic ratio of the electrons, Y g with frequency Wg is equal

to 1.8 x 10'7 radians sec_1 gauss-l. Under the conditions normally used
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in NMR experiments ( HON 10, 000 gauss, v = 30 - 40 Mc),
Wy = 2 x 108 radians sec_1 and 0_)_5 =1x 1011 radians sec-l. Therefore,
@y EC'<< Wg T, < 1. When these conditions are satisfied, equations 11
and 12 predict that Il and IZ should be approximately equal. This
near equality of the relaxation times was found by Solomon to exist for
protons in aqueous solutions of ferric (Fe+++) ions at 30 Mc.

It has since been shown by Nolle and Morgan (13) that Il and T,
are also approximately equal for protons in aqueous solutions contain-
ing cobaltous (Co++) and neodymium (Nd+++) ions.

It, therefore, appears from the work of Zimmerman (11) that
only in aqueous solutions of Mn'" are the relaxation times not approxi-
mately equal at 30 Mc.

This al:mormal_’I_‘I/I2 ratio in Mn' ' solutions was further
studied by Nolle and Morgan (13) and by Bloom (14). The former
authors found that NT, (N = concentrations in mole liter-l) is
constant at the value 1.5 x 10_5 sec. mole liter_l from 2.7 to 28.7 Mc
whereas NT; increased from 3.2 x 10-'5 sec mole 1iter_1 at 2.7 Mc to
1.0 x 10_4 sec at 28.7 Mc. Bloom reports that 1‘1 and _T_2 are equal at
low frequency (2200 cps) with NT= 1.5 x 10-5 . However,T, increases
between 104 and 106 cps to the value l\I_g‘ =3 x 10-5. Thus, it appears
that IZ is frequency independent, whereas Il as a function of
frequency has plateaus between 103 and 104 cps and 5 x 105 to 5x 106

cps, but decreases by a factor of three around 7 x 104 cps and is

decreasing again at 107 cps. This situation is illustrated in figure 1.
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If one assumes that T in equations 11 and 12 is approximately
10_11 sec, these equations do not explain the above phenomena, There
were attempts by Bloom and by Nolle and Morgan to modify these
equations by assuming that the correct correlation time to be used is
not T , the tumbling time, but a longer time based on the chemical

exchange of water molecules in the hydration sphere of the-Mn++

ion.
However, their suggestions appear to overlook the fact that the cor-
relation time for a direct dipole interaction has to be the tumbling
time of the molecule,

Since, in general, to have a difference between _'I_‘l and T, there
must be a randomly fluctuating perturbation with a long correlation
time, Bloembergen (15) suggests that the perturbation is an iso-

tropic A IS interaction between the spins S of Mn++

and the nuclear
spins I of the protons in the first hydration shell, i.e,, in Mn(HZO)’Z'.'
This type of hyperfine interaction which was used by Solomon and
Bloembergen (16) to explain the measured relaxation times of hydro-
gen and fluorine in anhydrous hydrofluoric acid, leads to a set of
equations similar to the ones derived for the dipole-dipole interaction,
These equations which are obtained from a straightforward applica-

tion of equation A9 of Solomon and Bloembergen (16} and equation 13

of Solomon (12) are

T

S
(13)

(f])hf = 2 5(s+1)(a/8)° p \
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L) = Lsesiyamiplo. + — 8 (14)
T—th 3 - 1+(u_>1- u_)S)Z'EST

where p is the fraction of water protons coordinated to a manganese
ion, In the transcription of the formulae of references 12 and 16, AZ
has been repl;.ced by AZS(S+1)/3/4 since the original formulae were
derived for the case of S = 2, The AI*S interaction contributes sig-
nificantly to the relaxation times in Mn++ solutions because of the
long relaxation time Tg of the Mn' ¥ electrons, For Mn' ¥ solutions
Tg is about 3 x 10-9 sec which is larger than that of most other
hydrated paramagnetic ions, As can be seen from a comparison of
equations 11 and 13, the contribution: of (l/zl)hf at high frequencies,
is small compared to (1/21)dp because of the large value of the de-
nominator term 1 + (91 -_(p__s)z_'r’_sz. However, at these frequencies
(/T > (L/T5)g 0

The ¢ which appears in equations 13 and 14 should really be
either the paramagnetic relaxation time or the chemical exchange
time for the protons of the first hydration shell, whichever is shorter,
The faét that the _'I_‘ll_'rz anomaly occurs to a large extent only for
Mn++ solutions supports the use of the paramagnetic relaxation time,

As pointed out by Bloembergen, a contribution to 1/_’;‘1 is ex-~

pected according to equation 13 when @ T = l. The dispersion
shown in figure 1, of 1/_'1_‘1 at a proton angulaf frequency (9__1) of
ca. 4::4:105 radius s.ec-l corresponds to a @ o of 2,5 x 108 radius sec-]‘
for the electron, so that indeed wgTg = 1 at this point, Equations

13 and 14 further correctly predict that at low frequencies, Il = EZ‘

However, the theory is incomplete since it does not explain the second
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region of dispersion of 1/T1 starting at 10 Mc (proton frequency),

One requirement for the occurrence of the anomaly, independent
of whether the dipole-dipole interaction or the hyperfine interaction is
used, is the existence of water molecules in the coordination shell of
Mn++. The explanation using the hyperfine interaction also requires
the existence of a long paramagnetic relaxation time,

We ha\.re endeavored to test these ideas by performing experi-
ments in which the coordinated water molecules have been partially
or wholly displaced from the Mn++ hydration sphere by chelating

agents, In complexing the Mn++, the electron relaxation time T S

is also shortened,

Experimental

le Chemicals

The uncomplexed manganese experiments, Mn (HZO)-Z!- were
done with reagent grade MnCl, * 4 H,0 as the manganese source,
It was weighed as such,

The chelating agents used were ethylenediaminetetraacetic
acid (H,Y) and nitrilotriacetic acid (H,X). The former is a hexaden-
tate chelating agent which, in the complex, occupies all six of the
positions in the coordination sphere of the manganese ion, Its struc-
ture is represented by the formula

HO,-C-CH, CHZ-COZH

\w-ctt,-cit, -
/N 2~CH, \C

2 2
The MnY-2 solutions were prepared from reagent grade

HOZ -C-CH HZCO H

NaZHZY.Z HZO and reagent grade manganous chloride. The solutions
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were prepared by adding x moles of Mo ¥ to a solution containing y

moles of HZY_Z and '(Z.+_z_) moles of NaOH; the resulting solutions
contained x moles of MnY-Z. z moles of HY-3 and (y-x-z) moles of

HZY—Z. A typical stock solution contained 0,125 M MnY'z, 0,05 M

7‘, 0,075 _M_HY'3, at a pH of ca, 6. 3.

The equilibria used to calculate the molar concentrations are
(17)

,Y % —— Y+ H

PP,

7

H K3=6.9x10-

Yy} — v *+u" K, =5.49x 107! (15)

Mott 4+ Y = MaY™? K, =3.17x 10"

The nitrilotriacetic acid (H3X), whose structural formula is
HZCOZH
H,CO,H

can occupy four positions in the coordination sphere of the manganese
in the 1:1 complex, MnX’l, or all six positions in the 1:2 complex,
MnX2—4. In order to obtain the equilibrium data necessary for the
analysis of the Mn++ - H3X system, pH titrations, using standard
NaOH, were done on a solution containing the free acid (H;X), and

+, and 90% Mn++. The re-

solutions of the acid containing 40%o Mn'
sulting curves are shown in figure 2, Since H3X is only sparingly
soluble in water the break in curve I due to the titration of the first

proton was not observed,



0
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Titration Curves for  Ma"-Nitrilotriacetate Sﬁstem
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During the titration it was found that the ratio of the equivalents
of base added fo the equivalents of acid present had to be 1,5 before
the acid was completely dissolved, The break due to the titration of
the second proton is clearly seen, From curve 1 we were able to
obtain the values 3,05 and 9,25 for pK, and PK3, respectively. Mar-

tell and Calvin (17) give the following values for the above quantities:

PK, = 3. 07 at ionic strength of zero
= 2,49 at ionic strength of 0.1
pK3 = 10,70 at ionic strength of zero

9, 73 at ionic strength 0,1

)

The two breaks in curve II correspond to the 1:1 and 1:2 Mot - H3X
complexes, Two breaks are not shown by curve III since the forma-

tion of Mn0., at high pH's necessitated the termination of the titration,

2
From the difference between the first equivalence points of the three

+

curves, the concentration of Mn' ' in the solutions could be determined,

This value was used in calculating the molar concentrationsof the

matt  x73 complexes. The equilibrium constants obtained from

the curves are

Mot + x73 Max! K, = 107_}!1_‘1
(16)
Mox ! ¢ x73 Mnxz'4 Kye =5 x103 _;1\[1

+ to a solu-

Solutions were prepared by adding a moles of Mn+
tion containing b moles of HxX"? and b moles of X-3, obtained by
titrating a solution initially containing solid H,X to a pH of 9,25 with
standard sodium hydroxide. The resulting solutions contained (b-a)

moles of MnX2'4, (2a-B) moles of MnX-l, and b moles of HX-Z.
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(In the most dilute solution, allowance was made for the dissociation

of MnX2-4.) In all such solutions, (Mn++)/(MnX—1) <0,01,

2. Relaxation Time Measurements:

The relaxation times were measured using a Varian Associates
V-4300 High Resolution NMR Spectrometer with a 12" magnet operating
at 40 Mc. This instrument operates on the principle of Nuclear Induc-
tion, first introduced by Bloch (8). In this method the change of the
magnetization in the system at resonance is detected and displayed on
an oscilloscope or graphic recorder in the form of an absorption or
dispersion curve,

