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ABSTRACT

An EPR line width study at 9 GHz was focussed on
oxovanadium{IV) systems in the motional narrowing region.

The anisotropy of rotation (N) and the correlation time uR)

were determined. The first system is bis(S-methyl-3-isopro-
pylidenehydrazinecarbodithioato)oxovanadium(IV) in toluene.
The second system is S-methyl-N-5-methoxysalicylidenehydraz-
inecarbodithioatophenanthrolineoxovanadium(IV) in methylene
chloride. The magnetic parameters of these two systems were

determined. N obtained for the first system (2.5 + 0.5 at

an axis Z = Y) was found to be consistent with the Stokes-
Einstein model and the Allowed-Values Equation (AVE) for a

monomer in solution with a trans structure. N obtained for

the second system (1.7 £ 0.5 at an axis Z = Y) was found to
be consistent with the Stokes-Einstein model and the AVE.
From the molecular relaxation in liquids analysis, it seems
that the solute in the second system is experiencing more
stickiness behavior than that in the first system. The
magnetic parameters of S-methyl-N-salicylidenehydrazinecarb-
odithioatophenanthrolineoxovanadium(IV) in toluene were also

determined.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Magnetic resonance studies, at 3 GHz, have been focussed on a

model system of V02+, oxovanadium (IV), with sulfur donor ligands

[1].

The interest in molecularly characterizing the vanadyl (V02+)
compounds present in heavy crude oil [2], aside from the obvious
geochemical interest, resides in the fact that novel removal method of
vanadium for process and environmental reasons will ultimately rely on
knowing the vanadyl compound composition of these complexes in

petroleum matrices.

Three complexes have been studied in this work. The first complex
is bis (S-methyl-3-isopropylidenehydrazinecarbodithioato)oxovana-

dium(IV), VO|(CH_),C=NNCSSCH_} , which 1is proposed to have
3’2 3lz

distorted square pyramidal struclure with a cis-configuration, Fig. 1.1,
or with a trans configuration, Fig. 1.2, with or without dimerization

through sulfur bridges [1].
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CH; CH;
\C/ \C/

o
Ny
l Il

CHss~~ \s/ \s/c\

Fig. 1.1: Cis"'VO[(CH,),C=NNCSSCH,],

Fig. 1.2: Trans"'VO[(CH),C=NNCSSCH],
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The second complex is the S-methyl-N-salicylidene-hydrazine
carbodithioato-phenanthroline-oxovanadium(IV), VOI|Sal SB] (Phen),

which is a monomeric octahedral complex, as shown in Fig. 1.3.

The third complex is the S-methyl-N-5-methoxy-salicylidene
hydrazine-carbodithioato-phenanthroline-oxovanadium(IV)
VO[(5-MeO Sal SB}(Phen), which has a monomeric_ octahedral structure,

as shown in Fig. 1.4 [1].

The EPR spectrum of each of these vanadyl complexes consists of an
eight-line spectrum arising from the interaction of a single unpaired
electron (S8=1/2) with the quenched orbital angular momentum of

vanadium nucleus of spin (I=7/2).

The goals of this study are (1) to determine the magnetic
parameters of these compounds in the rigid limit region, (2) to analyze
whether the vanadyl complexes are carrying out anisotropic rotational
reorientation in liquids from analysis of the line shape as a function of
temperature, and (3) to determine the hydrodynamic radii of the
solvated vanadyl complexes in neat solution in order to determine if the

compound is cis or trans.

In the first part of this thesis, the magnelic paramelers of these
three complexes are obtained from the rigid limit and the room
temperature spectra according to Wilson and Kivelson's method [3].

These magnetic parameters are necessary for a proper interpretation of



AV

Fig. 1.3 : VO[Sal SB](Phen)

OCH;

Fig. 1.4:VO[5-MeO-Sal SB1(Phen)
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the observed EPR spectra at various temperatures in terms of

correlation time (tR) and anisotropic rotational diffusion (N).

In the second part, the EPR spectra of VO[(CH 3)2C=NNCSSCH 312 in

toluene and VO[5-MeO Sal SBl(Phen) in methylene chloride at various
temperatures, in the motional narrowing region, are analyzed to study

the anisotropy of molecular rotation (N) defined as the ratio R"/Rl’
where R" is the rotational diffusion constant along the molecular
principal axis of rotation and R 1 is the rotational diffusion constant

perpendicular to the molecular principal axis of rotation [4,5,6]. Our
results are compared with the anisotropy of rotation, N, calculated from
Stokes-Einstein model [7] and that calculated from the Allowed-Values
Equation (AVE) [8]. This comparison demonstrates the applicability of
these narrowing motion region equations to experimentally observable

system as well as giving some valuable information about the structure.

From the analysis of the temperature dependent EPR line shapes in
the motional-narrowing region the stickiness factor (S) [9,10,11] which
is a measure of all non-hard-core interactions, is also determined. The
stickiness factor is independent of molecular geometry and is zero in
the slip and 1 in the stick limit, 0 < S < 1. The stickiness factor (S)

defined as:
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hyd
K - C_
_ slip
S - Chy a (1.1)
slip

where K is 8 dimensionless anisotropic interaction parameter which
measures the coupling of the rotational motions of the probe to the

hyd

slip is the empirically

translation modes of the fluid [9,10] and C

determined factor which depends on the nonhydr?c;dynamic character of

the friction and on the shape of the molecule.

In the remainder of this chapter a brief account of the magnetic
properties of vanadium spin probes, the Kivelson methods of
determining the isotropic and anisotropic magnetic parameters [3] and

the EPR in the motional narrowing region [4,5,6] is given.

In Chapter 2, we describe the spectrometers used in performing the
experiments, and in Chapter 3, the experimental procedures. In
Chapter 4, we demonstrate how the magnetic parameters are obtained
and how dependence of line widths on temperature is utilized to obtain

the anisotropic factor (N), and the correlalion time (T These

R

experimental N values are compared with the theoretical values [7,8].

In Chapter 5, the experimental results and the conclusions are

given.
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1.2 ELECTRON PARAMAGNETIC RESONANCE

Electron Paramagnetic Resonance (EPR), also known as Electron Spin
Resonance (ESR), is a technique which records transition between spin
levels of molecular unpaired electrons in external magnetic field. EPR
spectroscopy [12-14] involves absorption of energy from electromagnetic
radiation in the microwave frequency region by a sample placed in an
external magnetic field. Absorption is a function of unpaired electrons
present in the molecule. A plot of the absorption of the microwave

energy versus the external magnetic field gives an EPR spectrum.

EPR has proven to be a powerful technique for speciroscopic study
of any system that possesses a net electron spin angular momentum.
Typical examples of systems thal are amenable tc study by EPR include
free radicals produced by physical or chemical means in the solid,
liquid or gaseous state; biradicals, molecules containing two unpaired
electrons at sufficient separation such that unpaired electrons only
weakly interact; triplet state molecules, which include ground state
triplet molecules as well as triplet states produced by thermal or
photochemical excitation; conduction electrons in metals; applications to
biochemical and biomedical problems; semiconductors; and most of the

transition metal ions.

The spin probe could be a paramagnetic metal ion of the transition
or lanthanide series, or a nitroxide radical. One of the popular probes
is the vanadyl spin probe. The vanadyl spin probe has paramagnetic

7
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properties due to the existence of an unpaired electron (dl-system). A
number of factors contribute to the popularity of these spin probes, for
example, many vanadyl probes can easily be obtained and purified; they
are stable over a wide range of temperatures and do not, therefore,
undergo appreciable changes in magnetic parameters -with variation in
temperature; they are _Feadily soluble in many organic solvents; they
have an electron spin of 1/2 and its orbital contribution to the magnetic
moment is largely quenched, they have only vanadium nuclear moment
which contributes to the spectrum and they do not therefore involve
any complications found in systems with several nuclear spins ([15].
Thus the subsequent theoretical analysis is simplified and the results
are easier to interpret than for typical nitroxide spin probes with less
symmetry [16]. Also the characteristic eight hyperfine line EPR
spectrum of vanadyl complexes provideS 2 more severe testing of any
theoretical analysis than a three hyperfine line nitroxide spectrum would
provide. In addition, inhomogeneous broadening is usually negligible in

the EPR spectra of vanadyl complexes [15].

There are two techniques related to the vanadyl spin probes: the
spin labelling and the spin probe techniques [17-19]. Spin labelling is
a technique which involves covalent bonding of vanadyl probe to
diamagnetic media like liquid crystals. For systems with no inherent
paramagnetism, a great advantage is gained by introduction of some

versatile probe containing a paramagnetic centre. Line width
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measurement of the EPR spectra of covalently bound spin label may give
information on the mobilily of macromolecules. The spin probe
technique is a method whereby different paramagnetic centres are mixed
with the diamagnetic host (unbound), and their tumbling behavior
during relaxation and transition process in the diamagnetic host is
studied. The spectral changes result from restrictions in the motional
freedom imposed upon the probe by its microenvironment. The vanadyl
spin probe studies have been performed in liquid and frozen media
[4-6], petroleum [2], poly(vinyl alcohol)gels [20], liquid crystals,
human serotransferrin [21] as well as many other biological systems

[22].

