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DISSERTATION ABSTRACT
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Buckminsterfullerenes Using Nitroxide Spin Probes
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DATE OF DEGREE: June 1997

This study can be divided into three major parts. In the first part, the dynamics,
represented by the anisotropic interaction parameter x and the anisotropy of
rotational reorientation N, of two nitroxide spin probes in toluene were
thoroughly investigated by Electron Paramagnetic Resonance (EPR)
spectroscopy at the four microwave bands L (~1 GHz), S (~4 GHz), X (~9.5
GHz), and Q (~35 GHz). The relatively small and large probes are
perdeuterated-2,2,6,6-tetramethyl-4-piperidone-N-oxide (abbreviated as PD-
Tempone) and 4-N(p-n-butylbenzilidine) amino 2,2,6,6-tetramethylpiperidine 1-
oxide (abbreviated as BBTMPO), respectively. PD-Tempone was consequently
used in the second part to study the magnetic arrangement of a phospholipid
bilayer in the presence of the rare earth metal ions ytterbium(Il), Yb*, and
yttrium(III), Y3* by the EPR technique. The phospholipid bilayer consisted of the
long chain 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), the short chain
1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC), and KCl aqueous solution.
In the third part, buckminsterfullerene (Css) adducts of nitric oxide (NO) and
nitroxide spin probes were synthesized and investigated by EPR spectroscopy.

For PD-Tempone, values of the x parameter were similar at the four microwave
bands: 0.40 at L-Band and 0.44 at S-, X-, and Q-Bands. This similarity 1s
predicted by theory since PD-Tempone undergoes isotropic molecular motions
indicated by N values close to one, determined in this study at the four bands.
The Cole-Davidson parameter § was introduced successfully to the spectral
densities for the first time. A f value of 0.55 was used at L-Band to unify the
results of N, x and the magnetic alignment of PD-Tempone in toluene. A value
of f<1 at L-Band suggested the existence of a broad distribution of relaxation
times associated with different modes of molecular motions.

To determine the x values for BBTMPO in toluene at the four microwave bands,
the solute hydrodynamic radius was determined at room temperature by the
capillary translational diffusion experiment. Assuming a slip boundary
condition, a value of 5.6 A was obtained. Lineshape analysis of the EPR spectra
of BBTMPO was performed for the first time to account for inhomogeneous
broadening resulting from the twelve protons adjacent to the NO-moiety. The
lineshape was best fit by utilizing a mixture of both Lorentzian and Gaussian
shape functions. The Lorentzian shape function was sufficient for describing the
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EPR lines of PD-Tempone. The need for the Gaussian function in the BETMPO
system was attributed to the Doppler effect arising from substituting the heavier
deuterons in PD-Tempone with protons in BBTMPO. Values of x at L-, S-, and
X-Bands were similar and were equal to 0.23, 0.24, and 0.25, respectively. The x
value at Q-Band was much smaller (0.08) which indicated reduced coupling
between the spin probe BBTMPO and the solvent toluene. The behavior at Q-
Band was attributed to the high anisotropy of BBTMPO suggested by a large N
value of 7 obtained at the four bands. The broader distribution of relaxation
times was present at L- and S-Bands with a # value of 0.7 at both bands for
BBTMPO. The extension to S-Band was explained by the larger size of BEBTMPO
compared to PD-Tempone.

The X-band EPR results of PD-Tempone in DMPC/DHPC (I), DMPC/DHPC +
Yb**(I), and DMPC/DHPC + Y3+ (III) were typical of lyotropic smectic
mesophases, i.e., the g-factor increased with temperature whereas the hyperfine
splitting a decreased with temperature. Phase transitions took place at relatively
wide temperature ranges: 50-60 °C for I, 30-40 °C and 70-80 °C for II, and at ~45

°C for OI. Clearly, addition of Yb* and Y3* affected the DMPC/DHPC phase
differently. Phase transitions were observed by following variations in the g-
factor and the a parameter as a function of temperature. Ordering parameters
Su and 5z indicated 90° flipping of the bilayer after adding Yb** and exposing
the system to a static magnetic field of one Tesla. This phenomena was also
observed by 2H NMR.

In the third part of this study, the adduct of Ceo and NO gave six transient EPR
peaks which were attributed to gaseous NO molecules interacting with the
twelve pentagons in the solid Ce. Adsorbed NO, molecules, which produced a
single EPR line at the center of the six peaks, reduced the symmetry of Cso
resulting in six different sets of two equivalent pentagons. The second adduct
was prepared by the esterification of the alcohol 1,9-(4-hydroxycyclohexano)-
buckminsterfullerene with the nitroxide spin probe 2,2,55-tetramethyl
pyrrolidine-1-oxyl-3-carboxylic acid. The product was verified by comparing
the EPR spectra of the adduct and the free spin probe in toluene and in the
liquid crystal 5CB. The adduct in the 5CB gave broad EPR lines characteristic of
large spin probes tumbling at slow rates. Production of macroquantities will be
attempted to allow verification of the adduct by typical analytical techniques.

DOCTOR OF PHILOSOPHY DEGREE

KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arabia

June 1998
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CHAPTERI

INTRODUCTION

This dissertation can be divided into three major parts. In the first part,
the dynamics of two relatively small and large nitroxide spin probes in toluene
were thoroughly investigated by Electron Paramagnetic Resonance (EPR)
spectroscopy at variable temperature and microwave frequency. The small
nitroxide spin probe was consequently used in the second part to study the
magnetic arrangement of a phospholipid bilayer in the presence and absence of
rare earth metals by EPR spectroscopy. In the third part, buckminsterfulle: :ne
adducts of nitric oxide (NO) and nitroxide spin probes were synthésized and

investigated by EPR spectroscopy.

LL.  Anisotropic Interaction and Cole-Davidsor Parameters
The determination of structural information about a system at the
molecular level is a very important area of research in chemistry. In the field of

electron paramagnetic resonance, this can be achieved by introducing stable



nitroxide radicals into the system and studying their dynamic interactions with
the system. The half-width at half-height, or the intrinsic line width w, of the
EPR lines and its isotropic hyperfine coupling constant 4, provide information
conceming the motion of the probes or their local environments. These two
parameters, i.e., w and Ai,, are not directly measurable from the EPR spectra.
One method to obtain these parameters is to perform a line shape study and
resort to computer simulation.

From these calculations a rotational correlation time, g, is obtained at
the different temperatures. The correlation time is aiso given by the Debye
expression

4 #r’ny
3 kT

) [I-1]

T = |
where k is the Boltzmann constant, T the absolute temperature in K, n the
coefficient of shear viscosity of the solvent, r, the effective radius of the solute,
and x is the anisotropic interaction parameter. It was found in this_ laboratory

(Rahman 1988) and elsewhere (Hwang et al, 1975) that the « values for the

same spin probe in the same solvent were different at different microwave
frequencies.

In this study, we would like to investigate this behavior more deeply and
study the possibility of a unified description for the anisotropic interaction

parameter at the different microwave frequencies. The introduction of the Cole-



Davidson parameter 8 to the spectral density will be attempted to achieve this

objective.

L2. Phosphatidyicholine-Lanthanide Systems

Biomembranes consist mainly of lipids and proteins, together with
carbohydrates associated with the cellular and organelle surfaces. According to
the present knowledge, lipids typically form a bilayer containing proteins. The
lipid bilayer is typically a liquid-crystalline material. The dynamical properties
associated with the motions of the lipid molecules may be important.

The study of structural and dynamical features of integral membrane and
membrane associated proteins by Nuclear Magnetic Resonance has been
advanced by the development of magnetically oriented bilayered micelles, or
“bicelles.” In the presence of a magnetic field, highly oriented bilayers may be
readily formed from mixtures of long- and short-chain phosphatidylcholines.
Typically these are dimyristoyl phosphatidyicholine (DMPC) and dihexanoyl
phosphatidyicholine (DHPC). Recently, it was reported that the combination of a
bicelle solution with relatively small amounts of paramagnetic ions (e.g.
europium, Eu™, erbium, Er**, and ytterbium, Yb™®) results in a fully oriented
bilayered system in which the average bilayer normal is parallel to the magnetic
field (Posser et al, 1996).

To study the dynamical properties associated with the motions of the lipid

molecules, a spin probe could be used as a reporter molecule whose behavior is



observed using EPR spectroscopy. From the magnetic parameters of the spin
probe (i.e., the g-factor and the hyperfine coupling constant a) several types of
ordering parameters can be determined.

The objective of this part is to study the orientational arrangement of
magnetically aligned bilayered micelles in the presence of lanthanide ions using
EPR spectroscopy by doping the mixture with a tiny amount of a nitroxide spin

probe.

L3. Buckminsterfullerene Systems

Although a large amount of research has been devoted to
buckminsterfullerene since its discovery and preparation in macroquantities,
very few adsorption studies of this material have been reported.
Buckminsterfullerene has a spherical “soccer ball” structure of 12 pentagon rings
and 20 hexagon rings, which contain unsaturated double bonds. Because of the
aromaticity of Ceo, the surface is susceptible to interactions with other molecules.
In recent studies (Pace et al, 1992; Pace et al, 1994), surface reactions of Ceo
with gaseous molecules were reported. Although Ce is not a free radical,
indigenous paramagnetic impurities often occur in Ce powders at room
temperature. These impurities produce EPR signal which were used to study
the interaction of Ceo With oxygen, nitrogen, and nitrogen dioxide.

The adsorption of nitric oxide, NO, on buckminsterfullerene was studied

using IR spectroscopy (Fastow et al, 1992). The study of NO adsorption on



buckminsterfullerene using EPR spectroscopy will hopefully give some insight
into the adsorption characteristics of the adduct.

The second part of this study is concerned with chemical modifications of
fullerenes by selective bond formation to provide a vital tool in fullerene science
and technology. Intensive efforts in the past few years have laid an organic
foundation on the Ce sphere that includes ring systems of different sizes (An et
al, 1993; Yamago et al, 1993).

The next step is to construct useful functionalities on such foundations. A
nitroxide spin probe derived from buckminsterfullerene, Cqo, would be very useful
to probe Ceo using EPR spectroscopy. In this work we will attempt to synthesize

a nitroxide spin probe derivitized from Cego.



CHAPTERII

GENERAL THEORY OF
ELECTRON PARAMAGNETIC RESONANCES

IL1. Introduction

Since the detection of the first electron paramagnetic resonance (or EPR)
signal by Zavoisky in 1945, the EPR technique has attained a state of advanced
maturity.

Electron paramagnetic resonance spectroscopy studies magnetic dipole
transitions between Zeeman levels of a paramagnetic system split by an external
magnetic field. The transitions are induced by an oscillating microwave
radiation. The permanent magnetic dipole moment p is related to the electronic
angular momentum J by

u=—gphd (I-1]

with

S This chapter is basically a summary of the chapter by Nordio (1976) with reference to Slichter
(1992), Poole (1883), Carrington and McLachian (1980), and Pake and Estie (1973).

6



- the total angular momentum given by J =S + L, here S and L are,
respectively, the electronic spin and orbital angular momenta, and
- the spectroscopic splitting factor g given by

-1 JJ+D)+S(S+1)-L(L+1)
= 20T +1)

[I-2]

where £ is the electronic Bohr magneton, le[#/2mc, and J, S, and L are the
quantum numbers corresponding to J, S, and L.
The interaction between the external magnetic field H and the magnetic
dipole moment u can be calculated by the Hamiltonian operator
H=-p-H=gfH-J=gfhH,J, [I-3]
where the z axis is taken to be the direction of the applied magnetic field H with
a uniform intensity A, and J, is the operator of the angular momentum
component along the direction of H. For a single electron, the expectation
values M; of J, are £¥2 and with the selection rule AM; = £1, the resonance
condition for the absorption of energy by the unpaired electron is represented by
=g R H, [II-4]
where v is the microwave frequency. In a regular EPR experiment, the
microwave frequency is kept constant and the magnetic field is swept until the
resonance condition is found.
The phenomenological Bloch equations describe relaxation mechanisms

by which the system restores the equilibrium populations after the induced



transitions. The first mechanism is nonradiative thermal relaxation transitions
described by

dott/dt = (o, — AMHT, [I-5]
where T; is a characteristic time called the spin-lattice or longitudinal relaxation
time, <f; is the macroscopic magnetization of the sample and o, is given by the

Curie flaw

ol = N g2 B2 S(S+1)H,/3kT [I-6]
where N is the total number of spins, g. is the free-electron g value, and T is the
absolute temperature. Due to the Heisenberg uncertainty principle, the EPR
spectral lines are broadened by this relaxation mechanism.

The second type of mechanisms are characterized by a relaxation time 7,
called the transverse relaxation time. These processes, which do not cause any
transitions, produce modulation of the magnetic levels and therefore broaden the
EPR spectral lines. The corresponding Bloch equation is

dolfdt =~ IT, [I-7]
where off; is the perpendicular component of the magnetization. The peak-to-
peak linewidth denoted by &'is given in terms of 7; by

5=2//3T») [1-8]
for a first derivative EPR curve given by a Lorentzian shape function (cf,

subsections I11.3.1.4 & V.3.1.2).



IL2. Magnetic Interactions

There are several types of magnetic interactions which take piace in a
paramagnetic system. Intermolecular magnetic interactions are usually avoided
by diluting the paramagnetic sample in a diamagnetic host, the solvent. The
remaining common interactions are between the spin of the unpaired electron
and the magnetic field (Zeeman interaction), the microwave field, the magnetic
moment of the nucleus (hyperfine coupling), and with another unpaired electron

in the case of biradicals.

IL.2.1. Zeeman Interaction

The electronic Zeeman interaction energy which represents the
interaction of the magnetic moment of the unpaired electron with the external
magnetic field is given by

Ho=-—uH=g. L HS=g. L HS, [1-9]

where the subscript e refers to the unpaired electron. In the presence of a
nucleus possessing a spin, the nuclear Zeeman interaction energy is given by (-
&~ B H, I) which is much smaller than the electronic part; gy, Ay, and I, are the g
value, the Bohr magneton, and the spin angular momentum for the nucleus.

The g factor is expressed as a second-rank tensor due to spin-orbit

coupling:

WL w X, iLiw,
¢ = g5, -y (Yelblvi)wi L lv.)

] E,-E, 101



where dj is the Kronecker delta, A is the spin-orbit coupling, y, and ; are the
wave functions representing, respectively, the ground and the excited states of
the system and E, and E; are the corresponding energies, and L:s are the
components of the angular momentum. The Zeeman Hamiltonian in tensor
notation becomes
Hz=fHeg-S [I-11]

where now g can be represented by a 3x3 matrix. The reference system can be
selected to be the laboratory or the molecular axis systems. The principal
values of the g tensor can be determined from an analysis of the angular
dependence of the g factor for paramagnetic systems trapped in a glassy

environment.

IL.2.2. Interaction with the Microwave Field

The EPR transitions are induced by the oscillating microwave field. The
microwave field is applied perpendicular to the external magnetic field, and
hence the associated oscillating magnetic field has components given by

H,.=Hj cos ax, Hy=Hi;=0 (I-12]
and the corresponding Hamiltonian is given by

K =g. f H S:cos ar [II-13]
This Hamiltonian is considered as a perturbation and the rate of the transitions
between |a) and |o') of &% of energies E. and E. is given by the transition

probability

10



Wax = (20/h) g ° H* Kl Sc o) BEa-Ex-he)  [I-14]
where §'is the Dirac delta function imposing the requirement that £, - E; = fa.
For the matrix elements {(a] S;: |a’) it is more convenient to express S, by the
“shift” operators S, and S_, where

8y =8, £iS,, 8§=1 (S+8)
The eigenvalues for these operators are given by

St S, me) = [S(S+1) - mGm, = )] | S, m, £ 1) [I-15]

which result in the selection rule Am, = +1.

IL2.3. Hyperfine Couplings

Hyperfine interactions refer to the splitting of the electron spin levels to
2/+1 sublevels by the magnetic field associated with the spin angular momentum
I of the nucleus, which produces a muitiplet structure in the EPR spectrum. The

Hamiltonian for these interactions is represented by

ISy - 35(1 1)S 1) sz (l.s)S(r)} (IL-16]

H=-gB.gBy { , 3

where r is the distance vector between the electron and the nucleus. The first
term in the Hamiltonian describes the electron-nucleus dipolar interaction
whereas the second term describes the Fermi contact coupling. The complete
hyperfine Hamiltonian can be written in the compact form

He=L+A-S [1I-17]

1



where A is the hyperfine tensor and it is the summation of a second-rank dipolar

interaction tensor and an isotropic coupling constant.

I1.2.4. Interactions between Electron Spins

These interactions exist in biradicals and can be represented by a dipolar

Hamiltonian similar to the first term in [II-16]

7 = B {(sl -8, ) - :5(51 -r)S, »r)}

[1I-18]

where r is the distance vector between the two electrons. The dipolar spin

Hamiltonian #4 can then be written as
Hi=S*D-S [I-19]

where S =S; + S; and D is a second-rank dipolar interaction tensor.

IL3. Analysis of the EPR Spectra of the Nitroxide Spin Labels
The Hamiltonian of the dipole magnetic moments associated with the 2p=
unpaired electron (S = 3 ) on the nitroxide moiety and the nitrogen nucleus (I =
1) can be expressed as
H=fHeg+S-f Heg I+I+A+S [11-20]

Since the very fast molecular reorientations of the nitroxide spin label in the
solvent toluene average out the anisotropic terms in the Hamiltonian given by
Eq. [II-20] due to thermal motions, the isotropic Hamiltonian can then be written

as

12



H =ghH-S-g BHI+aS I
=ghH.S.-g B H.I.+aS+1 [I1-21]
where g= —31—Tr g and a= -;-Tr A [1I-22]
An appropriate basis functions for this system can be written as:
g1=|+1 +1)=|++)
=|+1 0)=[+0)
fa=|+L -)=|+-) m-23]
a=[-%+D)=]-+)
$s=1-10)=]-0)
=|-+-H=]--)
Treating the hyperfine interactions as a perturbation, the corresponding energies
corrected to second order hyperfine couplings are
E\= 1} gB.Ho-g P Ho+ -‘21

az

E,=1 Ho+
: ’ gﬂe 4(gpc Ho + gNBN Ho)

2

E =1 gAH, H,-%4 a
e W YW

a a’
Ev=-7 ghHo-gy B Ho- -~
4 2 NN 2 4(gﬂe H, +gBy Ho)

[11-24]

a2

=-1 gA H,-
SRt U H, v H)
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Eo=-} ghH.+ g A Ho+ -

A schematic of the second-order spin energy levels of a nitroxide spin label and
the allowed EPR transitions are depicted in Figure I.1. The EPR ftransitions
follow the selection rules Am, = +1 and AM; = 0. The energies for the three

allowed transitions are given by

2

_ a
A eA Rt At R b )

aZ

2gB. H, +gByH,)

AEZ = gﬂe Ho + [II~25]

aZ

AE;=gf. H,-a+
? gﬂc 4(gBe Ho + gNBN Ho)

A sample calculation was performed for PD-Tempone (a nitroxide spin probe) in
toluene at room temperature using the following values
g=2.002322, B =0.92731 x 10 erg/gauss,

g, = 5.585486, B, = 0.50504 x 10 erg/gauss, and

H, = 3245.2678 gauss.
The experimental and calculated values for the energies of the three allowed

transitions are

AE, I gB. AE, | gf, AE; | gf

(Gauss) (Gauss) (Gauss)
Experimental 3260.1065 3245.6715 3231.2755
Calculated 3259.700 3245.300 3230.868

14




gpeHoSz g.Vﬂ.VHoIz aS-1

S B

Zero Electron Nuclear
field Zeeman Zeeman Hyperfine coupling

Figure II.1. Second-order energy levels of a nitroxide spin label, and the
allowed EPR transitions. The 2pr unpaired electron is interacting with
the nitrogen nucleus of spin 1.
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Figure IL2. Dependence of the energy levels on the field strength of Fig. I1.1,

and the corresponding experimental spectra for PD-Tempone in
toluene at room temperature.
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Figure I1.2 shows the dependence on the magnetic field strength of the

energy levels and a typical experimental EPR spectrum of PD-Tempone in

toluene at room temperature.

IL4. Line Shape Theory

Line shape analysis is very important in magnetic resonance to obtain
information on molecular motions (Abragam 1994; Slichter 1992; Atherton 1973:
Freed and Fraenkel 1963; Freed 1964; Kivelson 1972; Hudson and Luckhurst

1969).