If the x, y, and z components of the vector product ¥YM x H in
equation 7 are added to equations 9 and 10, the following equations which
express the total change of M with time ére obtained:

= T (M H M H) sinat) - M_/T,

MY = T(M,H, cos @ t-M_H ) - Mylzz (17)

M = -’Y'(MXH1 sinwt + MyHl‘coswt) + (Mo—l\/iz)/_'l_‘l

The method used to measure T1 is based on the solution of these

equations for the case which Bloch calls '"rapid passage', The neces-
sary conditions for this are that the instrument be tuned for a dispersion
signal, and that 1/ YHI << time at resonance << T, and Tl‘ The

solution of equations 17 for the case of '"rapid passage' is (1)

¢

t
t
dt'M_(t)S (t?) /T dt'
M(t) = ° > + exp 5 () +—1 (18)
-0 T, (1+87(t") . T,0 +6%(1))



-18-
where the quantity § is a measure of the distance off resonance, It
is defined by

8=(w,-0)/ TH

where ®  is the Larmor frequency at resonance, 533 2>>T1/T2 Z 1

and M, as sumed to be constant, equation 18 becomes

t tt
My : atm
M(t) = T dt' exp T
21 S (19)

In the actual experiments a sinusoidal modulating (Ho) sweep
- was used to pass through the resonance at a time t, and return in a time

toe If equation 19 is expressed in terms of these times one obtains
t

MO o tt-t T t"—to
M(t) = T eXp — dt! - exp dt’ (20)
21 ). 21 . 21
o

The last term is negative due to the change in sign of 3 in passing

through resonance, Performing the integration, equation 20 becomes

Mo £
M(t):—,f-— (2 - exXp —

where t s 1:r - too

At the point where _M_(t)——-+0

T, =t/4n2 (21)

The detailed method of measuring T, was as follows, A sinu-
soidal modulating sweep of about 9 gauss at a frequency in the range
of 0.1 to 0, 5 cps was applied with the help of a Hewlett-Packard 202A
Function Generator, In order to satisfy the condition &2 >>T /IZ

the sweep was maintained entirely on the low field side of resonance
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for a time of the order of IOII. The sweep was then rapidly expanded
by manual adjustment of the oscilloscope X-amplitude knob so that
there was a single sweep forward and back through resonance, The
time spent at resonance could be controlled by increasing or decreas-
ing the sweep range. Data were recorded on a Sanborn recorder
which has a just barely sufficient high frequency response. By ob-
serving the times required above resonance to give a small upright
signal and a small inverted signal, the time, t, above resonance for
zero signal was determined,

In order to satisfy the conditions for rapid passage, the Varian
instrument was used at its largest available H, (~0.075 gauss) which
gives I/Y?Hl = 0,0005 sec, Time spent at resonance was about 0,02 -
0,05 sec, It was more difficult to satisfy the condition as regards
I, than Il' Because of the large value of H,, it was usually not
practicable to spin sample tubes containing conducting solutions, as
there was too much leakage due to slight wobbling, By using 3 mm
sample tubes instead of the standard 5 mm tubes, T, values of 0,06
to 0,08 sec for non-spinning samples were obtained, The measured
T 1’5 were in the range of 0,5 to 5 sec,

This method of measuring T, gave the value 3,7 sec for pure
degassed water which agrees with literature values (18), In order to
decrease the proton-proton contribution and recognize the mangé,nese-
proton effect, _’I_‘l measurements were made in 50%o by volume DZO’
for which T

1 = 5o 60 sec in agreement with the value reported by

Anderson and Arnold, 5. 55, (19), Solutions were degassed with
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bubbling nitrogen and tubes sealed off in a nitrogen atmosphere,
The méthod for measuring T, is based on the solution of equa-
tions 17 for the case of "slow passage'', Using Bloch's nomenclature

(20) we introduce the variablesuand v, defined by

o
i

M_ coswt-M_ sinWt
X y
(22)
v o= —(MX sinwt + My coswt)

With these, equations 17 become

i
<

[ u
u +T—£ + (Aw)v

v+ %E - (Aw)u = -THM,_ (23)

M, +M /T, -YHv=M/T,

= - = O - W
where AR YHO w o

Under conditions of slow passage

u=v =M =0 (24)

Solving equation 23 for ¥, we get

2. 2,-1
v = -YHMT, (1 #a0)"T,") (5)

However,

1+ (z:\{,:o)2 TZ2

M_=M (26)

z o . 2 2, .l
L+ () T, +V"H T, T,
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Then
- YHIMOTZ
v = 2o Z 2y 2 (27)
1+ (A®) T, +¥ H, T,T,
A plot of v vs Aw leads to a Lorentzian shaped absorption curve
whose amplitude is at a maximum when A® =0,
In measuring _‘I_‘Z, a small value of H1 was used in order to
avoid saturation, In the absence of saturation Y Z'HIZTITZ << 1,
Under these conditions equation 27 becomes
- M T
v e 022 > (28)
1+ (Aw) T,
At resonance A ®w =0 and
Vmax = - VMo T, (29)
At half maximum
vayv /2
max
(30)
and Aw=1/T,
The line width at this point isequal to twice Aw ., Then
2
T, = =— (31
=2 &y )

where ©&© is the line width measured in radius/sec,

Care was taken to obtain a symmetrical signal whose shape was
essentially Lorentzian. Corrections for field inhomogeneity, since it
also contributes to the line width, were made using pure water as a

standard, These corrections were of the order of 2-3 cps,
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The electron magnetic resonance spectra of uncomplexed man-
ganese;Mn (HZO)+Z, and of the complexes MnX~ ! and MnX2-4t were
obtained using a Varian V-4500 instrument with a 6" magnet operating
in the X band (3.16 cm)., This instrument, using a phrase-sensitive
detector, produces the derivative of the absorption curve, From such
a curve it is possible to calculate the relaxation time, Iz, of the

electrons in the system, In the systems studied it was assumed that

Il = Iz for the electrons.

Results
The NMR relaxation time measurements for the three sys-
tems studied are given in Tables I, II, and IIl. The T, relaxation

times are corrected for the solvent using the relation

1 1 1
(=) = (=) + () (32)
EE total Il solvent Il Mn++

~—

In the Il measurements, the relaxation time for the solvent 500/0
H,0-D,0, was measured as 5,60 sec, The field inhomogeneity is
given in the tables for T, measurements by the width of the solvent

line, The NTZ‘s given in the last column have been corrected for this

effect,

—

1

*, Mnx ™,

The electron paramagnetic resonance spectra of Mn+
and mixtures thereof are exhibited in figure 3, The Mntt spectrum
shows the well-known fine structure (21), (22), due to the hyperfine
interaction with the Mn55 nucleus, The spacing of the lines is about
92 gauss or 2,6 x 108 cps. The line width corresponds to T, (elec-

trons) = 3 x 10_9 sec, The broad line observed for MnX-l has a
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TABLE I

Relaxation Time for Mn't Solutions (aq. MnClZ)

+2

Mn td tr

M sec Ssec
-5

2.5x10 40 0,075

5 x10‘5 30 0,050

1 x10”% 25 0,050
ty

T1 Measurements

t T, (total) T, (Ma’T) NT,Mn™)
a =1 =1 ekl §
sec secC sec M_sec
2.03 2,93 6,10 1,53 x 1074
1.30 2.02 3,15 1.57 x 1074
1,15 1, 44 1.45 x 10”4

0.79

ave 1,57(+0,05) x 10~

t.= time spent at resonance

4

= time spent down field before passing through resonance

t_ = time spent above resonance in order for the magnetization

to go to zero,

Mott 6w (total)
M cps
1x10°% 3,15
1x107> 19,90
2x 1073 42,20

IZ Measurements

8v (solvent) Ov (Mn++)

cps cps
1,22 1,93
1,30 18, 60
1,90 40, 30

T,/T, = 9.5 (+0.05)

T, NT,
sec _Ixisec
0.165 1,65x107°
0,017 1,70 x 107>
0,0079 1,60 x 107>

Av, 1,65 (iO.’ 04)x10"

5
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TABLE II
Relaxation Times for Manganese-Ethylenediamine

Tetraacetate (MnY-z) System

-2

MnY ty t t Ti(total) Ti(MnY %) NTi
Tr a

_M_ sec sec sec sec secC _hgl_sec
6.0 x 10°° 40 0.03 1,80 2. 60 4,68 2.80x 10 %
1.05 x 1074 25 0.04 1,30 1. 88 2.78 2,92 x 1074
3,00 x 10”4 20 0.048 0, 66 0.955  1.44 3.44x 10" %

av. 3.05 (+0,20)x10™%
_'_I_‘2 Measurements
) -2 -2

MnY 8¢ (total) Ow (solvent) 6v (MnY ) I_Z(MnY ) NT,

M cps cps cps sec  Msec

) | -4

1,50 x 10 21. 85 1,85 20,00 0,0159 2.39x10
2.50 x 1072 30.60 1,85 28.75 0,0111 2.78x10"%
3,13x 107 39.0 1.85 37.15 0,0086 2.69x10"%

av. 2,62 (+0,15)x10™%

T,/T, = 1.5 (+0.12)
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TABLE III

Relaxation Times for Manganese-Nitrilotriacetate Solutions

T 1 Measurements

-1 -4 2, * -1
MnX Man t. ta Tl(total) Tl(Mn ) NTl(MnX )
_1\£ M sec sec sec sec Msec
-4 -4 -4
5.53%x10 1.78x10 0,05 0,275 0. 398 0,427 20,32x10
2.71x10"%  8,90x10"° 0.05 0,55 0.795  0.916 2,48x10 %
1.08x10"%  2.56x107®  0.05 0,062  1.535 2,04  2,25x10°%
-4
ave 2. 35(i0. 09)x10
*® . , 4
This value has been corrected for contributions by MnX, -
for which NT, was measured as 7. ax10”% M sec and T =T,
T2 Measurements
-1 -4 * _ -1
MnX MnX, Sv(total) v (corr,) TZ(MnX ) NT,
M M cps cps sec M sec
-2 -2 -4
2,40x10 2. 38x10 43,1 39,0 0,0082 1,96x10
3.92x10-2 5. 4x10—3 52,5 49,0 0,0065 2, 54X10-4
4.88x10"% 6 x 1074 58, 6 56. 5 0.0056 2.75x10" %
4

ave 2,42 (+0,34)x10"

% -
This line width has been corrected for both Man 4 and the

solvent, H2 O.