EPR methods can be applied to reveal three of the most important
types of information: (1) the environment of the vanadyl ion, (2) the
nature of ligand types, and (3) the distortion of complexes and

association with systems.
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1.3 SPIN HAMILTONIAN AND DEFINITION OF THE PARAMETERS

The appropriate spin Hamiltonian, HS, required to describe the

vanadyl paramagnetic systems in general is {18,19]:

Hs = B Bo g*S + S*A*]l + (electron-electron dipole term) +

.+ (electron-electron exchange term) + (nuclear Zeeman term) (1.2)

The first term ( B Bo g*S ) is the electron Zeeman term and the second

term ( S*A°1 ) is the electron-nuclear hyperfine interaction term;

where Bo is electron Bohr magneton, B is the laboratory magnetic field,

g the electron g-value tensor, S is the electron spin angular momentum
operator, A is the electron-nuclear hyperfine tensor, and I is the
nuclear spin angular momentum operator. The nuclear Zeeman term is
not important in most work [23] and will be omitted. For clarity small
second order effects are not discussed here. The electron-electron
dipole and exchange terms are significant only when very high

concentration [24] and single crystals studies [25] are considered.

1.3.1 EPR Spectra in Solution

The EPR spectra of these vanadyl complexes in liquid solutions can
be described by the isotropic electron Zeeman and electron-nuclear

hyperfine interactions included in the spin Hamiltonian [3,26]:

10
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Hs=BogSB+hIA_S (1.3)

where Bo is the Bohr magneton, S is the electron spin operator, 1 is

the nuclear spin operator, B is the applied magnetic field, g is the g-

51

value tensor and A is the hyperfine interaction tensor of the v

nucleus [26].
The allowed transitions, when a microwave field at frequency o is

applied, occur at the field B which satisfies the resonance condition

[3,26]

1(1+1)-M2
g B B/h

1 2
ngoﬁoB/h+AoM+§Ao

o (1.4)

where o, is the microwave frequency in radians per second, h is the

Planck's constant divided by 2x, I = 7/2, M is the nuclear spin
magnetic moment, B is the resonant value of the magnetic field

corresponding to M, Ao is the isotropic hyperfine constant in radians
per second:

-1
A 3(A

o + Ay + Az)’ (1.5)

X

and g, is the isotropic g-factor :

= 4 )
B = 5 (Bx * By * €,), (1.6)

11
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where X, Y and Z refer to the molecule fixed coordinates, and it has
been assumed that g and A can be simultaneously diagonalized. The

contact hyperfine constant Ao can be obtained to second order by

taking the difference of BM for line M and B_M for line -M:

A = - g, Bo (BM - B_M)/ZMh (1.7)
Furthermore,

= _ 1 1
g, — & = £.{IB; = 5By + Byl/5(By + By}

~ 2ARI(I + 1) - M2I/g_R3(By, + B_p° (1.8)
o EsPo'PM -M’ :
where g and Bs are the isotropic g-value and the resonant value of

the magnetic field (in Gauss), respectively for standard of known
g-value. For our system, the standard used is diphenylpicrylhydrazyl

(DPPH), for which g value is 2.0037.

The first term in equations (1.2) and (1.3), the electron Zeeman
term, represents the large interaction of the electron spin with the

laboratory magnetlic field. This term yields the useful relation:

hv = g B, B (1.9)

where h is Planck's constant and v is the microwave frequency of the

EPR spectrometer.

12
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Equation (1.9) may be reduced to [27]:
€o R
v (in GHz) = 2.80247g— B (in kG) (1.10)
e

where €e is the g-value for free electron.

For vanadyl complexes equation (1.10) can be further reduced to
v (in GHz) = 2.847 B (in kG) (1.11)

This relation serves as a useful conversion factor. Most EPR
spectrometers operate at v = 9.5 GHz (X-band), and thus B = 3.3 kG.
Some spectrometers operate at higher frequencies, for example at v = 35
GHz (Q-band), where B = 12.3 kG. There is very little difference
between the spectra recorded at the two frequencies when the

paramagnetic centres are rapidly tumbling.

The unpaired electron responsible for the EPR spectrum is confined
largely to the vanadyl centre. This unpaired electron interacts with the

nuclear spin of 2

V (I = 7/2), the result is (2I + 1) or 8 lines
separated by a coupling constant with different intensities. This
electron nuclear interaction is represented by the second term in

equation (1.2).

It is apparent from the variation in the intensities of the lines that
the line widths of the different hyperfine components are not equal and

51

depend on the V nuclear spin quantum number [3,26]. This line

13
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width variation indicates that the anisotropic hyperfine and Zeeman
interactions are not completely averaged out by the tumbling of the
molecules in the liquid, and they contribute significantly to the lines

widths.

The relationships of the important Ao and g, parameters are shown

in Fig. 1.5 along with the lines widths (AH) and the peak heights (h)
in a first derivative representation of the absorption curve. The EPR
spectrum can be displayed in various ways, namely the absorption
curve, the integral of the absorption curve, first and second
derivatives of the absorption curve. The first derivative is the most
common representation in the literature. The spectra can also be
recorded with the opposite phase from that in Fig. 1.5 (producing an
upside-down effect). The choice of the phase and scan direction
results in four possible permutations of the same spectrum. Although
all the four permutations can be found in the spin labelling and the
spin probing literature, the presentation most consistent with current
trends in spectroscopy involves positive phase and increasing B from
left to right. All spectra presented in this thesis follow this

convention.

11
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1.3.2 EPR Spectra in the Absence of Molecular Motions
1.3.2.1 Anisotropic Effects

The glass spectrum of vanadyl probes can be described in terms of
the Zeeman and nuclear-electronic hyperfine interactions by the spin

Hamiltonian [3,19,28]:

H, = B(g,B,S, + g,B.S, *g,B,S)) + A ST + ASI +ASI

a special case of Eq. (1.2). Both g and A depend on the orientation of
the magnetic field in terms of molecular coordinates and the direction of
B. The extremes in g and A lie along the principal X, Y and Z axes.

The Z-axis is along V-O bond.

The glass EPR spectrum of a typical vo?' (at 77 K) is illustrated

in Fig. 1.6. This glass spectrum of vanadyl complexes is governed by

[31:

2 2 2 2
(A * AJA, *+ A sy - M3
2
8A gh By/h

©_ = gB By/h + AM + (1.13)

(o]

16
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Fig. 1.6: A Typical X-band Spectrum of Oxovanadium (V) at 77 K.
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where

1

g = (g: cos®0 + g; sin®0 cosztp + g; sin?0 sinacp)z,

1

gA = (A: g; cosZ0 + A)z{ gi sin0 coszq\ + A; g; sinZ0 sinz«p)2

0 is the angle between B and unique molecular axes, presumably the
vanadyl VO axis, and ¢ is the azimuthal angle. Note that the line for

which 0 = O gives rise to the spectrum corresponding to g, and Az in

Fig. 1.6, while those for which 0 = ¢/2, ¢ = 0 and n/2 give rise to

the "doubled spectra" corresponding to (gx, Ax) and (gy, Ay) in Fig.

1.6.

The anisotropic tensors can be determined from rigid limit spectra,
Fig. 1.6, as Wilson and Kivelson have done for vanadyl acetylacetonate
(VOAA) [3]. If we consider spacings I, II, III, IV and V in Fig. 1.6.

then

A = II + 11X (1.14)

A+ A = IV+V (1.15)

18
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I = BOBZSg/h + 4c(7/2) (1.16)
where
5. = Lg - g (1.17)
g 27X y -
c = Y, -4y (1.18)
4" X y

Although the values of Ey» gy, g, and Ax’ Ay, Az obtained from

the glassy spectrum are compatible with the isotropic values obtained
from the liquid spectrum, the most accurate determinations of the

magnetic parameters are obtained by measuring g, and Ao from the
liquid spectrum; g, 8 ~ gy, Az and Ax - Ay from the glass
spectrum, and g, gy, Ax and Ay from this data and equations 1.5 and

1.6 [3].

19
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1.3.2.2 The Effects of Rotational Motion on EPR Spectra

The shape of an EPR spectrum is markedly dependent upon the
rotational mobility of the paramagnetic spin probe. For example, in a
nonviscous solvent nearly all vanadyl probes exhibit eight sharp lines.
The rapid isotropic tumbling motion averages away all anisotropic effects
discussed above and, ..therefore sharp lines are obtained. If the
rotational motion is slowed down by increasing the solvent viscosity,
averaging is incomplete. The result is unequal broadening of the eight
derivative lines. Molecular motion is npot necessarily isotropic.
Preferential motion about one axis is likely to occur for any assymetric
spin probe, but the effects are particularly evident when surrounding
medium is anisotropic. The EPR spectrum is very sensitive to the
probe mobility. The best way to make use of this sensitivity is to
describe the motion quantitatively in terms of the shape of the

spectrum.