I14.1. Density Matrix

Relaxation theory is described best by density matrix formalism. Using
the time-dependent density operator a(t), the time variation of the macroscopic
observable 4/ can be described by

A = Tr pt)4 [1I-26]
here Tr stands for the trace. The explicit form for the density matrix operator in a
system at equilibrium is
Poq = € [ Tr 9T [I1-27]

The theory of spin relaxation is very much related to the time dependence
of the macroscopic magnetization o, of the spin system. Referring back to Eq.
[II-1] and applying relation [1I-26], the following expressions are obtained for the

components of the macroscopic magnetization:
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M) =—Ngh (S)=-NgATrp®) S;, i=x,y,:z [11-28]
where N is the number of spins.
The time evolution of the density matrix is described by the Hamiltonian of
the system #fusing the equation of motion
dp(t)/dt = (ilR)[p(t) H ] [11-29]
Assuming that the Hamiltonian of the system consists of a time-independent part
&, and a part 74(t) that varies randomly as a function of time, then Eq. [1I-29] will
have the form
dp(t)/dt = (iIR)[pt), Fo+T4(1)] (11-30]
The Redfield approximation followed by statistical averaging produce the

following system of linear differential equations

dpun'/ dt = (i/ h)[p, %]an‘ + Z Rua'ﬂﬁ'ppp'
Bp®

= (IR)Ew ~ Eo) poxt + 3 RoppPpp [m-31]
&

where the coefficients R..pe form a matrix known as the relaxation matrix, the
subscripts denote matrix elements, and the summation is restricted to states with
energies satisfying the condition E, - E,. = E3 — Es. The complete Hamiltonian
contains the contribution from the interactions with the applied microwave

alternating field #4(t), and Eq. [1I-31] becomes

dpuzldt = (@iR)p, T+ FeOlaw + Y, RonepsPpp
e

17



= (INYEw — Eq) o + (@)Y [ poc (0™ | FE(1) | ")

(@ [F®) | 0”) pral+ Y RossPps [1-32]
Bp

IL4.2. Relaxation and Line Shapes
The shape of the EPR line is determined by the profile of the intensity of

the energy absorbed which in tumn is a function of the oscillating field H() given
by Eq. [II-12]. The power P absorbed by the sample is given by

= — off» dQ/dt = —cH; (dH /dk) [II-33]
where of; is the induced magnetic moment by the oscillating field H(s) in the
macroscopic sample. The actual spectrum is given by the average power
absorbed per cycle

P(@) =~o/2m) [ o (dH /Y [I1-33]

where o is found to be composed of
AL = H, [¥(@) cos at + (@) sin ait] {II-34]
and after integration the spectral line shape is given by
P(@) = + 0 7' (0) B [T1-35]
For a two-level system
X(o)=tran 1o Aw) [1I-36]
where g, is the static susceptibility and flw) is a Lorentzian shape function (Sec.

V.3.1.2).
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IL4.3. Relaxation Matrix and Correlation Functions

For the theoretical interpretation of the spectral lines, the relaxation matrix
must be computed. Since the perturbation #(¢) is a random function of time, its
effect on the system must be calculated statistically.

The general expression for the relaxation matrix R, is given by

Racpp=2Japas(@ap) = Oup D, Jaypy ()
' 4

— 8 Y Sy (@)
I 4

Jeatr (@ =1 [ Goapslt) e at [-37]
Goapp(t) =K (Hi(0)aw Hi(t) 55
where #(f).s is the o, matrix element of #(¢), the brackets indicate statistical
average over the spins ensemble, and w.s = (E. - Egf/h. G(1) is called the
correlation function of (7)), and J(w) is the corresponding spectral density which
is the Fourier transform of the correlation function. The function G(f) provides
the information on how the value of & at any time is correlated to its values at

later times. Based on statistical models, G() has the general form of an

exponential decay:
GO =hr>( | *)e™ [II-38]
where 7 is the correlation time for the random motion, e.g., rotational diffusion,

which is the chief mechanism responsible for the modulation of the anisotropic

interactions of #4(¢).
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A reasonable model for the random process is molecular reorientations
subjected to Brownian motion which is described by the generalized Debye
(1945) equation for rotational diffusion. If the molecules are axially symmetric,
the diffusion equation is formally analogous to the Schrédinger equation for the

symmetric rotator whose eigenfunctions are the Wigner functions D/ (Q) and

the corresponding eigenvalues are

Am =~ [jG +1)DL+ (Dy- Dy ) m’] [I-39]
where Dy and D, are the principal values of the diffusion tensor. From the
general solution of the diffusion equation, the correlation functions of the Wigner

matrices are found to be

(DL, (0) D)y = dQo Di,(,) P(Q0) | d2 DI (Q) P(Q0 1)

= (D7,.(Q) D () ) exp(dm 1)

=& Ou Omm (12 +1)] exp(—| t| /7 [11-40]
which decay exponentially with a characteristic time 7, = — 17,,. Here the
orthogonality properties of the Wigner functions were used; P(€y) = P(Q 0) is the
probability of finding the molecule within the solid angle dQ at initial time 1 = O;
P(Shn|Qat) is the conditional probability which calculates Q in the range

(Q2,9,+dQ),) at time ¢ = 1,, given Q, at initial time £ = ¢,.
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IL4.4. Linewidth Parameters

Linewidth parameters refer to the coefficients of the polynomial used to fit
the linewidths 1/7> versus the nuclear quantum number A specifying the
transition. For the case of a nitroxide free radical in a liquid medium the fitting
equation has the form

(M) =4+BM+CM° [1-41]

The linewidth parameters 4, B, and C can be derived from a calculation of
the elements R..zs Of the relaxation matrix which are invoived in the
determination of the x component of the magnetization. The condition £, - E,- =
Es — Eg and the EPR selection rules for states connected by the operator S,
result in a diagonal relaxation matrix if there is no degeneracy in the EPR
transitions. An example of this case is the nitroxide free radical. Additional
assumptions are that the paramagnetic species have an axially symmetric
diffusion tensor, and the major mechanisms for spin relaxation are the g factor
and hyperfine anisotropies. Therefore, fluctuating solvent interactions and
molecular geometry variations, which can modify the instantaneous values of the
magnetic parameters, are neglected.

The perturbing Hamiltonian Z(f) in spherical basis under these

assumptions becomes

FHO=3 3 O ES™ D) 4,7 [11-42]
g mo

and the corresponding correlation function of #(¢) is
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Caxps® =02 Y "™ F ™ F™ Guuld)

P
x(a| 4 e’y (BIAS™IBY) (1-43]
All of the relevant interactions are represented by second-rank tensors, and
g-(f) is the correlation function of the rotation matrix component D?,..(a8).
According to Eq. [II-40], cross terms of the form (D2 _.(0) DZ(¢) ) vanish from the
summation.
The spectral density j..(w), which is the Fourier transform of the

correlation function g...(z), can be calculated from Eq. [1I-40],
Je(@ =} [ texp(—1t|/m) exp (iax) dr= t pd(1+0?s

%= [6Ds + (D- ~ Dy ) m'T" [-44]
Finally, the spectral density J..gs{ @) of Eq. [1I-37] can be written as

Jaa'ﬁﬂ(w) = h—Z Z Z (_l)m-i-m-F”(-m') Fv(m')jm'(a))

~ -
x{a| 4 ey (Bl AS™B) [I1-45]

Contributions to the relaxation matrix R..;5» from the Hamiltonian #(z) are

divided into three groups of terms: secular terms with spin operators of the type

H,S: and LS. having only diagonal matrix elements, and for these terms @, = 0;

nonsecular terms with spin operators of the type §; which connect states with

energy difference 7ian, where ay is the resonance frequency; and pseudosecular

terms which contain spin operators of the type 1. S, and the nonvanishing matrix



elements are between states with energy difference-equivalent to the hyperfine
coupling constant a.
The linewidth parameters are derived, after calculating all the

contributions to the relaxation matrix, and found to be

[Tz(M)]-l=-R¢¢w=A +BM+CM° [I1-46]

A={Ho' 12 Y (C1F™ Fg™™ [4omd0) +3jimlav)]

I+ 1) ; 1" FL ™ G %) +3fim( ahs) +6j2n )]
B={Hoh* 3 (1Y [Fa™ F&™™ + F™ F™[4jom(0) +3j1m(an)]
C=3 12 3 (1" Fi™ Fu ™ {4fan(0) +3/1n{av)

~% Dom(an) +3j1n( are) +6j2m(c)1} [-47]

The- actual expressions used in this work to calculate the linewidth

parameters B and C are given in the sub-section I1.3.1.6.
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CHAPTER III

ANISOTROPIC INTERACTION AND COLE-DAVIDSON
PARAMETERS: PD-TEMPONE IN TOLUENE

IL1. Introduction

EPR provides the means to study rotational and reorientational motions of
free radicals. These motions are usually characterized by correlation times.
Correlation times, zc (¢f. Eq. II-38), can be determined for the free radical at
different temperatures. This can be achieved by reproducing theoretically the
experimental B and C values. The variation of 7. as a function of temperature
for linear and spherical molecules was first derived by Debye (1945). Debye
generalized the Stokes-Einstein diffusion relationships to describe correlation
times in dielectric relaxation. Bloembergen, Purcell, and Pound (BPP) (1948)
extended the Debye expression to describe correlation times in spin relaxation.

BPP derived the following expression

% (-1
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where r is the radius of the solute molecules, n is the coefficient of shear
viscosity of the solvent, T is absolute temperature, and ks is Boltzmann constant.

The molecular radius r determined by EPR was found to be smaliler than
the radius of the same molecule determined by other techniques. At the
beginning, an empirical parameter was introduced (McClung and Kiveison 1968)
such that

r=e”r, [II-2]

where know r, is the radius of the molecule, r is called the effective radius r.,

and 0 € x<1. Equation [ITI-1] was modified to the following

z (&« r’)qg :
ks, T [-3]

e=t

3

Plotting == versus (7n/7), and if r, is determined from an independent study, the
parameter x can be evaluated.

Kivelson et al. (1970) derived an expression for the parameter x, which is

a measure of the anisotropy of intermolecular interactions, and found that it is

proportional to the ratio of the mean square intermolecular torques of the solute

<7*> to the mean square intermolecular forces of the solvent <F>.

x=(314r}) <T> I <F> [[I1-4]
where <7°> is related to the fluctuating intermolecular torques associated with

the angular momentum of the solute, and <<7*> is related to the translational

25



shear forces of the solvent. Hence, x is actually a measure of the anisotropic
interactions between the solute and the solvent molecules.

If the solute-solvent system is kept the same, then based on Eq.’s [ITI-3]
and [III-4] the values of « obtained at different microwave frequencies wouid be
the same. However, earlier studies showed that values of the anisotropic
interaction parameter x were different at different microwave frequencies
(Hwang et al., 1975; Rahman, 1988).

The objective of this study (Chap.’s IIl and V) was to determine the
anisotropic interaction parameter x for the nitroxide spin probe perdeuterated-
2,2,6,6-tetramethyl-4-piperidone-N-oxide (shown in Scheme II-I) in toluene at
the microwave frequency Bands: L (~1 GHz), S (~4 GHz), X (~8.5 GHz), and Q

(~35 GHz).

I1.2. Experimental

IM.2.1. Materials and Sample Preparation

The nitroxide spin probe perdeuterated-2,2,6,6-tetramethyl-4-piperidone-
N-oxide (abbreviated as PD-Tempone) was obtained from Stohler isotope and
used without further purification. The solvent toluene was purchased from Fluka
AG, Switzerland. Samples of PD-Tempone in toluene for L-, S-, and X-Bands
were prepared in 2-mm i.d. x 3-mm o.d. Pyrex sample tubes. These soiutions
contain oxygen from the atmosphere, and oxygen is paramagnetic and wouid

cause the first derivative EPR lines to be broader. Therefore, dissolved oxygen
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was removed by several cycles of freeze-pump-thaw. The concentration of the
nitroxide free radical in toluene was 1-10 x 10° M.

To prepare permanent samples of PD-Tempone in toluene for L-, S-, and
X-Bands, a modified vacuum system manufactured by Pope Scientific Inc. was
used. This vacuum system was utilized to perform the freeze-pump-thaw cycles.
The procedure for cycles of freeze-pump-thaw consisted of (refer to Fig. O1.1):

1. The vacuum line was evacuated while valves (1) and (2) were open until a
stable reading of the pressure was attained. Usually a reading close to 10 uHg
was reached.

2. The EPR sample tube filled with the solution was inserted in the port, the
tube was immersed in liquid nitrogen, and valve (3) was opened. The setup was
left running for 4-5 minutes.

3. Valve (3) was closed, the liquid nitrogen dewar was removed, and the
solution was allowed to melt. During the process of melting dissolved oxygen
bubbled off. Then, when no more bubbles were observed, the EPR sample tube
was immersed in liquid nitrogen and valve (3) was opened. The process was
repeated until no more oxygen bubbles were observed.

4. While the EPR sample tube immersed in liquid nitrogen, and with valve (3)

opened the tube was sealed with a mini-torch.
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Figure II.1. Schematic representation of the freeze-pump-thaw setup used to

prepare permanent EPR samples.
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The procedure for the preparation of permanent samples (1-10 x 10°° M)
in small quartz tubes (1 mm id. x 1.5 mm o.d. x 60 mm height) for studies

conducted at the Q-Band was different. The steps involved were:

1. Al required glass- and lab-wares and sample solution were placed inside the
glove bag model X-27-27 purchased from Instruments for Research and
Industry, Pennsyivania, USA. The glove bag was modified by cutting the two
hand pieces and attaching a more convenient gloves using elastic rubbers.

2. The solution, which was prepared outside the glove bag, was purged with
nitrogen gas for half an hour, while the glove bag was almost completely sealed.
Quartz tubes (1-mm i.d. x 1.5-mm o.d. and 9-cm in length) sealed from one end
were also purged with nitrogen. Thén, the bag was completely sealed and was
inflated until it became like a soft pillow.

3. Using a syringe, a quartz tube was filled with the solution to about 3-cm in
height. The quartz tube was then clogged with Critoseal® (Lancer Div. of
Sherwood Medical, a Brunswick Co., St. Louis Missouri), and finally sealed with
epoxy. It was verified experimentally with DPPH (acronym for 1,1-diphenyl-2-
picryihydrazyl) solid sample that the epoxy did not have any effect on the EPR
signal. DPPH was used for this purpose because its g value is well known. The
g value of DPPH was determined in tﬁe presence and in absence of epoxy and

was found to be the same. The sealed tubes were kept inside the glove bag



under nitrogen atmosphere until the epoxy cured (usually the tubes are left

overnight).

IIL.2.2. Apparatus
ML2.2.1. The EPR Spectrometer- The EPR measurements were

performed using Bruker Electron Spin Resonance spectrometer model ER
200E/D-SRC along with a micro-station the ESP 300E Software installed on
Bruker Data System ESP 3220. The version of the software used was 3.02. To
accurately measure the microwave frequency and the field of the magnet a
Hewlett Packard 5342A Microwave Frequency Counter and the NMR
Gaussmeter ER 035M were used, respectively. The HP 5342A Microwave
Frequency Counter gave a stable reading of at least eight digits. The Bruker
Variable Temperature Unit ER 4111VT was used to vary the temperature of the
cavity containing the sample. The accuracy of this unit is £+1 degrees K.

The different microwave bridges and cavities for the four bands were:

Band Microwave Bridge Cavity

L (~1 GHz) ER065 LR ER 6502 LH
S (~4 GHz) ER 061 SR ER 6103 SH
X (~9.5 GHz) ER 045 MRBDH ER 4105 DR
Q (~34 GHz) ER 053 QRD ER 5102 QT
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Other accessories included a Bruker ER 072 Power Supply, a Bruker heat
exchanger unit to cool both the magnet and the microwave bridge, a water
cooling bath, and a Hewlett Packard 7475A plotter. The plotter is connected to
the micro-station which is driven by OS/9 operating system. To manipulate the
data, a software developed by Bruker was installed on a PC that was interfaced
with the ESP 3220 micro-station. The software is WIN-EPR version 921201.
The data can then be printed on a Hewlett Packard Laser Jet 4 Plus.

Figure II.2 depicts a general schematic representation of a Bruker EPR
spectrometer. The essential components of any spectrometer are: a source of
electromagnetic radiation, a sample, and a detector. The electromagnetic
radiation source and the detector are in the microwave bridge. The sample is in
a microwave cavity, which is a metal box that assists in amplifying weak signals
from the sample. The magnet is to "tune” the electronic spin energy levels of the
unpaired electron in the sample. In addition, the control device contains signal
processing and control electronics, also called the console, and a computer or a
micro-station. The computer is used for analyzing the data as well as
coordinating all the units for acquiring a spectrum.

The main components of the console are a field controiler ER 032 M, a
signal channel ER 023 M, a microwave controller ER 048 H, and an NMR
gaussmeter ER 035 M. Each component is built as a separate unit or a module.
The ER 032 M field control module is used to control the magnetic field. The

sweep width (in Gauss), the central field (in Gauss), and the sweep time (in

32



Signal Processing &
Control Electronics

Microwave Bridge

Cavity &
Sampie

Figure IIL.2. A schematic representation of a Bruker EPR spectometer (adopted

from Bruker manual).
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seconds) are set through this controller. The ER 023 M signal channe! module
works by phase sensitive detection and applies magnetic field modulation to
increase the sensitivity. Optimum settings of modulation amplitude, modulation
frequency, and time constant are required to achieve good sensitivity and
accurate results. Absolute calibration of field modulation amplitude for Bruker
EPR cavities is achieved by a calibrated "tune box" supplied with each cavity
type. The ER 048 H microwave controller is used to control the microwave
bridge. The radiation output power level can be set in one dB steps and a direct

true power reading in mW, uW, and nW is possible on the ER 048 LED display.

L.2.2.2. The Microwave Bridge. In this study four different microwave
bridges were used to investigate the behavior at four different microwave
frequency regions the L-, S-, X- , and Q-bands mentioned above. A block
diagram of the microwave bridge is depicted in Figure II.3. The microwave
bridge contains the microwave source and the detector. The microwave source
can be Gunn oscillator or a klystron. The microwave source used in the bridges
used in this study is a klystron. The variable attenuator, which blocks the flow of
the microwave radiation, comes after the microwave source. The attenuator is
used to control the amount of microwave power that the sample is exposed to it.
The circulator controls the flow of radiation with help of the three ports. The
incident microwave radiation passes only through the first and second ports to

the sample in the cavity. The reflected microwave radiation is directed to the



Detector
Diode

Circulator

Source

Figure ITI.3. Block diagram of a microwave bridge (adopted from Bruker

manual).
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detector only through ports two and three. Therefore, the Bruker EPR
spectrometer is a reflection spectrometer which measures the changes (due to
absorption) in the amount of radiation reflected back from the microwave cavity
containing the sample. The detector is a Schottky barrier diode which converts
the microwave power to an electrical current. For the diode to operate in the
linear region, the detector current should be approximately 200 micro-amperes.
This is for optimal operating conditions. The reference arm supplies the detector
with some extra microwave power or "bias". The second attenuator controls the

power level so that the detector operates with optimal performance.

I1.2.2.3. The EPR Cavity. Microwave EPR cavities are used to amplify
weak signals from the sample. The cavity is a metal box that resonates with
microwaves. At the resonance frequency of the cavity, the cavity stores the
microwave energy and, therefore, no microwaves will be reflected back but will
remain inside the cavity. Hence, the shape of the reflected microwave will be as
shown in Figure IL.4. In the Figure the vas is the resonant frequency of the
cavity. The cavity is coupled to the cavity via a hole called an iris. The iris
matches the impedances of the cavity and the waveguide, which is used to
transfer microwaves from the microwave bridge to the cavity. The matching is
achieved by adjusting the height of the iris screw (see Figure II1.5). The EPR
signal results when the sample absorbs the microwave energy. Absorption by

the sample alters the impedance of the cavity and the matching, or coupling,



Reflected
Microwave
Power vres

Ve

Figure IIL4. Shape of the reflected microwave power from a resonant cavity

(adopted from Bruker manual).

Iris Screw

-

tt—

Wave Guide Cavity

Figure III.5. Coupling of a microwave cavity to waveguide (adopted from Bruker

manual).
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between the cavity and the waveguide is lost. Thus, the cavity is not critically
coupled and the microwave radiation will be reflected back to the bridge. This

will give rise to an EPR signal.

IIL2.24. Calibration of Resonators for L- & S-Bands. A calibration file
must be constructed before any resonator type (or cavity) can be used.
Calibration files for the L- and S-Bands were constructed because they were not
provided by Bruker. The calibration procedures for the microwave bridge ER
065 LR (L-Band) and resonator ER 6502 LH and for the microwave bridge ER

061 SR (S-Band) and resonator ER 6103 SH were performed as follows:

1. The AFC toggle in the rear panel of the microwave bridge was set "oN" at a
value of 10. The potential of the modulation frequency (MF) in the rear of the
console was set equal to 3.00.

2. A DPPH (acronym for 1,1-diphenyl-2-picryl hydrazyl) solid sample, which is a
frequently used reference sample, was placed in the cavity. Both buttons on the
ER 048 H bridge controller "OPERATE" and "REF." were pressed. The bridge
power was set at 60 dB and, using the "BIAS" screw, the diode current was
adjusted to 200 pA.

3. The ER 048 H was the switched to "TUNE" and the power was increased to 25

dB. If no dip was observed the iris screw would be adjusted, and if still no dip,
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the "REF." button might be pressed again and the value of the "REF. PHASE" could
be changed.

4. The "REF."” button was put "OFF" and the "OPERATE" button was switched "ON".
Both the diode current and the AFC pointers were at the center. If this was not
the case, the AFC was adjusted by the "FREQUENCY" knob, and the diode current
with the iris screw and/or the "REF. PHASE" knob. The power was increased to
15 dB, and the "RAPID" button with the "RECORD" option on the Time Base ER
001 module was switched "ON" and the 200 G was selected on the "RAPID SCAN".
A time constant of 40 usec was selected on the signal channel.

5. The phase was varied until the first derivative EPR signal was maximum.
Then + 90 degrees were added to that phase angle so that there was a
completely flat line. This phase angle was recorded. After that the receiver gain
on the signal channel was increased until the signal completely filled the screen
of the oscilloscope. Half this receiver gain and the central field were also
recorded.

6. The following parameters were entered into the main program ESP300E:
Central Field: the value recorded in step (5)

Sweep Width: 10 Gauss

Phase Angle: the value recorded in step (5)

Conversion Time: 5.12 msec

Time Constant: 1.28 msec
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Then "C" for calibration was entered in the main menu followed by "A". The MF
potential was adjusted to obtain a value of ~7 Gauss for the modulation
amplitude which corresponded to a modulation frequency of 100.00 kHz.

Finally, the calibration file was stored in the computer.

