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ABSTRACT

Magnetic resonance techniques have given us a powerful means
for investigating dynamical processes in gases, liquids and solids.
Dynamical effects manifest themselves in both resonance line shifts
and linewidths, and, accordingly, require detailed analyses to extract
desired information. The success of a magnetic resonance experi-
ment depends critically on relaxation mechanisms to maintain
thermal equilibrium between spin states. Consequently, there must
be an interaction between the excited spin states and their immediate
molecular environment which promote changes in spin orientation
while excess magnetic energy is coupled into other degrees of freedom
by non-radiative processes. This is well known as spin-lattice
relaxation. Certain dynamical processes cause fluctuations in the
spin state energy levels leading to spin-spin relaxation and, here
again, the environment at the molecular level plays a significant role
in the magnitude of interaction. Relatively few electron spin relaxation
studies of solutions have been conducted and the'present work is
addressed toward the extension of our knowledge in this area and the
retrival of dynamical information from line shape analyses on a time
scale comparable to diffusion controlled phenomena.

Specifically, the electron spin relaxation of three Mn*? 34°
complexes, Mn(CH,CN),"?, MnCl, 2, and MnBr;é in acetonitrile has
been studied in considerable detail. The effective spin Hamiltonian

constants were carefully evaluated under a wide range of experimental



conditions. Resonance widths of these Mn™? complexes were studied
in the presence of various excess ligand ions and as a function of
concentration, viscosity, temperature and frequency (X-band, ~9.5
4 Hz and K-band, ~35 &Hz).

A number of interesting conclusions were drawn from these
studies. For the Et,NC1-MnCl, ? system several relaxation mecha-
nisms leading to resonance broadening were observed. One source
appears to arise through spin-orbit interactions caused by modulation
of the ligand field resulting from transient distortions of the complex
imparted by solvent fluctuations in the immediate surroundings of the
paramagnetic ion. An additional spin relaxation was assigned to the
formation of ion pairs [Et,N"... MnCl1, ] and it was possible to
estimate the dissociation constant for this specie in acetonitrile.

The Bu,NBr-MnBr, ? study was considerably more interesting.
As in the former case, solvent fluctuations and ion-pairing of the
paramagnetic complex [ Bu,N" ... MnBr, ?] provide significant
relaxation for the electronic spin system. Most interesting, without
doubt, is the onset of a new relaxation mechanism leading to x;esonance
broadening which is best interpreted as chemical exchange. Thus,
assuming that resonance widths were simply governed by electron
spin state lifetimes, we were able to extract dynamical information

from an interaction in which the initial and final states are the same

| MnBr,? + Br- === MnBr, > + Br_.
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The bimolecular rate constants were obtained at six different tempera-
tures and théir magnitudes suggested that the exchange is probably
diffusion controlled with essentially a zero energy of activation. .The
most important source of spin relaxation in this system stems directly
from dipolar interactions between the manganese 3d° electrons.
Moreover, the dipolar broadening is strongly frequency dependent
indicating a deviation between the transverse and longitudinal relax-
ation times. We are led to the conclusion that the 3d® spin states of
ion-paired MnBr, ? are significantly correlated so that dynamical
processes are also entering the picture. It was possible to estimate
the correlation time, 74, characterizing this dynamical process.

In Part II we study nuclear magnetic relaxation of bromine ions
in the MnBr, >-Bu,NBr-acetonitrile system. Essentially we monitor
the ™Br and *'Br linewidths in response to the [MnBr,?]/[Br~] ratio
with the express purpose of supporting our contention that exchange
is occurring between '"free' bromine ions in the solvent and bromine
in the first coordination sphere of the paramagnetic anion. The
complexity of the system elicited a two-part study: (1) the 1inéwidth
behavior of Bu,NBr in anhydrous CH,CN in the absence of MnBr, ? and
(2) in the presence of MnBr4-2. It was concluded in study (1) that
dynamical association, Bu4NBrT—lih Bqu+ + Br~, was modulating
field-gradient interactions at frequencies high enough to provide an
estimation of the unimolecular rate constant, kl.- A comparison of the
two isotopic bromine linewidth-mole fraction results led to the -

conclusion that quadrupole interactions provided the dominant
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relaxation mechanism. In study (2) the "residual’ bromine linewidths
for both ™Br and ®Br are clearly controlled by quadrupole interactions
which appear to be modulated by very rapid dynamical processes other
than molecular reorientation., We conclude that the "residual' line-
width has its origin in chemical exchange and that bromine nuclei

exchange rapidly between a "free' solvated ion and the paramagnetic

complex, MnBr, .
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I. GENERAL INTRODUCTION

The application of magnetic resonance to widely diverse
problems in chemistry and physics has been well established.
A nuclear or electronic system with a resultant magnetic moment
serves as a probe that samples local magnetic effects within a molec-
ular or atomic framework. Factors that determine the local field
involve the interplay of nuclear and electron magnetic moments
governed by short-range, and to a lesser extent, the long-range
chemical environment. From a chemist's view point magnetic reso-
nance has provided an indispensable me:chod for the determination of
structure and molecular conformation in solids, liquids and gases.
Nuclear magnetic resonance and relaxation studies in the liquid state
provide a rich source of dynamical information such as chemical
exchange, internal rotations, inversions and relative intermolecular
motions for processes that are relatively slow compared to the
molecular rotational and collisional time scale. In many cases
resonance techniques provide information that cannot be attained by
any other method. In contrast, relatively few electron spin relaxation
studies of solutions have been conducted and the present work is
addressed toward the extension of our knowledge in this area and the
retrival of dynamical information on a time scale comparable to
diffusion controlled phenomena.

The major differences between nuclear and electron magnetic
resonance are time-scale of observations, magnitude of magnetic

moment and the physical deployment of the spin states. Nuclear



properties such as spin, magnetic moment and quadrupole moment
are more or less insulated from their environment by shielding
electrons. In contrast, electronic systems are usually peripheral to
the molecular or atomic framework resulting in much larger orbital
volumes and the relatively smaller energy to excited states renders
the system highly coupled to the outside world. As an example, a
paramagnetic ioﬁ typically has drastically different magnetic moments,
angular momentum and quadrupole interactions depending on the
medium that surrounds it. Indeed the hyperfine interactions, zero-
field splittings and g-values can change drastically from one crystal-
line site or solvent to another.

Historically, the question of paramagnetic relaxation aroée
among low-temperature physicists who were concerned with energy
transfer in adiabatic demagnetization.experiments. The answer to
this problem required an understanding about the nature of thermal
contact between an ensemble of electronic magnetic moments and the
vibrational degrees of freedom in the crystalline lattice. The time
required in attaining equilibrium was called the spin-lattice or
longitudinal relaxation time (T,). A second mechanism involves the
rate required for the magnetic assembly to reach internal equilibrium
at a temperature independent of the lattice temperature. This has
been called the spin-spin or transverse relaxation time (Tz)'. Electron -
spin resonance experiments can provide much information about these
relaxation mechanisms. Although the relaxai:ion nomenclature was

invented with solids clearly in mind, the concepts suffer. little when



applied to other phases.

As mentioned above, relaxation of unpaired electron spins in
solution is strongly influenced by molecular environment and the
widths of electron spin resonance lines are strongly dependent upon
the fluctuation of the energy manifold and life-time of the spin-states.
Any interaction which causes transitions between two spin-states and
has rich Fourief components at the resonance frequency produces
strong spin-lattice (T,) relaxation and line broadening. Other random
forces which modulate the spin energy levels at low frequencies with-
out causing transitions between them contribute to a tx:ansverse spin-
spin (T,) relaxation but not to T,. Transitions between electron spin-
states are often on the time scale of interesting dynamical phenomena
observed in the liquid state such as rapid exchange processes and
Brownian motion., Hence a quantitative analysis of line shapes can
lead to valuable information concerning relaxation mechanisms which
in turn may be related to dynamical processes and even structure on
the molecular level. '

Relaxation theory of free radicals and transition metal ions in
solution has been under steady development for a number of years
(1-32), Here we are concerned mainly with paramagnetic transition-
metal complex ions since they are usually stable and are present in
many chemically and biologically important systems. At present
most of the significant relaxation studies have centered around the
vanadyl (VO™) and manganous (Mn'’) ions 'mcorporz‘zted in various

types of complexes. This is due to the sharpness and observability



of the hyperfine components which is not possible in most other
transition-metal complexes. Of these two transition-metal ions, Mn*?
is probably the most important because of its role in biological
systems. A number of significant electron spin relaxation stud.ies
involving these two ions in the liquid state have been conducted and
several that are particularly germane to our work will be discussed
at greater length.