;11_1_"2 = 1,04 (+0, 15)
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i -10 ++
half-width of 430 gauss, or T,=3x10 sec. When both Mn' ° and
MmX_l are present in the system, the spectrum has the form of the
middle curve in figure 3, In the discussion to follow, we assume that

T, = "I‘2 for the electrons,

Discussion

The results indicate that the abnormal II/EZ ratio for pro-
tons in Mn++ solutions disappears when the rnénganese is complexed
by suitable chelating agents, By such complexing, Il is increased
slightly due to the increased shielding of the Mn't nucleus by sur-
rounding ligands, A far larger increase is experienced by Tz. This
large increase in T, accounts for the fact that in Mn++ solutions con-
taining chelating agents, the ratio Tl/TZ decreases and approaches
unity,

Both the dipole-dipole interaction and the isotropic hyper-
fine interaction can explain the increase of T, in the manganese-
ethylenediaminetetraacetic system, In the MnY—Z complex there
are no water molecules in the first coordination layer of the mangan-
ese, In such a case any type of interaction which depends on the
proximity of the water protons to the paramagnetic ion will be greatly
diminished. Thus, the study of the proton relaxation time in the
manganese-ethylenediaminetetraacetic acid system showed that the
large value of II/EZ for aqueous Mn++ solutions is due to some type
of direct bonding between the proton and the manganese ion,

Presumably, there are still two water molecules attached to
the manganese in the 1:1 complex between Mn++ and H X The fact
that T, and IZ are equal in this system tends to rule out the possi-

bility that the dipole-dipole interaction is the sole cause of the
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T /_T_2 anomaly. If this were the case one would expect Il/IZ for
MnX_1 to be one third of that for Mn++, or about 3,

From the study of the EPR spectra in the Mnx 1 system, it
appears that a long paramagnetic relaxation time is also required
for the EI/IZ anomaly to occur, When Mn++ is complexed by nitri-
lotriacetate the electron relaxation time decreases by a factor of
ten, This decrease is enough to cause the proton relaxation times
to again be equal,

Using the value found in uncomplexed Mn'T solutions for the
proton relaxation time, TZ’ in equation 14, we find the value for
(A/h) to be 1,21 x 106 cps. This value differs by a factor of ten

from the one reported by Bloembergen (15), (2 x 105 CPSe e

Conclusion

In conclusion, it should be pointed out that although the
A ]I-S interaction explains part of the anomalous II/IZ ratio of
Mn+ solutions at 40 Mc, it cannot be the whole story., It is incom-
plete in that it does not explain the second region of dispersion of
I/I2 at around 10 Mc. (proton frequency). It would be of interest
to make studies in this frequency range similar to the ones above,
Such an endeavor was not attempted in thisinvestigation due to the
unavailability of the variable-frequency equipment,

It should also be noted that the theory predicts an increase
in I/IZ as well as in 1/I1 when (w -® S)2 ’ESZ = 1 or when
W = 3.3 x 108 cps. However, the investigationsof Bloovm (14) and

Nolle and Morgan (13) indicate that 1/"'1_“2 is independent of frequency

up to 30 Mc, This point could also stand further investigation,
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III. MAGNETIC RESONANCE STUDIES OF

THE FERRIC FLUORIDE COMPLEXES

Electron Paramagnetic Resonance and Nuclear Resonance have
also been found to be exceedingly useful in the study of complex forma-
tion in inorganié systems., The only requirement for such a study is
for the species of interest to have an observable nuclear moment and/
or electron moment, Solutions containing ferric ion CE‘e+++) and
fluoride ion (F) satisfy both conditions.

The results of a preliminary investigation of the complexes
found between ferric ion and fluoride ion in solution are reported in
this section, A general discussion of the type of information one can

obtain from such a study is also included,

Theory

In general, the nuclear resonance of the fluoride ion is rela-
tively sharp and readily detected. The ion is very similar to the pro-
ton in its magnetic properties, As mentioned before, the proton
gyromagnetic ratio is 2,66 x 104 radius sec_1 ga.uss_1 while the
ratio for fluoride ion is 2,55 x 104.

The technique of NMR has been used by Connick and Poulson
(23) to study the complexes formed by fluoride and aluminum in solu-
tion, From such a study they were able to set 2 lower limit of 0,008
sec for the lifetime for exchange of fluoride between the species,
Since A1+++ is diamagnetic, there was no apparent electron-nucleus
interaction in the systems,

+++) and its isoelectric counterpart Mn++ are

Ferric ion (Fe
the most interesting of the first transition elements to study by EPR

methods, These two ions are unique in that the 3d shell is now
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half-filled and the free ion is thus in an 685/2 ground state, This con-
dition is optimum for the observation of paramagnetic resonance since
there is no spin-orbit interaction which could cause the resonance
phenomenon to be unobservable, If such an interaction were present
it could split the electronic energy levels to such an extent that the
externally applied radiation, used in EPR experiments, could not
induce transitions between them,

Most of the EPR investigations of Fe'*t have been done on
the alum salts, Unlike manganese, the abundant Fe+++ isotopes have
zero nuclear spin and would not show any nuclear hyperfine structure,
This limited the woi'k on the ferric alums to a study of the effects of
electron-lattice interactions (24, (25/), (26), (27).

+t by fluoride in acid solutions has

The complexing of Fe'
been studied by Dodgen and Rollefson (28) at 25°, using a potentio-
metric metﬁod. Their work has since been extended to 15° and 35°
by Connick and co-workers (29).

We have used the techniques of EPR and NMR to investigate

the ferric fluoride complexes in both hydrofluoric acid and aqueous

solutions of ammonium fluoride,

Expe rimental

1, Chemicals:

A ferric stock solution was prepared from C, P, ferric per-
chorate. The commercially available ferric perchlorate (G. F.
Smith) was recrystallized three times from water, A known quantity
of the salt was redissolved in puritas water to form the stock solu-
tion, The concentration of ferric ion in the solution was determined

by the iodometric method given by Swift (30).
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Reagent grade hydrofluoric acid was used in the HF experi-
ments, The commercial hydrofluoric acid was assumed to contain
50°%0 HF, The concentration of HF in the solutions used in the ex-
periments was not critical since, in most cases, it was very much
greater than the ferric ion concentrations., In the ammonium
fluoride experiments, reagent grade NH4F was used, It was weighed
as such, Both the HF and NH4F solutions were stored in polyethylene

bottles, A known quantity of ferric ion was added to a solution con-

taining fluoride just before the spectra were to be taken,

2. Measurements:

The electron resonance measurements were made with the
Varian EPR spectrometer previously described, In these measure-
ments, the samples were contained in small capillaries made from
polyethylene tubing, During a run, the capillary containing the solu-
tion was located inside a 5 mm (0.d, ) quartz tube which fitted snugly
in the sample hole of the spectrometer,

It was possible to use the Varian Model 4300 B high resolution
machine to study the F19 nuclear resonance in the NH4F solutions,
In these measurements the samples were contained in the standard
5 mm (0.d, ) NMR tubes., If the machine was perfectly balanced for
the highly conducting solutions, the sample tubes could be spun,

The high resolution machine could not be used for the HF so-
lutions, Unsuccessful attempts were made to locate the F19 reso-
nance in both concentrated and dilute solutions, The failure of the

resonance to be observed is probably due to the peculiar fluoride

relaxation times in the system. (Solomon and Bloembergen (16), in
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investigating the relaxation times in HF solutions, found that the
fluoride transverse relaxation time T, is considerably shorter than
the longitudinal time T 1° ) Therefore, the Varian wideline machine
had to be used for these solutions, The samples were contained in
10 mm lucite plastic tubes which seem to be reasonably stable to-

Ward HFo

_R_e sults

l. Electron Resonance in NH4F Solutions:

The EPR spectra of the ferric fluoride complexes showed

some interesting results, When ferric ion is dissolved in a solu-
tion containing high concentrations of NH4F, spectrum (a) in figure
4, is obtained, This spectrum consists of seven equally spaced lines
of varying intensities, Such a spectrum is a definite indication of
the existence of the Fe F(::: complex ion in the solution, The seven
lines arise from the interaction of the six equivalent fluoride nuclei,
each with spin 1/2, with the electron spins of the ferric ion, The
interaction is of the form: A IS where I is the sum of the nuclei
spins of the fluorides and S denotes the electron spins, Such an
interaction also explains the various intensities of the hyperfine lines,
The width of the lines was measured as 10 (+1) gauss and the sepa-
ration between them was found to be 25 gauss, The type of informa-
tion which can be gained from such a spectrum will be described
later,

L, Helmholtz and S. Weissman have also observed the FeFZ‘—:
resonance in solution (31), Aside from this there are no other pub-

lished experiments which definitely prove the existence of Fe}?()E in
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solution, Many salts of the type M3FeF6 are known where M can be
either Na+, Li+, NH; or K+.