As discussed above, both the anisotropic hyperfine electron-nuclear
interaction and the anisotropic spin-orbit interaction in a spin probe
depend on the mutual orientation of the external magnetic field and of
n—orbital of the unpaired electron. Rotations of the probe modulate
these interactions, leading to fluctuations in local magnetic fields and
changes of the EPR line widths. Rotational motion is characterized by

correlation time (IR) which determines the effective frequency of

20



rotation, (f(_sz in Hz): feff = (21ttR)"1. The principal g and A values
are related to the isotropic g, and Ao values through equations (1.5)

and (1.6).

The anisotropy of g and A tensors is applied in dynamic spin probe
studies to get information about the motional state of the probe.
Between the two limits of very rapid motion and a rigid glass, the
spectra are quite complex. This compiexity provides much of the
information that can be obtained about molecular motion using spin-

probe techniques.

1.4 THE CORRELATION TIME GROUP

The correlation time data of vanadyl complexes is usually divided

into three groups:

Rapid rotations : 10 - 10 ~ sec.
Slow rotations : 10° - 10 ® sec.
Very slow rotations : 10°% - 10 ® sec.

The limits of these regions are essentially determined by the

anisotropy of the magnetic interactions occurring in the probes.
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1.5 MOLECULAR TUMBLING
The spin Hamiltonian can be divided into:

H = H_+ H(©) + £(t) (1.19)

where
Ho = BogOB Sz + Ao I-S (1.20)

where Sz is the electron spin along the Z-axis, S and I are the electron

and the nuclear spin operator, B is the laboratory magnetic field, and

Bo is electron Bohr magneton, and
I-I1 = ﬁoB.gS + I.A.S (1.21)

where g and A contain the anisotropic components of the electron
g-tensor and electron-nuclear dipole hyperfine tensor after the isotropic

components g, and Ao have been =subtracted. These tensors are

defined in terms of molecular fixed axis whose orientation varies with
time with respect to the laboratory magnetic field due to molecular

motion. Thus the time dependence of I-[1 is modulated by the

reorientational motion of the molecule (), and

he(t) = % hy, BIS, exp(-iot) + S  exp(iot)] (1.22)
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where

is the lowering operator, Y, is the magnetogyric ratio of a free electron
and o is the microwave frequency.

£(t) gives the interaction of the spin with the microwave radiation field
which must be included in the Hamiltonian if the saturation effects are
to be considered. Since saturation effects are known to be negligible

for experimental spectra discussed in this work, only terms linear in

g€(t) must be considered [28].

The term "fast"™ and "slow" refers to the randomly fluctuating part

H1 (t) of the spin Hamiltonian (where H (t) bas a time averaged value
zero) in relation to a correlation time tR which characterizes the

underlying stochastic process. Fast motional theories are applicable if

I}{1(t)|'ltR << 1 (where H1(t) is expressed in frequency units). On the

other hand, the rigid limit is attained when IHx(t)ltR_ >> 1.

Since the slow and the very slow rotaltions lie outside the scope of

this work, only the fast tumbling rotation will be discussed.
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1.6 FAST TUMBLING
It is convenient at this point to define a line width parameter Tz. If

the peak to peak width is AH (in gauss.), then T'z1 = AH. In general,
the dependence of T2 upon M, the component of the nuclear spin along

the direction of the applied magnetic field is given by:

-1

TZ

(M) = A+ BM + cM? + X (1.23)

where A, B and C depend on the magnetic tensors and X takes into
account other possible broadening mechanisms. The line width
contributions can be calculated with the Redfield relaxation matrix
theory as applied by Freed and Fraenkel [29,30] or with the theory of

Kubo and Tomita as applied by Kivelson [31].

In order to determine the anisotropy of rotation (N) and the axis of
rotation, the motional narrowing analysis of Freed et al [4-6] has been

used and Eq. (5) in ref. [6] has been used. In practice, tR is

obtained from B and C because of the uncertainty in A [24]. The
theoretical expressions for B and C coefficients [4,5,32] will be

discussed in details in chapter 4.

For isotropic Brownian diffusion R < (GR.)‘1 where R is the

rotational diffusion coefficient. For the eight lines spectrum for

24
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vanadyl probe, Eq. (1.23) will give rise to three experimentally
determined unknowns, A, B and C. Since the line width coefficients B

and C are functions of tR values, in the case of two values of tR value

not agreeing, the assumption of anisotropic rotation must be suspected.

Fortunately, this restriction has been resolved by Freed and his co-
workers [5,33]. The quadratic dependence of T'Z1 on M given in Eq.

(1.23) is retained, but the motion is described by a rotational tensor
R. This is often axially symmetric and is defined by two components

R.” and Rl where R” is the rotational diffusion constant along the

principal axis of rotation , and Rl is the rotational diffusion constant

perpendicular to the principal axis of rotation . The anisotropy of
ol

rotation (N) is defined as the ratio of T Two related correlation
1

times 1(0) and 1(2) are given by:

(0) = (6 R

-1
1) (1.29)

-1

2 = (2 Rl + 4 R” ) (1.25)

Reference should be made to the original literature [5,33] and the

more recent work [34] for details of this analysis.
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CHARTER 2

APPARATUS
2.1 INTRODUCTION

The instruments used to record EPR spectra are as follows:

(1) Varian E-109 EPR spectrometer, Varian E-935 Data Acquisition

system which also employs the HP-9835 computer for data processing.

(2) Bruker ER-200D-SRC spectrometer, Bruker ER140 Data system
which is interfaced with 96 MB Hard disk from Control Data

Corporation.

(3) Pope Scientific Inc. vacuum system for degassing the sample

tubes.

2.2 VARIAN E-109 EPR SPECTROMETER
2.2.1 General Description
The individual units of the E-109 spectrometer are:

An electronic (operator's) console, a microwave bridge, a sample
cavity with connecting waveguide, a magnet, and a magnet power
supply. The system is completely solid state in design with the
exception of reflux klysiron tube in the microwave bridge and the

26



cathode ray tube in the oscilloscope.

The basic electronic console contains the following modules and

assemblies:

(1) The E-203B Magnetic Field Controller provides direct control and

regulation of .the magnetic field in the magnetic air gap .

(2) The E-207 High Frequency Module provides magnetic field

modulation frequencies of 25 kHz and 100 kHz .

(3) The E-200 oscilloscope displays the EPR signals for visual

observation and the klystron power mode for spectrometer tuning.

(4) The E-080B digital drive recorder graphically displays the EPR

spectrum as a function of magnetic field or time.

The E-102 microwave bridge provides controlled 9.5 GHz microwave
frequency to the cavity and detection of EPR signals. The absorption
reference arm design permits operation at microwave power levels to one

microwatt .

The E-231 series sample cavity is a multipurpose rectangular cavity
with an 11 mm sample access. The cavity is designed to permit up to

40 G peak-to-peak field modulation at the sample.

The magnet used is 9-inch in size with the magnet power supply

providing the d.c. power to the magnet. The magnet and microwave

27




bridge are water cooled and the chilled water supplied by a

mechanically refrigerated closed circuit water chiller.

To measure the field value up to 6 significant figures a Varian
E-500 NMR gauss meter is used. Similarly, to get the accurate value of

the frequency, HP model 5342A microwave frequency counter is used.

2.2.2 Data Acquisition
2.2.2.1 Introduction

The E-935 Data Acquisition system consists of the following four

units:

HP 9835 computer
E-935 Data Acquisition System
HP 1350A Graphics Translator

HP 1311A CRT Display

With the use of this computer, one can store the experimental data
on a.'cartridge and later retrieve the data for various analyses, like
plotting, manipulation of data, and calculations like g-factor, ete. The

data collection becomes fast and efficient with the use of computer.
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2.2.2.2 E-935 System Software

The software ( provided by Varian Instrument Co. ) is divided into
four functional modules. Only one of these modules can be present in
the memory of the HP 9835 computer at a time. The four functions are

calculations, manipulations, plotting and scanning.

2.2.2.3 Magnet Scan

EPR data may be acquired while the large magnet is swept. Magnet
scan acquires EPR spectra containing 512, 1024, 2048 or 4096 data
points, performs multiscan averaging, and continuously displays the
" current results on the display unit. Scan times may be in the range of

4-17,000 seconds.

2.2.2.4 Data File Capability

An EPR spectrum may be stored as a data file on a tape cartridge
along with a file header containing descriptions of the sample.
Experiment and the instrumential settings like field, frequency, power,
modulation frequency modulation amplitude, number of scans, scan time,

time constant, microwave power, etc. are stored in the file.

Such a data file may be retrieved from a tape cartridge, loaded into

. computer memory, and subsequently displayed on the display unit.
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Additional operations can be done on the display with the manipulation

module.

Also a printed catalogue of the files on a given tape cartridge

may be obtained. The displayed spectrum can be immediately plotted.

2.2.2.5 Data Manipulation

With the heip of the manipulation module, the following manipulations

of EPR spectra may be -performed using the interactive capabilities of

the display unit and key board:

(1)

(2)

(3)

(1)

(5)

(6)

M

(8)

Base line adjustment of a spectrum.

Combination of two spectra.

Detection of erroneous feature from a spectirum.

Differentiation of a spectrum.

Digital filtration of a spectrum.

Double integration of a spectrum.

X, Y axes scale and shift modifications.

Editing of the file header and recording the spectrum

editing.