IL2.3. Measurement and Data Collection

Although the measurement procedure is well documented for the X-Band,
nothing was mentioned for the other three bands, namely the L-, S-, and Q-
Bands. Following the basic ideas in the procedure for the X-Band, it was
possible to design suitable tuning and coupling procedures for these bands.

The tuning and coupling procedures for the L- and S-Bands were similar.

NL.2.3.1. Tuning and Coupling for L- and S-Bands. The tuning and
coupling procedure for the L- and S-Bands was slightly different form the

procedure for the X-Band. The procedure consisted of the following steps:

1. The power was increased while on "TUNE" as follows: 55dB — 45dB — 35dB
— 25dB. The fluctuating sound of the bands at these microwave ranges was not
amplified when this method of stepping-up the power was adapted. The dip,
similar to the dip shown in Figure IIl.4, was centered using the "FREQUENCY"

knob.
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2. The iris screw was used to produce a dip with maximum sharpness and
deepness. Then, the "REF.” button was pressed "ON" and the dip was again
centered by fine adjustment of the "FREQUENCY" knob. The shape of the resulted
dip is depicted in Figure I1.6.

3. The whole peak in Fig. III.6 was maximized using the "REF. PHASE" knob.
The two peaks on the shoulders of the dip were made at their highest level,
although their heights were not equal. Then the "REF." button was switched
"OFF" and the "OPERATE" button was switched "oN" followed by the "REF." button.
4. The diode current was set equal to 200 pA by manually adjusting the iris
screw on the cavity. The power was increased to 15 dB while maintaining the
diode current at 200 pA by adjusting the level of the iris screw. This is called
critical coupling.

5. The instrument was then ready for spectrum acquisition.

IIL2.3.2. Tuning and Coupling for Q-Band. In this section the differences
in the tuning and coupling procedure of the Q-Band from the other Bands will be

clarified. These differences are:

1. To be able to see the dip the power was increased to 8 to 12 dB.

2. The microwave frequency was adjusted by two knobs: the “FREQUENCY” knob

on the ER 048 H controller and the “+n f ~-“ knob on the Q-Band resonator.
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3. To obtain the sharpest and deepest possible dip four things could be
adjusted. These are the "REF. PHASE" and the “FREQUENCY knobs on the ER 048
H microwave bridge controller and the “+n f ~-* knob and the iris screw on the

Q-Band resonator. The shape of the dip was similar to the dip from the X-Band.

1.2.3.3. Data Collection. The next step is acquiring a spectrum. Before
the instrument can be used for spectrum acquisition, good parameter values
must be selected and entered into the spectrometer. These parameters are:
Modulation Amplitude (mA), Modulation Frequency (MF), Receiver Gain (RG),
Conversion Time, Time Constant, Central Field (CF), Sweep Width (SW), and

Phase.

II.2.3.4. Selecting a Modulation Amplitude. The intensity of the EPR
signal increases as the magnetic field modulation amplitude increases.
However, excessive field modulation broadens the EPR signal which then
becomes distorted. The variation of observed linewidth as a function-of peak-to-
peak modulation amplitude is shown in Table 1.1 for PD-Tempone in toluene at
L-Band. Figure IIL.7 shows that variation graphicaily. The value of peak-to-peak
modulation amplitude that gave the best compromise between signal intensity
and signal distortion for PD-Tempone in toluene at L-Band was 0.124 Gauss.
For S-Band the variation of observed linewidth as a function of peak-to-peak

modulation amplitude is shown in Table II2 for PD-Tempone in toluene.



TABLE IL.1. Observed Line Width as a Function of Peak-to-Peak Modulation

Amplitude for PD-Tempone in Toluene at L-Band.

Modulation Amplitude p-p (Gauss) Observed Line Width (Gauss)
0.0493 0.309
0.0620 0.314
0.0696 0.299
0.0781 0.317
0.0876 0.319
0.0983 0.314
0.1100

O30
0.1560 0.332
0.1750 0.332
0.1960 0.327
0.2200 0.335
0.2470 0.327
0.2770 0.342
0.3110 0.363
0.3490 0.358

* The shaded cells in the table represent the selected value of modulation

amplitude, i.e. 0.124 Gauss, and the corresponding observed line width.

44



QO -
0 O
|

SELECTED MA VALUE

o
o
)

o
»
|

Line Width (Gauss)

o
N
J

0-1 ' ' | [ L
0.06 0.08 0.10 0.20 0.40

Modulation Amplitude p-p (Gauss)

Figure IIL7. Observed line width as a function of peak-to-peak modulation
amplitude for PD-Tempone in toluene at L-Band. The selected value
of modulation amplitude that gave the best compromise between

signal intensity and signal distortion was 0.124 Gauss.
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TABLE III.2. Observed Line Width as a Function of Peak-to-Peak Modulation

Amplitude for PD-Tempone in Toluene at S-Band.

Modulation Amplitude p-p (Gauss) Observed Line Width (Gauss)
0.0500 0.25739
0.0630 0.25024
0.0800 0.25739
0.1000 0.27169

0.1600 0.27884
0.2000 0.29314
0.2500 0.31459
0.3200 0.32174
0.4000 0.42184
0.5000 0.50764
0.6300 0.61489
0.8000 0.77218
1.0000 1.00098

* The shaded cells in the table represent the selected value of modulation

amplitude, i.e. 0.125 Gauss, and the corresponding observed line width.




Graphical representation of this variation is shown in Figure III.8. In this case
the value of peak-to-peak modulation amplitude that gave the best compromise
between signal intensity and signal distortion for PD-Tempone in toluene was

0.125 Gauss.

I.2.3.5. Remote Control and Data Acquisition. Remote control of the
Bruker EPR spectrometer and acquisition of data can be performed using the
ESP 300E software. After booting, this software can be entered by typing
“esp300e” at the shell prompt, the dollar sign. The main menu contains such
options as File handling, Acquisition, Parameters, Data handling, Calibration, ...
etc. Each option in the main menu and in the sub-menus can be entered by
selecting it using the arrows in the key board and hitting enter or directly by
pressing the designated letter. Measurement parameters and spectra are stored
in pages which can then be saved. These pages are numbered respectively.

A brief description of the main options will clarify some of their functions.
The option ‘File handling,” as the name implies, is for activities like opening files,
saving files, entering operator's name and comment lines, and so forth. Through
the ‘Acquisition’ option the following activities can be performed: acquisition of
spectra with the signal channel, deletion of spectra, transferring of spectrum
and/or parameters from the active page to another page, and editing and

execution of automation routines. The option ‘Parameters’ is for setting the
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Figure IT1.8. Observed line width as a function of peak-to-peak modulation
amplitude for PD-Tempone in toluene at S-Band. The selected value
of modulation amplitude that gave the best compromise between

signal intensity and signal distortion was 0.125 Gauss.



parameters of, for example, the field controller, the signal channel, and for

downloading and uploading the parameters to and from the instrument.

I.3. Data Analysis

To manipulate the data, files of the resulting spectra were transferred
from the Bruker data acquisition system to a PC using the software WIN-EPR
which is written by Bruker. Then, using this software the files of the spectra
were transformed from binary format to ASCII format. The ASCIi format can be
read easily by other programs. Computer programs, written in FORTRAN
language, were either developed from scratch or modified to assist in the

analysis of the results.

IL.3.1. Computer Programs

The computer programs, which were used extensively in this study, are
described below and are arranged according to the order of their usage. Lists of
these programs can be found in Appendix (A) at the end of this dissertation. The
accuracy of the first and second programs was checked by performing a sample
calculation manually and by using these computer programs. Then, the results

were compared, which agreed satisfactorily.

IL3.1.1. LWAFOR. This program was written to perform linewidth

analysis. Given the name of the text file of a three lines , i.e. the three nitroxide
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lines corresponding to M.,, Mo, and M., this program will return the linewidths

and the peak-to-peak heights for the three lines.

IIL.3.1.2. EXDEL.FOR. This program caiculates the normalized intensities
corresponding to quarters of a first derivative EPR single spectrum. This is
- achieved by first determining the linewidth, which is the difference between the
two extrema. The intensities are then calculated at distances from the central
field in steps of quarter the linewidth. This was performed to both the positive
and negative peaks. The values of intensities at equal distances to the left and
right of the central field were averaged and normalized to one. This decay

behavior is necessary for the next step.

IL.3.1.3. GSUMJH.FOR. This program, which simulates the lineshape of
a single Lorentzian peak , was used to determine the isotropic hyperfine

coupling constant of deuteron, 42.,. This was achieved by varying, in the input
data file, 4. and the intrinsic linewidth. The program returned the theoretical

observed linewidth and decay behavior. The results were compared with the
experimental linewidth and decay behavior calculated by EXDEL.FOR. This
process was iterated until a good match was achieved between experimental
and theoretical resuits. Once a good match was obtained and for a more
precise comparison, a theoretical curve was generated and compared

graphically with the experimental curve. The computed intensity was normalized



to unity for comparison with the experimentally obtained curve. The
mathematical equation used in this program is the same as the equation used in

the next program.

mL3.1.4. GSUMDP.FOR. This computer program calculates the
Lorentzian half-width -at-half-height (the intrinsic linewidth) using the following
equation (Li & Hwang, 1984).

12 Q -A-H.
r-% 2D (2 z,)w z
=2 3 p [(Q,,A—H,.) +w2]

i=-12

(0I-5]

where

H; is the magnetic field at point j on the simulation;

Y is the intensity at magnetic field H;

D is the degeneracy;

O« is the quantum number of D;;

w is the intrinsic linewidth;

A is the isotropic deuteron hyperfine coupling constant.

The first term is a weighting factor which comes from the degeneracy of

the tweive equivalent deuterons in PD-Tempone adjacent to the N—O fragment.
The rest is a Lorentzian lineshape function. The above Equation sums the

intensities of all the twenty five degenerate hyperfine lines and calculates ¥, the
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intensity at magnetic field H;. Since it is completely symmetrical, only half of the
spectrum was simulated. The output of this program is a list of “observed”
linewidths and corresponding “intrinsic” linewidths and “peak-to-peak heights.”
This output is used to generate the input for the next computer program.

IL3.1.5. T22.FOR. The experimental 4, B, and C values are obtained
using this program. Entered in the input file, along with the generated list from
the GSUMDP.FOR, are the experimental linewidth of the sharpest peak and the
peak-to-peak heights for all of the three lines corresponding to M= +1, 0, and -1.
The T22-program interpolates the intrinsic linewidths from the given list. Then

the three intrinsic linewidths are fitted to the equation (Hwang et al, 1975)

8(M) = A+ BM +CM* [II1-6]

where M) is the intrinsic linewidth corresponding to the spectral index number

M. Solving this Equation for M= +1, 0, and -1, one obtains
A4 =6(M =0) [I-7]
B=05x[6(M =+1)-6(M =-1)] [I11-8]

C=05x[6(M =-1)+s(M

I

+1)~2 x (M = 0)] 9]

The fractional errors in 4, B, and C are also calculated in the computer analysis.
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IL3.1.6. BCT1.FOR & ABCIL.FOR. These two programs were used to
calculate the rotational correlation time 7z (reorientational correlation times will
be referred to as w which is equivalent to = in Section I 1), and the theoretical
B and C values. The BCT1.FOR program provides a first look at the behavior of
the experimental data. From this program it is possible to find the axes of
rotational diffusion (X, ¥, or Z), and to limit the range of the anisotropy of
molecular reorientation () and correlation time . These information are fed to
the ABCLFOR program along with the microwave frequency and the
experimental values of B and C. The ABCl-program then calculates iteratively
the carrelation times x by matching experimental and theoretical values of either
B or C. The narrower the range found with the BCT1-program is, the faster the
ABCl-program can find the correlation times .

The motion narrowing analysis of Freed et al. (Goldman et al, 1972
Goldman et al, 1973; & Hwang et al, 1975) has been adapted. We have also
incorporated an experimentally adjustable parameter, g, for a broader range of
non-Debye type spectral density. This parameter, suggested by Cole and
Davidson, may assume values between zero and one (Davidson & Cole, 1951).
Table I3 gives the magnetic parameters of PD-Tempone in toluene (Hwang et
al, 1975) needed for the calculation which was carried out by using Equations
[II.10-12] (Li & Hwang, 1985).

=§_ 1 _ 1
"3 [1+(a)¢‘l'o)2&"]ﬁ 3[l+(wot,,)2e]p

(II-10]
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TABLE IIL3. Magnetic Parameters of PD-

Tempone in Toluene.§

g = 2.00232

g = 2.0096 + 0.0002
g = 2.0063 + 0.0002
g: = 2.0022 + 0.0001
A.=41:05G
4,=6.1+05G

A4,=33.45+£02G

SFrom Hwang, et al., 1975.



with

1 1

[l +(@,7,) e']p ) 3[1-('(0)022)2 e]p

8
C, =—-
3

c{ ; ](o.sfr‘)(D:r,C,,+2D;r,C,) [I-11]
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B
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Po3 [I+(0)01'2)28]B

-2
B= (3 7 J(O-I”mo)(goDo 0B, +2g,D, tsz) {HI1-12]
/4

gx=(g.+g,+8.)f3

2 =(g. - 2. )32)"

g =(g--g,)/2
Ag=(4.+4,+4.)f3

y =1.764097 x107rad s~ G
Y=V 8x/8

D, = (4, — 4,7 »|/27)(3/8)* MHz
D= (4~ 4, )y Yer) Mz

= v
T, = TN

55



r, =37, / (1+2N)
@, =2xv

wa =‘4N7P/2

IIL4. Results

In this section the results obtained for PD-Tempone in toluene at the
different microwave frequency bands, i.e,, L-, S-, X-, and Q-Bands will be
presented. Then, at the end of this section, a comparison of these results will be
cited. The objective is to look at the behavior of the anisotropic interaction
parameter x at the different microwave frequencies for the same system PD-
Tempone in toluene.

Once correlation times, 1, are calculated (using the ABCl-program) for
the system at different temperatures, the anisotropic interaction parameter x can
be calculated. For spherical top or linear molecules, the correlation time = is
related to the anisotropic interaction parameter « as (Kivelson, 1972 and Eq. III-

3, rewritten here for convenience)

e (52 4

The coefficient of shear viscosity n for the solvent toluene at different
temperatures can be calculated using the following equation (Barlow, 1966).

4096°K

Inp=-7266+—020 K
n T-1031°K

[[I-15]



This equation is valid in the temperature range 288-155 K.

IL4.1. L-Band

The study of PD-Tempone in toluene at L-Band (~1 GHz), with 100-KHz
field modulation, was performed over a range of temperatures from 145 to 295 K
and selected spectra are shown in Figure IIL.9.

The results of the linewidth analysis, which was performed by the LWA-
program, are given in Table IIL.4. The first coiumn of this Table contains values
of temperature in K. The second, third, and fourth columns contain, respectively,
observed linewidths (in Gauss), peak-to-peak heights, and central fields (in
Gauss) for M; = +1. The same pattern is repeated for M, =0 and M, = -1.

The decay behavior , which is an average of three runs, of the second
peak at T = 295.2 K is given in Table II.5. This calculation was done with the
EXDEL-program. The results of the simulation, which were calculated using the
GSUMJH-program, are given in the same Table. Clearly, the match between
experimental and theoretical values is acceptable which validate the use of an
ap of 0.0205 G. The results of this analysis, for an observed linewidth of 0.3265
+ 0.0001 G, are a deuteron hyperfine coupling constant, ap, of 0.0205 G and an
intrinsic linewidth equals to 0.2820 G. Since ap varies with temperature (Eaton,
et al, 1980), the decay behavior at T = 165.0 K was also checked. The results
are shown graphically in Figure II1.10 where only half of each spectrum is

shown. As mentioned earlier the first derivative EPR spectrum is symmetrical
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TABLE HLS. Decay Behavior of PD-Tempone in Toluene at L-Band. The
Linewidth , which is Equal to 0.3265 G, is Divided by Four. The
Intensities at the Same Quarters from the Center on Both Sides are
Averaged. Theoretical Simulation was Carried Out with an ap of 0.0205

G, and intrinsic width of 0.2820 G.

Experimental Theoretical
.Multiples of 1/ ‘ Relative Standard Relative
from Center Amplitude Deviation Amplitude
0.0 0.0101 0.0093 0.0147
1.0 0.7454 0.0042 0.7592
20 0.9943 0.0033 0.9978
3.0 0.8509 0.0050 0.8474
4.0 06124 0.0052 0.6081
5.0 0.4114 0.0025 0.4154
6.0 0.2791 0.0001 0.2844
7.0 0.1935 0.0018 0.1989
8.0 0.1342 0.0025 0.1428
9.0 0.0936 0.0011 0.1053
10.0 0.0618 0.0037 0.0795
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Figure IIL10. Lineshape simulation of the central peak (M=0) of the EPR
spectrum of PD-Tempone in toluene at L-Band and at T = 165 K This
simulation was carried out with a deuteron hyperfine coupling constant of
0.0750 G and an intrinsic linewidth of 1.422 G. The obsereved linewidth
is 1.553 G.
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about the central field. Although the best simulation was obtained with an ap of
0.0750 G, the difference in the resuits of B and C due to this variation was small
compared with experimental errors. As will be shown later that ap assumes
higher values as the temperature decreases. Hence, the ap would vary from
0.0205 G to 0.0750 G. But since the effect on the final resuits is relatively small
(as given in Table IIL.6), an ap of 0.0205 G was used for all temperatures to

generate the intrinsic linewidths by the GSUMDP-program.

The generated list was used in the T22-program to obtain the B and C
values which are presented in Table II.6. Based on these experimental C
values, the reorientational correlation times w for the spectra at different
temperatures, and the corresponding theoretical B and C values were calculated
using the BCT1- and the ABCl-programs. The parameters used in these
calculations (after experimenting with 2 =X, Y,orZ; N=110 20; = 0.1 t0 4.0,¢
=1to20;and £ =1to20)arez’=Y, N=1.0, B=0.55, and £¢=¢ =1.0. Curves
of the experimental and theoretical resuits of B and C, and of z values versus

n/T are shown in Figure IIL.11. The slope of the =z versus (7/T) curve is 0.40 x

3
10° s.K.P™, which is equal to G ”k il x), and with r, equal to 3.2 A (Hwang et

B

al, 1975), the value of the anisotropic interaction parameter x came out to be

0.40 £ 0.11.



TABLE IIL6. Experimental Values of B and C for PD-
Tempone in Toluene at L-Band. The Final Six data
were Calculated with an ap of 0.075 G.

TEMP. (K) M; B (Gauss) C(Gauss) C/B
295.2 +1 .00072379 .00584652 8.07759
295.2 0 .00074093 .00600277 8.10166
295.2 -1 .00070880 .00585414 8.25919
275.0 +1 .00051188 .00463289 9.05065
275.0 0 .00052215 .00475474 9.10605
275.0 -1 .00043669 .00398623 9.12837
265.0 +1 .00173698 .00938477 5.40291
265.0 0 .00150807 .00818741 5.42906
265.0 -1 .00169048 .00940368 5.56273
255.0 +1 .00145876 .00588471 4.03406
255.0 0 .00147929 . 00596841 4.03465
255.0 -1 .00144558 .00583108 4.03374
245.0 +1 .00130480 .00637306 4.88432
245.0 o] .00132617 .00647621 4.88338
245.0 -1 .00129364 . 00631914 4.88476
235.0 +1 .00227243 .00708264 3.11677
235.0 0 .00230836 .00719403 3.11651
235.0 -1 .00224041 .00698247 3.11660
225.0 +1 .00196496 . 00595669 3.03146
225.0 0 .00199000 .00603237 3.03134
225.0 -1 .00194105 .00588434 3.03153
215.0 +1 .00342364 .01280967 3.74154
215.0 0 .00352824 .01320051 3.74139
215.0 -1 .00335138 .01254156 3.74221
205.0 +1 .00539761 .02200197 4.07624
205.0 0 .00569777 .02321714 4.07478
205.0 -1 .00615470 . 02504621 4,06944
195.0 +1 .01271042 .05093598 4.00742
195.0 0 .01216334 . 04875404 4.00828
195.0 -1 .01196057 .04788187 4.00331
185.0 +1 .02466008 .12549330 5.08893 .
185.0 0 .02740350 .13928600 5.08278
185.0 -1 .02472109 .12586910 5.09157
175.0 +1 .05004555 .29266510 5.84797
175.0 0 .05358928 .31323470 5.84510
175.0 -1 .05001011 .29244800 5.84778
165.0 +1 .16812930 1.04072000 6.19000
165.0 (0} .17529210 1.08526900 6.19120
165.0 -1 .18068250 1.11899900 6.19318
165.0 +1 .16455510 1.03048200 6.26223
165.0 0 .17110220 1.07221700 6.26653
165.0 -1 .18793340 1.17838300 6.27021
165.0 +1 .16616820 1.03574600 6.23312
165.0 /] .16856050 1.05057600 6.23263
165.0 -1 .17963020 1.11835600 6.22588
165.0 +1 .16229360 1.02564400 6.31969
165.0 0 .16358130 1.03308200 6.31540
165.0 -1 .18692860 1.17829000 6.30342
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Figure III.11. (A): Experimental and theoretical values of B and C for PD-
Tempone in toluene at L-Band with a deuteron hyperfine coupling constant
of 0.0205 G. The parameters used were z'=Y, N=1.0, 8= 0.55, ¢=¢=1.0.
(B): n/T versus reorientational correlation time z for the same system. 7 is

the calculated coefficient of shear viscosity at different toluene
temperatures.
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IL4.2. S-Band
Figure III.12 shows representative spectra of PD-Tempone in toluene at

S-Band (~4 GHz), with 100-KHz field modulation, which was studied over a
range of temperatures from 107 to 295 K The resuits of the linewidth analysis,
which was performed by the LWA-program, are given in Table I1.7.