If the fluoride concentration is decreased in the NH,F solu-
tions there appears a broader line superimposed on the hyperfine
lines of the FeF, . This is spectrum (b) of figure 4. As the fluoride
concentration is further decreased; the hyperfine lines disappear and
one broad line remains, This line is found to broaden further with
decreasing fluoride concentration, The width, AH, of the line

changed from 58 to 644 gauss, These facts are shown by spectrums

(a) and (b) of figure 5,

2. Electron Resonance in HF Solutions:

The EPR spectra of ferric ion dissolved in HF solutions were
also obtained. These are shown by spectrums (c), (d), (e), and (f)
of figure 5, Even the highly concentrated HF solutions did not show
the characteristic hyperfine lines due to the presence of FeFf‘ .
We can conclude from this that FeFZ:: does not exist in any detecta-
ble amounts in hydrofluoric acid solutions, This conclusion agrees
with that found by Low and Pryde (32), who showed that this complex
did not exist in acid solutions by studying the potential of the ferrous-
ferric half cell as a function of hydrogen fluoride concentration.

The width of the electron resonance line in the HF solutions
was found to be constant at the value 180 gauss, as the HF concen-
tration was decreased from 6F to 0,15F, At this point the line
lroadened with decreasing HF concentrations, reaching the value

4+

720 gauss in the solution containing equal moles of Fett™ ana F~.

Spectrum (g) of figure 5 shows the EPR spectrum of a solution
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‘containing pure ferric perchlorate, In such a solution ferric ion

exists primarily as the hexahydrate, Fe (H,0),"'f. This is the

first reported EPR spectra of the hydrated ferric ion in solution,

The line width was measured to be 822 gauss which corresponds to

an electron relaxation time of 1, 35 x 10-10 sec, The formal con-

centrations are listed in the figures,

3. Nuclear Resonance in NH F Solutions:

4

The fluoride resonance line in concentrated ammonium fluo-

ride solutions was found to be relatively sharp, In 8 M NH_F the

4
resonance line width was found to be 38 cps., There was not a per-
ceptible change in the line width when 0,006 M ferric ion was added
to the system. The above value repre sents the limit of solubility
of ferric ion in 8 M NH#F. Such a high concentration of fluoride
ion was necessary in order to observe the resonance signal with
the high resolution machine, Only a small shift of about 20 cps

in the resonance line was observed between the pure NH F solu-

+4+

tion and the solution containing Fe ' ., This is just the shift ex-

pected from the change in the susceptibility of the system,

4., Nuclear Resonance in HF Solutions:

An unexpected phenomenon occurred in the HF solutions,
As the ferric ion concentration was increased the amplitude of the
fluoride resonance line decreased, There was no corresponding
shift or broadening.

This behavior of the resonance ;signal could also be induced

by heating the sample, The sample, contained in a lucite test tube,
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was placed in a beaker of boiling water for approximately one minute,
The tube was removed, dried, and iminediately placed in the NMR
apparatus, As the machine swept through resonance, no signal was
recorded, Upon sweeping back and forth through resonance, the
amplitude of the signal slowly increased until it reached its equilib-
rium value at room temperature (250). The temperature at which
the signal first appeared was measured with a thermometer to be

40°, Also, in this case, there was no apparent broadening or shift,

Discussion

l., The EPR Line Widths of the Ferric Fluoride Complexes

The increase in the EPR line widths in the HF solutions is
found to be caused by the formation of the lower ferric fluoride com-
plexes. We make the assumption, as did Dodgen and Rollefson (Zé),
thaf only the complexes, FeF3, F.eF2+, and FeF+2 exist in the HF
solutions, It shall be shown later that this is a valid assumption.
We use the following equilibrium data, (28) (29), to calculate the
molar concentrations of the species in the system.r

2

Fet4HF e Fert“ + BT K, = 186

FeF “4HF = FeF, +H' K, = 10,3 (33)
+ +

FeFZ +HF — FeF3+H K3 = 0,79

The molar concentrations are given in Table IV along with
the measured line widths, The formal concentration of ]5‘e+3 is not

listed, since it was constant at the value 0,034,
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TABLE IV
EPR Line Widths of the Ferric Fluoride Complexes in

HF Solutions

HF Predominant Molar conc, Line width
formula weight/ complex of complex in gauss
liter
6 FeF3 0.034 180 (_-{_-_ 5 )
0. 30 FeF, 0.028 180 (+ 7 )
0,09 FeF) 0.029 308 (+ 10 )
+2

0,03 FeF 0.025 720 (+ 20 )
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The line width did not change in going from 6 formal HF to
0.30 formal, This is a very good indication that complexes higher
than FeF; are not formed. It is highly unl.ikely that if EeF;, for
example, is present, its line width would be the same as FeF3.

The fact that each complex gives rise to a characteristic line
width is also shown from the study of the complexes in the ammoni-
um»ﬂuoride solutions, We have already mentioned the seven hyper-
fine lines which are characteristic of the FeF:':’ complex, These
lines have a half-width of 10 (+ 1) gauss. The broad line, which
appears with the ]5"61?15_'-'E 1inesAWhen the NH F concentration is de-

4

complex, It has a mea~

creased, is undoubtedly due to the FeFg
sured half-width of 57 (+ 1) gauss. The solution containing 0, 034

formal Fe'> and 0,064 formal F~ has a characteristic line width of
356 (+ 2) gauss which is just the value one would expect if the solu-

+

tion contained ]5“e]5“2 and a small amount of FeF . In the solution

containing 0, 034 formal Fe+3 and 0,032 formal fluoride, the primary
species should be FeF++ and w-e. would expect a line width close to
700 gauss, The actual width is 644 (+ 10) gauss which is a very good
indication of the presence of the complex,

On the basis of the above data, we would expect the line
width for the FeF4- complex to be intermediate between the values
of 57 and 180 gauss. Since no such width was found even in 6 F HF
we can safely conclude that this complex and higher complexes do
not exist in any detectable amounts in HF solutions,

The electron relaxation time, being inversely proportional to

the line width, is much shorter in solutions of the lower complexes,

This decrease in T, of the electrons is probably due to the increased
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‘asymmetry in the system, In going from FngE to Fe(HZO)6+++’
we substitute water molecules for fluoride ions in the hydration sphere
of the ferric ion, From structural considerations one would expect
the Fe]?6E complex to be quite symmetrical with a long electron
relaxation time. However, the data also indicate that the complex
with one water of hydration, FeFyg (HZO)= has a shorter electron re-
1axati}on time than that containing five, FeF (HZO)+; + From struc-
tural considerations one would not expect this to be the case, Per-
haps, the difference in asymmetry in the two cases is due to some
type of fast exchange reactions taking place which is dependent on
the number of water molecules coordinated to Fe+3. This could

-+

also account for the very short relaxation time for the Fe(HZO)6

ion.

2. The Dissociation Constant for ‘FeFZ;'

We use the results obtained from the EPR study of the ferric
fluoride complexes to calculate a value for the equilibrium con-

stant of the reaction

—

FeF6 PE— FeF5

+F Ky (34)

The method is based on a comparison of the areas under the
characteristic curves of Fng:' and FeF; from the spectrums in
figure 4, Since the areas are directly proportional to the concentra-
tions, we have only to determine their ratios to get a value for

[FeF5=] / [FeFZ] . If we assume Lorentzian line shapes, we

find the ratio of the area of the FeFy line to that of the hyperfine
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lines to be 1,14, Since the concentration of fluoride in the system is

1,2 formal, we calculate

[FEFSNF-] = (1. 14) (1,01) = 1. 15

K, =
6
FeFé]

(35)
where the molar concentration of fluoride ion has been used,

There have been no previous reported investigations of the
equilibrium in equation 34, Babko and Kleiner (33), in studying the
decolorization of the ferric thiocynate complexes by fluoride, obtained
the value, 0,44, for the dissociation constant of Fng_‘ « Assuming
their value to be correct, the value calculated for Ké is not unreason-
able, since one would expect FeF:Z: to be less stable than ]?‘eFE.)= .

The value for K6 is at best only approximate, since the total
fluoride concentration in the system was not known very accurately,
Also, the width of the broad line due to FeF5= could not be exactly
determined since it was superimposed upon the fine structure lines

of FeFZ’:' . Considering all of this, the EPR method still gave a rea-

sonable value for the dissociation constant,

3. Shifts and Broadening of the Fluoride Resonance |

The observed experimental results allow us to make a semi-
quantitative discussion of the effects of dissolved ferric ions on the
shifts and broadenings of the fluoride resonance in the solutions.
With the value found for the coupling constant, A, we can calc;ulate
the relaxation time IZ’ of the fluoride ions in the system, A know-
ledge of the coupling constant also allows us to make predictions as

to the magnitude of the fluoride shifts one would expect from an
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isotropic hyperfine interaction between the electrons of the ferric ion

and the fluoride nuclei.

a, Nuclear Relaxation Times

The values of T, for the complexed fluorides which arise from

the interaction are given by equation 14,

T
() =3S(s+1) (A/n) p {xg + =5 (14)
2 hf L+(w;-wg)a,

where p in this case is the ratio of the complexed to uncomplexed
fluorides, Neglecting small second order effects, the value of the
coupling constant, A/h, is given by the separation between adjacent
peaks in the hyperfine spectrum of the FeFf complex, This measured
value is found to be 25 gauss or 7.0 x 107 cps. For ferric ion S= %
and the electron relaxation times, Tge are obtained from the EPR

line widths, The nuclear relaxation times of the complexed fluorides
in solutions containing high fluoride concentrations and the corres-
ponding NMR line widths are given in Table V.