An illustration of tumbling correlation effects was shown by the
electron spin resonance spectrum of vO*? in aqueous solution (33).
Linewidths of the individual hyperfine components depend on the .

nuclear spin orientation, M, according to

1
T R T, (AgpH, + bMI)Z/‘ﬁ2

where T, is the transverse relaxation time, H, is the external field,
Ag=g||—8, and bEAI I_A 4 which define the anisotropies in the g and
nuclear hyperfine constant tensors, and 7 s is the correlation time for
reorientation of the molecular framework and must have the proper
magnitude to promote a relaxation mechanism. The results verified
the mechanism proposed by H. M. McC;)nnell (2a) involving a
"microcrystal" disposed about the axially symmetric VO™ ion which
gives rise to anisotropies in both the g and hyperfine tensors. By
comparing linewidth measurements obtained at X-band (9.25 GHz)
and K-band (24. 3 GEHz) with the theoretical calculations made by

Kivelson (4), the validity of the microcrystallite model was supported.



This provides a beautiful example of the relevance of relaxation
studies to structure in solution. '

Dynamics and structure of ion-pairing have been the subject of
many relaxation studies (34-46). Pearson and Buch (47) investigated
ion-pairing by the interaction between paramagnetic cations and
paramagnetic anions in aqueous solutions. From the line broadening
of one paramaghetic component they were able to measure the rates
of ion-pair formation in cases where the interaction was stror;g.
They were able to conclude a basic structure for the pair in which the
components were insulated from one another by a layer of solvent.
Typical bimolecular rate constants were on the order of 10" sec™
mole™" and agreed closely to those derived from the theory of
diffusion controlled reactions between ions in solution (48, 49).

Solvent fluctuation has been established as an important
relaxation mechanism and source of line broadening in manganese(II)
complexes. Tinkham, Weinstein and Kip (50) were the first to observe
an electron spin resonance spectrum of manganese(Il) in aqueous
solutions and noted that the six hyperfine components had different
linewidths. A second order theory accurately predicted the line
positions but only partially accounted for differences in linewidths.
The precise mechanism leading to this effect and the anomalous
linewidth decrease with increasing temperature has been the subject
of several studies. Bloembergen and Morgan (51) proposed that
electron spin relaxation in Mn(HZO)6+2 ions at low solution concen-

trations is induced by fluctuations in the solvent shell about the



complex which causes transient distortions of the complex. These
distortions introduce perturbations in the spin-orbit coupling which
mixes the spin-states and promotes transitions betweén levels that
are otherwise unallowed. Clearly, electron spin relaxation is
correlated with relative solvent motions. Later this was verified by
the important work of Garrett and Morgan (52) who extended the
density matrix calculations (51) to obtain expressions for the relax-
ation times associated with various transitions. Electron resonance
linewidths for manganese(Il) in several high dielectric constant
ofganic solvents and in aqueous solution were studied experimentally.
Variation of line shapes with solvent and temperature was obtained
and interpreted at low temperatures in terms of a model in which
solvent fluctuations about the solvated ion modulate the ligand field
and relax the electron spin through spin-orbit coupling to the local
environment. This clearly refutes the results of McLachlan (25) and
Carrington and Luckhurst (26) who treated the relaxation of electron
spin in transition-metal compl'exes by rotational modulation of zero-
field splitting of the spin multiplet. This treatment leads to a single
relaxation time for all spin-states in the limit of extreme narrowing
and implies equal linewidth for all the hyperfine components in the
electron spin resonance spectrum. Garrett and Morgan demonstrated
convincingly that this was not the case for manganese(II) in all of the
solutions investigated and laid to rest other earlier proposals offered
by Bloembergen and Morgan (51) and by McGarvey (1b). High temper-

ature broadening was observed for manganese(II) solvated in DMF,



DEF and DMSO suggesting the onset of a new relaxation mechanism
due possibly to ligand-solvent exchange or to internal motion within
the complex ion. This effect was not observed in aqueous manga-
nese(Il) solutions. Presence of ligand exchange as a relaxation
mechanism was not thoroughly established.

Exchange broadening mechanisms have been considered but few -
definitive experiments have been performed partially due to the
uncertainty about species participating in the exchange. The first
such observation was made by Avvakumov et al. (53) who studied the
effect of a diamagnetic anion on the relaxation of manganese(Il). They
studied line broadening of MnCl, solutions between room temperature
and 200°C but apparently misinterpreted the results as intrinsic to
manganese(Il) rather than to the diamagnetic chloride ion present in
solution. In contrast, Hayes and Meyers (54) demonstrated that [ C17]
and [SO, ] imposed a strong influence on the hyperfine (M = +%) line-
width and suggested that complex formation was the source of excess
linewidth. Three paramagnetic components were. considered:

(1) Mn™ with no anion in the first or second coordination sphere;

(2) Mn*?H,0X"™", manganous ions with an ion in the second c'o‘ordi—
nation sphere; (3) Mnt?X™", manganous ion with an ion in the first
coordination sphere. The chloride ion contributes little broadening
at 0.1 M below 80°C but considerable broadening is obtained above
this temperature. They suggest that the 1inewidfh is determined by a
first coordination sphere complex. From the chloride data in the

presence of so many uncertainties they were not able to evaluate the



rate constant of formation and the activation energy of the process
with any accuracy. The sulfate results were more complicated
because broadening was observed at all temperatures and was
presumably due to an admixture of contributions from both the inner-
and outer-sphere complexes. Relaxation times and reaction rate
constants could only be estimated indirectly.

Although rhany stable manganese complexes are known, very
few exhibit an electron spin resonance spectrum. Many are low spin
complexes and, consequently may be drastically broadened by
Jahn-Teller distortions. In fact, any distortion leading to deviations
from cubic symmetry can provide strong relaxation mechanisms
through spin-orbit interactions and give broad, featureless and
sometimes unobsefvable lines. Recently the electron spin resonance
spectra of Mn(CHSCN);'Z, MnBr, > were reported (55). The solvated
octahedral complex I\/In(CHE,CN)S+2 and the tetrahedral complex MnCL{2
have well resolved hyperfine components with linewidths on the order
of 8 to 10 gauss. In contrast, the **Mn nuclear hyperfine components’
of the tetrahedral complex MnBr;2 were found to be unusually broad
and it was observed that line broadening was strongly dependent upon
excess bromide ion concentration provided by tetrabutylammonium
bromide. It was suggested that the bromide concentration dependent
broadening may be attributable to ligand exchange and provided the
driving force and central theme for the work described in this thesis.
There are several unique features that should provide more definitive

dynamical information than previous investigations. First of all,



tetrahedral complexes are in general known to be more facile than
octahedral complexes thus improving our chances of being able to see
an effect on the electron spin resonance time scale. Secondly,
complex stoichiometry can be pretty well guaranteed under proper
adjustment of bromide concentration so that exchange effects can be
studied between well defined states. Finally we note that the initial

and final states are the same:
MnBr, '+ Br~ = MnBr,’+ Br~.

Presumably then, a strong perturbation’of the electronic system

takes place during bromine exchange so that the lifetimes of the spin-
states and hence both the longitudinal and transverse relaxation times
are limited to the chemical lifetime of the complex. We set forth
evidence to confirm this interpretation and investigate other dynamical

processes leading to electron spin relaxation.
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II. THEORY

s Manganese(ﬂ! Complexes

Numerous manganese(Il) complexes are known to exist in both
low and high spin states. Octahedral complexes are the most common
and are usually stable in aqueous systems. In contrast, the tetra-
hedral manganese(II) complexes are unstable in donor solvents such
as water but can exist in crystalline environments or certain solvents
such as CH,CN. The high spin 3d° complexes command a unique
position among the iron group paramagnetic ions because the unpaired
electrons have zero resultant angular mﬂomentum. Under these
circumstances, the resulting sextet ground state, 6S5 27 is expected
to behave as an ideal paramagnet rather well insulated from its
environment since spin-orbit coupling is small. Consequently, spins
can interact with a crystalline field only through higher order quartic
terms (56). As a result, the spectroscopic splitting factor, (g),
should be isotropic and have a value close to 2. In addition, the zero-

field splitting is expected to be small.