30
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2.2.2.6 Tape Cartridge and File System

The tape cartridge serves two main purposes.. First, the system
tape cartridge contains all of the programs required for proper system
operation. The second purpose is to provide for long or short term

off-line storage of EPR data sets.

Before use all tapes must be initialized as ‘per given procedures.
An initialized tape is divided into a total of 852 records of 256 bytes
per record. There are two tracks per tape. Recor;ls 0-425 on the
first track, while records 426-851 are on the second. track. Al
information stored on a tape is saved in the form of files. All data are
contained in a particular file name. To retrieve any data later, a file

name must be read to the computer.

2.3 BRUKER ER-200D-SRC
2.3.1 General Description

The ER-200D-SRC is an electronic equipment which can be combined
in various ways to make up a number of EPR spectrometers with
different capabilities to suit the requirements of the users in different
scientific fields. The main assemblies of ER200D-SRC are: a magnet, a
microwave cavity and a safety box, a magnet power supply unit (PSU),.
a microwave bridge and a console. The components, time base unit
(ER-OOI) provides the central timing control for data accumulation, a
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signal channel (ER-022) is a signal enhancement and processing unit
and a field controller (ER-031M) permits the operator to establish the
d.c. magnetic field and the range for the magnetic field sweep width.
All these are mounted in the console, which incorporates with power
supply units and interconnections for these units. The chart recorder
is also mounted in the console. The cavity is supported between the
poles of the magnet by a wave guide which is conpected to the
microwave bridge, The microwave bridge and the magnet are water
cooled and the chilled water . supplied by a mechanically refrigerated
close circuit water chiller. Variable temperature studies were done by

using a Bruker ER411 VT variable temperature controller.

2.3.2 The Microwave Bridge

The microwave excitation and detection system in conjugation with
the associated control electronics for the microwave components, is
referred t{o as microwave bridge. There are four microwave bridges in
the range covering 1 to 40 GHz. The microwave radiation is derived
from a coherent radiation source such as a klys.tron or Gunn diode. The
incident power is altered by the Rotar& vane microwave attenuator and
directed to the sample by a  unidirectional microwave circulator. The

circulator directs power from the source to the sample cavity.
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2.3.3 The Microwave Probe (Cavity)

The microwave probe, referred to as cavity, serves to contain the
sample in the magnet air gap. For each microwave bridge in the range
covering 1 to 40 GHz has a separate cavity. Each cavity is supplied
with "matching box". Thus the change of a microwave bridge needs
changing of proper matching box. The cavity which was used along

with the 9 GHz microwave bridge is ER-4102-ST.

2.3.4 Data System (ER140)

The Bruker ER140 data system, consists of a silent 700 electronic
data terminal, a graphic display processor, Aspect controller ER144C, a

floppy diskette and a 96 Megabyte hard disk storage.

The spectra are stored in the hard disk which takes hardly a
second for recording. Later on while analyzing the spectrum also it

could be retrieved in less than one second.

The advantage of Bruker data system which includes the Aspect
controller ER144C is, simultaneously three spectra can be displayed.
For example one channel could be used for scanning and the other

channels for other manipulative works.
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2.4. The BASIC EPR SPECTROMETER (FUNCTIONAL DESCRIPTION)

e

The EPR spectrometer is designed to induce and observe transitions
among magnetic dipole moment eigenstates. The EPR signal is observed
when the frequency of the electromagnetic field satisfies the resonance

condition, hv = YB, where h is Planck's constant, v is the excitation

frequency, Y is electron gyromagnetic ratio and B represents the total
magnetic field strength at the electron including all intrinsic and
applied fields. In principle, the EPR spectrum could be observed by
monitoring the power observed as a function of the excitation
frequency. In this, since EPR is analogous to other spectroscopic
techniques performed with radiation throughout the electromagnetic
spectrum. However, the ability to modify the eigenvalue spectrum by
an applied (external) magnetic field serves to c!istinguish magnetic
resonance from spectroscopy which does not observe magnetic dipole
transitions. The -functional relationship of the Varian E-109 EPR
spectrometer units is illustrated in the block diagram (Fig.2.1). The
functional block diagram of the basic ER-200D-SRC spectmmetef is

shown in Fig.2.2.
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2.5 VACUUM SYSTEM

For meaningful EPR line width studies, the sample should be
evacuated in order to get rid of oxygen present in the air which is
paramagnetic and can interfere with the line width measurements from

the paramagnetic sample of interest.

A normal system manufactured by Pope Scientific Inc. was used with
slighf modifications to suit our needs. One of the modifications is a
QUICK FIT arrangement to insert and remove the sample easily. Also,
to measure the vacuum readily, we used a digital vacuum gauge

manufactured by Granville-Phillips.

Vacuum could be easily reached as low as 1 mTorr and most of the

samples were sealed when the vacuum was of that order.
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CHAPTER 3
PROCEDURE

3.1 SAMPLE PREPARATION

3.1.1 VO[(CH3)2C=NNCSSCH3|2

VOI(CH ), C=NNCSSCH 3I 2 was obtained through private

communications [35]. The synthesis was carried out following the

procedure outlined in reference [ 1 ].

Samples in the concentration range (5+2)10 * M were prepared in
toluene (spectroscopic grade purchased from Merch) without further
purification. The sample of the above concentration was dripped inside
a 2 mm ID pyrex sample tube until the length comes to be one inch,

with the help of a very narrow mouthed dropper.

Before degassing a sample, it must be ensured that the sample
inside is of right concentration. The method adopted to check the
concentration of the sample is the following. The undegassed sample
was kept in the cavity of the ESR machine under the following

conditions:
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1.25 x 103

Receiver gain

Modulation Amplitude 0.04 G.

Microwave power 2.0 mW

The sbove parameters determine the intensity of 'the peak, and,
therefore, under these conditions the intensity of the peak should be

within the size of the plotter.

In order to seal the sample tube quickly, one must put on the
vacuum line at least one hour before degassing the sample to get good
vacuum. The sample is degassed by freeze-pump-thaw procedure which

is repeated several times for better degassing.
While sealing: the sample, the following precautions are to be taken:

(1) The length of the sample inside the sample tube must be well
immersed inside liquid nitrogen, so that the heat of the torch

does not reach the sample.

(2) The sealing must be done just one to two centimelers above the

surface of the sample.

(3) The length of the sample inside the sample tube must be at least

one inch.
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. Since the sample tube is thin and under pressure, it must be
removed very carefully from the vacuum  system. 3.1.2

VO[Sal SB|(Phen)

VOjSal SBj(Phen) complex was obtained through private
communications [35]. The synthesis was carried out following the

procedure outlined in reference [1].

Samples in the concentration range (5+3)10 * M were prepared in
toluene (spectroscopic grade purchased from Merch) without further

purification.

Sample introduction into the sample tube having 2 mm inside-
diameter sample tube, concentration check up, degassing and sealing
were carried out in  the same way as described for

VO|(CH ) ,C=NNCSSCH |, .

3.1.3 VO[5-MeO Sal SB|(Phen)

VOI[5-MeO Sal SB|(Phen) was obtained through private
communications [35]. The synthesis was carried out following the

procedure outlined in reference [1].
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Samples in the concentration range (5:!:3)10”4 M were prepared in
methylene chloride (spectroscopic grade purchased from Merch) without

further purification.

Sample introduction to the sample tube, concentration check up,
degassing and sealing were carried out in the same way as described

for VO|(CH)), C=NNCSSCH |, .
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3.2 DATA COLLECTION

3.2.1 EPR Spectrometer Operation

Following is a brief description of how to operate the EPR

spectrometer:
(i) Put on the chiller water for circulation.
(ii) Turn the console power on and bring the field set slowly to the

central field value (= 3300 — 3400 G), through the zero value.

(iii) In the microwave bridge bring the STANDBY setting to TUNE

position, while keeping the microwave power around 40 dB.

(iv) Adjust the iris and turn on the frequency counter.

(v) While doing variable temperature studies ensure enough purging
as well as heat exchanging Nz gas supply is available and
liguid N2 at the heat exchanger flask is filled fully. Heating
element must be properly connected.

3.2.2 Spectra Recording

As a general case, insert the sample tube into the cavity; the
sample length must be at the active region of the cavity. This could
be adjusted with the collars provided. Proper tuning procedure should

be followed on the microwave bridge.
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Keep the field set at 3300 G, scan range of 1000 G for room
temperature spectra. Scan range of 2000 G is used for taking the rigid

limit spectra.

For very good line shape analysis, the spectra taken must be free
from artifact broadening due to the wrong selection of spectrometer
parameters like scan speed, time constant, microwave power, modulation

amplitude, etc.

To get the right sfgnal, first increase the modulation amplitude until
no peak distortion or line width increase is noticed. This value of
modulation amplitude could be used for the experiments subsequently.
Second, increase the microwave power until the saturation of the peak

occurs.

Time constant setting as thumb rule must be increased one hundred
times if the' receiver gain is increased ten times. Similarly, scan time

must be at least 10 times the value of the time constant.

Once the right spectra are plotted, then they are stored to the tape
in the case of Varian Spectrometer or to the hard disk in Bruker.