The line widths of approximately 106 - 108 cps are much too
broad to be observed even with the wide line spectrometér. There-
fore, only if there is rapid exchange befween the fluorides in the
system can one study the effects of the hyperfine interac;tiorl on the
fluoride ions, The possibility of such an exchaﬁge taking place is

discussed below.
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TABLE V

NMR Relaxation Times of the Complexed Fluorides

Specie Ty T, &v (cps)
sec sec

FeF = 1.11 x 1078 1.6 x 1077 1,99 x 108

FeF = 1.9 x 1077 9,26 x 1077 3,44x 10°

FeF, 6.17 x 10710 2,86 x 1075 .12 x 107

FeF, 3,71 x 10710 4,75 x 1078 6.7 x 10°

Fertt 1.54 x 10710 1.14 % 1077 2,78 x 10°
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b. Shifts and Exchange Times in

the Ferric Fluoride System

The shift, AH in cps, of the fluoride resonance in the ferric
fluoride complexes due to the hyperfine interaction is related to the

coupling constant, A, by

2BH, S(S+1) A/h

AH = (36)

3RT

where Hz is the applied magnetic field and the other sqmbols have
their usual meanings., The magnetic field for the wide line NMR ex-
periments was approximately 3 x 103 gauss, Under these conditions

ZBHZ/3kT = 4,5 x 10'4. Using these values in equation 36 we find
5
AH = 2,76 x 107 cps (37)

If there is rapid exchange between the fluorides in the system,
the observable average shift of the uncomplexed fluorides will be equal

to
AH_ = AHp (38)

where, as before, p is the fraction of fluorides complexed, In order
to see an effective shift in the uncomplexed fluoride resonance, the
lifetime, tf, of the fluoride in the uncomplexed state must be equal to
or less than the reciprocal of the average shift in the system, Al-

ternatively, since the lifetime, tc’ in the complexed state is
t. = pt; (39)

the condition necessary for observation of the shift is
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t <

1
c T AH (40)

Since no shifts in the resonance lines were found in the solutions con-
taining the ferric fluoride complexes, t_ must be greater than 1/AH

or

t_ > 3.62x 107% sec (41)

This condition requires that the exchange rate between com-

plexed and uncomplexed fluorides be less than 2,76 x 105 sec,

4. The Fe''"_F~ Bond in the FeF] Complex.

As mentioned previously, the hyperfine structure in the
Fe}?éE system arises from an AI°S interaction between the electron
spins of the ferric ion and the nuclear spins of the fluoride, Jacca-
rino, Shulman and Stout (34) investigated the effects of such an
interaction on the fluoride resonance in solid FeF3. They found
the fluoride resonance to be shifted approximately 120 gauss,

As discussed below, the magnitude of this interaction also allows
one to arrive at a semi-quantitative description of the nature of
the orbitals occupied by the unpaired electrons in the I-"eFéE 5yS-
tem, and to consider a very simple approximate model of the
bonding in the complex.

The treatment described below was used by Shulman and
Jaccarino {(35) who studied the nuclear resonance behavior of the
fluorides in solid MnF,. In order to explain the observed reso-
nance shifts in the system, they postulated a small degree of
covalency in the F~ bond to the paramagnetic Mn™t ion, Using

such a postulate they interpreted their results as indicating that
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each Mn'' -F~ bond contained 0, 48(+0, 2%0) 2s-character.

The fact that hyperfine structure was observed in the elec-
tron resonance of the Fng—: system required that the orbitals
occupied by the unpaired electron have some fluorine s-character
since only an electron in an s-orbital has a finite probability of
being at the nucleus, In all likelihood this s-character arises
from the 2s orbitals of the fluoride ion since these are available
for bonding,

As pointed out by Shulman and Jaccarino (35), the coupling
constant, A/h, produced by an electron in a pure 2s orbital in F~
is: |
2

10
=4,53 x 10 cps 42
(o) 28 P (42)

(A/D),_ = (8/3)mgp B | ¥

2
where |¥ (o) ‘Zs is the normalized probability of finding a 25 elec-

tron at the fluoride nucleus, We compare this value with the
observed hyperfine coupling constant in the FngE complex to
arrive at the percentage of 2s-character of the orbitals, Since
there are five unpaired electrons in Fe+3 we write

5(A/h)exp‘. . 3..5);108

(A7), 4,53x10%0

3

2s character = = 7,72 x 10° (43)

This value is actually the total amount of unpaired electron density
at the fluoride nucleus which gives rise to the observed hyperfine
splittings, and is probably the amount of 2s character possessed
by the orbitals containing the unpaired electrons,

We can gain some insight into the nature of the bonding in
the FeFZ—: system by considering a possible mechanism by which

the unpaired electrons, initially in orbitals around the Fe+3 nucleus,



-47-
interact with the fluoride nucleus,

There exists both bonding and antibonding orbitals between
the ferric ion and the fluoride ions. Since two electrons can be
placed in each orbital, there is room for four electrons between
each fluoride and the ].?e-l-3 ion, However, only three electrons
are present, namely, two from the F~ ion and one 3d electron from
the Fe+3 ion. If we use two of these electrons to form a covalent
bond between the species, we are left with one electron in the anti-
bonding orbital, This unpaired electron can interact with the
fluoride nucleus, giving use to the observed hyperfine splittings,

The above treatment is probably highly oversimplified.
However, it does suggest that there is some covalency in the Fe-F
bond. The exact magnitude of the covalency is in all likelihood

very difficult to ascertain and will not be attempted here,

Conclusion
The above discussion shows the many facts which can be
acquired from a study of inorganic complexes, using the tech-
niques of EPR and NMR, The reported study of the ferric fluoride
complexes is by no means complete, One fact which is still unex-
plained is the peculiar behavior of the nuclear resonance signals
in the HF solutions, Future investigations of the system will

probably solve the mystery,
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1V, SUSCEPTIBILITY SHIFTS

IN PARAMAGNETIC SOLUTIONS

The role of the magnetic susceptibility in producing nuclear
resonance shifts was first investigated by Dickinson (36). Since the
shifts in the resonance line are due to the fact that the nuclei exper-
ience different magnetic fields, he considered the field acting at a .
nucleus due to the present of paramagnetic ions in the solution,

This field which he called H?, is made up of three components,

=H, + H, + Hy (35)
The field H,, which is not to be confused with the radiofrequency ap-
plied field, arises from the magnetization produced by the paramag-
netic ions outside a hypothetical spherical cavity which contains the
nucleus, This is the well-known Lorentz cavity field and has the
value (4w/3) M, where M is the total magnetization in the solution,
The component, H,, is the demagnetizing field, It is the field at
the nucleus which opposes the large externally applied field, H_.
Its value is dependent on the shape of the vessel containing the solu-
tion, For the type of cylindrical tubes used in NMR experiments, it

has the value, -27M. The fields H, and HZ. produce what is commonly

=1
called the isotropic susceptibility shift in the system,

The {field, _I—_I3, is due to the paramagnetic ions inside the
hypothetical sphere, If these interact with the nucleus through

a dipole-dipole coupling, their effect should average to zero due

to the random tumbling of the species,
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However, Dickinson found experimentally that H, was not in
general equal to zero., Accordingly, he defined an interaction factor,
g, which is the ratio of the field, _I—_I3, to the total magnetization, M,
in the system, In order to explain the observed shifts, he had to as-
sume that the quantity, g, could be either positive or negative.

If the values for H,» _I—_IZ, and H, are substituted in equation
35, one sees that the field acting at the nucleus is directly propor-

tional to the susceptibility in the system

Hrg‘%" M-ZwM+qM%-(%W'Q)M (36)

or, since M = "é Ho, where I is the magnetic susceptibility
Hrg_(_zilr__ ) o H (37)
3 4 o

In measuring shifts in paramagnetic solutions, the pure solvent is
usually used as the reference standard, In this case; the shift is

equal to

AH = (2'311 - a) (I'é- Kﬂsolvent) I_Io,--’\":('z—:%1 - a) KQHO (38)

since the magnetic susceptibility of the paramagnetic solution is much
greater than that of the solvent, If q were zero, the resonance line
would be shifted to higher fields, since Fo for a paramagnetic solu-
tion is positive, A positive value of q would tend to decrease the
shift, while a negative value would enhance it,

Bloembergen (37) suggested that the non-zero values of q,
found by Dickinson, ariée from the anisotropy of the complex formed
between the ion containing the nucleus and the paramagnetic ion in

the solution, He derived the following expression for q in terms of
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the anisotropic g-factor of the complex,
3 3 2 2,, 2
q = (l6mb™ /452" ) (g, - g, )g (39)

where g, and g, are effective g-values depending on whether the
instantaneous angle between the axis of the internal electric field,
acting at the complex, and the magnetic field _I-_Io is zero or ninety de-
grees, The quantity b is the assumed radius of the hypothetical sphere
enclosing the complex and a is the distance between the two ions in

the ion pair, This theory accounts for both positive and negative val-
ues of q, depending on the relavtive magnitudes of g,, and g, .