1.1 Ligand Field Splitting

Electronic spectra of octahedrally coordinated manganese(II)
ions such as Mn(H20)6+2 and, recently, tetrahedral complexes are
fairly well understood and are consistent with the high spin dase.
The ground state for 685/2 ions in a cubic field is split into a twofold
degenerate level (I;) and a fourfold degenerate level (I'g) with a

separation of 3a where a is the zero-field splitting parameter.



11

Ligands affect the 3d° electrons in two separate ways: electros;catic
interactions imposed by negative ligand charges and overlap of ligand
orbitals to form covalent bonds. To be sure, hybrid situations may
also contribute to the picture depending on relative electronegativities,
ionic dimensions and so on. Although distinctly different these effects
alter the electronic energy levels in the same fashion. To illustrate
the effect imposed by ligands on the electronic levels, an energy level
scheme is depicted in Fig. 1 for two cubic field cases: (1) octah;edral
and (2) tetrahedral. In the cases cited here, the ligand field splitting,
A, is much smaller than coulomb and exchange energies so that the
complexes are both high spin cases. It has been demonstrated that

all excited states evolve by promotion of an electron from e to t, or
t,g to eg levels and, hence, spin-orbit interactions and zero-field
splittings will both be small. These spin degeneracies are further
removed even in an undistorted complex thus allowing higher order
spin-orbit interactions and direct electron dipolar couplings to
contribute a new term to the overall effective spin Hamiltonian which

is represented by (57)

-~

= 1 4 Gd4 ge_ 1 2 _ A
3’ = ga['sx+s_y+srZ =5(S+1)(358" + 38 1)] (1)

-~

where §X, S_y, S.z are the effective spin operators, a is the zero-field
splitting constant and S is the total electron spin. Dynamical
distortions of the complex lead to additional D and E terms in the

Hamiltonian. As a result, the six-fold degeneracy is further removed
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FIGURE 1

a) Angular distribution of d orbitals.
b) Relative energy levels of d orbitals split by tetrahedral
and octahedral ligand fields. A is the ligand field

splitting parameter. In the octahedral field for
Mn(H;0), "%, A has a value of 8600 cm™",
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and provides the three Kramers' doublets shown in Fig. 2. The
splitting parameters in hexa—aqueous manganese(Il) are very small:

2a=10"—>10%cecm™ and D~ 10"% cm™ .

2. The Effective Sgin Hamiltonian
2.1 Zero-Field Splitting

In transition-metal ions with L. > 0 spin-orbit coupling is usually
responsible for the zero-field splitting and in many cases the splitting
is large enough to prevent the observation of electron spin resonance
altogether. This zero-field interaction may be represented by an

effective zero-field Hamiltonian

~

5 = S-D-8 @

where S is the fictitious spin operator and D) is a second rank coupling

tensor with components

ol L [ | L | 0
E,- E,

— 2_‘
ij ~ “§‘>ﬁ’

i,j = XY,

where £ is the spin-orbit coupling constant; ¥, and w,bn are the wave-
functions for the ground (0) and excited (n) states with the correspond-
ing energies E,; and E,;; L represents the orbital angular momentum.
However, for Mn™*? complexes with cubic symmetry and a °S ground
state, we have (L -S) ® 0. Consequently, the zero-field Hamiltonian

is negligible for the complexes discussed in this work.
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FIGURE 2

Schematic energy level diagram showing splitting of the three
Kramers' doublets from zero to strong magnetic fields.
Additional splittings promoted by nuclear hyperfine inter-

actions are shown together with several allowed transitions.
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2.2 The Zeeman Interaction

Application of a strong external magnetic field lifts the zero-
field degeneracies and the dominating effect on the spin system is due
to the Zeeman interaction. The corresponding Hamiltonian is given

by the relation
% = BH.g-S - pyH-gy-I (4)

where B is the Bohr magneton, H is the applied field, g is the second-
rank g tensor and S is'the spin operator. The second term on the
right, i.e., the nuclear Zeeman interaction, is negligible. If spin-
orbit coupling is operative, i.e., g tensor is anisotropic, we expect
the interaction to mix ground and excited states whose resultant
eigenstates are no longer eigenstates of the unperturbed Hamiltonian

given above in Eq. (4). The perturbed Hamiltonian becomes

% = BH-L + g BH.S (5)
under the influence of the interaction between H and orbital angular

momentum. g, is the free electron value (2.0023), This can be

represented by an effective spin Hamiltonian
i = gH.g-8 (6)

where S is a fictitious spin which commutes with the Hamiltonian.
On the other hénd, if the g tensor is isotropic, the Hamiltonian

representing the electronic Zeeman interaction is written
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% = (g) BH-S (7)

and this is the assumption we apply to the manganese(II) complexes.

2.3 The Hyperfine Interaction

A number of 3d transition state metal ions have a nuclear spin
I that can assume 21 + 1 orientations along the direction of an applied
external magnetic field. In some cases the nuclear and electron
spins couple to exhibit an observable hyperfine spectrum. Since the
3d orbitals theoretically possess nodes at the metal nuclei, the origin
of the hyperfine interaction is not immediately obvious and,is still
" currently open to question. In the early days of electron spin reso-
nance it was discovered that manganous(II) solutions displayed a well
defined hyperfine spectrum composed of six components. It was
proposed by Abragam (58) that a configurational interaction admixing’
3s°3d® with 3s3d°4s electrons was responsible for the large
anomalous hyperfine coupling. Attempts to explain the magnitude of
the coupling have been the subject of many studies. One of the better
explanations involves an electrostatic interaction between the 3d° and
s-state electrons. Abragam, Horowitz and Pryce (59) proposed core
polarization of the inner filled s orbitals imposed by 3d® electrons as
a mechanism leading to hyperfine splitting. Their calculations for the
configurational interaction model were unsuccessful. Perhaps the
best results were obtained through an unrestricted Hartree-Fock
procedure (60) which demonstrated that both 2s and 3s orbitals are
significantly polarizeci by the d° field. Matamura and Title (61)
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observed a correlation between hyperfine coupling and the electro-
negativity differences in the anion and cation of the host lattice. It
has been shown experimentally that the geometry of the complex pas
the greatest influence on the hyperfine interaction and that the effect
of the ligand is clearly secondary. This provides a particularly
powerful method in determining the symmetry of manganese(II)
environment in both solids and liquids. A typical set of coupling
constants are given for two cases: a) octahedral, (A) = -95 gauss;
b) tetrahedral, {A) = -78 gauss.

In the present case we are concerned only with the isotropic

hyperfine interaction and the Hamiltonian is simply

Kpop = (AYI-S , (8)

where 1 and S are the usual nuclear and electron spin operators and
{A) is the scalar hyperfine coupling constant characterizing the

interaction.

2.4 Total Effective Spin Hamiltonian

For manganese(Il) complexes having nearly cubic symmetry in

solution, the total effective spin Hamiltonian may be represented by

e = a

%Zeeman K’Hyperfine‘ )

The total effective spin Hamiltonian may be written in molecular
coordinates to include axial components caused by possible dynamical

and structural distortions (62)
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% = plg) HyS, +g H,S, +H S)]

+ A”IrSr+A (1.8

4
10 p+Iqu)+ DSr

p,q,r = molecular coordinates.

To examine the effects of molecular tumbling on the electron spin
resonance spectrum, the Hamiltonian is conveniently separated into
time dependent and independent parts. A transformation converts the
operator into laboratory coordinates and the time dependent or angular
terms are collected in the form of spherical harmonics according to

Pake (62)

3 = gBHOSZ+aI-S+ (%)(3005 26-1)SZ2

D

>) sin 6 cos 6[ (5,8, + 5,80e7 %+ (5,8, +5_5,)e?]