Lineshape simulations of half of the second peak (M, = 0) for the spectra
at the two temperatures 295.0 and 161.2 K are shown in Figures II.13 and
IIL. 14, respectively. Both simulations were performed with a deuteron hyperfine
coupling constant, ap, of 0.0205 G. At T = 295.0 K the observed linewidth was
0.409 G, which corresponded to an intrinsic linewidth of 0.372 G, while at T =
161.1 K both observed and intrinsic linewidths were equal to 2.79 G. These two
Figures show an acceptable match between experimental and theoretical
results, which support the ap of 0.0205 G. The simulations were calculated
using the GSUMJH-program. An qp of 0.0205 G was used for all temperatures
to generate the intrinsic linewidths by the GSUMDP-program.

The generated list was, then, used in the T22-program to obtain the B
and C values which are presented in Table IIL.8. Based on the experimental C
values, the reorientational correlation times  for the spectra at different
temperatures, and the corresponding theoretical B and C values were caiculated
using the BCT1- and the ABCl-programs. The parameters used in these
calculations (after experimentingwithz' =X, Y, orZ; N= 110 20; #=0.1t0 4.0,¢

=1to20;and £ =1to20)arez’=Y,N=1.0, = 1.0, and £=¢ =1.0. Curves of
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Figure IIL13.. Lineshape simulation of the central peak (M=0) of half of the
EPR spectrum of PD-Tempone in toluene at S-Band and at T = 295 K
This simulation was carried out with a deuteron hyperfine coupling
constant of 0.0205 G and an intrinsic linewidth of 0.372 G. The observed

linewidth is 0.409 G.
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Figure IIL14.. Lineshape simulation of the central peak (M=0) of half of the
EPR spectrum of PD-Tempone in toluene at S-Band and at T = 161.2 K
This simulation was carried out with a deuteron hyperfine coupling
constant of 0.0205 G and an intrinsic linewidth of 2.79 G. The obsereved
linewidth is also 2.79 G.
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TABLE II1.8. Experimental Values of B and C for PD-

Tempone in Toluene at S-Band.

TEME.(K) My B (Gauss) C(Gaggg) C{E____
295.0  +1 .00328043  .00869730 2.65127
295.0 0 .00332549  .00881925 2.65201
295.0 -1 .00365132  .00967157 2.64879
295.0 +1 .00309975  .00722242 2.33000
295.0 0 .00313970  .00731483 2.32978
295.0 -1 .00303945  .00708234 2.33014
275.0 +1 .00459535  .00855972 1.86269
275.0 0 .00381213 .00710510 1.86382
275.0 -1 .00446820 .00832316 1.86275
265.0 +1 .00713541 .00803853 1.12657
265.0 0 .00715915 .00806517 1.12655
265.0 -1 .00826019 .00930484 1.12647
197.2 +1 .05125120 .12141600 2.36904
197.2 0] .05343306 .12649940 2.36744
197.2 -1 .04717864 .11179740 2.36966
185.4 +1 .13663570 .28627650 2.09518
185.4 0] .14873170 .31150960 2.09444
185.4 -1 .12566970 26343490 2.09625
172.6 +1 .24242260 .50256810 2.07311
172.6 0 .24888970 .51586560 2.07267
172.6 -1 .24053820 .49854190 2.07261
161.2 +1 .02080870 1.48460900 71.34559
161.2 0 -.06298375 1.43049100 -22.71206
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the experimental and theoretical resuits of B and C, and of  values versus 7T
are shown in Figure IIL.15. The siope of the wm versus (n/T) curve is 0.44 x 10®
s.K P and the value of the anisotropic interaction parameter x came out to be

0.44 £0.14.

L4.3. X-Band

The study of PD-Tempone in toluene at X-Band (~9.5 GHz), with 100-KHz
field modulation, was conducted over a range of temperatures from 104 to 295 K
and representative spectra are shown in Figure II.16. The results of the
linewidth analysis, which was performed by the LWA-program, are given in
Table IT.9.

Table III.10 gives the decay behavior, which is an average of three runs,
of the first peak (M, = +1) at T = 295.0 K This calculation was done with the
EXDEL-program. The results of the simulation, which were calculated using the
GSUMJH-program, are given in the same Table. Clearly, the match between
experimental and theoretical values is acceptabie which validate the use of an
ap of 0.0205 G. The results of this analysis, for an observed linewidth of 0.3015
£ 0.0050 G, are a deuteron hyperfine coupling constant, ap, of 0.0205 G and an
intrinsic linewidth equals to 0.2540 G. Based on what was learned from the
results of the L- and S-Bands, the différence in the values of B and C due to the

variation in ap with temperature was small compared with experimental errors.
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Figure MLI1S.. (A): Experimental and theoretical values of B and C for PD-

Tempone in toluene at S-Band with a deuteron hyperfine coupling constant
of 0.0205 G. The parameters used were z'=Y, N=1.0, 8= 1.0, £ =£=1.0.
(B): n/T versus reorientational correlation time 1 for the same system. 7 is
the calculated coefficient of shear viscosity at different toluene
temperatures.
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TABLE IIL.10. Decay Behavior of PD-Tempone in Toluene at X-Band. The
Linewidth, which is Equal to 0.3015 G, is Divided by Four. The Intensities
at the Same Quarters from the Center on Both Sides are Averaged.

Theoretical Simulation was Carried Out with an ap of 0.0205 G, and

intrinsic width of 0.2540 G.
Experimental Theoretical
m;;f 1/4 | Relative Standard Relative
from Center Amplitude Deviation Amplitude
0.0 0.0125 0.0216 0.0163
1.0 0.7384 0.0082 0.7598
20 0.9935 0.0012 0.8972
3.0 0.8539 0.0110 0.8429
40 0.6095 0.0147 0.5998
5.0 0.4089 0.0123 0.4059
6.0 0.2735 0.0109 0.2757
7.0 0.1890 0.0078 0.1917
‘ 8.0 0.1336 0.0063 0.1370
9.0 0.0991 0.0047 0.1006
10.0 0.0747 0.0040 0.0757
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Hence, an ap of 0.0205 G was used for all temperatures to generate the intrinsic
linewidths by the GSUMDP-program.

The generated list was used in the T22-program to obtain the B and C
values which are presented in Table II.11. Based on these experimental C
values, the reorientational correlation times = for the spectra at different
temperatures, and the corresponding theoretical B and C vaiues were calculated
using the BCT1- and the ABCl-programs. The parameters used in these
calculations (after experimenting with 2" =X, Y, or Z; N=11020; #=0.1t0 40,¢
=1to20;and & =1to20)arez’=Y, N= 1.5, =10, and £=¢ =1.0. Curves of
the experimental and theoretical resuits of B and C, and of w values versus /T
are shown in Figure IML.17. The slope of the 7 versus (7/T) curve is 0.44 x 10
s.K P" and the value of the anisotropic interaction parameter x came out to be

0.44 £ 0.05.

ML4.4. Q-Band

The spectra of PD-Tempone in toluene at Q-Band (~34 GHz), with 12.5-
KHz field modulation, were taken over a range of temperatures from 109 to 295
K and representative spectra are shown in Figure II.18. The resuits of the
linewidth analysis, which was performed by the LWA-program, are given in
Table I.12.

The decay behavior , which is an average of three runs, of the second

peak (M, =0) at T = 295.0 K is given in Table II1.13. This calculation was done
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TABLE II.11. Experimental Values of B and C for PD-

Tempone in Toluene at X-Band.

TEMP (K) Mr B (Gauss) C(Gauss) C/B
295.1 ¥1 .00594418  .00574614 .96668
295.1 0 .00511196 .00494105 .96657
295.1 -1 .00571039  .00551948 .96657
295.0 +1 .00569893  .00589700 1.03475
295.0 ) .00569995  ,00589798 1.03474
295.0 -1 .00547764  .00566956 1.03504
275.0 +1 .00860293  .00847119 .98469
275.0 0 .00859922  .00846742 .98467
275.0 -1 .01032497 .01016672 .98467
265.0 +1 .01028984 ., 00909180 .88357
265.0 0 .01024830  .00905474 .88354
265.0 -1 .00963138  .00850894 .88346
255.0 +1 .01435725 .00943176 .65693
255.0 0 .01412371  .00927727 .65686
255.0 -1 .01310728 .00860708 .65666
255.0 +1 .01404011 .00925119 .65891
255.0 0 .01381849  .00910410 .65883
255.0 -1 .01284295 .00845774 .65855
245.0 +1 .01391361  .01385500 .99579
245.0 0 .01391082  .01385222 .99579
245.0 -1 .01273658 .01268270 .99577
245.0 +1 .01354697 .01351737 .99782
245.0 0 .01354563  .01351604 .99782
245.0 -1 .01242895 .01240183 .99782
235.0 +1 .00973368  .01510577 1.55191
235.0 0 .00991237  .01538210 1.55181
235.0 -1 .01159601 .01798256 1.55075
225.0 +1 .02303021  .03023364 1.31278
225.0 0 .01701975  .02238730 1.31537
225.0 -1 .01997678  .02624699 1.31388
215.0 +1 .02464515  .03210208 1.30257
215.0 0 .03547290  .04605392 1.29828
215.0 -1 .02790002  .03629246 1.30080
205.0 +1 .05496204  .06144480 1.11795
205.0 0 .05622340 .06284892 1.11784
205.0 -1 .05073716 .05674217 1.11836
195.0 +1 .08410054  .09131478 1.08578
195.0 0 .11088080 .12026800 1.08466
195.0 -1 .09519368  .10330850 1.08525
185.0 +1 .20324920 .19355350 .95230
185.0 0 .19859430 .18912290 .95231
185.0 -1 .22576720  .21502590 .95242
175.0 +1 .47254290  .44002940 .93119
175.0 0 .49146720 .45767170 .93124
175.0 -1 .44243910 .41198460 .93117
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Figure IIL17. (A): Experimental and theoretical values of B and C for PD-
Tempone in toluene at X-Band with a deuteron hyperfine coupling constant
of 0.0205 G. The parameters used were Z'=Y, N=1.5, 8= 1.0, £ =£=1.0.
(B): n/T versus recrientational correlation time = for the same system. 7 is
the calculated coefficient of shear viscosity at different toluene
temperatures.
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TABLE ML13. Decay Behavior of PD-Tempone in Toluene at Q-Band. The
Linewidth, which is Equal to 1.1730 G, is Divided by Four. The Intensities
at the Same Quarters from the Center on Both Sides are Averaged.
Theoretical Simulation was Carried Out with an ap of 0.0205 G, and
intrinsic width of 1.160 G.

Experimental Theoretical
Multiples of 1/4 | Relative Standard Relative
from Center Amplitude Deviation Amplitude
0.0 0.0012 0.0011 0.0036
1.0 0.7535 0.0032 0.75%
2.0 0.9973 0.0007 1.0000
3.0 0.8749 0.0049 0.8677
4.0 0.6666 0.0058 0.6480
50 0.4809 0.0076 0.4621
6.0 0.3342 0.0064 0.3284
7.0 0.2322 0.0056 0.2366
8.0 0.1781 0.0063 0.1739
9.0 0.1423 0.0047 0.1304
10.0 0.1299 0.0040 0.0998
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with the EXDEL-program. The results of the simuiation, which were calculated
using the GSUMJH-program, are given in the same Table. Clearly, the match
between experimental and theoretical values is acceptable which validate the
use of an ap of 0.0205 G. The results of this analysis, for an observed linewidth
of 1.1730 £ 0.0092 G, are a deuteron hyperfine coupling constant, ap, of 0.0205
G and an intrinsic linewidth equals to 1.1600 G. As was mentioned in the
section for the X-Band, the difference in the values of B and C due to the
variation in ap with temperature would be small compared with experimental
errors. Hence, an ap of 0.0205 G was used for all temperatures to generate the
intrinsic linewidths by the GSUMDP-program.

The generated list was used in the T22-program to obtain the B and C
values which are presented in Table III.14. Based on these experimental C
values, the reorientational correlation times = for the spectra at different
temperatures, and the corresponding theoretical B and C values were calcuiated
using the BCT1- and the ABCIl-programs. The parameters used in these
calculations (after experimentingwithz =X, Y, orZ; N=1t0 20; #=0.1t04.0,¢
=1t020;and s =1to20)arez=Y,N=20, #=1.0, and e=¢ =1.0. Curves of
the experimental and theoretical results of B and C, and of « values versus /T
are shown in Figure II1.19. The slope of the = versus (7/T) curve is 0.44 x 10°
s.K.P" and the value of the anisotrobic interaction parameter x came out to be
0.44 + 0.04. The axes for the = versus (7/T) curve are in the common

logarithmic scale. This is because, unlike in the L-, S-, and X-Bands, the data
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TABLE HI1.14. Experimental Values of B and C for PD-

Tempone in Toluene at Q-Band.

TEMP. (K) My B (Gauss) C(Gauss) Cc/B
295.0 +1 .00548875 .00241840 .44061
295.0 0 .00576806 .00252628 .43798
295.0 -1 .00597465 .00260079 .43530
275.0 +1 .01072276 ~.00092065 -.08586
275.0 o .01005197 -.00086534 ~-.08609
275.0 -1 .01108491 ~-.00095487 -.08614
265.0 +1 .01423562 -.00191760 -.13470
265.0 0 .01484746 -~.00202340 -.13628
265.0 -1 .01549405 ~.00209385 -.13514
255.0 +1 .01911920 .00557345 .29151
255.0 0 .01998842 .00580013 .29017
255.0 -1 .02061206 .00600821 .29149
245.0 +1 .02060503 -.00100631 -.04884
245.0 ) .02014965 -,00098717 ~-.04899
245.0 -1 .02100149 -.00102910 -.04900
235.0 +1 .03174293 .00433451 .13655
235.0 0 .03287634 .00447318 .13606
235.0 -1 .03165314 .00431320 .13626
225.0 +1 .03316078 .00767490 .23145
225.0 ) .03683418 .00851041 .23105
225.0 -1 .03517574 .00815117 .23173
215.0 +1 .04136491 .01005530 .24309
215.0 0 .04276460 .01038980 .24295
215.0 -1 . 04308987 .01049048 .24346
205.0 +1 .05038998 .01141927 .22662
205.0 0 .04797724 .01086339 .22643
205.0 -1 .04809570 .01088428 .22630
195.0 +1 .05785576 .01409534 .24363
195.0 0 .05926913 .01447129 .24416
195.0 -1 .05831951 .01425517 .24443
185.0 +1 .07378447 .01814514 .24592
185.0 0 . 06806040 . 01675200 .24613
185.0 -1 . 07145590 .01756406 .24580
175.0 +1 .09065585 .02332439 .25728 .
175.0 0 .10017110 . 02582687 .25783
175.0 -1 .09972565 . 02567197 .25743
165.0 +1 .13884650 .03649290 .26283
165.0 0 .14420400 .03795071 .26317
165.0 -1 .13333730 .0349738¢0 .26230
155.0 +1 .22941030 .06239477 .27198
155.0 0 .23782420 .06479342 .27244
155.0 -1 .23841550 .06497049 .27251
145.0 +1  1.40997800 .39134010 .27755
145.0 0 1.27713200 .35403760 .27721
145.0 -1 1.22324300 .33899640 .27713
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Figure IIL19.. (A): Experimental and theoretical values of B and C for PD-
Tempone in toluene at Q-Band with a deuteron hyperfine coupling constant
of 0.0205 G. The parameters used were z'=Y, N=2.0, 8= 1.0, e=£=1.0. B
and C values generated by N=1.0 are also shown for comaparison. (B):
n/T versus reorientational correlation time z for the same system, where 7

is the coefficient of shear viscosity for toluene.
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points in the rapid rotational region contribute significantly to the nonsecular
terms, i.e., "> >1. For these paints to have more weight in determining the
slope of the curve a logarithmic scale was adapted. If a linear scale was
selected, only the points in the slow rotational region would dominate the
calculation of the slope of the curve. The slope in the latter case is 0.0047 x 10®

s.K P and the value of the anisotropic interaction parameter «would be 0.0048.

L4.5. The Parameter g
The parameter g which was introduced to the spectral density function by

Cole and Davidson (Davidson & Cole, 1951) proved to be useful in the
calculation of B and C coefficients. The experimental values of B and C for the
L-Band were fit theoretically, when g equals to 1.0, with the parameters z'=X
and N=4.0. ' = X is physically not plausible since for all other bands z' equals
Y, i.e. best fit of experimental B and C values was obtained when z° was set
equal to Y. The experimental values of B and C were well below the theoretical
values when z'=Y was used for fitting (Fig. 11.20-A). On the contrary, for the
other three bands best fits of experimental values were obtained with this setting
(Fig. I1.20-B,C,&D). The “best fit" N values for the S-, X-, and Q-Bands were,
respectively, 1.0, 1.5, and 2.0. These observations are presented graphically in
Figure II.20 for values of N ranging frbm 1.0t06.0.

Setting B equal to 0.5, on the other hand, made possible the fitting of the

experimental values of B and C for the L-Band with z° = Y and N close to 1.0,
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Figure IIL.20.. Experimental values of B versus C for PD-Tempone in toluene
determined from the four bands with 2" set equal to Y, fequal to 1.0 and N
values ranging from 1.0 t0 6.0. (A) L-Band; (B) S-Band; (C) X-Band; (D)
Q-Band. Experimental values of B and C for the L-Band lay well below the
theoretical curves. Setting z° equal to X gave a better fit in this case for the

L-Band.



which are the theoretically conceivable results. However, the N values for the S-,
X-, and Q-Bands would be higher than one. Figure IIL21 shows plots of B
versus C for the four bands with ' = Y, = 0.5, and N = 1.0 to 6.0. Best fits are
shown in Figure II1.22, where for the L-Band g8 = 0.55, and for the other three
bands #= 1.0, and in all " was set equal to Y. The N values, as can be seen
from the figure, are 1.0,1.0,1.5, and 2.0 for the L-, S- X- and 'Q-Bands,

respectively. The effects of these variations on the values of 7z were minimal.

ILS. Discussion

A summary of the resuits obtained for PD-Tempone in toluene at the four
microwave bands L, S, X, and Q is given in Table II1.15. Molecules of PD-
Tempone in toluene at the four bands align under the applied magnetic field
such that the molecular Y axis corresponds to the 2’ axis in the laboratory frame,
which is taken to be the direction of the applied magnetic field. This is also in
accordance with the previous work on the same system (Hwang et al., 1975;

Rahman, 1988).

Values of the anisotropic rotational reorientation N are close to one. Nis
the ratio of Ry/R., where R, is the rotational diffusion constant along the longer
molecular axis and R, is the rotational diffusion constant perpendicular to the
longer molecular axis (Goldman et al, 1972; Goldman et al, 1973; & Hwang et al,

1975). In PD-Tempone, Ry = Rxand R, = Ry = Rz. The shape of PD-Tempone
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Figure IL21.. Experimental values of B versus C for PD-Tempone in toluene
determined from the four bands with z* set equal to Y, S equal to 0.5 and N
values ranging from 1.0 to 6.0. (A) L-Band; (B) S-Band; (C) X-Band; (D)
Q-Band. Experimental values of B and C for the S-, X- and Q-Bands

assume higher values of N (>1) for best fits.
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Figure IIL.22.. Experimental values of B versus C for PD-Tempone in toluene
determined from the four bands with z* set equal to Y and N values ranging
from 1.0 t0 6.0. (A) L-Band with 8= 0.55, and N = 1.0 gave best fit; (B) S-
Band with = 1.0, and N = 1.0 gave best fit; (C) X-Band with 8= 1.0, and

N = 1.5 gave best fit; (D) Q-Band with #= 1.0, and N = 2.0 gave best fit.
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TABLE IIL15. Summary of the Results for PD-Tempone in Toluene at the Four

Microwave Bands: L, S, X, and Q.

Band | Z N B Present Study Previous Work
L Y | 1.0+£05 | 0.55+0.05 0.40 : 0.11 0.7’517f
S Y | 1.0£05 1.0 044 +0.14 0.552"
X Y | 15205 1.0 0.44£0.05 0.405*
Q Y | 20+05 1.0 0.44 £0.04 0.266*

T Rahman, 1988.
' Hwang et al., 1975.



is nearly a prolate axially symmetric ellipsoid with a, =ax=42ianda, =2854
(Hwang et al., 1975), which gives anr, of 3.2 A At ~1 GHz and ~ 4 GHz, PD-
Tempone undergoes isotropic rotational diffusion, whereas at ~ 9.5 GHz and ~
35 GHz its rotational diffusion becomes slightly anisotropic. The siow tumbling
region started at a lower temperature in the Q-Band than in the other three
bands. This suggests that the strength of the applied magnetic field has a clear
effect on the molecular motion of PD-Tempone, and consequently on the

anisotropy of the rotational diffusion represented by the N values.

Values of the anisotropic interaction parameter x determined in this study
for PD-Tempone in toluene were similar at the four microwave bands. This
similarity is predicted by theory for linear or spherical molecules undergoing
isotropic molecular motion (McClung & Kivelson, 1968). Values of the
anisotropy of molecular reorientation (N¥) which are close to one indicates

isotropic molecular motions.

To unify the resuits for the alignment of PD-Tempone in toluene, the
anisotropic rotational reorientation N, and for the anisotropic interaction
parameter x determined at the four microwave bands, a # value of 0.55 was
used at L-Band so that 2 = Y. The Cole-Davidson parameter can assume
values in the range O< g <1, where the Debye-type spectral densities are

recovered by setting # equal to 1 (Davidson & Cole, 1951). A f value of less
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than one indicates the existence of muitiple interamolecular motions, or
equivaiently a broader distribution of relaxation times associated with different
types of motions (Davidson & Cole, 1951; Davidson, 1961; Beckmann, 1988). At
least there are two types of correlation times: the corelation time for angular
momentum which is a characteristic time for “free rotations” of the molecules in
the liquid, and the correlation time for molecular reorientation (McClung &
Kivelson, 1968). Most probably, the distinction between these types of motions
becomes clear in the L-Band range for PD-Tempone in toluene, which

necessitated setting g equal to < 1.