These spectra can be displayed on the screen and analyzed.

For variable temperature experiments, the temperature controlling
unit is set at the required temperature and enough time is given for

the temperature to become constant. Enough N2 gas made sure to flow
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for heat exchange during high temperature studies. For low

temperature study, the heat exchanger is immersed in liquid N2 and the

cavit.y is purged with nitrogén gas. The 77K spectra are taken without
having to use the variable temperature unit. Liguid nitrogen dewar
should be filled with liquid nitrogen. To avoid bumping -and bubbling,
put in a long sheet of filter paper, the filter paper should be kept
away from the active region of the cavity. The spectra were taken

while purging the cavity with nitrogen gas.
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CHAPTER 4

RESULTS AND DISCUSSION
4.1 DETERMINATION OF THE MAGNETIC PARAMETERS

4.1.1 Isotropic Magnetic Parameters

The wvanadyl radical has an electron spin of half which interacts
with the vanadyl nucleus which has spin I = 7/2; therefore, the EPR

spectrum consists of (2I + 1), i.e. eight lines.

The spectrum of VO](CH3)2C=NNCSSCH3|2 in toluene at 9.487 GHz

was taken at room temperature with DPPIH as internal standard and is

shown in Fig. 4.1. The isotropic hyperfine constants, AO and g, were
obtained from BM for line M and B_M for line -M by ecquations (1.7)
and (1.8). Ao and g, were determined for each pair of M and -M lines

and averaged over all pairs. The results are given in Table 4.1.

The room temperature spectrum of VO[Sal SB](Phen) in toluene with
DPPH as internal standard was taken at 9.496 GHz and is shown in Fig.
4.2. Also the room temperature spectrum of VO[5-MeQ Sal SB](Phen)
in methylene chioride with DPPH as internal standard was taken at
9.434 GHz and is shown in Fig. 4.3. These spectra were analyzed for

the isotropic g and Ao magnetic parameters as done for

VOI(CH3)ZC=NNCSSCH$|2 and the resulls are shown in Table 4.1.
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Fig.4.1 : X-band Spectrum of VO[(CH3)?.C=NNCSSCH3I2 in

toluene at room temperature with DPPH as internal
standard. :

16



Fig.4.2 : X-band Spectrum of VO[Sal SB] (Phen) in toluene at
room temperature with DPPH as internal standard.
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Fig.4.3 : X-band Spectrum of VO[5-MeO Sal SB] (Phen) in
methylene chloride at room temperature with DPPH as
internal standard.
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Table 4.1: The Isotropic Magnetic Parameters

Sample A, (G) g0
VO[(CH3)20=NN CSSCH3|2* 87.14 1.9790
VO[Sal-SB](Phen) * 93.22 1.9787
VO[5-MeO-Sal SB](Phen) ** 92.44 1.9760

* in toluene

** in methylene chloride
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4.1.2 Anisotropic Magnetic Parameters
The rigid limit spectrum of VOl (CH,) 2C=NNCSSCH 3l in toluene was
: 2

taken at 9.279 GHz and is shown in Fig. 4.4. The anisotropic tensors
were determined from this rigid Ilimit spectrum using second-order

perturbation theory, and from the isotropic Ao and g, determined from
the liquid spectra, as Wilson and Kivelson have done for VOAA({3}.

Spacings II and III, from rigid limit spectrum (Fig. 4.4), are used

in equation (1.14) to determine Az,

A(G) = H_;ﬂ = 160.02 G.

As the resonant lines for the magnetic field parallel to Z-axis (H || Z)

are concentric around g, value. From the two terminal resonant lines
in the glass spectrum, Fig. 4.4, which corresponds to H || Z (B_7 /2

and B.7 /2) value of g, can be obtained as follows:

hv [Brj2 = Boap

4.1
N (4.1)

g, ~
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Fi§.4.4 : X-band Spectrum of VO[(CH3)2C=NNCSSCH:_;]2 in
toluene at T = 77 K. .
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where
h is Planck's constant
v is the microwave frequency in Hz

Bo is the Bohr magneton.
The value of g, was found to be 1.9603.

Combining the values of A7 and g, obtained from rigid limit
spectrum with those of Ao and g, obtained from the liquid spectra in
Equations (1.5) and (1.6), values of Ax + Ay and gy + gy were

obtained as follows:

A+ A = 3A_ - /\z = 101.40 G. (4.2)

e, + e, = 38 - € 3.9767 (4.3)

In fact the rigid limit resonant lines for H || Z is governed by:
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2 2,63 2
g B.B (A + A )N— — M)
m°= z°M+AzM+ X vy 4

h 4ng°BM/h

(4.4)

which is the case in Eq. (1.13) where 0 = 0. Substituting Ay obtained
from Eq. (4.2) above in Eq. (4.4) yields Ax-value which can be used
in Eq. (4.2) to calculate tile value of Ay’ Moreover, using Eq. (4.4)
and resonant lines for H || Z, the tensors obtained above were further

adjusted.

Furthermore, spacing [ is:

I(in Hz) = [BB(g, ~ g,)/B] + 7/2 (A, - A) (4.5)

y

where B (in gauss) is calculated from the microwave frequency (in Hz)

and g, by equation (1.9).

Spacing I measured from the rigid limit (Fig. 4.4) in gauss, should be
used in Eq. (4.5) in Hz.

Substituting Ax and Ay values obtained from Eq. (4.5) and values

of gy from Eq. (4.3) the following expression was obtained:
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1 (in Hz) = [BOB(ng v g, - 3g°)/h] + 12 (A, - A) (4.6)

which is solved to give the g, value and then gy is also obtained using

Eq. (4.3)

Again when 0 = n/2 and ¢ = 0 and n/2 in Eq. (1.13) yield the
following two equations which govern the resonant lines for H || X-axis

and H || Y-axis respectively.

2 2 2 2.,63 2

g B B (AL + AYAL + ADY(—— — M9
m°=-x_H+Axm+ X y_r * 4 (4.7)

8AxngoBM/h

2 2,42 2, (63 2

g B B - (A, + AYA, + AD)>— - M9
m°=__u+Aym+ X vy z 4 (4.8)

h

2
8 A g, B, By/b

The above two equations were used to verify the calculated values
of the g and A tensors. The obtained g and A values for
VO[(CH3)20=NNCSSCH3] are listed in Table 4.2.

2
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The spectrum of VO[Sal SB](Phen) in foluene at 77K was taken at
9.287 GHz and is shown in Fig. 4.5. From this spectrum, the three
components of the g tensor as well as the three components of the

hyperfine tensor were determined using second-order perturbation-

theory results as done for VO] (CH_) C=NNCSSCH_| . These g and A
a'2 2|,

tensors are shown in Table 4.2.

Also the spectrum of VO[5-MeO Sal SB}(Phen) in methylehe chloride
at 77K was taken at 9.505 GHz and is shown in Fig. 4.6. This
spectrum was analyzed for the anisotropic g and A tensors which are

shown in Table 4.2.

From the absence of any further splitting of the resonant lines at
rigid limit and the constant values (within experimental error) of the
isotropic g and A magnetic parameters for different M and -M pairs, as
shown in Table 4.3, it is concluded that there is no V-V bond in

VOI'(CH 3) zC=NNCSSCH a l solution, thus ruling out the dimerization
- 2

through V-V interactions as suggested by others [1].
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Fig.4.6 : X-band Spectrum of VO[5-MeO Sal SB] (Phen) in
methylene chloride at T = 77 K.

57




OpLIOIYD BUIAYIOW UT .

‘QUONo0} U}

€5°99T| S0'¥9| SL'OF| 0866'T| OELE'T| 2L96°T| wx (UOUJ)[dS-18S-08W-SJOA
12' 99T ¥6' 29 9L°T6| 0L66°'T| L886°T1| ©ES6'T w (ueyd)lgs-18s1OA
zo'09T| ee'vs| T6'ov| cree'T| oves't| €096'T| « CIEHDSSNN=2%EHD)IOA
() Zv| (0) Sv| (9) *v Xg £g. 29 odweg

saojourexeg opeusey ojdoxjospuy eyl :7'y °Iqel



Table 4.3: Isotropic g and A for VO[(CH3)20=NNCSSCH3]2

in toluene
M A, (G) €
7/2 86.98 1.9790
5/2 87.09 1.9790
3/2 87.02 1.9790
1/2 87.45 1.9791
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4.2 MOTIONAL NARROWING ANALYSIS

4.2.1 VOJ(CH_) ,C=NNCSSCH_| :
'_ a'2 3 Iz

The spectra in Fig. 4.7 are those of VO[(CH 3)ZC=NNCSSCH3I2 in

toluene at 89 GHz. The ESR spectra were taken over a temperature
range (312.8 - 239.4 K) . This free radical has an electron spin (1/2)
which interacts with the vanadyl nucleus which has spin I = 7/2;
therefore, the ESR spectrum consists of eight lines each corresponding
to a nuclear spin magnetic quantum number M:

M=I1-1, ..... , ~1

The line width parameter, T2 (in gauss 1), of each of these

Lorentzian hyperfine lines can be described by an expansion in M, the
component of the nuclear spin along the direction of the applied

magnetic field given by equation (1.23).