+ (

+ (—é—)(AgBH0 +bIz)(3 cqs %6 - 1)s,

+ (%) sin 6 cos 6(1,e™ % + 1_elP)s

+ $(AgBH, + b1 ) sin 6 cos 6(S,e P+ 5_e!?)

by . 2 -2i¢ 2i¢
+(z) sin"6(1 S e +1_8_e™7)
b 2
- (E)(S cos“@ - 1)(I+ S_+1_ S+) . (11)
where: g = %g" i %g_L

]

Ag g“ = g_L
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Other symbols bear their usual meanings and are defined by Pake (62).
The first two terms in Eq. (11) are time independent and are not
affected by random motion as the complex tumbles. On the other hand,
the remaining te‘rms gain time dependency through the angular depen-
dency. For isotropic complexes, in the limif when motional frequen-
cies far exceed interaction energies, spherical harmonics approach

zero and the total effective spin Hamiltonian reduces to simply

% = (g)BH,S, + (a)I-§ (12)

which adequately predicts the line positions. The eigenvalues for this
Hamiltonian to second order are (50)
(AY

= Hy+ (A)mp+ =5 [I(I+1) - m + my@m +1)],  (18)

{g)B 2 H, S

Selection rules are Amy = 0 and Amg = +1; an energy level diagram
was illustrated in Fig. 2. In manganese(lI) complexes, the anoma-
lously large hyperfine constant (A ) leads to a sizeable second order
effect. As a result there are 30 allowed non-degenerate transitions
contained in six main hyperfine components (AmI = 0) each consisting
of five electronic Zeeman transitions (A\mS = x1). Clearly, the

second order effect is much smaller at K-band frequencies requiring



22

four times the field, H,, as in X-band spectroscopy. In practice,
however, the spherical harmonics in the spin Hamiltonian are not
averaged completely to zero by random motions and, hence, dynami-
cal processes can contribute to linewidth. Although the non-
degenerate lines provide a skeleton for the observed linewidths, a
much deeper inspection into time dependent phenomena and relaxation
theory is required for extraction of dynamical and structural infor-

mation from a line shape analysis.

3. Theory of Relaxation. The Bloch Equations

A very brief account of relaxation theory will be presented to
expose the empirical framework from which we define the often
quoted longitudinal and transverse relaxation times. The phenomeno-
logical approach of Bloch (63) forms the central theme of the
discussion and has been extremely useful in extracting dynamical
information at the atomic and molecular level from both nuclear and
paramagnetic resonance line shapes. By and large, application of the
theory to liquid state prdblems has enjoyed far more quantitative
success than seems possible from the lack of quantum mechanical
rigor.

According to Bloch, the equation of motion for nuclear magne-
tization of an ensemble of uncoupled nuclear spins is simply

dM

e »(M x H). (14)
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The symbols have their usual significance and clearly a similar
expression applies to an ensemble of uncoupled electron spins in a
homogeneous field. In cases to follow the relationships will, likewise,
apply to both nuclear and electron spin. Naturally, the appropriate
gyromagnetic ratio must be used. If we now consider the ensemble

of spins in a static field defined in the z-direction, the total magne-

tization at thermal equilibrium is
M, = M, = XH (15)
where the magnetic susceptibility, X,, is defined for all N spins

_ NyR I(I+1)
= T3%T (16)

e

and H, is the applied static field. Bloch then proposes a simple
linear rate law for the magnetization, M,, returning to its equilibrium

value M, defined above

g B, | amn

The time scale, T,, characterizing the relaxation is known as the
longitudinal or spin-lattice relaxation time. In the presence of a radio
frequency field (H,) applied at right angles to the static magnetic field,
the magnetic moment will also have precessing components in the X
and Y directions. As suggested by Bloch the spin ensemble is, in fact,

coupled and one gets a new set of relations
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am M aM M
o F o el @l et = met (18)

at T, a T,
which tells us that the magnetization in the X and Y directions
attenuates in a length of time characterized by T,, the transverse or
spin-spin relaxation time. Finally, the Bloch equations can be
combined to describe the time rate of change for the total magnetiza-
tion

= o . (MLi+ M) (M, - M)k
dM (My J Z
— = yMX(H, + H)) - T, Yo T (19)

dt

—

where, as usual, 1, j, k define a laboratory coordinate system and
the last two terms on the right hand side may be considered as
"damping' factors. In the rotating frame representation where H, and
the ijk coordinate system rotate together at the Larmor frequency, w,

we obtain the usual expression

-, . - ~ ., (ui+vy) (M -My)k'
DL = yMx (Hy+2) + y(M' X HJ) - - 2

dt y R ;N « 120)

As usual, uand v are the transverse components in the rotating
frame of reference. Components of the magnetization, M’, in the

rotating frame are

du

R RARE | (21)
dv v
—d_-f = =- (wo- w)u+’yHle —"i‘—z‘
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aM, (M,, - M)
= - '}IH v - —m— —
dt * T,

Steady state solution of these equations leads to the familiar Lorentzian
line shape attainable from the v component and is applicable to the

present work on chemical exchange broadened resonance widths.

yH, T,
= Mol 2 p) 2 -
+ Ty (wp-w)” + yH T, T,

(22)

If we accept the concept of spin temperature then it can be shown
that in thermal equilibrium the steady state population of spins are
governed by Boltzman statistics and the rate of spin exchange between
allowed levels can be described by the so-called '"Master equation"

defined by Slichter (64)

dpn ) E‘(

at S W W

o = PoWaom) (23)
where Py is the ffactional occupation of state n and Woseir is the
probability per second that the lattice induces a spin transition from
m to n if the system is in state m. Without belaboring the point
further and bearing in mind that the linear nature of the above rate
equation is an assumption, it follows that the spin-lattice relaxation

times are directly related to transition probabilities in the ‘general

form developed by Gorter (65)
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2 _E )
m,nwmn(Em Ey)

2 B2
n n

(24)

D] =

1
T,

The transition probabilities, W can be calculated from the density

mn’
matrix and Redfield (12) approach which apply even when the concept
of spin temperature breaks down.

Bloembergen, Purcell and Pound (66) presented a beautiful
physical picture explaining line broadening that arises from dynamical
sources. Any magnetic interaction resulting from dynamical sources
such as dipolar or solvent fluctuations, and so on, that produce fluctu-
ations with a rich Fourier spectrum at the Larmor frequency can
promote strong spin-lattice relaxation. For a time-dependent inter-
action giving rise to transitions between nuclear or electronic levels,
time-dependent perturbatiori theory provides the well-known result for
the transition probability

Won = [ (mIETR®) n)]*- p(Ep (25)

where hic(t) is the time-dependent Hamiltonian operator for the
particular interaction and p(Ef) represents the density of final states.
Comparison of Eqs. (24) and (25) reveals that magnetic resonance line-
widths in liquid systems for the case of extreme narrowing (w, Te %% 1)
have a very general form

g

= | (iR 5e(t) In) |- 7. | (26)
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In some cases, T, =T, , but in this study we also observe T, # T, .
as reflected by large linewidth dependencies on frequency as we shall
see later. A correlation time, 7,, has been introduced to describe
the frequency spectrum of the mean squared energy matrix element
and will be discussed at greater length in the following section. It
should be realized that in most cases neither I (mlHi~ 5e(t)In) Iz, the
mean squared interaction energy matrix element, nor 7 o the
correlation time characterizing the interaction are amenable to
measurement. This, of course, is one reason that magnetic reso-
nance linewidths are difficult to interpret. Usually, at best, question-
able assumptions must be invoked for 7 & before dynamical information
can be extracted from line shapes. They will be discussed and

amplified in the following two sections.

3.1 Motional Correlations

In stochastic processes correlation time is defined as the interval
of time required so that change of a particular time dependent function
is negligible. Another way of saying this is that a correlation time is
the length of time required for a fluctuation to die away. At the present
time it is impossible to calculate how rapidly spherical harmonics
vanish while undergoing completely random motion in a rigorous
fashion but fluctuation theory provides a framework to attack the
problem on a statistical basis. Obviously such concepts as correlation
times are nebulous but once it is specified there is a precisely defined

parameter that enters the problem and characterizes the time scé.le.
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Nevertheless fluctuation theory has provided useful relationships for
the analysis of nuclear magnetic resonance spectra and, in fact, has
given far more quantitative agreement than deserved from the
crudeness of the treatment. However, on the electron spin resonance
time scale we must examine the assumptions and rationalizations
used in the statistical treatment a bit more carefully since the inter-
action and Larmor frequencies approach one another and raise serious
questions about the correlation function and the convergence of
spectral density integrals. We shall briefly probe some of the weak-
nesses in this theory and how they may influence our interpretation.
"Furthermore we will be able to experimentally examine a case within
the "twilight-zone'" of the theory in which the observed linewidths

depend strongly on the Larmor frequency.