The value of the anisotropic interaction parameter x determined for PD-
Tempone in toluene at the Q-Band depended significantly on whether the scale
of the axes used for plotting = versus (7/7) is logarithmic or linear. Axes with a
logarithmic scale gave a « value which is similar to the values obtained at the
other microwave bands. In this case, the slope of the line is determined mainly
by data points at temperatures close to room temperature, whereas the effect of
data points at relatively lower temperatures will predominate when the slope is
obtained using axes with a linear scale. The x values obtained using axes with
logarithmic and linear scales (0.44 and 0.0048, respectively) show that at high
temperatures (close to room temperafure) the coupling between the spin probe
and the solvent is higher than at lower temperatures. At low temperatures, the

solvent becomes viscous while the spin probe is precessing at high rates, due to
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the high magnetic fields applied at Q-Band, resuiting in a weak coupling of the
rotational motion of the spin probe to the transiational modes of the solvent. The
result from the plot with linear scale axes is closer to the X-Band results for PD-
Tempone in jojoba oil (Li & Hwang, 1985) and in liquid crystals (Polnaszek &

Freed, 1975) which have x values of 0.018 and 0.044, respectively.
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CHAPTER IV

CAPILLARY TRANSLATIONAL DIFFUSION STUDY OF BBTMPO

IV.1. Introduction

In order to calculate the anisotropic interaction parameter « for BBTMPO
(vide infra), its molecular volume must be determined. The molecular volume of
the paramagnetic species has been determined in the past using the Dreiding
model (Hwang et al., 1986) and experimentally using such techniques as the
porous disk method (McClung & Kilielson, 1968), the electron spin
resonance/spin exchange method (Lang & Freed, 1972), the constant volume
tracer diaphragm technique (Ahn & Derlacki, 1978), and the capilléry diffusion
method (Ahn, 1976; Ahn & Ormond, 1978; Hwang & Balkhoyor, 1995). In this
study, the translational diffusion coefficient of 4-N(p-n-butylbenzilidine)amino

2,2,6,6-tetramethylpiperidine 1-oxide (abbreviated as BBTMPO and shown in

Scheme III-I) was measured in toluene at room temperature (22 + 1 °C) by the

capillary diffusion method. From the measurement of the translational diffusion



coefficient one can determine the hydrodynamic radius of solvated BBTMPO
molecules in solution.

The transiational diffusion coefficient under the slip boundary condition is
given by the Stokes-Einstein expression

p=—tfs T
4r n r,

(Iv-1]
where r, is the hydrodynamic radius of the solvated molecules, &; is the
Boltzmann constant, T is the absolute temperature, and 7 is the coefficient of
shear viscosity. The molecular hydrodynamic volume was determined assuming
a hard sphere geometry of BBTMPO.

The intensity was monitored as a function of time with EPR spectroscopy
because of the high sensitivity of the EPR spectrometer. The EPR capillary
diffusion experiment measurement technique is advantageous since it aliows

simultaneous measurement of translational and reorientational diffusion

coefficients (this chapter and next chapter, respectively) for a given sample.

IV.2. Experimental

IV.2.1. Materials and Sample Preparation

The nitroxide spin probe BBTMPO was synthesized by the condensation
of p-n-butylbenzaldehyde and 4-amino 2,2,6,6-tetramethylpiperidine N-oxide (4-
tempamine) (Hwang et al, 1986). Purification of the crude material was
performed by adsorption column chromatography. A one gram portion of the

crude material was filtered through a 15x1 cm column filled with activated
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neutral alumina with 100 mi of hexane as an eluant (Baker Analyzed Reagent).
The sample was further purified by several recrystallizations from hexane. The
translational diffusion experiment of BBTMPO was performed using a capillary
diffusion cell, which is described in the following section.

IV.2.1.1. Capillary Diffusion Cell. The capillary diffusion apparatus is
depicted schematically in Figure IV.1 (Ahn, 1976). The capillary diffusion cell
was made of 1 mm i.d. heavy wall Pyrex tubing which was closed from one end
and the other end was ground flat. The capillary was joined to a 11 mm o.d.
tubing (A). A small distortion of the capillary at the joining spot is unavoidable.

The total length of the capillary, 4, was 3.50 cm. The chamber (C) is a 10 mi

graduated cylinder, and (E) is a male ground joint that fits into the vacuum

system described in the experimental section of PD-Tempone.

IV.2.1.2. Sample Preparation. The procedure followed here is slightly
different from the procedure described in the literature. A weighed amount of the
solid BBTMPO, dissolved in a small amount of vacuum distilled toluene, which
was purchased from Fluka AG, was introduced into the chamber (C) through a
side arm (D). The side arm was then sealed with a torch. Dissolved oxygen in
the solution was removed by several cycles of freeze-pump-thaw. The cell was
connected to the vacuum system through the male ground joint (E). After that,

the entire cell was evacuated, the solvent toluene was vacuum distilled into



| ]
>

?D

Figure IV.1. A schematic of the capillary
diffusion apparatus used for the transiational

diffusion study of BBTMPO.
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reservoirs (B) and (C) and the constriction below E was sealed under vacuum.
Vacuum distillation consisted of two steps: after attaching the diffusion cell and
another chamber that contains toluene into the vacuum system, both of them
were immersed in liquid nitrogen and were entirely evacuated; then, liquid
nitrogen was removed away from the solvent chamber, toluene was ailowed to
vaporize under vacuum, and due to liquid nitrogen, toluene condensed in the
diffusion cell. This process was repeated until enough toluene was collected in
the diffusion cell (Balkhoyor, 1993).

The concentration of the solution prepared in C was 2.0 x 10° M. A small
amount of the sample solution in C was transferred into the capillary, the excess
solution was poured back into C, and A was washed with a small amount of pure
toluene from B and the washed solution was poured back into C. Then, the pure
solvent in C was introduced into the 11 mm o.d. tubing (A) above the open end
of the capillary. Simultaneously, a portion of the capillary at the closed end was
placed into the microwave cavity of the EPR spectrometer, and at this instant the
time zero was recorded. The height of the cell in the cavity was also noted to

assist in the estimation of 4.

Iv.2.2. Measurement and Data Collection
The measurements were performed at X-band with the EPR Bruker

system described in the experimental section of PD-Tempone. At the beginning,

the settings of the spectrometer were optimized and kept fixed throughout the



diffusion experiment. The microwave frequency was 9.663 GHz; the microwave
power and the modulation amplitude were 6.3 mW and 0.121 G, respectively.
The receiver gain was set at 8.0 x 10° Spectra were, then, acquired
automatically by the computer at selected time intervals. This was achieved by
writing an automation routine which is a program consisting of a set of
commands that control the acquisition process. In the first hour spectra were
recorded every 10 minutes. In the second, third, and fourth hours spectra were
recorded every 15 minutes. After that and for the next four days spectra were
recorded every 30 minutes. In the following days time intervals were increased
from one hour to two and four hours during the last days. The experiment took
about 15 days, from which 292 spectra were collected. The cell was left in the
cavity undisturbed and the spectrometer was kept operating for the whole

duration of the room-temperature experiments.

IV.3. Data Analysis

To manipulate the data, spectra files of the transiational diffusion
experiment of BBTMPO were processed as described in the ‘Data Analysis’
section of PD-Tempone. Selected spectra obtained at different time intervals in
the translational diffusion experiment of BBTMPO in toluene are shown in Figure
IV2. Computer programs, written in FORTRAN language, were either

developed from scratch or modified to assist in the analysis of the results.



Figure IV.2, EPR experimental spectra at different time intervals during the

diffusion process of BBTMPQ in toluene.
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IvV.3.1. Computer Programs

The computer programs, which were used extensively in this study, are
described below and are arranged according to the order of their usage. Lists of
- these programs can be found in Appendix (B) at the end of this dissertation. The
accuracy of the first program was checked by performing a sample calculation
manually and by using this computer program. Then, the results were

compared, which agreed satisfactorily.

IV3.1.1. DIFFA.FOR. This program was written to perform linewidth
analysis on a time basis. Given the name of the text file of an EPR spectrum
with three lines and the day and time it was acquired, this program will return the
total corrected peak-to-peak height for the three lines and the time in seconds.
Corrections to the total intensity were necessary since linewidth changes were
observed during the diffusion process (Ahn, 1976). The amount of free radicals
in the solution is represented by the total area under the first-derivative EPR
line. For accurate measurements, the total area under the line of the first
derivative EPR absorption spectra should be used in the calculation instead of
the peak-to-peak heights. To measure the area under the curve, double
integration of all spectra files must be performed. To overcome this
cumbersome task (this process would be performed for 292 spectra!), all
linewidths are normalized to the linewidth of the EPR signal corresponding to

M., of the spectrum acquired at time zero. In this manner, the intensities would
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represent variations in the area under the curve. The normalization was
performed using the following equation which is valid for an EPR line with a

simple Lorentzian shape (Ahn and Johnson, 1969).

I, / I, = (52 /51)2 [Iv-2]

where the I are the first-derivative intensities and & are the linewidths.

IV3.1.2. DIFFYAHFOR & FITDIFFOR. These programs calculate
translational diffusion constants, D. The basic logic behind these programs is to
fit the intensity versus time data by a polynomial regression. A data point is
located at which the best match is achieved between theoretically generated
data and experimental data. This data point is then used to calculate a
translational diffusion constant where the following equation is applied (Ahn,

1976; Wang, 1951; Witherspoon and Saraf, 1965).

Ig) 8 Z( Y .0 (2n+1)2 4 R v-3]
with
£ =exp{-(2n+1) 52 Difa?} [(2n+1), [v-4]

where I, is the intensity at time zero, () is the intensity at time ¢, R is equal to
the ratio W/, /4 is the length of the capillary seen by the spectrometer, / is the
total length of the capillary, and D is the translational diffusion constant. (A list of

the DIFFYAH-program can be found in Balkhoyor, 1993.)
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This value of the translational diffusion constant is then used in the above
two Equations to calculate a theoretical curve which is compared with the
experimental curve. In this calculation, the series in Eq. [IV-3] is truncated at the
nth term for which the value of the expression () becomes less than 10*.

Applying Eq.'s [IV-3] & [IV-4], the computer program FITDIFF searches
for the D value in increments ranging from 0.00001 x 10° t0 0.01 x 10° cm?/ sec
and for the R value in increments of 0.1, where the results from DIFYAH are
used as a guidance. This program iterates until minimum variance is obtained
between experimental and theoretical data. The searched D and R values are
returned along with theoretical time and intensity data. These results are again
compared with the experimental data. This process was repeated until a good
match was achieved between experimental and theoretical results. Once a good
match was obtained, and for a more precise comparison, a theoretical curve was
generated and compared graphically with the experimental curve.

Moreover, a range of the experimental data can be sampled for
calculation. Usually, slightly different values of D are obtained which give rise to
slightly different theoretical curves. For example, with the first 100 data points
the calculated D and R values were 1.9 x 10° em¥sec and 0.2, respectively;
while with the last 192 data points the calculated D and R values were 1.0 x 10
cm?/ sec and 1.0, respectively. From the measurement of the transiational
diffusion coefficient, the hydrodynamic radius of the solvated molecules, ie.,

BBTMPO, in the solution can be determined using Eq. [IV-1].
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IV.4. Resuits

The EPR technique and the capillary cell made possible the
determination of the translational diffusion coefficient of BBTMPO in toluene.
The raw results of the translational diffusion experiment of BBTMPO in toluene
are shown in Figure IV.3, where the intensities of the spectra were normalized
with respect to the intensity of the spectrum acquired at time zero. These data
were obtained without intensity corrections. Figure IV.4 shows intensities which
were corrected using EqQ.[IV-2]. For the first 100 data points the calculated D
and R values were 1.9 x 10° cm?/ sec and 0.2, respectively. The last 192 data
points were best fitted when the caiculated D and R values were 1.0 x 10° cm?2/
sec and 1.0, respectively.

The D value of 1.0 x 10° cm/ sec was selected for further calculations of
the anisotropic interaction parameter « of BBTMPO in toluene at the four
microwave bands. The flat portion at small values of ¢ in Fig.'s IV.3 and IV 4 is
due to the inequality /; < ;. The calculated ratio (, / /) or R is 0.2 at the
beginning of the diffusion experiment. R, however, assumes a value of 1.0
towards the more steady diffusion of the nitroxide free radicals. The diffusion
coefficient would be more representative when J, theoretically equals /, and when
the diffusion process becomes more steady. Hence, a D value of 1.0 x 10° cm2
Isec was selected. The hydrodynamic radius calculated using the Stokes-
Einstein equation was found to be 5.6 A, and the comresponding hydrodynamic

volume was 735.6 A°. The coefficient of shear viscosity » was calculated by
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Figure IV.3. EPR intensities versus time for BBTMPO in toluene. These are

raw data normalized to the spectrum obtained at time zero.
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Figure IV.4. EPR intensities versus time for BBTMPO in toluene. These are the
same data shown in Fig. IV.3 with corrected intensities using Eq. [IV.1].
Best fit for the first 100 data points was obtained with D = 1.9 x 10° cm?%/sec
and R = 0.2; while best fit for the last 192 data points was obtained with D =

1.0 x 10° cm*sec and R = 1.0.
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interpolation of the data given on page F-42 of the “Handbook of Chemistry and

Physics,” 64th Ed., 1983-1984, and at 22 °C it was found tobe 5.78 x 10° poise.

IV.S. Discussion

Based on a D value of 1.0 x 10° cm?/ sec, the hydrodynamic radius
calculated using the Stokes-Einstein equation in the slip limit was found to be
5.6 A. The Stokes-Einstein formula, Eq. IV-1, is derived with the boundary
condition assumption that the solvent slips perfectly over the surface of the
solute which is assumed to be a sphere of radius r,. In this case, the friction
coefficient is equal to 4znr,. If, on the other hand, the boundary condition
assumption was that the solvent sticks perfectly to the surface of the spherical
solute, then the calculated hydrodynamic radius would be 3.7 A. In this other
case, the friction coefficient is equal to 6z7r,. The corresponding hydrodynamic
volumes for the slip and the stick boundary conditions, assuming a hard sphere
solute molecule, are 735.6 A> and 217.4 A%, respectively. The molecular volume
of BBTMPO was estimated using Dreiding models to be equal to 333 A® (Hwang
et al, 1986). Therefore, the assumption of a slip boundary condition seems to be
more plausible. The difference between the experimental results and the values
obtained using models is most probably due to the anisotropic BBTMPO, thermal

rotations of BBTMPO and solvation of BBTMPO by toiuene.
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CHAPTER Y

ANISOTROPIC INTERACTION AND COLE-DAVIDSON
PARAMETERS: BBTMPO IN TOLUENE

V.1. Introduction

The reorientational motion of the spin probe PD-Tempone has been found
to be isotropic in the solvent toluene. This is anticipated since PD-Tempone has
an isotropic overall shape. In this chapter, the effect of solute size on the
reorientational motion of the probe will be studied by examining the anisotropic
interaction parameter, « The solute chosen in this study, BBTMPO, is about
twice the length of PD-Tempone and has a molecular mass (315.5) of about
twice that of PD-Tempone (178.3). BBTMPO is about three times heavier and
longer than the solvent molecules (toluene). It would be possible, using
BBTMPO, to study the effect of doubling the solute size and mass on the
anisotropic interaction parameter, « As a result of BBTMPO having a rod-like

structure and being rigid, its rotational motion is expected to be anisotropic.
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Earlier studies showed that values of the anisotropic interaction
parameter x for BBTMPO in toluene were different at different microwave
frequencies (Hwang et al., 1985; Rahman, 1988). The objective of this study
was to determine the anisotropic interaction parameter x for the nitroxide spin
probe BBTMPO (shown in Scheme III-]) in toluene at the microwave frequency
Bands: L (~1 GHz), S (~4 GHz), X (~9.5 GHz), and Q (~35 GHz). For the-first
time, lineshape analysis using the ABC-method (Chapt. III) will be performed for
the EPR spectra of BBTMPO. This procedure was used to analyze the EPR
spectra of PD-Tempone (Chapt. III), whereas the EPR spectra of BBTMPO were
analyzed in the past by simulation using computer programs (Hwang et al.,

1985; Rahman, 1988).

V.2 Experimental

Vv.2.1. Materials and Sample Preparation

The solute 4-N(p-n-butyibenzilidine)amino 2,2,6,6-tetramethylpiperidine
1-oxide (abbreviated as BBTMPO), which is a nitroxide spin probe, was
synthesized and purified as described in the previous chapter. The solvent
toluene was purchased from Fluka.AG, Switzerland. Samples of BBTMPO in
toluene for L-, S-, and X-Bands were prepared in 2-mm i.d. x 3-mm o.d. Pyrex
sample tubes. These solutions contain oxygen from the atmosphere, and

oxygen is paramagnetic and would cause the first derivative EPR lines to be
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broader. Therefore, dissolved oxygen was removed by several cycles of freeze-
pump-thaw. The concentration of BETMPO in toluene was 5.2 x 10 M.

To prepare permanent samples of BBTMPO in toluene for L-, S-, and X-
Bands, a madified vacuum system manufactured by Pope Scientific Inc. was
used. This vacuum system was utilized to perform the freeze-pump-thaw cycles.
The procedure for cycles of freeze-pump-thaw was described in the
experimental section of PD-Tempone. The procedure for the preparation of
permanent samples (5.2 x 10* M) in small quartz tubes (1 mmi.d. x 1.5 mm o.d.
x 60 mm height) for studies conducted at the Q-Band was also described in the
experimental section of PD-Tempone.

The same apparatus and measurement and data coliection procedures
that were described in the experimental section of PD-Tempone were also

applied for BBTMPO.

Vv.2.2. Moduiation Ampiitude Selection

The modulation amplitude must be selected carefully to -avoid the
introduction of instrumental artifacts in the EPR spectra. The observed linewidth
of the first-derivative EPR signals for BBTMPQ are broader than the signals for
PD-Tempone. This allowed the use of higher modulation amplitudes. Figure V.1
shows the variation of the observed linewidth as a function of the level of the
peak-to-peak modulation amplitude. The same data is also listed in Table V.1.

The value of peak-to-peak modulation amplitude that gave the best compromise
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Figure V.1. Observed line width as a function of peak-to-peak modulation
amplitude for BBTMPO in toluene at L-Band. The selected value of
~modulation amplitude that gave the best compromise between signal

intensity and signal distortion was 0.696 Gauss.
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TABLE V.1. Observed Line Width as a Function of Peak-to-Peak Modulation

Amplitude for BBTMPO in Toluene at L-Band.

Modulation Amplitude p-p (Gauss) Observed Line Width (Gauss)
0.124 144
0.175 1.54
0.220 : 1.51
0.277 1.57
0.311 1.60
0.349 1.55
0.391 1.54
0.439 1.53
0.553 1.51
0.620 1.54
0.876 1.89
0.983 1.61
1.100 1.62
1.240 1.63
1.390 171
1.860 1.69

* The shaded cells in the table represent the selected value of moduiation

amplitude, i.e. 0.696 Gauss, and the corresponding observed line width.
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between signal intensity and signal distortion for BBTMPO in toluene at L-Band
was 0.696 Gauss. This value can be contrasted with the value of modulation
amplitude for PD-Tempone in toluene at L-Band, which is 0.124 Gauss. The
observed linewidths for BBTMPO and PD-Tempone corresponding to these

values of modulation amplitudes were 1.54 and 0.309, respectively.

Vv.3. Data Analysis

The data files of the resulting spectra for BBTMPO in toluene were
manipulated in the same manner as described in the ‘Data Analysis’ section of
PD-Tempone. Mainly, the same computer programs which were used in the
analysis of the results for PD-Tempone were also used in the results analysis of

BBTMPO.

V.3.1. Computer Programs

The computer programs, which were used in this study, are basically the
same programs that were used for the analysis of the results from the PD-
Tempone study. However, due to the presence of protons in BBTMPO instead
of the deuterons in PD-Tempone, substantial modifications to the programs
‘GSUMJH' and ‘GSUMDP’ were made. Moreover, due to the fact that BBTMPO
exhibited larger linewidths relative to PD-Tempone, a program, ‘INTERP’, was
written to perform interpolation between the subsequent data points. This gave

an enhanced resolution of the spectra. These three programs will be described
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below. Lists of these programs can be found in Appendix (C) at the end of this

Dissertation.

V.3.1.1. HGSUMJH.FOR. This program, which simulates the lineshape of
a single first-derivative EPR peak, was used to determine the isofropic hyperfine
coupling coefficient for hydrogen, 4Z. This was achieved by varying, in the
input data file, 42 and the intrinsic linewidth. The program retuned the

theoretical observed linewidth and decay behavior. Fitting the lineshape of a
single first-derivative spectrum of BBTMPO was not possible when only
Lorentzian contributions to the shape of the line were considered. In addition to
the Lorentzian contributions, Gaussian contributions to the lineshape had to be
considered. Moreover, the relative intensity distribution due to the twelve
equivalent protons is different from the intensity distribution for the twelve
equivalent deuterons. Table V.2 gives the relative intensities distributions for 12

deuterons (spin = 1) and 12 protons (spin = %£). Interaction of the odd electron

on the N= O fragment with twelve equivalent protons results in 12+1 lines whose

relative intensities are proportional to the coefficients of the binomial expansion
of (1+x)'? (Carrington and McLachlan, 1980). The coefficients of a binomial

expansion of degree N is given by the following expression.