The lines widths and the peak to peak heights are obtained
experimentally utilizing the computer graphic display which facilitates on
screen line width measurements. After measuring the line widths of
each of these Iines', the widths are then entered into the computer
program written for Eq. (1.23) where experimentai values of A, B and

C are obtained by least square fitting. These B and C values for
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different temperatures are shown in Table 4.4 and Fig. 4.8 shows the C

versus B for VO| (CH 3) Z'C=NNCSSCI{ 3' at different temperatures.
2

In order to determine the anisotropy of rotation (N) and the axis of
rotation, the theoretical calculations of B and C coefficients which are
given by the following equations [34] were used. These equations were

adopted from the motional-narrowing analysis of Freed et al. [4,5,6].

-1

c, = % - |‘1 + (tho)z ] - 1 - (4.9)
] . 311+ (1)
.. 1
c, = % - |1 + (o.1,)° I - L (4.10)
. . fan+ ((nol'z) It
r 2 2,2 v 2 -
c = [.ml(o.sn) D2t C, + 2D1,C,) (4.11)
B -1 . 4 (1.12)
3 |1 + (1) I
) o0
g = 16 4 (4.13)

!1 + (mz‘tz)2 |
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Table 4.4: B and C for VO[(CH3)20=NNCSSCH$]2
in toluene
t (©) B (G) C (&)
18.3 0.596 0.359
15.0 0.599 0.360
13.4 0.654 0.405
6.0 0.747 0.492
0.3 0.832 0.564
-7.1 0.960 0.669
-14.0 1.110 0.785
-19.6 1.250 0.913
-22.9 1.355 1.003
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0.4 0.6 0.8 1.0 1.2
B (gauss)
Fig.4.8 : C vs. B (experimental) plot of
VO[(CH a)> C=NNCSSCH | > in toluene at different
temperatures.
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[ -2
B = Jgu)(o.l no Mg, Dyt B, + 2,D,T,B,) (4.14)

The magnetic parameters g's and A's for VOl(CIIs)ZC=NNCSSCH3]
2

necessary for the simulation of A, B and C, are taken from the first

part of this chapter and given below:

g, = 2.00232
gx = 1.9915
= 1.9846
By
g, = 1.9603
_ 8, + gy + g,
8o 3
1
3.2
g, = (gz - go) (i)
¢ _ (gx - gy)
2 2
Ax = 46.91 G.
A = 54,33 G.
y
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A = 160.02 G.
z

(AL + A_ + A))
A _ X v z
o 3
o = 1.764097 x 10~ Sec ' G !
0} = 2RV
[e]
g
v = p2
1 €,
[0) = Ao “p
2

Iog |
D, = (A, = Ayl 5~

(3)

SPRE
= - P .
D (A A\ )” B MHZ

to = IR N
3t

1T = —2 __

2 = (1+2N)

The theoretical calculations of B and C coefficients are performed by
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varying tR in equations (4.9 to 4.14). The program written for

equations (4.9-4.14) is known as the ABC program. While performing
theoretical simulation at the beginning we mainly look at the C/B ratio
with the anisotropic rotational diffusion and reorientation. Basically,
the simulation of these curves using equations (4.9-4.14) involves the

fitting of three parameters the C/B ratio, the principal axis of rotation

(Z-axis) and N.

Usually the approximate ratioc of C/B gives some hint on the Z-axis.
Value of N is then varied te move the upper portion of the curve to

approach the experimental points.

Fig. 4.9 shows simulation with Z = Y for different N values.
Curves in Fig. 4.9 curves are generated with N values vary from 0.5
to 7.0. Higher N values have upward shift and the lower N values
have downward shift. The uniqueness of N is partly dependent on the
uncertainty of experimental points. On the basis of the precision of -
our experiment, N values 7.0, 5.0, 3.5, 2.5, 1.0, and 0.5 are clearly
separated from each other. N thus determined has a precision * 0.5.

The curve with N = 2.5 gives the best simulation.
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Fig.4.9 :

Effect of varying N for VOI(CH3)2C=NNCSSCH3|2 in

toluene. Curves are simulated with Z = Y.
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Next we look at axes Z = X and Z = Z. Fig. 4.10 shows simulation

with Z = X. Higher N values shift the curves downward. All the
curves are below the experimental curve and changes in N are not able

to bring the curves to approach the experimental points.

Fig. 4.11 shows simulation with Z = Z. This simulation is very
insensitive to changes in N. The curves for N equal to 7.0, :5.0, 3.0

and 0.7 are superimposed.

The effect of varying N is shown in Figs. 4.9, 4.10 and 4.11. For
Z = Y, larger N shifts the whole curve upward as shown in Fig. 4.9.
Fig. 4.1C shows the effect of N for axis Z = X where larger N shifts

the curve downward . Fig. 4.11 shows the effect of N with Z=12Z
where it is observed that the simulation is very much insensitive to N.

Thus it is determined from simulation that VOI (CH 3) 2C=NNCSSCH3'|
: 2

in toluene experiences anisotropic rotational diffusion at an axis Z = Y

with N = 2.5 * 0.5.

In the absence of external influence, an ellipsoid would always
prefer to rotate along its longest axis, since the energy barrier for
rotation along the longest axis is less than those for the other two

axes. This is actually what is observed. VOl (CI{3)2C=NNCSSCH3’l has
da

a preferential rotation axis (Z = Y) over the other two axes.
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Fig.4.10 : Effect of varying N for VO[(CH,),C=NNCSSCH_], in

toluene.
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Fig.4.11 :

1.2
Effect of varying N for VO[(C}13)20=NNCSSCH3]2 in
toluene. Curves are simulated with Z = Z.




4.2.2 VO|5-MeO Sal SB(Phen)

The spectra in Fig. 4.12 are those of VO[5-MeO Sal SB](Phen) in
methylene chloride taken over a temperature range of 303.2 - 197.2 K.
This free radical shows eight lines spectrum as expected. The line
width for each of these Lorentzian hyperfine lines were measured using
the computer graphic display which facilitates on screen line width
measurements. The line width of each line are entered into the data file
of the computer program written for Eq.(1.23) which calculates the
values of B and C . These B and C values are shown in Table 4.5 and
Fig.4.13 shows C versus B plot of VO[5-MeO Sal SB](Phen) at different

temperatures.

The theoretical values of B and C are simulated using the ABC
program. The magnetic parameters needed for this simulation are taken

from first part of this chapter (Table 4.2).

Fig. 4.14 shows simulation with Z = Y and N is shown to vary from
0.5 to 7.0. Higher N values have an upward shift and lower N values
have downward shift. On the basis of the precision of our experiment,
N values 7.0, 5.0, 3.0, 1.7, 1.0 and 0.5 are clearly separated from
each other. N thus determined has a precision of £ 0.5. The curve

(N = 1.7) is the best fit,
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Table 4.5: B and C for VO[5-MeO Sal SB](Phen)

in methylene chloride

T (©) B (G) C (G)
11.8 0.947 0.625
5.1 1.029 0.680
2.9 _ 1.062 0.703
-2.7 1.133 0.779
-5.5 1.186 0.805
-18.8 1.443 1.010
-22.8 1.529 1.090
-24.5 1.5175 1.122
-30.0 1.733 1.244
-32.6 1.819 1.307
-41.8 2.171 1.475

78




1.4
1.2
1.0
)
w
=2
8 08-
£
O
0.6
0.4 T T Y T 4 1
0.5 1.0 1.5 2.0

B (in gauss)

Fig.4.13 : C vs. B (experimental) plot of
VO[5-MeO Sal SB](Phen) in methylene chloride at different
temperatures.
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Fig.4.14 : Effect of varying N for VO[5-MeO Sal SB] (Phen)
in methylene chloride. Curves are simulated with
Z =Y.

80




In order to see the effect of varying N on different axes, plots for

Z

X and Z = Z were performed. Fig. 4.15 shows simulation with

Z = Z. Higher N values shift the curves upward , all the curves are
below the experimental curve and changes in N values are not able to

bring the curves up to approach the experimental points.

Fig. 4.16 shows simulation with Z = X. lligher N values shift the
curves downward. The curve simulated with N = 0.5 gives the best fit

to the experimental curve within the experimental error. This value of

N = 0.5 for Z = X compared to N = 1.7 for Z = Y indicates that the

molecule is rotating slower at the X-axis than the Y-axis.

The effect of varying N is shown in Figs. 4.14, 4.15 and 4.16. For
Z = Y, higher N value shifts the whole curve upward as shown in Fig.
4.14. TFig. 4.15 shows the effect of N for axis 7Z = Z where larger N

shifts the curve downward. Fig. 4.16 shows the effect of N with Z=X
where larger N shifts the curve downward with best fit of N = 0.5

which indicates slower rotation at the X-axis than the Y-axis.