3.2 Rotational Correlation

The simple diffusion model proposed by Debye is one in which
a rigid sphere of radius a moves randomly in a medium of macro-
scopic viscosity, 7. Rotation of the spin system can then be treated
by a simple diffusion equation

%%% = VP (27)

where V is the Laplacian operator over the surface of a sphere, P is
the probability of the spin system reaching a certain new location
after an elapséd period of time, and D’ is the rotational diffusion

constant. D’ is related to i through the Stokes-Einstein relation
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DI i kT (28)

8ﬂa3n

Equation (27) has well-known solutions in terms of an expansion in
normalized, orthogonal spherical harmonics, Y lm(a, o)

D' 2(2+1)t
p = .QZ? Ct) Y6, p)e b (29)
,

where C En are coefficients defined from initial conditions and ¢ is
the order of the spherical harmonics. It can be shown for the case of

Brownian motion that

DL +1) = Ti (30)
c
and from Eqgs. (28) and (30) we obtain
gma’
= 1
Te = T+ kT 1)

where 7, is the correlation time associated with rotational motions,
a is the radius of the rotating component under observation and 7 is
the macroscopic viscosity. The other symbols have their usual
meaning. Since magnetic resonance experiments involve second rank
- interaction tensors (£ = 2), Eq. (31) above assumes its often quoted

form

o= 208 7(32)
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and is therefore a natural consequence of the diffusion equation. It
should be remembered that this follows from highly idealized hydro-
dynamic arguments and discretion must be employed when applying
the result to quantum mechanical problems.

An exponential correlation function also follows from the
statistical approach given by Slichter (64). The correlation function
may be determined for a field that jumps between two field values

+h, representing states 1 and 2. It is then possible to calculate the

correlation function G(7)
G(r) = (H({) Ht+7)) (33)

where the brackets designate an ensemble average., If it is assumed

that the ensemble averages p, and p, as a function of 7 are related to

the transition probabilities by

d
s W, - py)
dr
(34)
d
and i W(p; - p2)
dr

then the correlation time representing the final ensemble average over

the initial fields is simply

G(r) = (HO) H@)) = hie W7 (35)

where 2W = 1/TC.
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3.3 Field Dependent Relaxation Times

To illustrate the effect of field (or frequency) dependent
phenomena on linewidths we parallel the procedure of Slichter (64).
The transition probability between two spin states (k and m) is calcu-
lated using the density matrix formalism. Time rate of change of the
density matrix to second order is given by

-

* P i 2 tr ’ *
____dizit(t) = 2[p*0), B*®)] + (3) fodt[[p*(O),ifﬁl*(t)], 5, (t)J- (36)

The asterisk refers to the interaction representation defined as

S - (i/f)3c,t o(t) o (/)

-(i/m)3c,t

. (i/h)3c,t

5, (t) 5, (t) e

where p is the density matrix operator. If we assume only state k is

occupied at t = 0 then
4 (mipim) « W
dt p km’

Under these circumstances the only non-vanishing element of the

density matrix is (klplk). From the relation

L) (B, -E. )t
{nlp*Im) = e(ﬁ)( n~Em) (nlplm} (37)

we have
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(nlp*(©)Im) = (nlp(0)Im) = 0. . (38)

Clearly for n=m =k

(klp*(0)1k) = (klp(0)lk) = 1 (39)

To compute the matrix element mn of Eq. (36), we apply the relations

above, Eqs. (37), (38), (39) and obtain a simplified expression

t (W ’_
Il L(mlﬁcl(t’)[k)(k[ﬁcl(t)lm)el(wm Wt -

4 mTTany = L
E(mlp]m) = =

(W -Wyo) (-t Jdt'-

.(40)

+ (ml%,O)Tk) (k| (t)Im) e

At this point the perturbation could be any time dependent phenomena
and since this varies from one ensemble to another ensemble
average was performed. For the case of a stationary perturbation we

can define a correlation time

Gpie(™) = (EIEIECE D) = Gy (-7) (41)

A

with T

which is dependent only on 7, m, and k at 7 = 0, the correlation

function is non-zero
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G (0) = | (kI ) Tmy |* = 0 (42)

and suggests that the function G_, (7) falls off from this maximum
and tends toward zero when 7 > 0 reaching its destination in a some-
what nebulous time characterized by 7,, the so-called correlation
time. This provides the physical picture of how a fluctuation dies

away. Substitution of Eq. (41) into (40) yields

t
%(m]plm) = 1%f(}n,lk('r)e
-t

om0 o (43)

The expression is time dependent unless we assume that t > 71 c
However, on the electron spin resonance time scale, we are concerned
with the possibility that certain processes will not permit the use of
this inequality in which case the line shapes will take on Gaussian
Character. For the moment we assume that t > tc and then Eq. (43)

can be written _

0

5 B e e e 1
Wi = E(mlplm) = }?f Gmk('r)e

- Q0

-i(wm- wk)TdT ' (a4)

and is immediately recognized as a Fourier transform. By defining

@ -iwT
Jmk(w) = f Gmk('r)e dr _(45)
-0
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the inverse Fourier transform is

Gk(7) = 51— f (@)™ Tdw. (48)
This is the power spectrﬁm which roughly describes how much
"fluctuation is available to induce a transition as a function of
frequency. Gmk('T) has a characteristic power cut-off at w ~ 1/7,.
w is the Larmor frequency for the m— k transition.

In the MnBr, exchange study, dipolar broadening and large
frequency effects are observed. Thus, it is appropriate to consider
the problem through a very general and simplified treatment to
extract the qualitative features of the interaction.

The magnitude of dipolar interaction is essentially dependent
on the radius vector between two spin systems and their relative
orientations. On the other hand, duration of any particular value
depends directly on the rate of diffusion. Therefore it is correlated
in this respect and is clearly uncoup_led to intramolecular rotational

correlation times. Therefore we see that

G = [{mise,®ey [* (47)

and further that it is not correlated. For this condition Eq. (46)

gives

G0 = 5 J Tyi(w) dw (48)
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and it is apparent that spectral density area remains constant as Te
varies. This is illustrated in Fig. 3 for various 7.'s which may arise
in an experiment by changing temperature or altering the macroscopic
viscosity by changing solute-solvent ratios. The important feature
here is that the spectral density exhibits a maximum when wT, ™ 1
and this condition provides the most efficient transfer of energy
between two connected levels. To be more specific we take the
perturbation imposed by dipolar interaction to be a coupling between

a fluctuating magnetic field and the spin system

5c,(t) = gBZC-; H (1), (49)
q = XY¥,2.

From the definition of a correlation time, Eq. (47) and the above

specific perturbation give

Gpy = €6 Zi (mlS

mlk o lk)(k[Sq!m)Hq(t)qu(tH'). (50)

q

Providing components of the perturbation are independent which is
reasonable for a diffusing system, then q = q' and we define
o0

i@ = €6 (mIs i) |* f Hq(t)Hq(t+T)e'iwth (51)

-00

and the transition probability is
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FIGURE 3

Spectral density area remains constant as 7, changes
illustrating in an arbitrary fashion that J mk(wl) has a

maximum value for a curve of some intermediate T
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=134
Wkm = ’ﬁ_z% Imk (wm' W) ‘ (52)
Appealing to a previous argument, it is assumed that Hq(t) I-Iq(t+'r)

takes on an exponential form according to Eq. (19). This is certainly
a weak point in relaxation theory but is mathematically expedient and
demonstrates some validity on the grounds of success. Bearing this

in mind, we assume

sl
(t+7) = hg e - (53)

Hq(t) I-Iq

Insertion of Eq. (53) into (51) and utilizing Eq. (52) provides the final
result

W - L%—i;gzﬁz | (m|8 k) IZJT;;—S;E. (54)
The relationship between ka and T, isonot immediately obvious in a
spin 5/2 case. Nevertheless, the general behavior of the transition
probability under influence of a random force can be visualized from
Eq. (54). It is evident that the T, part of the linewidth will go through
a maximum when w7, # 1. Furthermore, a strong frequency effect
can be expecfed when the correlation time is in the right range. In
addition, a temperature study of T, can provide information about the

temperature dependence of the process producing the fluctuations.
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3.4 Modified Bloch Equation

A set of equafions was proposed by Bloch (63) on the basis of
phenomenological arguments to explain the macroscopic dynamical
magnetic behavior of interacting nuclear spins. These equations
introduce both the longitudinal and transverse relaxation times as
dynamical damping factors. Transverse relaxation may be different
than longitudinal relaxation since the spins interact strongly with
their environment, Typically electrons relax much more rapidly than
nuclear spins but the formalism applies equally well to both cases.
Although basically simple, these equations have proven to be very
useful in describing magnetic phenomena in liquids.

McConnell (67) has shown how the Bloch equations can be
directly generalized to include the effects of chemical exchange. The
modified Bloch equations are used here to examine several important
cases relevant to our observations for an exchanging two-state system.