B)-Zw 7 v
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TABLE V.2. Relative Intensities of Twelve.Equivalent Deuterons and Twelve

Protons When Each Interact with One Electron.

Twelve Deuterons Twelve Protons
Quantum No. Degeneracy Quantum No. Degeneracy
-12 1 -8 1
-11 12
-10 78 -5 12
-9 352
-8 1221 4 66
-7 3432
-6 8074 -3 220
-5 16236
-4 28314 -2 495
-3 43252
-2 58278 -1 792
-1 69576
0 73789 o 924
1 69576
2 58278 1 792
3 43252
4 28314 2 495
5 16236
6 8074 3 220
7 3432
8 1221 4 66
9 352
10 78 5 12
11 12
12 1 6 1
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More generally, when N nuclei of spin / produce identical hyperfine splittings, the
first-order spectrum will consist of 2N/+1 equally spaced lines with intensities

given by (Pake and Estle, 1973)

NI -M, - jRI+D)+N

T py(M;)= (21 + 1)“’2(-)1 (J ( M-t ‘IJ’[V'ZI
where

N
M, = Z”’f , k is the largest integer less than or equal to (NI-A)/(2/+1), and

| 4

is the binomial coefficient given by Eq. [V-1]. The leading factor (2/+1)" in Eq.
[V-2] can be neglected in the calculation since it is the same for the different A,
states.

The results were treated in the same manner as was described previously
for the program ‘GSUMJH’ in the ‘Results and Discussion’ section of PD-
Tempone. The mathematical equation used in this program is the same as the

equation used in the next program.

v.3.1.2. GSUMHP.FOR. This computer program calculates the intrinsic
linewidth by considering both Lorentzian and Gaussian contributions to the
lineshape (Bales, 1993). Following is a derivation of the equation which was

used to accomplish this task.
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Lorentzian line is usually described by the shape function g(w) which on

an angular frequency scale is given by (Carrington and McLachian, 1980)

y 1
(0)=2
A e Tw-ar)

[v-3]

where T is the transverse relaxation time or the spin-spin relaxation time, o is
the microwave angular frequency (= 2zv), and a is the resonance frequency.
Dividing the numerator and the denominator of the r.h.s. of Eq. [V-3] by Z? and

setting 1/ 7> equal to w

w

- glw)=-
(0 - ,)" +w?

differentiating w.rt. o

yr_dg _1 2w -w,)w

90 T o-a,) +w?|

and for simulation purposes, the substitutions @ — 0;. 4 and &, — H}, give

YL=-2 (QrA'H;)W
"|Ca-) +w]

Z [v-4]

A Gaussian curve is described by the function (Carrington and

McLachlan, 1980)

L1(o-2)

g(w) =—J§=”e 2" [v-5]

making the substitution 1/ Ir=wor L=1/w
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- 1 1 ~;("""’o)a/"z
= g(w) ow’
differentiating w.rt. o
699 “L 1o 7wl
= do 2z W’ oJe

and for simulation purposes, the substitutions @ — Q.. 4 and ey — H,, give

1 (Q,.A -H j) n—;(g,.,«-a,)z/w’
\/5; w? hd [V'6]

Finally, combining Eq.’s [V-4] and [V-6] =

= Y¢ =

+

1= 52 (a2 AR

=<3 D, ”[(Qk—A-Hj)z-i-wz]z

i=—6

(1-4) \/—;; (Qkis—HJ) exp[—%(Qk.A—Hj)z/wz]} [v-7]

where

I is the intensity at magnetic field H;

Ok is the quantum number of Dy;

D is the degeneracy;,

A is the isotropic deuteron hyperfine coupling constant;

H; is the magnetic field at point j on the simulation;

w is equal to 1/ T5;

A is the mixing factor, i.e., when 4 = 1 the line is completely Lorentzian and

when A = 0 the line is completely Gaussian.
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2
LV3

linewidth of a Gaussian curve is equal to 2 / 7. The first term is a weighting

The intrinsic linewidth of a Lorentzian curve is equal to and the intrinsic

factor which comes from the degeneracy of the twelve equivalent protons in

BBTMPO adjacent to the N=O fragment. The above Equation sums the

intensities of all the thirteen degenerate hyperfine lines and calculates 7, the
intensity at magnetic field H;. Since it is completely symmetrical, only half of the
spectrum was simulated. The output of this program is a list of “observed”
linewidths and corresponding “intrinsic” linewidths and “"peak-to-peak heights.”
The next steps are exactly the same as was described for the treatment of the
PD-Tempone results. The only modification is to use the magnetic parameters
of BBTMPO in the ‘BCT1’ and ‘ABCI’ programs. Table V.3 gives the magnetic

parameters of BBTMPO in toluene (Hwang, et al., 1986).

V.3.1.3. INTERP.FOR. This program was written to obtain a higher
resolution of the experimental data by generating more points between
subsequent experimental data points. The spectra are stored as x-y data points.
Due to the broader linewidths in BBTMPO, the extrema in the spectrum could lay
between two points. The program for linewidth analysis search for data points
with maximum (or minimum) values. Therefore, the program will not recognize

the correct maxima (or minima). The method of Cubic Spline Interpolation
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TABLE V.3. Magnetic Parameters of
BBTMPO in Toluene.§

2= = 2.0097
gy = 2.0060
g.=2.0023
(g)=2.0060
A:=70G
4,=53G

4.=3420G

SFrom Hwang et al, 1986.
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(Press, et al., 1987) allows the interpolation between two experimental data
points and generates more data points.

The basis for the method of Cubic Spline Interpolation comes from linear
interpolation. Assuming y=y(x;), =1,..., N, y=)(x) could be found for x which lies

between x; and x;1

Yy=Jy; X—=X;

Yin =Y XX

rearranging —

x—-xj x—xj
Y-y, =V~ TV,
Xjn —X; X TX;
further rearrangement gives =
x—xj x—xj
yE| e, t " Vu
X;q—X; XX
X, —X x-x;
=— y,+ Vi
X.,—X; X.1—X;

X.,—X
4 =—£L = and

1
X1 7%,

X X .
B=(l-A4)=—%

o T X
and for a cubic linear polynomial function (Press, et al., 1987)

y= ij +Byj+l +Cy}'+Dy;Ll

where
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C= %(A3 ~ 4N, -x)", and

D= %(B3 —B)(ch+l - xj)2

The precision of this method is presented graphically in Figure V.2 for single

peaks from the EPR spectra of BBTMPO in toluene at T=295 Kand 185 K

V4. Results

In this section the resuits obtained for BBTMPO in toluene at the different
microwave frequency bands, i.e., L-, S-, X-, and Q-Bands, will be presented.
Then, at the end of this section, results showing the effect of the Cole-Davidson
parameter will be cited. The objective is to look at the behavior of the
anisotropic interaction parameter x at the different microwave frequencies for the
same system BBTMPO in toluene, similar to what was done to PD-Tempone in

toluene.

The main steps involved to arrive at the final results for each microwave
frequency band are, first, to simulate the sharpest peak of the spectra obtained
at the different temperatures. The isotropic hyperfine coupling coefficient for
hydrogen, 47 and the mixing factor 4, along with the intrinsic linewidth, are
determined for each temperature by theoretical simulation using the HGSUMJH-
program. Lists of intrinsic linewidths are then generated with the GSUMHP-

program using the predetermined isotropic hyperfine coupling coefficient for
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Figure V.2. Cubic Spline Interpolation performed by the INTERP-program for

single peaks from the X-Band EPR spectra of BBTMPO in toluene at T =
295 Kand 185 K.
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hydrogen, 4, and the mixing factor 4. After that, experimental B and C values

are calculated using the T22-program. From the B and C values, correlation
times, w, are calculated using the BCT1- and the ABCl-program. Once
correlation times z are calculated (using the ABCl-program) for the system at
different temperatures, the anisotropic interaction parameter x can be caiculated
following the same procedure which was outlined for the freatment of the PD-

Tempone results.

V.4.1. X-Band

The study of BBTMPO in toluene at X-Band (~9.5 GHz), with 100-KHz
field modulation, was conducted over a range of temperatures from 105 to 295 K
and representative spectra are shown in Figure V.3. The well-resolved first-
derivative three-peak spectra were observed up to a temperature of ~185.0 K.
The first-derivative peak corresponding to M; = +1 was the sharpest as this
temperature was approached.

The resuits of the linewidth analysis, which was performed by the LWA-
program, are given in Table V.4. The first column of this Table contains values
of temperature in K. The second, third, and fourth columns contain, respectively,
observed linewidths (in Gauss), peak-to-peak heights, and central fields (in
Gauss) for Mi = +1. The same pattern is repeated for M = 0 and M, = -1.

The decay behaviors of the experimental spectra at the different

temperatures were calculated with the EXDEL-program. The results of the
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Figure V.3. Selected experimental EPR spectra of BBTMPO in toluene at X-

Band and at different temperatures.
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simulation, which were performed using the HGSUMJH-program, and the
corresponding experimental spectra are given in Fig. V.4. Half of each spectrum
is shown, since as was mentioned earlier the first derivative EPR spectrum is
symmetrical about the central field. Clearly, the match between experimental
and theoretical curves is satisfactory. The parameters determined from these
theoretical simulations, namely the isotropic hyperfine coupling coefficient for
hydrogen, 4.7, the mixing factor A, the intrinsic linewidth, and the theoretically
calculated observed linewidth, are listed in Table V.5 and are presented
graphically in Fig. V.5.

The experimental B and C values for this system were calculated by four
different routes for comparison purposes. The first one was by determining the
experimental linewidths from single-peak spectra, i.e., sweeping the magnetic
field so that only the sharpest peak from the three peaks (corresponding to M;=
+1, 0, -1) was scanned. This would give a spectrum of high resolution for
linewidth measurements. Then B and C values were determined from linewidths
measured from these single-peak spectra and by using different values of the
isotropic hyperfine coupling coefficient for hydrogen, 42, and the mixing factor
A. The seccnd method was to use the linewidths from the single-peak spectra,

like in method one, but with the a single set of values for 47 and A determined

from the spectrum acquired at room temperature. The third and fourth methods
differed from the former methods in that here linewidths were measured from

spectra containing the three peaks corresponding to A%;= +1, 0, -1.
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Table V.5. Parameters Determined from the Theoretical Simulation Shown in

Fig. V.4 for BBTMPO in Toluene at X-Band.

Experimentally Theoretical Intrinsic
T § AZ Mixing ‘Observed ‘Observed Linewidth
w ©) Fat;or Linewidth (G) Linewidth (G) ©)
295.0 0.26 £+0.02 0.47+0.02 | 1.515110.0057 | 1.5199+0.0010 | 1.170 £ 0.010
275.0 028 £0.02 0.43+002 | 1.528240.0113 | 1.5299+0.0010 | 1.120 +0.010
265.0 0.28 £0.02 0.40+0.02 | 1.554240.0200 | 1.5599+0.0010 | 1.160 +0.010
255.0 0.28 +0.02 040+0.02 | 1.557510.0149 | 1.5589 +0.0010 | 1.160 +0.010
245.0 0.28 £0.02 0.40+0.02 | 1.5510+0.0149 | 1.5599+0.0010 | 1.160 +0.010
2350 0.28 +£0.02 0.40+0.02 | 1.5705+0.0057 | 1.5699 +0.0010 | 1.180 +0.010
225.0 0.28 +0.02 0.40+0.02 | 1.6781+0.0203 | 1.6699+0.0010 | 1.310 +0.010
215.0 0.28 +£0.02 0.42+0.02 | 1.7172+0.0204 | 1.7189+0.0010 | 1.370 + 0.010
205.0 0.28 £0.02 0.58 £0.02 | 1.8573+0.0001 | 1.8599 +0.0010 | 1.520 + 0.010
195.0 0.28 +0.02 0.77+£0.02 | 2.111410.0258 | 2.1099 +0.0030 | 1.770 + 0.030
185.0 0.30 +0.01 0.96+0.02 | 2.8983+0.0170 | 2.9099 +0.0020 | 2.560 +0.030

§ 47 is the hydrogen isotropic hyperfine coupling coefficient.
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Figure V.5. Parameters determined from the theoretical simulations of the EPR
spectra of BBTMPO in toluene at X-Band and at different temperatures.
(A) Both hydrogen isotropic hyperfine coupling coefficient and the mixing
factor of contributions from Lorentzian and Gaussian lineshape functions
versus temperature. (B) Both observed and intrinsic linewidths as a
function of temperature.
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The calculated B and C values were close when the experimental
linewidth was either measured from single-peak or three-peak spectra.
However, the calculated B and C values disagreed at low temperatures when
either different or the same values of 4, and A were used. These findings can
be seen clearly from Figure V.6 which plots values of B versus C calculated by
the four different methods. The disagreements are indicated in the Figure. The
effects of these four methods on the calculations of the correlation time z; are
presented in Figure V.7. The same observations from the calculations of B and
C were carried over to the calculations of z;.

The results of the coefficient of shear viscosity n over absolute
temperature T versus correlation time z; obtained by the four different methods
show that if different values of 47 and A were used, the anisotropic interaction
parameter x would exhibit temperature dependency. Usually, curves of 7/T
versus 7z are linear resulting in a temperature independent value of the

anisotropic interaction parameter « The slope of the (7/T) versus = curve is

—"—) . Assuming the molecular radius r, to be constant with

equal to (i T r
3 B

temperature, the only parameter that could show variation as a function of
temperature is « Since the main objective of this study is to compare the x
values obtained at the different microwave frequencies, less dependence of xon

temperature was desired. Hence, although values of 47 and A were calculated

at different temperatures, selected values of 47 and A obtained at different
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Figure V.6. Values of B versus C calculated by four different methods for
BBTMPO in toluene at X-Band and at different temperatures. The first
method is by using experimental linewidths measured from single-peak
spectra and different values of the isotropic hydrogen hyperfine coupling
coefficient 4, and the mixing factor 4, and the results are indicated by (0).

The second method is like method one but using the same values of 4%

and 4, and the results are indicated by (0). The third method is like the first
method but the experimental linewidths were measured from three-peak
spectra, and the results are indicated by (v). Likewise, the fourth method is
like the second method with the experimental linewidths measured from
three-peak spectra, and the results are indicated by (a). Disagreements

became pronounced at low temperatures if different or same values of 47
and A were used.
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Figure V.7. Coefficient of shear viscosity n over temperature versus rotational
correlation time 7z calculated by four different sets of values of B and C for
BBTMPO in toluene at X-Band and at different temperatures. The first set
of B and C values was calculated by method one described in the text and
in Fig. (V.6), and the results of (7/T) versus zz are indicated by (0). The
second set of B and C values was calculated by method two and the resuits
of (n/T) versus 7z are indicated by (3J). The third set of B and C values was
calculated by method three, and the results of (7/T) versus =; are indicated
by(v). The fourth set of B and C values was calculated by method four and
the results of (7/T) versus z; are indicated by (A). Disagreements became
pronounced at low values of temperature.
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temperature ranges were used for subsequent calculations. The vaiues of 47

and A used in the different temperature ranges were

Temperature Range (K) AZ (Gauss) A
295235 0.26 0.47
2255215 0.28 0.42

205 0.28 0.58
195 0.28 0.77
185 0.30 0.96

These values were used to generate a list of intrinsic linewidths by the

GSUMHP-program.

The generated list was used in the T22-program to obtain the B and C
values which are presented in Table V.6. Based on these experimental C
values, the reorientational correlation times = for the spectra at different
temperatures, and the corresponding theoretical B and C values were calculated
using the BCT1- and the ABCl-programs. The same calculations could be
based upon the values of B rather than C values (when the calculation was
based on C values, reasonable agreement with the values of B was maintained,
and vice versa). Correlation times fitted by either reproducing experimental B or
C values are shown in Figure V.8. Similar results were obtained when either B
or C values were used. Correlation times calculated hereafter were fitted by

reproducing experimental C values.
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TABLE V.6.

Experimental Values of B and C for

BBTMPO in Toluene at X-Band.

TEMP(K) M; B(Gauss) C(Gauss) C/B

295.6 +1 .03862554 .02560240 .66284
295.6 0 .03832108 .02540368 . 66292
295.6 i § .03860146 .02558941 .66291
275.0 +1 .05123150 .03600633 .70282
275.0 0 .05178601 .03642088 .70330
275.0 -1 . 05058050 .03554213 .70268
265.0 +1 .05378139 .03928697 .73049
265.0 0 .05392390 .03951353 .73276
265.0 -1 .05383104 .03936595 .73129
255.0 +1 .05772036 . 04430467 . 76757
255.0 0] .05635625 .04327410 .76787
255.0 -1 .05763006 . 04415560 .76619
245.0 +1 .07551152 .06402975 .84795
245.0 o .078101983 .06629246 .84879
245.0 -1 .07665485 .06498069 .84770
235.0 +1 .08552986 .07446188 .87060
235.0 0 .08533490 .07422531 .86981
235.0 -1 .08566916 .07462204 .87105
225.0 +1 .26045010 .19770010 . 75907
225.0 ) .25879870 -19633360 .75863
225.0 -1 .25041600 .18963680 .75729
215.0 +1 .40586870 .27339450 .67360
215.0 0] .40983870 .27594540 .67330
215.0 -1 .37203170 .24776480 .66598
205.0 +1 .76552230 .48163280 .62916
205.0 0 .75186440 .47237830 .62828
205.0 -1 .65699810 .40600220 .61797
195.0 +1 1.42030300 .90125410 .63455
195.0 0 1.36491100 .86401340 .63302
195.0 -1 1.27831200 .80597060 .63050
185.0 +1 2.73121900 1.92535100 .70494
185.0 o 2.72807900 1.92313200 .70494
185.0 -1 2.51012800 1.76620900 .70363
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Figure V.8. Shear viscosity n over temperature versus correlation times for
BBTMPO in toluene. Correlation times were calculated by fitting either

experimental B or C values, %(B) and z(C), respectively. Similar results
were obtained when either values were used.
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The parameters used in the calculations of z; for BBTMPO in foluene at
X-band (after experimentingwithz' =X, Y, orZ,N=11t0 20; #=0.10t0 4.0,e= 1
to20;and £ =1to 20) were 2= X, N=7.0, 8= 1.0, and £=¢ =1.0. Curves of
the experimental and theoretical results of B versus C, and of »/T versus =
values are shown in Figure V.9. The slope of the (7/T) versus = curve is (1.31 +
0.20) x 10° s.KP”, and with r, equal to 5.6 A, the value of the anisotropic

interaction parameter x came out to be 0.25 + 0.04.

v.4.2. L-Band

BBTMPO in toluene was studied at L-Band (~1 GHz), with 100-KHz field
modulation, over a range of temperatures from 155 to 295 K and selected
experimental spectra are presented in Figure V.10. The well-resolved first-
derivative three-peak spectra were observed up to a temperature of ~175.0 K
The first-derivative peak corresponding to M, = 0 was the sharpest as this
temperature was approached. The results of the linewidth analysis, which was
performed by the LWA-program, are given in Table V.7.

The decay behaviors of the experimental spectra at the different
temperatures were calculated using the EXDEL-program. The results of the
simulation, which were performed using the HGSUMJH-program, and the
corresponding experimental spectra are given in Fig. V.11. Half of each
spectrum is shown, since as was mentioned earlier the first derivative EPR

spectrum is symmetrical about the central field. Clearly, the match between
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Figure V.9. (A): Experimental and theoretical values of B and C for BBTMPO in
toluene at X-Band. The parameters used were z'=X, N=7.0, B=10, ¢
=£=1.0. (B): nfT versus the reorientational correlation time = for the

same system. 7 is the calculated coefficient of shear viscosity at different
toluene temperatures.
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Figure V.10. Selected experimental EPR spectra of BBTMPO in toluene at L-

Band and at different temperatures.
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T=2966K T=195.0K

T=2ofiK// T=185.0K

T=175.0K

— Experimental-Spline
—~— Theoretical @~ = —==7

Figure V.11. Theoretical simulation of experimental EPR spectra of éBTMPO in
toluene at L-Band and at different experimental temperatures. Simulation
was performed by considering both Lorentzian and Gaussian contributions
to the shape of the line. Parameters determined from these simulations are
listed in Table (V.8). Cubic spline interpolation was performed for the

experimental curves.
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experimental and theoretical curves is satisfactory. Experimental curves were
processed by the INTERP-program to obtain spectra of higher resolution. The

parameters determined from these theoretical simulations, namely the isotropic
hyperfine coupling coefficient for hydrogen, 4Z, the mixing factor 4, the intrinsic
linewidth, and the theoretically calculated observed linewidth, are listed in Table
Vv.8. The values of 47 and 4 used in calculating the intrinsic linewidths for the

different temperature ranges were

Temperature Range (K) AT (Gauss) A
2955225 0.28 0.44
2155205 0.28 0.58
195175 0.28 0.68

These values were used to generate a list of intrinsic linewidths by the
GSUMHP-program.
This list was used by the T22-program to obtain the experimental B and C

values which-are presented in Table V.9. Based on the experimental C values
calculated by using the different values of 47 and A, the reorientational
correlation times. w for the spectra at different temperatures, and the
corresponding theoretical B and C values were calculated using the BCT1- and
the ABCl-programs. The parameters used in these calculations (after
experimentingwithz' =X, Y, orZ, N=11020; #=0.1t04.0,c=1t020;and ¢ =

1to20)arez’=X, N=7.0, #=0.70, and £=£ =1.0. Curves of the experimental
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TABLE V.8. Parameters Determined from the Theoretical Simulation Shown in

Fig. (V.11) for BBTMPO in Toluene at L-Band.