In a number of the sol‘utioné examined by Dickinson, it is pos-
sible that the type of AleS interaction, used previously to explain the
resonance behavior in manganese and ferric fluoride solutions, also
contributes to the non-zero values of q,

We have endeavored to differentiate between the two effects by
measuring the paramagnetic susceptibility shifts in both organic and

inorganic solutions,

Expe rimental

Since the shifts in the system are of relatively small magni-
tudes (~~ 50 cycles), a method based on the use of an external stand-
ard was employed, A cell, similar to the one proposed by Reiliy,_
McConnell and Meisenheimer (38) and by Zimmerman and Foster (39)
was used, A cross section of the cell is shown in figure 6, It consists

of two cylindrical coaxial glass tubes, The pure solvent is placed in
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the annular region between the outer diameter of the inner tube and
the inner diameter of the outer tube, while the paramagnetic solution
is contained in the core or inner tube, In the figure the applied magnetic
field is along the z axis, The following symbols are used,

2a = internal diameter of inner tube

2b = external diameter of inner tube

2c = internal diameter of outer tube

2d = external diameter of outer tube

[/( 1= magnetic susceptibility of liquid in center tube

Wz = magnetic susceptibility of glass

[,(3 = magnetic susceptibility of liquid in annulus

L o= radius vector

0 = angle between radius vector and z axis

(1) = region of space for which 0<r<a

(2) = region of space for which a<r<b

—
w

et
i

region of space for which b€ r €c
(4) = region of space for which cgr¢d.

(5) = region of space for which d¢r

In using such a cell one must be certain that the field in the
core is not dependent on the type of material in the annulus and vice-
versa, The calculation presented in the Appendix shows that this

condition is satisfied if the system is rotated. In this case
. . . 2w
<H1> = average field in region (1) = H_ [1-—3 l{pl} (45)

and

<H3) = H_ [1 - s ] (46)

3
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Thus we see that the fields are only dependent on the applied magnetic

field, '_Ho, and the susceptibilities in the respective regions,

Measurement of Shifts

All spectra were taken at 25° with the high resolution NMR spec-
trometer,

Shifts of the proton resonance in benzene and in acetone, due to
the paramagnetic organic free radical, 2-2 diphenyl -2- picryl hydrazyl
(DPPH), were measured in order to study the susceptibility effects in
an electrically neutral solution,

In order to prepare the radical, the corresponding hydrazine
had first to be prepared, This was done by tr.eating 37. 575 grams of
the commercially available diphenyl hydrazine hydrogen chloride with
aqueous sodium hydroxide in order to remove the HCl, The mixture
was filtered and while the diphenyl hydrazine was still on the filter
papér, it was treated with just enough hot chloroform to dissolve it,

To this solution was added a solution containing 24, 20 grams of picryl
chloride in chloroform. The mixture was heated strongly until a red-
brown color appeared and a small amount of diphenyl hydrazine hydrogen
chloride separated out, The solution was allowed to stand for about an
hour, The diphenyl hydrazine hydrogen chloride was filtered off and

the filtrate evaporated down to 15 ml, Approximately 30 ml of abso-
lute ethyl alcohol were then added, Upon é‘ooling very slowly, 3 grams

of the diphenyl picryl hydrazine separated out, The product was re-
crystallized from glacial acetic acid,

To prepare the radical, six grams of th.e> hydrazine were dissolved

in 90 ml of dry pure chloroform (the chloroform was dried over anhydrous
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sodium sulfate). Seventy grams of lead dioxide and five grams of
anhydrous sodium sulfate were added. The solution was allowed to
stand for one hour., It was then shaken and the deep violet solution
filtered to remove the lead slime., The greater part of the chloro-
form was distilled off in a vacuum and the residue was treated with
‘twice its volume of anhydrous ether. After several hours, violet-
black, prism-like crystals approximately 1 cm long appeared in the
solution, These were filtered off and washed with alcohol, The
permanganate-like crystals were purified by dissolving them in a
small amount of hot chloroform, and treating the mixture with
diethyl ether., After the solution had been allowed to stand for one
hour, the radical was obtained in a very pure form.

The DPPH was found to be more soluble in acetone than in
benzene., Saturated solutions in both solvents were prepared, Us-
ing the calibration curve of Poirier, Kahler, and Benington (40),
the concentration of the DPPH was determined by dissolving 0.1
ml of the saturated solution in 49,9 ml of chloroform and measur-
ing the optical density at 530 mu.

The measured shifts, along with the theoretical shifts cal-
culated from equation 38, assuming q = 0, are shown in Table VI.
The susceptibility of the DPPH solution was calculated using Curie's
lawe.

2

Ho= /vy die (40)

where N/V is the number of moles per unit volume and ¥ is the

effective magnetic moment of the free radical, which was taken to
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TABLE VI

SHIFTS OF SOLVENT PROTON DUE TO DPPH

(DPPH) Solvent AH (theory) AH (experimental)
M (Milligauss) (Milligauss)
0.0634 benzene 1. 671 1. 61 (+0,02)

0. 1655 acetone 4, 36 4, 33 (+0,07)
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be that due to a single electron. It has the value 0,92732 x 10—20 erg
grams'l.

The influence of a positive paramagnetic ion on the resonance
of water protons and on the protoné in the ammonium ion (NHZ) was
studied using a solution containing hydrochloric acid, ammonium
chloride, and cobaltous chloride (CoClZ). As before, the suscepti-
bility of the paramagnetic solution was calculated using Curie's law,

As first reported by Ogg (41), the spectrum of the N}-I;l]-t pro-
tons in strong acid consists of three lines due to the splitting of the
proton energy levels by the N14 which has a nuclear spin, I = 1, This
fact allowed the NHZ protons to be easily distinguished from the pro-
tons in the HZO molecules,

In figure 7, the shifts of both the ammonium and the water
protons are plotted as a function of the cobaltous ion concentration,
For EOmparison,, the susceptibility shift, assuming q is zero, is
also shown, The deviation of the water line from the theoretical
curve can be explained if a g-value of 0, 6 is assumed, The ammon-
ium curve does not deviate very much from the theoretical one at
low cobalt concentrations, However, at high concentrations, the
shifts in the NHZ protons are less than those predicted by the theory,

The greater shift of the ammonium protons as compared to
those of water is clearly seen in figure 8, Initially, as seen from
the top curve, the NHZ protons appear down field from the H,O. As

the cobalt concentration is increased, the ammonium lines and the

water lines appear at nearly the same field, At still higher concen-

+

trations the NH4

resonance is at the higher field,
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It is interesting to observe the broadening of the two resonances,
At O.Z_M cobalt concentration, the water resonance line is perceptively
broadened, while the width of the lines in the ammonium triplet has re~
mained unchanged., Only at high cobalt concentrations, where the
shift in the NHZ protons deviates from the theoretical shift, does one
see a perceptive broadening of the triplet, This is a good indication

that the influence of the paramagnetic ion on the protoné is dependent

on the nearness of approach of the two,

Discussion

It is difficult from the above experimental data to distinguish
between the effects of a hyperfine interaction and the anisotropy in
causing the observed shifts, Both mechanisms tend to decrease the
shifts caused by the change in the isotropic magnetic susceptibility
in the system. Both mechanisms also depend on the proximity of the
paramagnetic species to the resonating nuclei, The reason that no
anomalous shift was found in the DPPH system is probably due to
the fact that the species are so far apart, that no direct electron-
nucleus interaction occurs, One would not expect an isotropic hyper-
fine interaction since there are no strong forces, such as electro-
static forces, which would tend to bring the species together, There-
fore, on this basis, we can only conclude that there is not very much
association between the free radical and the solvent in the DPPH so-
lutions,

The observed shifts in the ammonium chloride system can
also be explained by considering the type of molecular association

which takes place in the solution, Since both the cobaltous ion and



-60-

the NHZ ion are positively charged, they will tend to repel each other
and thus decrease the effect of any type of interaction which depends
on the proximity of the species, However, at high cobalt concentra-
tions, the species are pushed closer together and the effect of some
type of elec.tron-nucleus interaction is observed, This interaction,
in all probability, is due to a dipole-dipole coupling of the spins in
the system. An isotropic hyperfine interaction is unlikely in the
system, since it requires the species to be closer together.

On the other hand, the water molecules, due to their electrical
dipole moments, are attracted to the positively charged cobaltous ion.
In the solution, the Co++ is probably surrounded by six water mole-
cules and one would expect the water protons to be greatly affected
by the paramagnetic jion, However, the observed shifts, in this
case, can be due either to the anisotropy of the hydrated cobaltous
complex or to a hyperfine interaction between the water protons and

the electrons of the cobaltous ion,

Conclusion

As was mentioned previously, it is difficult on the basis of
the experiments performed to distinguish between the effects of a hy-
perfine interaction and the anisotropy in causing the observed shifts,
Both mechanisms tend to decrease the shifts caused by the isotropic
magnetic susceptibility in the system,

In some cases, as in the ferric fluoride system discussed
previously, the hyperfine interaction is known to be the predominant
mechanism, while in others, such as aqueous Cu++ solutions, the
anisotropy is probably the major factor. In most cases there is

probably a mixture of both effects,
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APPENDIX
CALCULATION OF THE AVERAGE FIELDS

IN REGIONS (1) AND (3) OF FIGURE 6

In the regions of interest the magnetic induction B can be re-

lated to a magnetic scalar potential @ by the equation

B :_/{/(-VQ (1)

The permeability, £(, is equal to | +4TTH , where [ is the suscep-
tibility,

The magnetic scalar potential .Q satisfies Laplace's Equation,

v =0

2)
with the boundary conditions
Bin = By (3)
§21= 52 (4
and

2 Bxn=1Bxn
Ay T -

(5)
Ay

where n is a unit vector normal to the boundary.