As a matter of convenience it is expedient to treat the problem
in the imaginary plane. Total magnetization is defined in the usual

fashion
G = u+iv
where u = in-phase component of magnetization
and v = out-of-phase component of magnetization.

The Bloch equations in the rotating frame representation are

i1+—r‘1%—+(wo-w)v~—"0 (55)

2
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v

Ve (@-ous yHM, =0 (56)
3 MZ-M0
MZ + _—'i‘_]_— = '}IHIV =0 (57)

and the two modified equations of relevance to our specific application

are
¢ I ' |
. s B A
GA+aAGA = —17H1M0A+?E-?A- (58)
G G =
£ _ . A B
Gg + agGg = -iyH, Mg + —TK--,—'_E (59) |
where

G=u+1iv =Gy +Gp

_ s
aA = TZA.—I(OJA- w)
ag = T,g - ilwg- w)
Myp = PAMo and Mypg = PBM0
Wy, Wpare the Larmor frequencies of the two states; P A and PB
are the magnetic mole fractions in the two states. Experiments are
always conducted under slow passage conditions and provides a major

simplification of the modified Eqs. (58) and (59).
Gy = Gg = 0 | (60)

In the case at hand we are considering a two state system in which the

spin system alternates rapidly between two environments A and A, B.
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The first-order life times of the spin states in A and A, B are T, and

Ty Chemical equilibrium between the two states is represented by

K,
A+ B -—k—- A, B (61)

’ 1
where Kk, is a bimolecular rate constant and k, is a first-order rate
constant. Total relaxation times of the paramagnetic components are
T,p and T, p corresponding to species A and A, B; B is a diamagnetic
component. We now write the mass equilibrium expression for the

above exchange process designated in Eq. (61)

k, [A, B] '
K TR~ . Gl B~ (62)
€k [AllB]
The probability of being in a particular state [A] or [A, B] is
proportional to the life time of the respective states so that
Sa_Ta_ [A] (63)
Pp 7g 1A, B] -

Substituting this into the above equilibrium expression (Eq. 59) relates

the rate constants to the spin stat_e life times

AB _ K
TA[B] B k‘l.

Thus,
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- 1 1 _
- TaBl . Ta ol
(64)
1
k, = =—.
B

From the bimolecular rate expression for the reaction in Eq. (61)

-[A] = k[AllB] (65)

the disappearance rate of A should be proportional to the product
[A][B]. However, in an electron spin resonance experiment we
monitor only the spin state life time of [A], assuming, of course,
that [A, B] is unobservable, and barring other line broadening effects,
we should observe a dependency due only to the concentration of the
diamagnetic component [B]. So the rate constant extracted from
experiment is the bimolecular rate constant k,.

Assuming the slow passage situation shown in Eq. (60),.' Egs.
(58) and (59) are solved simultaneously in determinantel form to give
the well-known expression

- iy H,M, [TA+ Tp + TATp(Palp + PB,&A)]

G =G, + Gy = . (66)
A B (ap7p + Dlagrg +1) - 1

It should be noted that the result reported in Pople, Schneider and
Bernstein "High-Resolution Nuclear Magnetic Resonance', McGraw- .
Hill Co. Inc., 1959, pp. 221, eq. 10-14 is incorrect. Equation (66)

is now separated into real and imaginary parts by standard procedures.
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An expansion of terms and a convenient substituion: xAl = TZXT As

=1

-1 .
Xg = TzBTB’ results in

g BD - AC) + iAB + CD
G = ‘17’H1M0( 2L :g )
B " +C

(67)

where

-1 -1
A = TA+TB+TATB(PBT2A+PAT2B)

w
I

[(Xp:l i 1)()(;3l +1) -1] - TATB(wA-w)(wB—w)
C. = TA(x]_;’l + 1)(wA—w) ¥ 1']3()(};1 ¥ 1)(wB— w)

D

TATB[PB(wA— w) + Py (wg - w)].

For a line shape analysis we consider only the imaginary part of G,

that is

AB D
v = -')’HlMo'('—}é;i%z-)- (68)
+
If terms of lower magnitude are neglected v can be beaten into
Lorentzian form
(o +7) [ (x4 + Dixg +1) - 117
v = -y M2 B A B (69)

(TA + TB)2

1+ = z
[(xa +L(xg'+1) - 1]

(WA" w)2

Therefore,
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o5 _ ('1'A+'I'B)2
T L DOG e - 1

(70)

Upon slight rearrangement and assuming 2 j i) ATzB(1 +Xp Tt XB) to be
greater than other terms Eq. (70) can be transformed into a convenient
form

o [TzB()(A+1)+T2A()(B+1)‘2 2T,, T,
; =

ale - (71)
1+ x4 + xp) (1 + x4 + Xp)

which allows us to investigate several important cases. As stated at
the beginning we are using the subscript B to represent the para-
magnetic state A, B and [ B] to define the concentration of the

diamagnetic component.

Considering the equilibrium reaction represented by Eq. (61),
high concentrations of the diamagnetic component [ B] should favor
the formation of [A, B]. If sizeable quantities of [A, B] can be

formed, i.e., K__ is large, then the linewidth should become typical

eq
of [A,B]. Since T, <T,, inany case, under the above circums-
tances, 7 =k T,gXaA > T,pXp» and 7g — T,. Utilizing the mass
equilibrium expression, Eq. (62), and the expressions for the rate

constants, Eq. (64), the master Eq. (71) reduces to

11 K, ,[B] )
T T.B 1+Keq|B[ ) (72)
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In the limit of large Keq[B], T, ' approaches TZ.E as expected.

For solutions less concentrated in [ B] or smaller equilibrium
constant, Keq, and relaxation control [A, B]: T2B = A TR LT A
and TszA L 8 A Xp- These approximétions introduéed into Eq. (71)
give ‘

1
= -

Tya

ks )[BJ (13)
1+XB .

1
T2
and it is seen that the slope of [ B] predicts a rate constant less than

or in the limit, equal to k,.

Case 3
When T, << 75 then Eq. (55) reduces to a particularly simple
result

1 1
ol ol k[ B] (74)

2 2

which predicts that the observed linewidth broadens linearly upon
addition of the diamagnetic component [ B]. From Eq. (64) it is
apparent that this is equivalent to limiting the spin-étate lifetime of the
paramagnetic component [A].

Lifetime broadening, on the other hand, does not require a two
state model involving a transient paramagnetic intermediate. The

virtues of these two approaches will be considered in greater detail



in the MnBr, ? section.
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III. EXPERIMENTAL

Most electron spin resonance has been conducted at a frequency
of 9 /él Hz (X-band) which provides an optimum situation between
numerous experimental conditions. The inherent nature of the
klystron and its supporting system makes it awkward to change fre-
quencies over a suitable desirable range. Recently the 35 A Hz
(K-band) microwave bridge has become commercially available and
the capability to perform experiments at two widely different fre-
quencies has greatly expanded the utility of the technique to solve
problems. Certainly, electron spin resonance at 35 & Hz has many
advantages in its own right. For example, a factor of 50 in sensitivity
is easily obtained, second-order hyperfine effects are minimized,
g-shifts stemming from more than one paramagnetic component are
enhanced, and forbidden transitions are greatly reduced (< Hy %).

Most important however, the ability to work at two frequencies pro-
vides a powerful means to study spin relaxation in liquids. In the last
section we have demonstrated that spin-lattice (T,) and spin-spin (T,)
relaxatidn can exhibit strong and characteristic frequency dependencies.
To unravel these highly interwoven interactions in a complicated .

system it is absolutely essential to work at more than one frequency.