Mixing Experimentally Theoretical Intrinsic

T § Afg Factor Observed Observed Linewidth
(9] @) A Linewidth (G) Linewidth (G) G)

2956 | 0.28+0.01 0.44 +0.02 1.5805 1.5841+0.0010 | 1.190 + 0.001

205.0 | 0.28 +0.01 0.58 £0.02 1.8533 1.8514+0.0010 | 1.510 + 0.001

195.0 | 0.28 +0.01 0.68 +0.04 2.0015 2.0240+0.0030 | 1.700 + 0.001

§ 4,7, is the hydrogen isotropic hyperfine coupling coefficient.
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TABLE V.9. Experimental Values of B and C for

BBTMPO in Toluene at L-Band.

TEMP. (K} M B(Gauffl, C(GaEfil C/B
295.6 +1 . 00840867 .01196516 1.42296
295.6 0 .00835848 .01190388 1.42417
295.6 -1 .00828731 .01182711 1.42713
265.0 +1 . 00740635 .02736485 3.69478
265.0 0 .00739485 .02734643 3.69804
265.0 -1 . 00766981 . 02819979 3.67673
255.0 +1 .00759041 .02358699 3.10747
255.0 o .00745809 .02331734 3.12645
255.0 -1 .00759369 .02323820 3.06033
245.0 +1 .016914459 .04144049 2.45000
245.0 0 .01679713 .04128712 2.45799
245.0 -1 .01753509 . 04266620 2.43319
235.0 +1 .02246481 .04831094 2.15052
235.0 0 . 02202326 04744476 2.15430
235.0 -1 .02219844 .04784739 2.15544
225.0 +1 .02755558 .09678411 3.51232
225.0 0 .02781034 .09778821 3.51625
225.0 -1 .02779531 .09766948 3.51388
215.0 +1 .03052515 .14940760 4.89457
215.0 0 .03156197 .15435360 4.89049
215.0 -1 -03061533 .14985840 4.89488
205.0 +1 .05869639 .25475080 4.34015
205.0 0 .06156379 .26639670 4.32717
205.0 -1 .05945730 .25745400 4.33007 -
185.0 +1 .10313590 .43768960 4.24381
185.0 o .10909440 .46202470 4.235089
195.0 -1 .09874064 .42043180 4.25794
185.0 +1 .19938610 .89740200 4.50082
185.0 0 .21265040 .95414650 4.48693
185.0 -1 .18900310 .85317030 4.51405
175.0 +1 .38334230 2.13072300 5.55828
175.0 0 .41037270 2.27701400 5.54865
175.0 -1 .41579600 2.30607500 5.54617
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and theoretical results of B and C, and of x values versus /T are shown in
Figure V.12. The slope of the (7/T) versus  curve is (1.23 + 0.08) x 10° s KP"
and the value of the anisotropic interaction parameter x was calculated and

found to be equal to 0.23 +0.02.

V.4.3. S-Band

Figure V.13 shows representative spectra of BBTMPO in toluene at S-
Band (~4 GHz), with 12.5-KHz field modulation, which was studied over a range
of temperatures from 111 to 295 K. The well-resolved first-derivative three-peak
spectra were observed up to a temperature of ~180 K. The first-derivative peak
corresponding to M; = 0 was the sharpest as this temperature was approached.
The results of the linewidth analysis, which was performed by the LWA-program,
are given in Table V.10.

Lineshape simulations of half of the first peak (M, = +1) for the spectra at
the three temperatures 295.0, 210, and 190 K are shown in Figure V.14. At

295.0 K, the simulation was performed with an 47 of 0.26 G and a mixing factor
A of 0.47. The theoretically calculated observed linewidth was 1.5201 G, which
corresponded to an intrinsic linewidth of 1.170 G. At T = 210 K, the values of
Al and 21 were, respectively, 0.28 G and 0.72, while at T = 190 K, the values of
and A were 0.30 G and 0.94, respectively. The theoretically calculated

observed linewidths for T=210 and 190 K were 1.9261 G and 2.6392 G,

respectively, and the intrinsic linewidths were 1754 G and 2260 G,
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Figure V.12. (A): Experimental and theoretical values of B and C for BBTMPO
in toluene at L-Band. The parameters used were z'=X, N = 7.0, #=0.70,
e=£=1.0. (B): n/T versus the reorientational correlation time = for the

same system. 7 is the calculated coefficient of shear viscosity at different
toluene temperatures.
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Figure V.13. Selected experimental EPR spectra of BBTMPO in toluene at S-

Band and at different temperatures.
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— Experimental
——— Theoretical

T=295.0K

T=190K

Figure V.14. Theoretical simulation of experimental EPR spectra of BBTMPO in
toluene at S-Band and at different experimental temperatures. Simulation

was performed by considering both Lorentzian and Gaussian contributions

to the shape of the line.
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respectively. The experimentally observed linewidths for T=295.0, 210 and 190
K were 1.5132,1.9266 G and 26432 G, respectively. The Figure shows
acceptable match between experimental and theoretical results. The

simulations were calculated using the HGSUMJH-program. The values of 47

and A used in calculating the intrinsic linewidths for the different temperature

ranges were
Temperature Range (K) AT (Gauss) A
2955240 0.26 0.47
2255210 0.28 0.72
190170 0.30 0.94

These values were used to generate a list of intrinsic linewidths by the
GSUMHP-program.

The generated list was, then, used in the T22-program to obtain the
experimental B and C values which are presented in Table V.11. Based on the
experimental C values, the reorientational correlation times z for the spectra at
different temperatures, and the corresponding theoretical B and C values were
calculated using the BCT1- and the ABCl-programs. The parameters used in
these calculations (after experimenting with 2" = X, Y, or Z; N = 1 to 20; A= 0.1
t04.0,6=11020;and £ =1to20)are 2’=X, N=7.0, #=0.70, and £=¢ =1.0.
Curves of the experimental and theoretical results of B and C, and of 7/T versus

s values are shown in Figure V.15. The slope of the (5/T) versus = curve is
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TABLE V.11.

Experimental Values of B and C for

BBTMPO in Toluene at S-Band.

TEMP (K) Mr B (Gauss) C(Gauss) C/B
295.0 1 .01758885  .01993227  1.13323
295.0 0 .01746166 .01978195 1.13288
295.0 -1 .01790792 .02026731 1.13175
279.0 +1 .02548027 .02548027 1.00000
279.0 0 .02496040 .02496040 1.00000
279.0 -1 .02544570 .02544570 1.00000
272.4 +1 .03024399  .02425528 .80199
272.4 0 .02970546 .02379459 .80102
272.4 -1 .03022581  .02424783 .80222
270.4 +1 .03130817 .04106736 1.31171
270.4 0 .03131717 .04106492 1.31126
270.4 -1 .03168721 .04172164 1.31626
259.4 +1 .03868783  .06403244 1.65511
259.4 0 .03927809 .06440252 1.63966
259.4 -1 .03921431  .06433147 1.64051
250.6 +1 .06794989 .11055060 1.62694
250.6 0 .06651682 .10810580 1.62524
250.6 -1 .06835395 .11122700 1.62722
241.8 +1 .11702410 .18328650 1.56623
241.8 0 .11983640 .18787680 1.56778
241.8 -1 .11557690 .18137090 1.56927
229.8 +1 .28172460 .40734180 1.44589
229.8 0 .29738100 .42924800 1.44343
229.8 -1 .28136840 .40676460 1.44567
241.8 +1 .11729060 .18405390 1.56921
241.8 0 .11982420 .18786270 1.56782
241.8 -1 .11557690 .18137090 1.56927
230.2 +1 .28509980 .41230350 1.44617
230.2 0 .29587660 .42748760 1.44482
230.2 -1 .28136840 .40676460 1.44567
215.2 +1 .70074010 1.01083000 1.44252
215.2 0 .72105720 1.03975300 1.44198
215.2 -1 .64526960 .93243220 1.44503
194.2 +1 1.35484400 5.07325100 3.74453
194.2 0 ~-1.44117100 3.72620700 ~2.58554
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Figure V.15. (A): Experimental and theoretical values of B and C for BBTMPO
in toluene at S-Band. The parameters used were z'=X, N=7.0, 8= 0.70,
e =£=1.0. (B): n/T versus the reorientational correlation time = for the

same system. 7 is the calculated coefficient of shear viscosity at different
toluene temperatures.
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(1.3 £0.4) x 10° s.KP" and the value of the anisotropic interaction parameter «

was calculated and came out to be equal to 0.24 +0.08.

V.44. Q-Band
The spectra of BBTMPO in toluene at Q-Band (~34 GHz), with 12.5-KHz

field modulation, were taken over a range of temperatures from 126 to 295 K and
representative spectra are shown in Figure V.16. The well-resolved first-
derivative three-peak spectra were observed up to a temperature of ~145.0 K
The first-derivative peak corresponding to M, = +1 was the sharpest as this
temperature was approached. The results of the linewidth analysis, which was
performed by the LWA-program, are given in Table V.12.

Lineshape simulations of half of the first peak (M, = +1) for the spectra at
the temperatures 295.0, and 215.0 K are shown in Figure V.17. At 295.0 K, the
peak from a three-peak spectrum was processed by the INTERP-program. The

parameters for simulation for this spectrum were an 47 of 0.26 G and a mixing

factor 1 of 0.68. The theoretically calculated observed linewidth was 1.7399 G,
which corresponded to an intrinsic linewidth of 1.410 G. The experimentally
observed linewidth was 1.7400 G. At T =215.0 K, the values of 47 and A were
0.392 G and 1.00, respectively. The theoretically calculated observed linewidth
for the spectrum at T= 215.0 K was 1.800 G, and the intrinsic linewidth was 0.60
G. The experimentally observed linewidth for T= 215.0 K was 1.8000 G. In

addition, at T = 165.0 K, the values of 4 and 1 were 0.26 G and 0.84,
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Figure V.16. Selected experimental EPR spectra of BBTMPO in toluene at Q-

Band and at different temperatures.
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T=295.0K
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T=21560K

e . e S—

— Experimental-Spline
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Figure V.17. Theoretical simulation of experimental EPR spectra of
BBTMPO in toluene at Q-Band and at different experimental temperatures.
Simulation was performed by considering both Lorentzian and Gaussian
contributions to the shape of the line. Cubic spline interpolation was

performed for the experimental curves.
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respectively. The theoretically calculated observed linewidth for the spectrum at
T= 165.0 K was 2.1500 G, while the experimentally observed linewidth was
2.1421 G. The intrinsic linewidth was 1.8474 G. The Figure shows acceptable
match between experimental and theoretical resuits. The simulations were

calculated using the HGSUMJH-program. The values of 47 and A used in

calculating the intrinsic linewidths for the different temperature ranges were

Temperature Range (K) A7 (Gauss) A
2955225 0.26 0.68
2155145 0.26 0.84

These values were used to generate a list of intrinsic linewidths by the
GSUMHP-program.

The generated list was used in the T22-program to obtain the B and C
values which are presented in Table V.13. Based on these experimental C
values, the reorientational correlation times = for the spectra at different
temperatures, and the corresponding theoretical B and C values weré calculated
using the BCT1- and the ABCl-programs. The parameters used in these
calculations (after experimentingwith2' =X Y, orZ; N=11020; #=0.1t0 4.0,¢
=1t020;and £ =1to20)are 2= X, N=7.0, = 1.0, and £=¢ =1.0. Curves of
the experimental and theoretical results of B and C, and of 5T versus zx values

are shown in Figure V.18.
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TABLE V.13. Experimental Values of B and C for
BBTMPO in Toluene at Q-Band.

TEMP (K) Mr B (G_ﬂlss) C(Gauss) c/B
295.0 ¥1 .10544310  .01984075 .18817
295.0 +1 .15809380 .02975905 .18824
295.0 0 .15525030 .02917856 .18795
295.0 -1 .14876600 .02750778 .18491
275.0 +1 .15936150  .02708745 .16997
275.0 0 .15791510 .02681220 .16979
275.0 -1 .15123240 .02531391 .16738
265.0 1 .16784390 .03065258 .18263
265.0 0 .16256980  .02939343 .18081
265.0 -1 .15977940 .02880830 .18030
255.0 +1 .16775140 .02635330 .15710
255.0 ) .17164150 .02707601 .15775
255.0 -1 .16415890 .02581239 .15724
245.0 +1 .18168210  .03419501 .18821
245.0 0 .17212340 .03206986 .18632
245.0 -1 .16846930 .03128624 .18571
235.0 +1 .19029820  .03551233 .18661
235.0 0 .18462590  .03432637 .18592
235.0 -1 .18384370  .03408545 .18540
225.0 +1 .20083540 .03697568 .18411
225.0 0 .19411380 .03547460 .18275
225.0 -1 .18816880  .03397667 .18056
215.0 +1 .21456100 .04418415 .20593
215.0 ) .20818480  .04246503 .20398
215.0 -1 .19478080  .03932130 .20187
205.0 +1 .25401710  .04998082 .19676
205.0 0 .24192170  .04718405 .19504
205.0 -1 .21784400  .04156435 .19080
195.0 +1 .27531490 .05336875 .19385
195.0 0 .26419100 .05090958 .19270
195.0 -1 .24826600 .04717284 .19001
185.0 +1 .40581800 .08014685 .19749
185.0 0 .36501290 .07036805 .19278
185.0 -1 .36225740  .06983912 .19279 -
175.0 +1 .55002260 .11448130 .20814
175.0 ) .49044620 .09959662 .20307
175.0 -1 .47228660  .09479415 .20071
165.0 +1  2.04071000 .35725890 .17507
165.0 0 1.72108900 .28978160 .16837
165.0 -1 1.81637400 .31020890 .17078
155.0 +1  2.47123600 .42659590 .17262
155.0 0 2.25101200 .38238480 .16987
155.0 -1  2.29455400 .39120710 .17049
145.0 +#1  3.42067200 .12071560 .03529
145.0 0 3.63729300 .44543950 .12246
145.0 -1  3.42075900 .58311010 .17046

158



(A)

(Gauss

1 1 I i
0 1 2 3 4
B (Gauss)
100
Slope = 0.416 X 10° s.K P (B)
K=0.078
T
?
= 10 A
e
W
1 10 100 1000 10000
1.10° (poise)/ T (K)

Figure V.18. (A): Experimental and theoretical values of B and C for BBTMPO
in toluene at Q-Band. The parameters used were z'=X, N=7.0, 8=1.0, ¢

=£=1.0. (B): n/T versus the reorientational correlation time = for the
same system. 7 is the calculated coefficient of shear viscosity at different
toluene temperatures.
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The slope of the (7/T) versus w curve is (0.42 + 0.02) x 10® s.K P and the
value of the anisotropic interaction parameter x came out to be equal to 0.08 +

0.01.

V.4.5. The Parameter §
As in the analysis of the results of PD-Tempone in toluene (Chapt. ImI),

the Cole-Davidson parameter g proved to be useful in the calculation of B and C
coefficients. Figures V.19 and V.20 are plots of B versus C for g values of 1.0
and 0.5, respectively. Figure V.21 is a plot of B versus C for different 8 values
that gave the best fit of the experimental values and with an N value of 7.0. The
experimental values of B and C for the L-Band were fit theoretically, when g
equals 0.7, with the parameters z'=X and N = 7.0 (Fig. V.21). However, with 8=
1.0, the best fit of the experimental values of B and C was possible with N = 12.0
(Fig. V.19). At S-Band, with #= 1.0, the best fit of the experimental values of B
and C was possible with N = 9.0 (Fig. V.19). For an N value of 7.0 and z'=X, the
best fit of the experimental values of B and C at the S-Band was achiéved with g
equals 0.70 (Fig. V.21). At X-Band, the best fit of the experimental values of B
and C was possible when 2 was set equal to 1.0, z° equal to X and N equal to
7.0 (Fig.'s V.19 & V.21). At Q-Band it was not possible to fit the experimental
values of B and C with g set equal to 0.5 and N ranging from 5.0 to 11.0 (Fig.

V.20). However, when fwas set equal to 1.0 an N value of 7.0 gave the best fit
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Figure V.19. Experimental values of B versus C of BBTMPO in toluéne for the
four bands with z° set equal to X, g equal to 1.0 and N values ranging from
5.0 to 11.0. The N values that give the best fit with #=1.0 for the L-, S-, X-,

and Q-Bands are 12.0, 9.0, 7.0, and 7.0, respectively.
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Figure V.20. Experimental values of B versus C of BBTMPO in toluene for the

four bands with Z°' set equal to X, g equal to 0.5 and N values ranging from

5.0to 11.0. The N values that give the best fit with #=0.5 for the L-, S-, X-,

and Q-Bands are 5.0, 5.0, 4.0, and 4.0, respectively.
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Figure V.21. Experimental values of B versus C of BBTMPO in toluene for the
four bands with z" set equal to X and N values ranging from 5.0 to 11.0.
The g values that give the best fit with N = 7.0 for the L-, S-, X-, and Q-

Bands are 0.7, 0.7, 1.0, and 1.0, respectively.
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of the experimental values of B and C (Fig.'s V.19 & V.21). The effects of these

variations on the values of iz were minimal.

V.5. Discussion

For the first time, lineshape analysis was performed for the EPR spectra
of BBTMPO to determine intrinsic linewidths from experimentally observed
linewidths. The peaks in the EPR spectra of BBTMPO, like in PD-Tempone, are
inhomogeneously broadened. An EPR spectral line is inhomogeneously
broadened, when it consists of a spectral distribution of individual resonant lines
assimilated into one envelope. Sources of inhomogeneous broadening include
unresolved fine and hyperfine structures (Poole, 1983).

In the EPR spectra of PD-Tempone, the source of inhomogeneous
broadening is the unresolved hyperfine structures resulting from the interaction
of the spin magnetic moments of the unpaired electron and the tweive
deuterons, whereas in BBTMPO the twelve deuterons are substituted by the
twelve protons. This was reflected in the type of lineshape functiori used to fit
the experimental EPR lines. For PD-Tempone, a Lorentzian lineshape function
was sufficient to fit all of the experimental EPR lines, however for BBTMPO, a
mixture of Lorentzian and Gaussian lineshape functions was necessary for the
fitting.

A Gaussian lineshape function was required possibly due to Doppler

effect which arises from mass differences between deuterons and protons. The
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spectral distribution of the lighter protons assumes a mixture of Gaussian and
Lorentzian lines, whereas the heavier deuterons assume a Lorentzian
distribution. Moreover, as the temperature is lowered for the BBTMPO system at
the four microwave bands, the lineshape function becomes more Lorentzian (cf.,
Table V.5).

A summary of the resuits obtained for BBTMPO in toluene at the four
microwave bands L, S, X, and Q is given in Table V.14. Molecules of BETMPO
in toluene at the four bands align under the applied magnetic field such that the
molecular X axis corresponds to the axis Z’ in the laboratory frame, which is
taken to be the direction of the applied magnetic field. This is also in
accordance with the previous work on the same system (Hwang et al.,, 1986:
Rahman, 1988).

Values of the anisotropic rotational reorientation N are equal to 7, which
are relatively much higher than the N values for PD-Tempone (N = 1).
Therefore, at the four bands, BBTMPO undergoes anisotropic rotational
diffusion. A value of 7 for the anisotropic rotational rearientation N for BBTMPO
in toluene at X-Band was also obtained in the past (Hwang et al., 1986).

Values of the anisotropic interaction parameter x determined in this study
for BBTMPO in toluene were similar at the three microwave bands L, S, and X,
whereas at Q-Band the value of thé anisotropic interaction parameter x was
much smaller. The values of x at L, S, and X bands are also similar to

previously obtained values at the same bands (Hwang et al., 1986; Rahman,
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TABLE V.14. Summary of the Results for BBTMPO in Toluene at the Four

Microwave Bands: L, S, X, and Q.

Band | Z N B Present Study | Previous Work*
L X 7.£2. 0.7+0.1 023 : 0.02 0;3f
S X 7.£3. 0.7+0.1 0.24 +0.08 0.21t
X X 7.£2. 1.0 025+0.04 0.20*
Q X 7.£2. 1.0 0.08 £0.01

‘e

The xvalues were caiculated t;y plotting the data and, for comparison purposes, the
hydrodynamic volume 745.3 A" was used instead of 333 A° determined by the Dreiding

models.
Rahman, 1988.
Hwang et al., 1986.
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1988). Apparently, variations among the three bands are not significant enough
to be reflected in the value of the anisotropic interaction parameter « However,
at Q-Band the difference becomes clear. Similarity among the « values for PD-
Tempone at the four microwave bands was achieved using the Cole-Davidson
parameter S and using logarithmic scale for the axes of the = versus 7/7 plot at
Q-Band. iIn the case of BBTMPO, logarithmic scale was used for the axes of the
= versus 7fT plots at the four bands, and the value obtained for « at Q-band was
only slightly improved.

To unify the resuits for the alignment of BBTMPO in toluene, the
anisotropic rotational reorientation N, and for the anisotropic interaction
parameter xdetermined at the four microwave bands, a g value of 0.7 was used
at both L- and S-Bands. Unlike PD-Tempone, the existence of multiple
interamolecular maotions, or equivalently a broader distribution of relaxation
times associated with different types of motions, extended from L-Band only for
PD-Tempone to both L- and S-Bands for BBTMPO. This can be attributed to the
larger size of the BBTMPO molecules. The distinction between the two types of
motions, i.e. free rotations and molecular reorientation (McCiung & Kivelson,
1968), becomes clear in the L- and S-Bands for BBTMPO, which necessitated
setting fequalto < 1.