The solution of equation 2 in cylindrical coordinates is:

x (6)
§0=) Gyl
where n=0

@O = Ao@ +Bo (7}
R, Colart + D

(8)
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and forny 1

@n = Ancosne + BaSimne (9)

Pn = (Cn " + Dn /ln (10)

From equation 4 we can write

Qt=ay = Sly(r=0)
Qain=d) =Sy (a=1)
Nstn=c) =8y (1=0)
Dn=dy =8lgn=d)

where SZ-L is the magnetic scalar potential in region (i) of figure 6.

(11)

Then
(00)
Ql :Z En Rl (12)
=0
where
(M AW )
n —-An CosSNe +Bn SNne a3
and

(') V)
A"+ D" by s

Since all the& 's must be symmetric about the z-axis the fol-

lowing relations must hold.

A(” _ A(:L) A(z.) A('—’ (5) -0 (15)
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and for n ) 0
(2) . 3) 4
= n =Dn = = :Bncs) = (16)

The general expression for S-Zu (cta equatlon 6) can be ertten as
=0

Eq = COSNG (17)
R =Cn ™ +Dut™ ey
And for NL=0 ,F\) C It + Do )

By using the relation

jCO&TLQ coSmede =0 fm«n o

where @a’— 1

And ’:OR ol

the boundary conditions given by equation 11 become

(l)(n CL) — n(z)( )

P(l)(ﬂ &) =R (A /(H (21)
(.3) /l C) ’R(‘U(/Z C)

”h‘n“”(/Z:J =RE (1= d)

If equation 1 is expanded in terms of the boundary conditions

equations 5 and 21, the following equations are obtained.

1) o ()
Al dRr = A, IR,
o dnt e An /ﬂm (22)
/é(l !E(),) al (3))
J/L /ZZX' ﬂ.—«/vr‘
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A AR = A d ]
dit h=c O//L n==c

(22)
(Cont'd)

K
ﬂl %—?Lﬂﬁlﬂmj J/’L //L:J

where we have assumed/lg s the permeability of air, to be unity,
The only non-zero solution for these equations is for n = 1,
Then, using equation 19, the boundary conditions equations

21 and 22 become

Gia +Dyat = Ga +Dya? @
Co A+ Do A7 =Cs kb + DA (1)
C3c +D3C’1 :ch + Dy - (I11) =
Cyd +Dyd? = Csd + Dsd? )

" Ay + LD = ,@(@_ a?) )
A,Go-D A7) = 4 CG-DA) .

/(/3 (CB ’DBC '1) - [/,,z (CLI f/_D,,/ CJ) (V1)
/K/J (C:./ ’/Dq 5{-2) _ 6\5 _.'_DS 6["2' (VIID)

where the subscriptsrefer to the particular region,
Since Q must be finite at r = 9, we must have D:L: 0O . At

r=00 and ©=0O the field must be H , then Cg = -H_.
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Thus we have eight equations in eight unknowns which can be

solved for the coefficients, Cl’ CZ’ Dz, C3, D C4, and D We

3 4°

are primarily concerned with the coefficients Cl’ C3, and D3 since

the magnetic induction in region (3), i.e., the annulus, is given by

:Batav — :Bi-tz) +'BD};L3) (25)

with a similar equation for region (1),

Then, from equation 1

:BS(U = ’/ai .ﬁ_ﬂu Where L= 101 3
§

= -/at-g,_(cgn. +Ditticose (26)

= . [ G+ D (Slhl\flé;)l;a)sle) ]
Similarly,

()
Bx =-AM.d QL‘ = A ASine cos8 D, @)
dx *

Using I, II, V, and VI of equations 23 and 24 to get an expres-

|

sion involving Cl’ C3, and D3 and remembering that D1 = 0, we first
eliminate DZ between I and V, and between II and VI,

FromIand V

/‘Dl: Gl a‘l - Q-LCL:L

and

le = (G4 = Ao Gy ”

Combining, we have:

C;l = gi(ﬂj +/éég,) @ V)
iy,
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From II and VI we get

'D:Z, - 63/6’;- + :D3 - Cg_/z’;b

and

Dy =2Cob*~ (e fa ) A Cs + (e i)D,

Thus

CJL = C3 Wﬂﬂs/ﬁd,ﬁ) + D, ﬂ”’@rﬂj/zu}(u, Vi)

Equating (I, V) and (II, VI) we get the expression for C, in terms of

C3 and D

C + -2 Ao L (I1X)
1~ (%) +Dg/g‘ (ﬂ————ji'f/a;b)

To get an expression for C3 and D3 in terms of Ho, we solve IV and

VIII for Dge.

/Dj = Cn{é[l +:Dq C c[l
D5 = Cjcll"/a;(a{a/ -__Dq)

Solving these two equations for Cys we have

= 26y _ Dq(l—/@) (%)
orly AR\ T+,

Eliminating C4 from III, VII and X we get

CL’ = 03 +’{D3C'2"” :D._IC’:L
Cy = L4l [C3-Dyc2) + Dyc*
> = Dy = s (€, -Dyc ™) + Dye* O

C3 +D3(_’7“—/DL]C' = ?LC;, Dy ( l—/C_(Z) (XI1)
|+ &(‘2‘ |+ AL 2,
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If we solve these equations for D4, we get

Dy =G -ﬁ—i(//;rﬂ.a) + iDJ(/“J +/443)
and from XII L 2 1 ﬂ:b

D‘-f - QgCQ'(H‘/“Q,) —i-’:D_;(Iﬂ/éé;L)" 26502‘
|+ g~ (CIVA(T=22y)

Equating the two we have

0.3 Cl{dl‘/‘[-;) -+ :Dj'(dl"'ﬂg) - C;»Cg“(!tdg,) .f:D\;(l—%)_leC?‘ (XTII)
A2, Uy, | +4ly— (e /d) 141

We can now get another equation which expresses C3 and D3 in

terms of C 5e

If we eliminate C1 from equations I and V, we get

Cl = C.:L +D‘.LO; *
O1 = (Maltds)(Ca-Dyos®)

Then,

Cz 'l':D’lafl: (/(/,z,/,di)@ ‘//ag//(/{j)D‘ZOL—L

or

Cg, = :,Dl(é'g“(ﬂi l-/(/z,) (X1V)
/(/.f-‘/él,z,

C 5 can be eliminated from II, VI and XIV,

C, = C, + D A-D A4 ()

O - (sl )C-DA™) (D, g o
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Combining II and VI

C3‘ + D3 /Y”l':D.z/g—lz (/4/3/452,)(63’33%’2) + D, b

D, = Cal*{ua-tty) + Dy (llartts) (XV)
Solving II and X1V for D,, we get

D, = Cab™+Ds)(us-4ta) (XVI)
Ay - Mg - 10Vl ld)

By equating XV and XVI we have a second equation containing

only the unknowns C3 and D3.
6 /é (ul—/éég)+_]_>3,(ﬂz+/(a) (63} *DJ)(ﬂi—ﬂ.z

A, AL, ALyl - (Uy +ﬂ2)éﬁ/a,)'z
‘Expressing D in terms of C and C5, we have, from XIil

D). = GO [ Uy (104te) 0l ) ol al Ml XM ]G oty
Ay (144l y) = A (1 SRV - a1 ) )~ Ao (1140

= _ G (o tds) 1tt) ot N1l -G . (v
(/alf/“s)(}hc(;)c’zju (,é{ﬁ,aj)(/_,az)p[-l

and from XVII

®3’ - Cad Z[Q(ﬂ,-ﬂz)ﬂx—(ﬂrﬂg W, -Ala - (s +/{/2,)[4/41 Y /
(/a,z +/t13) [/“1 -y - (A +ﬂ1,)(}/ﬁ«)2] Y753 y-LLs)

| (XIX)
= G b lills) 4 (ot N s s ) (bla) *]
(Mg Als A -Aly) # (A 1ty Nl 1.0 ) )

- Gl ett) iAol tfyinto) [ ) 2T
(Alae ) (M-l ) A2 1ty 0 )t 1 ) ™™
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Let
oL = (Mly 1l N s -ln) + (Aly~tly ) tls # 44s Y AS2)*

/g = (/é[b ’/6[3)(/6&1/&/1)/—2* (s LN Ly 185 Y™ *
Y = (/l(,z f/d3 )(//'/%z) # [/(éz-—/&—/g )(/f/“z,) @/%)z
§ = (Meamtts)(11A2)* 1 (Mg ttls)1-A2) A~ >

Then, equating XVIII and XIX

_ C3'_g_c_., + ~C3 Y + HCs lla

7 s
(:3(:% +_§L) - ‘(/C;ﬂz,
Ca (X/gﬂ-:gd:g) = LfCSg;/@L (28)
C5 = L/Csﬂz,ﬁ = _—_L/_/:/_ML
from XIX Y8 -4 YA — 4§
Dg =-(l3g = “%if‘— (28)

Expanding the denominator

V8= (s P gty + gyt )L
FLCUR )l # 4y # M Ay )+ AU N bl T
b Uyttt 3~ N M) L

v UG My e -ty AN M) 0 (29)
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and noting that

My = 1+ 4Ty ALy = J+HTIE, , etc.
MEE T ITH UM 1+ T (Ko r )

MEr M = A#IT M+ loy) = 2ty
/{; +/é¢3- = ,;z+‘/7f(h£o'+/v!g')
/{((.'L’/élgz = yﬂ-(/éb—/{g)

M- Ay = "/77(}’{6'/1-{3 )
we can write the product in terms of the h/p 's, Since the suscepti-

bilities are of the order of 10-6, second order terms can be neglected,

In terms of the susceptibilities equation 29 becomes

XB = 44T HH ,_—/fi)(@—/«éd[’“,p V8] 1+ 2Ky r2r)+ N AN

F 1] 1+ 2 (K12 k8,) + 4l p 15,) T a2

PP (K21 N o N 95 (1o 1)