1. Maggetic Resonance Aggaratus

The electron spin resonance system consisted of a standard

-V-4502 spectrometer suited for both 9 #Hz (X-band) and 35 A Hz
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(K-band) operation. Initially, a high impedance Varian V-4007 six-
inch electromagnet driven by a V-2200A regulated magnet power

supply was used for experiments at 9 kHz. Most of the work, how-
ever, was performed with a twelve-inch low impedance Varian V-3603
electromagnet with a 45° canted fixed-yoke, and a lockable base ring
permitting 360° operation about a vertical axis. Tapered pole caps
provided a gap on 23" for X-band, and ring shim tips of 7/16" thick-
ness fit into the existing pole faces dropping the gap to 13" for the high
homogeneity required at K-band frequencies. A V-2503 solid-state
regulated magnet power supply was used in connection with a Fieldial
Magnetic Field Regulator Mark II providing direct magnetic field
selection with visual readout of field intensity in kilogauss. Accurate
magnetic field intensities were measured with an Alpha Scientific Labo-
ratory NMR Gaussmeter (Al 675) containing a solid-state broad band
amplifier (Fig. 4) to provide sufficient output to drive a Hewlett-Packard
5245-L counter. 'H and "Li resonances were used to calibrate the 9 A
Hz (3400 gauss) and 35 K Hz (12400 gauss) regions, respectively. '

Two standard Varian microwave bridges were available for
experiments: 1) X-band, Varian V-4500-41A low-high power bridge;
2) K-band, V-4561 bridge. An adjustable, motor-driven aluminum
platform for the microwave bridges and auxiliary equipment was
designed to facilitate allignment procedures and permit rapid inter-
change between X and K-band operation. The mechanism platform
rides on a four-wheeled carriage that provides a three foot range in

horizontal positioning. Tracks for the carriage are supported by a
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FIGURE 4

Schematic circuit diagram of solid-state broad band
amplifier to provide sufficient output from Model 675 NMR
Gaussmeter to drive Hewlett-Packard frequency counter,

Unit was built inside the Gaussmeter and uses the same B+.
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metal framework that straddles the magnet. Three degrees of freedom
are readily available for positioning experiments. Details of the
system are illustrated in Figs. 5 and 6.

X and K-band experiments were conducted in cylindrical micro-
wave cavities operated in a TE 011 mode with 100 K Hz Zeeman
modulation. In this mode of operation an electric (E) field null runs
axially through the cavity. At 9 # Hz sample tubes (pyrex) were
typically 1-2 mm in outside diameter and were positioned axially to
take advantage of the electric (E) field null. Rather minor dielectric
losses permitted the solution length to traverse the entire cavity.
However, at 35 ﬁtHz sample requirements were much more demanding
with respect to volume and positioning. Samples were contained in
~1 mm outside diameter capillaries and solution lengths were on the
order of 1-3 mm. DPositioning, of course, was much more critical for
several reasons but mainly because the electric (E) field pattern was
drastically altered by changes in magnetic susceptibility in the reso-
nance region causing a corresponding variation in dielectric losses
and thereby admixing dispersion and absorption modes. This gener-
ates asymmetric signals and requires considerable patience in aligning
liquid samples to obtain a strictly pure absorption mode.

At X-band frequencies, temperature studies were performed
with a standard Varian V-4540 temperature controller and quartz
dewar. A variable temperature dewar was desighed for the K-band
cavity and is illustrated in Fig. 7. Modification of the microwave

cavity was necessary to accommodate the dewar and allow tuning from
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FIGURE 5

Mechanized dewar and microwave bridge support assembly.
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FIGURE 6

Support assembly carriage and framework.
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FIGURE 7

Variable temperature dewar for K-band microwave
cavity. Unit was designed to operate with Varian

4540 variable temperature controller.
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the top. Temperature regulated nitrogen from the V-4540 wave
swept around the entire cavity. Temperatures in both cavities were
monitored with an iron-constantan thermocouple having an estimated

+2°C tolerance.
2. Density and Viscosity Measurements

A Weld specific gravity bottle was used to determine densities
at room temperature; a set of hydrometers for other temperatures.
Viscosity was measured in a standardized Ostwald viscometer sus-

pended in a temperature regulated water bath.

3. Synthesis of Manganese(Il) Complexes.

The anhydrous compounds MnCl, and MnBr, were obtained from
their hydrates by heating under vacuum in two separate stages.
Powdered hydrates were heated in a vacuum oven at 120°C for 8 hours
to remove the bulk of water. Final dehydration was accomplished by
continuous pumping in a high vacuum system maintained at 190°C for
the chloride and 150°C for the bromide over a 24 hour duration.
Vapor pressures were monitored with a Veeco vacuum gauge Type
RG-31X. In the case of MnBr, it was redissolved in acetonitrile,
filtered, vacuum pumped, redissolved in water, filtered, and finally
recrystallized from the aqueous medium. The dehydration prdcedure
was then repeated and the compound was cycled in this fashion several
times. This was necessary to remove organic mé,tter and other
insoluble solids, presumably oxyhalides and carbonates. Anhydrous

AgClO, was also prepared from the hydrate by pumping at 90°C.
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Higher temperatures caused the material to decompose and the red
solids frozen in the liquid nitrogen trap suggested that one of the
products was ClO,--a very unstable and dangerous compound. Tetra-
n-butylammonium bromide and tetraethylammonium chloride were
analytical grade materials obtained from the Eastman Kodak Co.
Tetra-n-butylammonium perchlorate was obtained from both
Matheson-Bell and Southwestern Analytical Chemical Co. Prior to |
use, these compounds were recrystallized from acetonitrile, and dried
in a vacuum oven at 60-70°C for roughly 24 hours. Matheson spectro-
scopic grade acetonitrile was used exclusively in this wdrk.

The complexes were prepared under vacuum in a pyrex transfer-
apparatus suited for solution manipulation as shown in Fig. 8.
Chemistry of formation for the tetrahedral complexes used in this

study is shown as follows:

CH.,CN - -
Bu,NBr + MnBr, ——— > 2Bu,N' + MnBr,

CH,CH

Et,NCl + MnCl, ——— 2Et,N" + MnCl, 2.
For the tetrahedral halide complexes, weighed amounts of the manga-
nese halide and corresponding tetraalkylammonium halide were placed
in the vacuuﬂl apparatus and were heated for an hour at 90°C under
constant evacuation to remove water picked-up during handling in air.
Acetonitrile was weighed into a separate tube, containing P,O;,
degassed by a repeated freeze-melt sequence under constant pumping

and was finally distilled into the apparatus containing the weighed



60

FIGURE 8

Vacuum sample transfer apparatus. a) solid components
are weighed into this section and degassed under vacuum;

b) weighed solvent is vacuum transferred into round-bottom
flask and degassed prior to mixing with solid components in
(a); c¢) solution is decanted through valve into epr capillary
tube that has been degassed; d) auxiliary tip containing
glass filter for transfer of solut_ior;s prepared from

reactions forming solid products.
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solids. A magnetic stirring-bar was always included to insure
proper mixing. Solutions were decanted under vacuum into an
electron spin resonance capillary attached to the side of the apparatus
through a stainless steel valve. The valve was then closed to prevent
solvent transport; the capillary was frozen with liquid nitrogen and
finally sealed-off under vacuum. Solvated manganese(Il) was formed
by similar chemistry involving a metathetical reaction requiring 2
parts (molar) AgClO, and 1 part MnBr,
CHON

2 AgClO, + MnBr, ————> Mn(CH,CN),” + AgBr + 2 C1O, .
The bromide is preferred to the chloride because of its greater
solubility in the solvent. It was prepared in the vacuum apparatus

shown in Fig. 8 containing a glass filter to exclude any AgBr from the

capillary.
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IV. RESULTS AND DISCUSSION

1. Mn(CH,CN),™>

A spin relaxation study of the unique manganese(II) tetrahedral
complexes, in particular the tetrabromide complex, is the main issue
described in this research. Since the complexes; are formed in
acetonitrile and are known to exchange with the solvent, a brief Are—
examination of the solvated octahedral complex (55), Mn(CHBCN)GH,
was conducted to carefully obtain constants of the spin Hamiltonian
and resonance widths at both X and K-band frequencies. The effect
on these parameters imposed by such phenomena as ion-pairing and
exchange with the first and second coordination sphere is considered
in this section as a preliminary step leading to the more detailed .work
on MnCl, * and MnBr, .