Thus it is determined from simulation that VO[5-McO Sal SB}(Phen)

in methylene chioride experiences anisotropic rotational diffusion at an

axis Z = Y with N = 1.7.
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Fig.4.15 : Effect of varying N for VO[5-Me0O Sal SB] (Phen)

in methylene chloride. Curves are simulated with Z = Z.
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Fig.4.16 : Effect of varying N for VO[5-MeO Sal SB] (Phén)
in methylene chloride. Curves are simulated with

Z = X.
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Also this molecule has a preferential rotation axis (Z = Y) over the
other two axes, as the energy barrier is comparatively less than that
for the other two axes. In other words this molecule in methylene
chloride is rotating along the Y-axis 1.7 times faster than along the

other two axes.
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4.3 ANISOTROPIC INTERACTION PARAMETER (x):

4.3.1 VOl'(CH3)2C=NNCSSCH3
- 2

Using the value of N in the ABC program, tR values can be

simulated from the line widths of the experimental spectra at different

temperatures. Simulation of R values for VOI'(CH3)ZC=NNCSSCH3"| in
2

toluene at different temperatures is carried out with N = 2.5 along

Z = Y axis. The values of Tp so obtained are presented in Table 4.6.

Fig. 4.17 shows 1, as a function of /T for the spectra taken at higher

R
temperatures, i.e. above the freezing point of toluene. The values of
the viscosity of toluene at different {emperatures are obtained from the

International Critical Tables [36]. It is found that IR is linear in w/T.

The slope of TR VS n/T for VOI(CH3)2C=NNCSSCHSl at 9.38 GHz is
2

2.01 x10"% sec KP™'. For our systems this correlation time can be

expressed in terms of Stokes-Einstein relation.

_k_°_ (.“_)x (1.15)
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Table 4.6: and /T Values for VO|(CH,),C=NNCSSCH,],

R

in toluene at different temperatures

T (K) /T ®K ') g (sec)

291.5 | 2.058 x 107° 3.017 x 10 11
268.2 | 2.171 x 107° 3.242 x 1071
286.6 | 2.229 x 10°° 3.355 x 1011
279.2 | 2.528 x 107° 3.950 x 1071
273.2 | 2.798 x 107° 4.500 x 1071
266.1 | 3.216 x 107° 5.340 x 1071
259.2 | 3.690 x 1076 6.300 x 10711
253.6 | 4.152 x 107° 7.225 x 10711
250.3 | 4.465 x 10°° 7.850 x 10711
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Fig.4.17 : tR vs /T plot for VO[(CH3)2C=NNCSSCH312 in
toluene.
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where kB is the Boltzmann constant, T the absolute {emperature in K,

n the coefficient of shear viscosity of solvent in poise, —%7: rz the

03
hydredynamic molecular volume in A , and ¥ [9,10,37] the anisotropic

interaction parameter. Using 3D molecular modeler computer program

[38}, the molecular volume of VOf(CH_) C=NNCSSCH was estimated
32 3],

o3 03
to be 370 A for the cis—configuration and 463 A for the

trans-configuration. From the slope of tR vs /T, value of X can be

calculated as follows:

for the trans-configuration:

2.01 x 10°° x 1.381 x 107 '€

0.599
463 x (107 %)°
for the cis—configuration:
-6 16
2.01 x 10 x 1.381 x 10 = 0.750

370 ~ (10 %3
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4.3.2 VO[5-MeO Sal SB |(Phen)

Using the ABC program values of tR for VO|5-MeO Sal SB |(Phen)

in methylene chloride at different temperatures were obtained . The

values of T, obtained are shown in Table 4.7. Fig. 4.18 presents 1

R R

as a function of n/T for the spectra taken at higher temperatures, i.e.

above the freezing point of methylene chloride. It is found that tR is

linear in n/T. Values of the viscosity of methylene chloride at different

temperatures were obtained from the International Critical Table [36].

The slope of 1, vs n/T for VO[5-MeO Sal SB](Phen) at 8.47 GHz is

R

found to be 2.968 x 10°° sec KP '. For ellipsoid molecule this
correlation time can be expressed in terms of Stokes-Einstein relation

(Eq.4.15).

The molecular volume of VO[5-MeO Sal SB](Phen) was estimated to

o3
be 520 A using 3D molecular modeler computer program [38]. From

the slope of 1, vs n/T, (Fig. 4.18).

R

2.968 x 10°°% x 1.381 x 10 '°

520 x (10 %3

= 0.788
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Table 4.7: and 1/T Values for VO[5-MeO Sal SB](Phen)

R

in methylene chloride at different temperatures

T (K) n/T (PK™ 1) 2 (sec)

285.0 | 1.657 x 1078 4.835 x 10711
278.3 | 1.820 x 10°° 5.320 x 10"
276.1 | 1.878 x 10°° 5.500 x 10711
270.5 | 2.042 x 1078 5.980 x 10711
267.7 | 2.134 x 10°° 6.250 x 10711
254.4 | 2.643 x 10°© 7.765 x 10 1
250.4 | 2.832 x 10°° 8.320 x 10°1}
248.7 | 2.918 x 1078 8.581 x 107
243.2 | 3.220 x 1078 9.492 x 10711
240.5 | 3.389 x 107° 9.980 x 10711
231.4 | 4.072 x 1078 12.00 x 1071
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Fig.4.18 : g Vs 1/T plot for VO[5-MeO Sal SB] (Phen) in

methylene chloride.
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4.4 STICKINESS FACTOR (S)

4.4.1 VO|(CH,) C=NNCSSCH :
'_ 3’2 3],

The data above can be analyzed in terms of hydrodynamic free
space model for molecular relaxation in liquids [37], a theory based on
the exisience of free space in the hydrodynamic continuum in which the

molecule can rotate. The trans—VOI‘(CH3)2C=NNCSSC}{3I is nearly =a
2

(-]

symmetric top with major axis T 4.8 A and minor axis rl = 2.2 A

estimated using the 3D molecular modeler program {38]. Under stick
boundary conditions, where the fluid at the surface of the rotating
body sticks to it [39], the dimensionless rotational friction coefficient

can be calculated from Perrin’s formula [40]:

4
L @/ - (@]
Fstick = n (4.16)
2-@hieh? || e | e
In (o)
1 ot
11-h?)?
where al is symmetry parameter, nl = rl / r” = 0.458. This gives
f-'la.tick = 1.639. The corresponding value of the dimensionless rotational
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friction coefficient under slip boundary condition, f'l' is calculated

slip’

from:

2
1 = ¢l — el 3
fslip = ot Estick) | (4.17)
and is found to be 0.460.
From the relationship:
1 = ¢l hyd
fslip - fstick Cslip (4.18)
hyd _ =
Cslip = 0.460/1.639 = 0.281

hyd

Cslip

is a result of hydrodynamic calculation in which a large spheroidal

object rotates in a continuous, homogeneous fluid.

In a similar way these wvalues can be obtained for the

cis-configuration of VOI(CI*IE!)ZC=NNCSSCHE!|2 :
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Now, how much does rotational relaxation in liquids depend upon
molecular geometry and how much upon the specific nature of rotor
solvent interactions?. In other words, how much of the rotational
relaxation in liquids is due to hardcore interactions between rotor and
solvent and how much to other interactions? 7To some extent, these
questions can be answered by analyzing the molecular reorientational
data obtained from magnetic resonance experiments. Magnelic resonance
data are chosen because of the spin correlation on neighbouring
molecules in dilute solutions of the paramagnetlic molecules insures that
the reorientational correlation times are single particle correlation times,
The extent to which probe-solvent interactions occur, in hydrodynamic
models, is measured by the stickiness parameter (S) [9-11] which
indicates the effect on rotational relaxation by all mnon-hardcore

anisotropic interactions.

The stickiness factor, S, is independent of molecular geometry and is
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zero in the slip limit and 1 in the stick limit. For truly hydrodynamic
situation 0 < S <1, but since the molecular reorientation is
nonhydrodynamic, negative values of (S) are possible. The stickiness

factor for the VO|(CH 3)2C=NNCSSCH3|2 at 9 GHz can be calculated

using equation (1.1).
For the trans-configuration:

1 - 0.179

And for the cis—configuration:

0.750 — 0.179

.695
1 - 0.179 0.69

The k value obtained for the trans structure was compared with the
x value for vanadyl acetylacetonate (VOAA) in toluene (x = 0.600) [32]
and found to be of exactly the same order of magnitude. The
stickiness factor, S, obtained for the trans structure

VOI(CH3)20=NNCSSCH3I2 in toluene, was compared with that calculated

for VOAA in toluene (S = 0.449) and found to be of the same order.
This agreement lends further support to our conclusion that the

structure of VO[(CH3)2C=NNCSSCH3|2 is trans.
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4.4.2 VO}5-MeO Sal SB|(Phen):

VO(5-MeO Sal SB)(Phen) is a prolate ellipsoid with major axis

r” = 5.6 A and wminor axis = 3.2 A as estimated using 3D

molecular modeler computer program [38]. using Perrin's formula (Eq.