= 0 +/é[H-J?T/%+877/éaz+’>/77/2/3]d'2+0+0
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Similarly, oLg can be expressed in terms of the susceptibilities,

Ao = [y My My + My My Al Ly + 2y My My 2l 5)
A Al Al ) 455 ) ] %
v Ly (st byt by 5}y 1005 5 1001
F My Ml (Al lly + U7+ Ay ll; ] A2
- UULE G s Ay L, 42y ) oS L
Lty Ul 1) -2l iy (1l 1) s Kl M ) U
- [ (1T (Mg i N34 8T 1) + (4t i,) (-2 9Ky #uiigy)) -2
+ LO+ 9T U r b)) (o2 4T Hog ~1271Hy ) + (1 pum Goit) (2 + i)
+ 9K, (| ymH, r#6:)) Td~*
v D (2 487 Hy-1- 8T ) 140 1 - 1= 001 #46,) 01 14t - 1- s, A
+L( IHW%Z—I—W@)’Z(/% STty +L+8T7Ho2) |
~ 21+ 4y + 1)) 1497k, +1 187 1)] IR 2

v L Cl#8m b, 1 148HKg) 1 +HTHy 4 L+ 4K, 1R )] (Afa)%c-2

~ 0 +0 +0 +0O0 = O
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which shows that, to a first approximation, o\,S can be neglected with
respect to ﬂ X

Rewriting equations 28 and 28; we have

C. = _ HHolhB - 4 Ho A4, (30)
B ¥
ng.: 9 Ho g A o 1)

From equations 25, 26, and 27, the magnetic induction in region (3) is

(3) 2 a
:g- o BX(B) -+ —Bz(a)

(32)

2 (3) 22 22
= L7‘/d3 5’/;25059-2 +%2E;+2@D3(Sm29—60§9)+%’z(.5m‘/9—2C05295w29 +Co$’92]
/L‘-l

B

4

Since sin40 +cos 0= l-Zcoszg, the last term in the brackets becomes

%[ |- 4Cose sin*e]

The last term in this expression cancels the first term in equation 32

and we are left with
B’“(s) ajr 2, o . o
= A [cz * [3D3(5¢nﬁ;§as_ﬁj+ )3 ] (33)
L Y

If we let

C = Hoe And D_; = Hof (34)

—

b

equation 33 can be written as

2
B /6132Hjtclhlm((lsmze-.l)hfl]
or since B = /I/CH
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'H3: Hole2- 2¢f +¥*+Hefsin’e] A

W le-H F defsine] /2

= Hole-f)[1 + def %ml@]/3L )
| (e-F1* |

Expanding the square root,

Hy= Hole-f)| 1 + 2ctsime _ e f st e]
(e-f)* (e-#)

where only the first three terms are kept.

To get the average field in region (3) we must average the

value of H over all orientations of the angle 0 from 0 to w

<H3> LHs_ds_ Ha(é’_)j [1+2efsimd _ ;2@2£25m o]de
)Tde N (e-f)

e-at
= Ho(e—f)[1+_t;£ — 3e?f? (36)
e-n*  Hle-f)4

From equations 30 and 34

e=Cs - _ Yy
Ho X

J—: ’_D:;_ = Ll,dgo(
Hoﬂl Xﬁbzz
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In terms of the susceptibilities

o= G K- Myt WIVH,- L), ]

X: L’["’""}ﬁ%p;}-"}»ﬂ’ég]

If the last term in equation 36 is neglected, we can write

<H> Ho (e- U[H{efa N
== Ho[ | + amigRin) “amtg (aln) A, iR - 207K, Jff/ﬁgCZ//L)Z]

X [1= AMH g (8/2)*4 27 12 (000~ 2TTH 5 (WP + 2074 5 (M) Y]
= + Ho(I- 27 z,)

(37)

where as before second order terms have been neglected,
To obtain the expression for the field in region (1), we again

use equations 25, 26, and 27,

B _ BW, RR
- X
3

but

B

= 443 A51M6Cose L) =0  since D=0
_ e

Then,

/_B%s %(4) 2. 2

= = /é/_j 61

or
From IX

C; - C%(Alz+A13) +-i15/&—zﬁéé-/ﬂ§)
My M, AUs A My

In terms of the susceptibilities this becomes




iy & g

Gy = @szrr@ﬂm@) Dy [yt U
2 FHITH rHTTH, A +YTH 1 +HTH

= @( ! +J]7/’2;;+;?,7fl’£3)(/’ ATH1—-2ATTH )
FD 27T H7 ~ 203 I~ 21 H s - 277 H=)
— Cg ( |- 2Ty + 2T ) + ‘D3/£a-1(277/27/;—¢217’/{3)

Substituting the values of C, and Dj from equations 30 and 31

C = — l6H, Ly [_Jt&lméaﬁlﬂé_z_t‘;ﬂ_z_] 1. ,,?T]'}éﬁ-gnfés]
|6~ (1T -STHHTH;

+ 32Tl L =Wt BlaS 1, - (blaY s ][ amris -2 i)
6@~ |- aTHs- JITH - HITH 5]

where the susceptibilities have been used,

If second order terms are neglected

CJ - - Ho (l‘avi{i)

and

Hy = =Gy = Ho (1-27H4) (38)

The term ._2}7/{ which appears in equations 37 and 38 is just the con-
tribution to the field due to the demagnetization in the sample.

To get the total average fields in regions (1) and (3), one must
add to the above expressions the Lorentz field which is Lijﬂ- Ho Ho

Then,

<H3>:. HO (I‘Qﬂ%\;':‘ ’:%/—/63): Ho(f—'&gﬂ- /{73) (39)

(A= H(1-ambs +dILH#; ) - Ho(1-2I k) )

These are the equations quoted in the text,
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PART II

KINETICS OF THE FERROUS ION-OXYGEN REACTION

IN ACIDIC PHOSPHATE-PYROPHOSPHATE SOLUTIONS

This section consists of a paper published with
Professor Norman Davidson

in the Journal of the American Chemical Society
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In the original copy of this thesis the pages indicated

above contain the text of a published article:

"Kinetics of the Ferrous Iron-Oxygen Reaction
in Acidic Phosphate-Pyrophosphate Solutions"
by
James King and Norman Davidson
in the
Journal of the American Chemical Society

Vol. 80, pp. 1542-1545(1958)



[Reprinted from the Journal of the American Chemical Society, 80, 1542 (1958).1
Copyright 1958 by the American Chemical Society and reprinted by permission of the copyright owner.

[ConTRIBUTION NoO. 2260 FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF
TECHNOLOGY |

Kinetics of the Ferrous Iron-Oxygen Reaction in Acidic Phosphate-Pyrophosphate
Solutions

By James KNG AND NORMAN DAVIDSON!
Rece1vep OcToBER 15, 1957

The rate law for the ferrous iron-oxygen reaction in acid solutions (pH ~1-2) containing phosphate and pyrophosphate
anions is — d(Fe**)/dt = ky(Fet ) (H.PO,7)2Po, + ko(Fet ) (HoP20:™) Po, where ) = 1.08(=:0.06) X 10~%atm. ! mole™?
liter? sec. "t and k; = 2.13(=£0.05) X 1072 atm,~! mole~1liter sec. 7! at 30° (. = 1.0-1.1 mole/liter, NaClO,). The activa-
tion energies are AH* = 21(+£1) and AH* = 6(==1) kcal. Theratelaw and the values of ; and ks both show that H,P,0O,~
and H,PO,~ are independent catalysts and that the unusual quadratic dependence on (H:PO, ™) is not due to the equilibrium
2H.PO~ = HePyOy™ + HoO.  The mechanism of the reaction presumably involves as the rate-determining step either the
one electron transfer process Fe!l 4+ Op — Felll 4 O, or the two-electron process Fell + O, — FelV + O™, with iron in
the transition state stabilized by the complexing phosphorous anions.

Cher and Davidson® found that the rate law for is —d{(Fet")/dt = k(Fe*")Pe,(H,PO;~)2. The
the oxygenation of Fe!l in phosphoric acid solution quadratic dependence on (H,PO;~) is somewhat
(1) We are indebted to the Atomic Energy Commission for support of us (J.JK.). This paper was presented in part at the 129th National

of this research under Contract AT(11-1)-188; and to the Danforth Meeting of the A. C. S, Dallas, Aprii, 1956.
Foundation.and the General Education Board for fellowships to one (2) M. Cher and N. Davidson, THis JoURNAL, 77, 703 (1955).
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unusual. A linear dependence would be expected
in view of: (a) general experience with this kind of
reaction; (b) the reported first-order dependence
on (F~) for the fluoride catalysis of the Fel’, O,
reaction?®; and (¢) the reported fact that the first
complex formed between Fe+*+ and phosphate
anions in acid solution contains one phosphate per
iron, being either FeHPOs+* or FeH,PO,*t.45
The quadratic dependence on dihydrogen phos-
phate concentration would be explained if the ac-
tual catalyst were dihydrogen pyrophosphate,
formed in equilibrium amounts according to the
reaction

2H,PO,~ == H,P;0;~ + H;0

This hypothesis and a general interest in the effects
of pyrophosphate stimulated the present work.

Spoehr® and Smith and Spoehr’ have reported
that there is an accelerating influence of pyrophos-
phate on the Fell-0, reaction. The latter authors
claim that the ratelawis —d(Fel?) /df = B(Fel") (O,);
but a later study® of the effects of stirring indicates
that the reaction rate was diffusion controlled un-
der the conditions employed.

Other references to studies of the Fell-O, reac-
tion in various media ar