Electron spin resonance spectra of Mn(CH3CN)s+2 taken at X and
K-band frequencies are compared in Fig. 9. The line positions may
be located by the eigenvalues of the spin Hamiltonian given in Eq. (13)
where H; is the static magnetic field, g is the electron spectroscopic
splitting factor, S is the Bohr magneton and A is the hyperfine coupling
constant. In the octahedral complex, *’Mn(Il) is in the °S,, state and
there are. thirty fully allowed paramagnetic resonance transitions
according to the selection rules (AmS =1, Amy = 0) with positions

given adequately by the second-order expression rearranged from

Eq. (13)
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FIGURE 9

(a) Electron spin resonance spectrum taken at X-band
frequencies of 0.005 m (0. 0039 M) Mn(CH,CN). ™ in acetonitrile.
(b) K-band (1owe'r) spectrum. Sharp central peak is DPPH

marker. H, increases fo the left. Scale: 1 cm = 42 gauss.
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where my = -I, -I+ 1, «...I-1, Tandmg= -5, -S+1, ... §-1, 8.
From the above relation we see there are five |mg, m;) = |mg+1,
mI) transitions for every my each appearing at slightly different
positions. Since the angular momenta I and S are not completely
decoupled at laboratory field strengths, second-order effects must be
considered in the overall resonance width of each hyperfine component.
However the second-order effects are small enough so that the

|mg, m;) = [mg+1, m;) transitions are considered to be symmetri-
cally disposed about the | -3, my) = |, m;) transition. Spin
Hamiltonian parameters were extracted from the |-%, ) —|%, &)
and |- %, -%) — |4, - %) transitions. Resonance widths were
determined from the |-3, $)— |4, 3) transition which provides the
least amount of Mg~ Mg + 1 overlapping. The K-band spectrum
shows six hyperfine components with nearly the same amplitude
clearly reflecting a reduction in the second-order effect. Spin
Hamiltonian parameters and resonance widths are presented in Table
I. The g value reported in this work represents an average of a
number of measurements and is definitely lower than the value
reported by Chan, Fuhg and Liitje (g = 2. 003 £ 0, 001 (Ref. 55)).

The hyperfine constant was within the limits of error compared to the
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Table I. Spin Hamiltonian Constants for Mn(CH,CN), in Acetonitrile

Concentration (molal) AH* {5 (A
Excess Gauss Gauss
Mn(CH,CN)}? BuNclo,  *0-2  #0.0005 0.2

0.005 "~ 0.000 8.7 2. 0005 -93.1
0. 005 0.110 9.8 2.0001 -93.0
* 4th line; |-% £)— |4, %) transition

former work (55). Using these parameters the thirty allowed line
positions were computed from the second-order expression,- Eq. (75),
and the results for X-band frequencies are collected in Table II. |
These calculations confirm the symmetrical distribution of lines
around the central |-%, my )~ |5, m;) transition and show that

my = + transitions have the narrowest range (5.2 gauss) of line
positions.

An attempt was made to at least partially resolve the lines by
running a dilute solution at elevated temperature where resonance
widths were expected to be significantly narrowed by a decrease in
viscosity. An experiment on 0.005 m stoichiometric 1\/In(CH3C1\T)6+2
was conducted at 78°C and the spin Hamiltonian cbnstants were:

(A) = -93.2 gauss, (g) = 2.0007; the resonance width of the

narrowest component (4th line) was 8.0 gauss. At these temperatures



Table II.

5/2
3/2
1/2
-1/2
-3/2

-5/2

Mn(CH,CN),” Line Positions in Gauss [mi, mg) lmI, mg 1) Transitions

(A) = -93.1, (g) = 2.0005, H, = 3270.9

m my >0
5 | mg, mp) - [mg, 1, mg)
' my; <0
3/2 1/2 -1/2 -3/2 -5/2 | ) ﬂ
mg, my) - |mg_1, my)
3488.1  3494.3 3500.6 3506.7 3512.9 6.2
3304.6 3398.4  3402.3  3406.1  3409.9 3.8
3303.7 3305.0 3306.3 3307.6  3308.9 1.3
3215.6 3214.2 3212.9 3211.5  3210.2 1.4
3130.6 3126.4 3122.2 3118.0 3113.9 4,2
3048.8 3041.7 3034.6 3027.4  3020.2 7.9

89
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it is conceivable that broadening mechanisms such as ligand exchange
may become operative to frustrate our effort. We see at a glance
from Table II that the close overlapping in the my = 1/2 component
precludes resolution and that our only chance resides in the spectral
wing, my = * 5/2, transitions. Unfortunately there was no evidence of
partial resolution in any hyperfine component.

Experiments were conducted (68) on vacuum-prepared
Mn(CH3CN)6+2 to examine the response of the narrowest hyperfine
component ( ; -1, 3)—|%, %)) to changes in concentration and frequency.
Results of this study are summarized in Fig. 10 and indicate that
resonance widths are essentially independent of frequency. However,
they do increase with concentration (0. 005 — 0. 300 molal) and suggest
that manganese spin-spin dipolar interactions are operative in this
system.

Irreproducibility of resonance widths after brief exposure to air
prompted a further investigation (68) into the role of water as a possible
source of broadening. The comparison was made with Mn(CH,CN),"™
solutions prepared in air without special precautions toward moisture
other than starting with dry reactants. The results are compiled in
Table III and the response of resonance width to I\IIn(CH_,,CI\T)G+2 concen-
tration and to frequency are illustrated graphically in Fig. 11. 'Both
X and K band widths increase with concentration.‘ At higher concen-

trations a sizeable divergence occurs with AHK > AH,, which

X
possibly reflects the presence of an additional paramagnetic component

having a different g-value. Under these circumstances, the logical
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FIGURE 10

Resonance width (|-%,%)—|%, %)) as a function of
Mn(CH3CN)6+2 concentration at X (A) and K (O)-band

frequencies.
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Table III. Resonance Widths and Spin Hamiltonian Constants as a Function of
Mn(CH,CN),"? Concentration

Concentration

(molar)
Mn(CH,CN),

0.
.01
.02
.025
.03
. 04
.05
. 075

o O O O o o o o o o

005

.10
.15
.20

-AH, gauss
-4, 5)~1%,3) +0.2 gauss

10.
10.
11,
13.

O o U O -1 MO N oo o W

X-band
- (A)

92,
92,
92,
93,
93,
93.
93,
92,
03,
93,
93,

B W N O N OO W W W W

(g?

+0. 0005

= DN D

N DN DD = e

000
. 9999
. 0000
0001
L9997
.9999
.9998
9999
. 0004
.0004
. 0004

AH, gauss
I'%J %)ﬂhlé_s %) iO.Z gauss
9,

10.

10.
10.
10.

1l
11,
14,
19,

4
6

N

K-band

- (A)

39.
04,

93.
92.
93.

93.
93.
94,
94,

7
0

O O o

N © U1

(g)

+0, 0005

2.
2.

BN DN DD D

0007
0008

. 0006
. 0008
. 0010

. 0009
. 0008
. 0009
. 0008

cL
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FIGURE 11

Resonance width (| -3, 2)— 13, 3)) as a function of

Mn(CH,CN),™ concentration at X and K-band frequencies.
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suspect is the hexaaqueous complex, Mn(HZO);" 2. In order to impose
such a large effect, water must be coming in with the dried components
which, in fact, are known to be hygroscopic. Since the solid compo-
nents were not redried under vacuum it is reasonable to expect
considerable amounts of water to be present and this is consistent

with the effect becoming more noticeable at higher salt concentrations.
At high concentration the solution may also be very hygroscopic. Let
us now calculate the shift in band centers, AH, arising from a change

of frequency using the simple relation
AH = H, - H = —(—-—=). ("76)

Taking g,, Mn(CH,CN),* = 2. 0005 and g;, Mn(H,0),” = 2.0023, we
find AHy = 3.1 gauss and AHp = 11. 2 gauss. As usual h represents
Plank's constant, v is the frequency (Hz) and 5 is the Bohr magneton.,
Clearly, a Ag of this magnitude can, indeed, account for a large
frequency effect and consequently presents a plausible explanation for
the observed results. Further experiments conducted by J. E.-
Crawford (68) in which water was deliberately added to the complex
verified these suspicions. In any event, special precautions are
required to insure the absence of water to obtain meaningful spin
Hamiltonian constanté for the solvated complex, Mn(CHSCN),:Z.

Since ClO, provides the counterion partner for the paramag-
netic complex, a brief study was deployed on the interaction between

the two ionic components and its effect on the effective spin
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Hamiltonian constants and resonance widths. Excess Bu,NClIO, was
added to a solution containing 0. 005 molal (M) Mn(CH3CN)6+2 and the
effects on the m = 7 hyperfine component resonaﬁce widths are
reported in Fig. 12. Excess Bu,NCIO, is defined as [C10, ]/[Mn™*] >
2, A slight increase in resonance width with increasing excess
Bu,NC1O, concentration was observed. Above 0.10 M excess
Bu,NCI1O, the resonance width increase appears to level off at
approximately 10.5 gauss. At any rate the effect is small and
definitive information would certainly be obscured by uncertainties in
the measurements. Furthermore, there were no significant effects
observed on the effective spin Hamiltonian constants within the co.ncen-

tration ranges examined.

2. [MnC1,]72

A study of the [ MnCl1,]™® complex in acetonitrile was carried
out to provide a c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>