4.16):
a, = 0.571,
1
1 -
fstick = 1.339
and
.
fs]ip 0.237

is calculated as done for the VO|(CH3)2C=NNCSSCH3| . This gives
2

Clslgg = 0.237/1.339 = 0.177. The value of the stickiness factor,

S, at 9 GHz is:
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hyd

kK — C_:t .
s = slip _ 0.788 - 0.'{77 = 0.742
1 - Chyd 1 - 0.177
] slip

It seems that VO[5-MeQ Sal SB](Phen) in methylene chloride is

experiencing more stickiness behavior than VOI(CHs)zC:NNCSSCHslz in

toluene. These results can be understood on a molecular level since
VO[5-MeO Sal SB](Phen) is a corrugated sphere c:jaiaable of exerting

more torque when it rotates than VO[(CH 3)ZC=NNCSSCH$|z which is

nearly a symmetric top.
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4.5 STOKES-EINSTEIN MODEL

The anisotropy for rotation (N), defined earlier as N = R”/Ri is

related to the geometric structure factor by means of the Stokes-

Einstein equation [7]:

R, = kg T/(8r 7 r'3' o), t=1 or | (4.19)
= = 4.
N Ry /Ry o /5 (4.20)
where
2 .2 2 2 1 1 -1
o, = 2 17an?) [a3) 2 tan Y2 - 1 (4.21)
. -1
o, = %12(2+7.2)‘(1-(1—12) Y tan b | (4.22)

and X is a dimensionless structure factor,
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s = (4.23)

The trans-configuration of VO[(CH ) C=NNCSSCH is nearly a
3’2 3 >

© ° <

symmetric top with r, = 2.2 A, r. = 4.3 A and ry = 5.4 A as

estimated using 3D molecular modeler compuler program [38].

Therefore,
2 = 1.939
0'” = 0.0780
o = 0.160
1
and
0.160
= hd = (4}
N %/ 0.0780 2.05

which is consistent, within experimental error, with our observation

that N = 2.5 + 0.5.

The cis-configuration of VO' (Cl[a)ZC=NNCSSCH3 is symmetric top
: 2

with r, = 2.5 A r. = 4.2 ;\, and ry = 4.7 A as estimated using

the 3D molecular modeler program.



A = 1.448
o, = 0.0367
6. = 0.133
1
and
0.133
- = 0 - 3.26
N %/% 0.0367 2

which is not consistent with our experimental observation, N = 2.5 *

0.5.

The comparison of the anisotropy for rotation, N, for the cis— (N =
3.26) and the trans- (N = 2.05) configurations calculated by the
Stokes-Einstein equation above with our experimental value (N = 2.5

0.5) suggests that the trans-configuration is the probable one.

Again, the agreement of N, eostimated by Stokes-Einstein equation
[7] using the monomer {irans-configuration with our experimental N
value suggests the absence of any kind of dimerization in solution.
Thus ruling out the possibility of the dimeric structure through sulfur
bridges which was expected since the sixlh coordination position can
sustain the attachment of a ligand and since the sulfur atom of the S-

methyl-carbodithioato-hydrazine ligand may simulianeously bond to two
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metal ions to form a bridge [1].

VO[5-MeO Sal SB](Phen) is symmetric top with r, = 3.2 ;; .

r, = 4.3 A and r_ = 6.8 A as estimated using the 3D molecular

modeler computer program [38]. For which:

2 = 2.062
o” = 0.0917,
(4 = 0.174
1
and
N = Ul'/g’ii = 0.174/0.0817 = 1.90

which is consistent, within experimental error, wilth our observation

that N = 1.7 £ 0.5.
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4.6 ALLOWED-VALUES EQUATION

Now we want to estimate the anisotropy for rotation and the axis of

rotation using the Allowed-Values Equation (AVE) [8]:

Ap, = Bp, +C (4.24)

where
A = (AA - 35A)[(y/ﬁ)(A§ ~ 33g) - (ng)(AA - 38A)| (4.25)
B = (AA + 35A)|A(-T56—)(AA + 35A) — (y/BXAE + 35}2‘)| (4.26)
c = 4AA|'(f—6)AA - (y/ﬁ)AE] (4.27)
AA = A - (%)(Ax + A (4.28)
5A = (%—)(Ax + A (4.29)
8% = |e, - e, + g )P, H/m) (4.30)
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’g = (-;—)(gx - g R, H /b (4.31)

(4.32)

Py = Ry/Rz (4.33)

where Rx s Ry and Rz are lhe rotational diffusion constants along the

molecular X-, Y- and Z-axes respectively.

y and p are the experimental line width parameters, defined earlier as B

and C in Eq. (1.23).

For isotropic reorientation Rx = Ry = Rz.

For VO' (CHS)ZC=NNCSSCI{3| using the g and A tensors from the
- A2

first part of this chapter and y/f = 0.674, AVE gives:

Py = 0.864 Py ~ 1.153

The solution of the equation above is not consistent with isotropic

reorientation. However, one solution of the equation may be:
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= 2.49
and py
which is consistent with N = 2.49 along the Y-axis, which agrees with

our experimental observation of N = 2.5 * 0.5 with Z=Y.

Similarly, for VO[5-MeO Sal SB](Phen) wusing the magnetic

parameters from the first part of this chapter and y/B = 0.690, AVE

gives:

Py = 0.661 Py + 0.101
with

Py = 1.00
and

ry = 1.36

This is consistent with N = 1.36 and Z = Y, which agrees with our

experimental results of N = 1.7 + 0.5 with Z = Y.
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CHAPTER FIVE

CONCLUSION



CHAPTER 5

CONCLUSION

EPR line width study was carried out as a function of fémperature
for bis(S-methyl-3-isopropylidenehydrazinecarbodithioato)oxovana-

dium(IV), VOI(CH3)20=NNCSSCHle , in toluene. The magnetic
parameters of VO[(CH 3) 2C=NNCSSCH 31 > in toluene were determined from

the analysis of the rigid limit spectrum at 77K. An analysis employing
anisotropic rotational diffusion in the fast-molion limit (when nonsecular

terms are unimportant) suggest that VO|(CH 3)2C=NNCSSCI{3| , Wwas
undergoing axially symmetric rotational diffusion with N = 2.5 * 0.5 at
an axis Z = Y, where N is the ratio of R"/R_l and R" is the rotational
diffusion constant along the molecular Z-axis and RJ. is the rotational

diffusion constant perpendicular to the molecular 7 axis. The N value
obtained was compared with those calculated from the Stokes-Einstein
model and the allowed-values equation (AVE) in an effort to determine

whether the structure of VOI(CH3)2C=NNCSSC}13|2 is cis or trans. The

N value obtained experimentally is found to be consistent with that
predicted by the Stokes-Einstein model (N = 2.1) and with the obtained

AVE (px = 0,864 ny - 1.15) of which the solution is Py = 1 and

[y
(@]
[ |



py = 2.49 for a monomer in solution with a trans-configuralion. Our

results also indicate that the trans-configuration is more probable than
the cis-configuration and rule out the possibility of a dimeric structure

through sulfur bridges. The plot of TR VS n/T is linear over the

temperature range in the motional-narrowing region. The anisotropic

parameter x, determined from the plot of TR VS n/T was found to be

0.598. «x is a measure of the coupling of rotational motions of the

VO[(CH S)ZC=NNCSSCH3]2 molecule to the translation modes of the fluid.

The x value obtained for the trans structure was compared with the «
value for vanadyl acetylacetonate (VOAA) in toluene (x = 0.600) and
found to be of exactly the same order of magnitude. Molecular

reorientation for VOI(CH3)20=NNCSSCH 3| > in toluene was analyzed in

terms of the hydrodynamic free space model for molecular relaxation in
liquids. The stickiness factor S is independent of molecular geometry
and is zero in the slip and 1 in the stick limit. The stickiness factor S
was found to be 0.442 for the trans and 0.695 for the cis structure.
For VOAA in toluene, S = 0.449. This agreement lends further support

to our conclusion that the structure of VO[(CH3):‘:0=NNCSSCH3|2 is

trans.

The second system studied is S-methyl-N-5-methoxy-
salicylidenehydrazinecarbodithioato-phenanthrolineoxovanadium(IV),
VO[5-MeO Sal SB](Phen), in methylene chioride. The magnetic
parameters of VO[5-MeO Sal SBJ(Phen) in methylene chloride were

determined from the room temperature and the rigid limit (77K) spectra.
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The motional-narrowing region analysis resulted in N = 1.7 £ 0.5 at an

axis Z = Y which is consistent with the N value obtained from the
Stokes-Einstein model (N = 1.90) and with the obtained AVE

(px = 0.661 py + 0.104) with Py = 1 and py = 1.36. The plot of R VS

n/T is found to be linear over the temperature range in the motional-
narrowing region. The anisotropic interaction parameter x, determined

from the plot of TR VS n/T was found to be 0.788. «x is a measure of

the coupling of rotational motions of the VO[5-MeO Sal SB](Phen)
molecule to the translation modes of the fluid. The stickiness factor S
was found to be 0.742. It seems that VO[5-MeO Sal SB](Phen) in
methylene chloride is experiencing more stickiness behavior than

VO[(CH3)2C=NNCSSCH3|2 in toluene. These results can be understood

on a molecular level since VO[5-MeO Sal SB}](Phen) is a corrugated
molecule capable of exerting more torque when it rotates than

VOI(CH3)2C=NNCSSCH3|2 which is nearly a symmetric top.

The magnetic parameters of a third system, VO[Sal SB](Phen) in

toluene, were also determined in the same manner.
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