The smaller value of the anisotropic interaction parameter x determined
for BBTMPO in toluene at the Q-Band show that at these temperatures the

coupling between the spin probe and the solvent is minimal. Due to the high
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magnetic fields applied at Q-Band, the spin probe precesses at higher rates and
since its motion is highly anisotropic, a weak coupling results between the
rotational motion of the spin probe and the translational modes of the solvent.
The previous notions are that the value of the anisotropic interaction
parameter x depends on the type of solvent being used, and that x would
increase as the anisotropy of the paramagnetic species increases (Kivelson,
1972). Excluding the Q-Band result, these conclusions are generally valid if
axes with linear scale were used to plot the » versus /T plots for both PD-
Tempone and BBTMPO. Then, for BBTMPO the values of « from L-, S-, and X-
Bands are, respectively, 0.40, 0.53, and 0.66, which are generally higher than
the 0.40 to 0.44 values for PD-Tempone. Applying a logarithmic scale to the
axes of the n versus 7/T plots, minimizes the effect of anisotropy which
becomes amplified at lower temperatures. However, from this study, it is highly
recommended that comparing the values of «for two different systems has to be

performed with great caution.
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CHAPTER VI

PHOSPHATIDYLCHOLINE-LANTHANIDE SYSTEMS

VL1. Introduction

In this chapter, we would like to discuss preliminary investigations of the
effects of some rare earth metal ions on the magnetic alignment of phospholipids
using EPR spectroscopy. Lipids (predominantly phospholipids) are a maijor
constituent of biomembranes, together with proteins and carbohydrates.
Typically, lipids form a bilayer containing proteins that are integrated within the
membrane or attached to its surface. The lipid moiety is amphiphilic, i.e., part of
the molecule is polar and hydrophilic, while part is nonpolar and hydrophobic.
Self-assembly of the lipids into biological membranes is governed by their
hydrophobicity. The phospholipids are organized into bilayers with the polar
head groups of the phospholipids on the exterior of the bilayer, whereas the
nonpolar hydrocarbon chains are directed away from the aqueous phase.

The lipid bilayer represents the primary mediator for the passage of ions

and polar molecules into and out of a cell. Other major functions of the lipid

-
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bilayer include its participation in the vectorial organization of membrane
components and influencing distinctive functions of biological membranes, which
are mainly due to proteins, through lipid-protein interactions. The foregoing
discussion is based on two articles by Brown (1996) and Griffith and Jost (1976).

The lipid bilayer is typically a liquid-crystalline material. Liquid crystals
can be divided,- based on the chemical composition, into two classes:
thermotropic and /yotropic liquid crystals (Seelig, 1976). Thermotropic liquid
crystals consist of one component, whereas Iyotropic liquid crystals consist of
two or more components, for example, amphiphilic molecules treated with a
controlled amount of water or other solvent. Lyotropic liquid crystals can have
various structures (mesophases). Lamellar and hexagonal mesophases are two
main categories. The lamellar or smectic mesophase is composed of molecules
that are arranged in coherent double layers of molecules separated by layers of
water. In the hexagonal phase molecules are arranged in a rodlike cylindrical
shape with a lipophilic core in water. In short, phospholipid bilayers are a
Iyotropic smectic liquid crystals. A general model for a biomembrane showing a
phospholipid bilayer with integral (imbedded) and peripheral (associated with the
surface) proteins is depicted in Fig. VI.1(A); aiso shown is a model bilayer used
to study the membrane lipid properties, Fig. VI.1(B). These models are based
on latest knowledge and are only hypothssized since until now direct proofs are

not possible.
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A) Biomembrane

B) Lipid bilayer
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C) Lipid:detergent bilayer
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Figure VL1. (A) Schematic representation of a generalized biomembrane,
showing proteins integrated in the continuum of the phospholipid bilayer,
together with peripheral proteins which are associated with the surface.
(B) Schematic of a model bilayer used to study the membrane lipid
properties. (C) Hlustration of bilayered discoidal mixed micelles or
“bicelles,” where the lipid is the long-chain phosphatidyicholine DMPC
and the detergent is the short-chain phosphatidyicholine DHPC. (A) and
(B) were adopted from Brown (1996), whereas (C) was adopted from
Sanders and Schwonek (1992).
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VL1.1. DMPC/DHPC Phosphatidyicholine
Highly oriented, bilayer-like assemblies were formed of mixtures of long-

chain and short-chain phosphatidyicholine (PC), where the long-chain PC is
dimyristoylphopsphatidyicholine (DMPC) and the short-chain PC is dihexanoyi-
phosphatidylcholine (DHPC) (Sanders & Schwonek, 1992). Mixtures of DMPC
and DHPC having molar ratios in the range from approximately 1:3.5 to 1:2
(DHPC:DMPC) were found to possess these properties over a wide range of
lipid concentrations and at temperatures above 7., where T, is the gel to liquid
crystalline phase transition temperature. The chemical structures of DMPC and

DHPC are given in Scheme VI-L
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Scheme VI-I
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in their study, Sanders and Schwonek (1992) employed multinuclear (*°C,
*'P, ?H) solid-state nuclear magnetic resonance. The NMR spectra of pure
DMPC show the powder pattern which is usually broad. As a result, it would be
difficult to observe minimal variations in these spectra due to structural changes.
Upon addition of DHPC, the mixture of DMPC and DHPC gave a solid state
NMR spectra of higher resolution, which reflected an increase in the orientation
of the phosphatidyicholine bilayer. The detergent usually employed, namely
DHPC, has the added advantage of being nearly isostructural with the long-
chain lipid component, and therefore experimental artifacts would be minimized.
The suggested morphology of the highly oriented DMPC-DHPC assemblies is
“discoidal micelles,” in which DMPC orients like in a bilayer with some
interdispersed DHPC, whereas the edges of the bilayer discs are stabilized by a
second population of DHPC. The bilayered discoidal mixed micelles, depicted in
Fig. VI.1(C), were named “bicelles” by Sanders and Landis (1995).

This highly ordered bilayer mixture (or bicelles) has a disadvantage which
becomes clear when studying large, siowly reorienting intrinsic proteins which
would exhibit unresolved powder pattern. Addition of lanthanides was found to
flip the normal of phospholipid bicelles from being perpendicular to the magnetic

field to being parallel to it (Prosser et al, 1996). The order parameter used to

describe these orientations, S, is defined by §_ = (;4(3 cos” By - 1)), where fu =

90’ for the perpendicular orientation yielding a value of -% for S,.. The parallel

orientation, S- ~ 1, was argued to be resulting from the binding of the
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paramagnetic lanthanide ions to the phospholipid headgroups (Prosser et al,
1996; Akutsu & Seelig, 1981).

VL1.2. Qrder Parameters
The long axes of the phospholipid molecules in the bilayer tend to orient

parallel to each other. The average orientation of the bilayer can then be
approximated by a director Z. The motion of the molecules have cylindrical
symmetry about z’. In this section the order parameters of the solute (i.e., the
nitroxide spin probe) will be introduced first followed by the order parameters of
the solvent. Before discussing order parameters, a coordinate system must be
defined. Following the discussion of Seelig (1976), an appropriate choice of a
Cartesian coordinate system x, y, z is one that would make the hyperfine tensor
A and the g tensor diagonal in the molecular frame. These requirements are
fulfilled by selecting the x axis to be parallel to the N-O bond in the nitroxide
moiety, the z axis to be parallel to the 2px orbital of the nitrogen, and the y axis
to be defined by a right-handed coordinate system. This choice of coordinate

system is shown below.
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The hyperfine tensor A and the g tensor are then given by:

4. 0 0

A=|0 4, o0 [VL1]
0 0 4,
g. 0 O

g=0 g, O (vie]
0 0 g.

The transformation from the molecule-fixed coordinates x, y, z to the space-fixed
coordinates X, y’, Z' is achieved by using the matrix D, which is orthogonal,
X

y|=D|y [V1L3]

2

where

cosm, cosm, cosm,
D=|cos§;, cos€, cos&, [V14]
cos®, cos@, cosl,

The direction cosines between the molecular axes x, y, z and the director 2’ are
only relevant here, and therefore can be written explicitly as:

X ¢ 2’ =cos 0, y * 2 =cos 6, Ze+2Z=cosb; [VL5]
where x, y, 2, and 2’ are unit vectors along the respective axes.

Transformation to the space-fixed coordinate system by applying D leads
to the new tensors A’ and g':

A =DAD", g=bgD" [VL6]
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The invariance property of the time-averaged A’ and g’ tensors against rotations

around Z' implies that these new tensors must have axial symmetry:

4 0 O g 0 O
&) =| 0 4 o, @={0 g o 7
0 0 4 0 0 g

Performing the transformation given in Eq. [V1.6] and using the orthogonality
properties of the matrix D, the time-averaged components of the g’ tensor are

found to be
g = %(I —(COSZ el)ngx —gyy)+%(l-(cosz es)xgz "g”)'*’g” [VI-8]

& = (005" 0, (g — £,7) +{c05" 0. )g. - £,,) + £, [VL9]
Similar results can be derived for 4, and 4;, but with the approximation 4, = 4,,

simpler formulas are obtained
A4, =1 (cos*0,))(4,, - 4,)+ 4., [VL.10]
4, =(cos*0, (4, -4, )+ 4, [VL11]
The mean angular fluctuations (cos*8,) in liquid crystals is represented
by the order parameters S, which are defined as follows (Saupe, 1968):
Su = 1(3(cos”8,)-1), i=1,2,3 [VL.12]

The order parameter S, is a second-rank tensor, but actually only three order
parameters are left corresponding to the fluctuations of the x, y, and z axes of
the NO group. The orthogonality relation of the cosines, namely

cos® 6 + cos® & +cos® 6 = 1 [VL.13]
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reduces the number of independent order parameters to two, where the third

parameter is fixed by the relation
Su+852+8:3=0 [V1.14]
Combining Eq.’s [VL.9H{VI.11] with Eq. [VI.12] gives the following expressions:

S5 =(4 - 4,)/(42 - 45) [VL15]

Su=Pai~(en +8, +82)-25u(82 -2, )| /e -8,)  IVL16]

The ordering tensor S could also be related to the mean restoring
potential, U(Q), of the probe in the field of the molecules of the anisotropic
solvent via the equilibrium distribution of the probe, P.(Q)= P,(6,4), by the
following expressions (Freed, 1977):

§ = [dQP,(Q)1(3cos*0 - 1) [V1.17]
with

P,(®) = exp[-U(Q)/ 7]/ [ dQexp[-U () / k7] [VL18]
and, assuming uniaxial symmetry in the liquid crystals and keeping only the
lowest order terms which are spherical harmonics of rank 2, U(h) cab be
expanded as

U(0,4)/kT = A cos® @ — psin® O cos2¢ [VL19]
where, in Eq.’s [VL.17]-[VL.19], 6 has its previous definition, ¢ is the azimuthal
angle for the projection of the director in the molecular x-y plane, A and p are

potential parameters, and k£ and T have their usual meaning.
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The restoring potential, I{Q), for liquid crystals can generally be
expanded as (Polnaszek & Freed, 1975):

V)= ¥ chDil0:6.v) [VL20]

where 6, ¢, v are the Euler angles (Goldstein,1980), and DL, (Q)is the ordering

tensor. The following assumptions were made in the paper of Polnaszek and
Freed (1975) to reach at an operational expression for the order parameter
Doy (Q):

1. The liquid crystalline solvent has cylindrical symmetry about the director
axis, n. This resulted in fixing the value of M to zero, since otherwise all
averages taken over the angle y would vanish. Choosing M = 0 eliminates the
dependency on the angle y which, therefore, would be assumed to be constant.
2. The liquid crystalline solvent possesses a uniaxial property, i.e., /i=-#.
This implied that L must have even values which would eliminate the
dependency on the angle ¢ and, as with y, the angle ¢ would be assumed to be
constant.

3. A Maier-Saupe potential applies, which means that only the leading term

< D (Q) is considered.

The ordering tensor was then defined by

(D5.(@) = [P, (DL, () [VL21]
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where L = 2 and M = 0, and for calculating the ordering parameters of the solute

from experiment, the following equation resuited

(a)—aXg.-g,)-(g)-gXa, ~a,)

DX)=
Deo) (@.-aXg.-g,)-(g.—g¥a . -a)

[vizz]

where the subscripts x, y, and z refer to the principal axes of the a- and g
tensors, <a> and <g> are their respective averages, and in this case a and g are,
respectively, the hyperfine coupling coefficient and the g-value calculated at
each temperature.

The ordering parameter (D‘,ﬁ,): was associated with the solute molecules,

whereas the potential expansion coefficient A introduced in Eq. [VI.19] was
related to the ordering of the solvent molecules as well as the radical (Polnaszek
& Freed, 1975).

Ferruti et al (1969) used another approach to reach at the ordering
parameter § (which they referred to as a micro-ordering parameter). The EPR of
a nitroxide radical in a nematic solvent under a static magnetic field H, applied in

the z direction of the laboratory frame was described by the spin Hamiltonian
H=(g+Ag) BH.S; +h(A+AA) L. S, [V1.23]

where,
g and 4 are, respectively, the isotropic invariants of the g tensor and of the

hyperfine tensar of the electron in the N nucleus, and are given by

1 1
A= ; (Ax+ Ay+ AZ)' g= 3‘ (gt'" gy'.' gz) [V124]
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Ag and A4 are deviations from isotropy, and are given by
Ag = 1 (Su gt Sn gyt S 22) [V1.25]
A4 = 2 (S At Spp Ayt S3 A) [V1.26]
§:and [, are, respectively, the projections of the spin and nuclear magnetic
moments on the z axis; Bis Bohr magneton and 4 is Plank’s constant.
Utilizing the zero-trace property of S; (Eq. [V1.14]) and the equality of 4., ~ Ay =
A, in the nitroxide radical, Eq.'s [V1.25] and [VI.26] can, respectively, be
rewritten as
Ag = 3 (28— 8w~ 8=) Su + ¥ (8a g (Sus—S2) [V1.27]
Ad = (A A) S5 [VI.28]
The treatment of Ferruti et al was extended by Morsy et al (1997) through
the introduction of a factor f relating the three ordering parameters of S;. The
operational expressions for S; derived by the latter group will be described in the

‘Data Analysis” section.

VIL1.3. EPR Studies of Phosphatidylcholines

Several studies of phosphatidylcholines were conducted by observing
variations in the EPR spectra of weakly ordered nitroxide spin probes as a
function of temperature. Shimshick and McConnell (1973) and Wu and
McConnell (1975) used spin-labeis to derive phase diagrams for several lipid
systems. Wu and McConnell (1975) studied the partitioning of 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) at X-band (~9.5 GHz) between the
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hydrocarbon and aqueous phases of many membrane systems. Smirnov et al
(1995) also applied EPR spectroscopy, but at high microwave frequency (94.3
GHz), to study the partitioning and molecular dynamics of TEMPO in liposomes
formed by dipalmitoylphosphatidyicholine. The higher resolution of the EPR
spectra at this high microwave frequency made the analysis of partitioning
between the hydrocarbon and aqueous phases to be more accurate. - EPR
studies of spin-labeled phosphatidyicholines mixed in hydrated mixtures of the
phospholipids were aiso conducted (e.g., Schorn & Marsh, 1996). To probe the
different regions of the bilayer, the phosphatidyicholines are usually labeled with
the nitroxide radical at different positions. Using the same approach, spin labels
bonded to stearic acid were also observed using EPR spectroscopy to study
motion and orientation in the lecithin lipid bilayers (Jost et al, 1971).

The effects of the rare earth metal ions ytterbium(ill), Yb*, and
yttrium(lil), Y**, on the structural orientation of the DMPC-DHPC bicelles will be
studied using EPR spectroscopy by doping the mixture with a tiny amount of the
nitroxide spin probe PD-Tempone. The following experiments will be performed

with the abovementioned phospholipid system:

1) Variable temperature studies of PD-Tempone + DMPC/DHPC,
2) Variable temperature studies of PD-Tempone + DMPC/DHPC + Yb™, and

3)  Variable temperature studies of PD-Tempone + DMPC/DHPC + Y.

181



VL2. Experimental

VIL2.1. Materials and Sample Preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-
sn-glycero-3-phosphocholine (DHPC) were purchased from Avanti Polar Lipids
(Birmingham, Alabama). Lipids were used as purchased without further
purification. Ytterbium(lil) chioride hexahydrate (Yb*) and yttrium(lli) chioride
hexahydrate(Y*") (both with purity of 99.99 - 99.999%) were purchased from
Aldrich Chemicals (Milwaukee, Wisconsin). The nitroxide spin probe
perdeuterated-2,2,6,6-tetramethyl-4-piperidone-N-oxide (abbreviated as PD-
Tempone) was obtained from Stohler Isotope, and used without further
purification. The EPR sample tubes made from clear fused quartz (4mm O.D. x
241 mm length) were purchased from Wilmad (Buena, New Jersey).

A stock solution was supplied by Dr. Hwang and it consisted of
DMPC/DHPC with a molar ratio of 3.2:1 in 0.15 M KCI. The solution was
prepared as follows. An amount of 140.0 mg of DHPC was added to 667.6 mg of
DMPC. A solution with 25% wiv total lipid in 0.15 M KCI was prepared by adding
2.42 mi of a 0.15 M KCI solution to the mixture. The electrolyte added, i.e. KCI,
has several functions. It stabilizes the phospholipids DMPC and DHPC and
increases the binding efficiency of the paramagnetics to the phospholipids
(Hauser et al, 1977; Grasdalen et al, 1977, Chapman et al, 1977). The stock
solution was mixed by a combination of heating in an oven at 45 °C for 30

minutes, centrifugation for 10-15 minutes, vortexing for 15 minutes, cooling in a
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freezer for 15 minutes. The process was repeated 2-3 times until the solution

appeared viscous in the oven and fluid in the freezer.

VL2.1.1. EPR Sample Preparation- The phospholipids were doped with
tiny amounts of PD-Tempone to prepare EPR samples. To a small glass vial,
0.6 ml of the DMPC/DHPC stock solution was transferred using a 1cc glass
syringe. After that, PD-Tempone was added to this solution using a glass
capillary tube by covering the tip of the capillary with PD-Tempone. The same
capillary was also used to thoroughly mix the PD-Tempone and the phospholipid
solution, which was then heated in the oven at 50 °C for 30 minutes, centrifuged
for 10 minutes, and cooled in the freezer for 15 minutes. The process of
heating, centrifugation, and cooling was repeated 2-3 times. The mixture was
purged with nitrogen gas and placed in an quartz EPR sample tube, while in a
glove bag, using a glass syringe so that the height of the sample in the tube is
about 2 cm (~ 0.2 ml). Care must be exercised when purging with nitrogen so
that water in the solution will not be evaporated. Unless removal of oxygen from
the sample is necessary, purging with nitrogen should be avoided. Finaily, while
in the glove bag, the quartz EPR sample tubes were sealed with Teflon® tape
and capped. EPR samples containing Yb* and Y** were prepared in a similar
manner with the mole ratio of DMPC to the lanthanides maintained at 10:1.
Proper amounts of the lanthanide salts, which are hygroscopic, were added to

the stock solution in the glass vial prior to purging with nitrogen gas. Hence, the
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three systems studied were: DMPC/DHPC + PD-Tempone, DMPC/DHPC + PD-
Tempone + Yb*, and DMPC/DHPC + PD-Tempone + Y.

VL2.2. Measurement and Data Collection
The measurements were performed at X-band with the EPR Bruker

system described in the experimental section of PD-Tempone. At the beginning,
the EPR sample tube of a phospholipid system was placed in the cavity and was
exposed to a magnetic field of 10,000 Gauss (one Tesla) for one hour. Rigid
limit and variable temperature experiments of the three systems were conducted

following this exposure.

VL2.2.1. Rigid Limit Experiments- The rigid limit experiment is conducted
at the boiling temperature of liquid nitrogen, which is 77 K, using a glass dewar
made of fused quartz called the finger dewar. The finger dewar is available from
either Bruker (Silberstreifen, Rheinstetten, Germany) or Wilmad (Buena, New
Jersey). Following were the main steps involved in a rigid limit experiment.

1. A thin filter paper ( ~1 cm wide ) was placed in the finger dewar just above
the region which is observed by the spectrometer. This would help in reducing
the vigorousness of the bubbling liquid nitrogen. The EPR sample tube placed
in the finger dewar would become more stable and therefore the EPR spectrum

would become less noisy.
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2. The EPR sample tube was placed in the finger dewar and good quality
liquid nitrogen (dry) was poured into the finger dewar.

3. A stabilizer was designed and constructed to partially seal the finger
dewar and hold the EPR sample tube in position. The stabilizer consisted of a
cover made of polystyrene foam, with a hole in the center. A Teflon® rod was
inserted in the hole. The rod was to press gently against the EPR sample tube.
Figure VL2 is a schematic of the finger dewar with the stabilizer.

4. The finger dewar filled with liquid nitrogen and the EPR sample tube
along with the stabilizer were immediately placed in the cavity to prevent water
condensation on the outer wall of the dewar. To slow down water condensation
inside the EPR cavity, the cavity was continuously purged with dry nitrogen gas
via the waveguide. Tissue papers were also placed around the finger dewar on
top of the cavity.

5. The automatic frequency control (AFC) toggle in the rear panel of the
microwave bridge was placed in the “ON" position and the module level was set
at a value of 10 (this is suggested in the Bruker manual). An EPR spectrum
could then be acquired with low microwave power (e.g., 1.2 mW) to prevent

sample saturation.
VL1.2.2.2. Variable Temperature Experiments- In the variable temperature

experiments, the settings of the spectrometer for the three systems of the

phospholipids were:
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Figure VL2. A schematic of the finger dewar with the stabilizer designed and

constructed in-house.
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Receiver Gain = 2.00 x 10°,

Modulation Frequency = 100.00 kHz,

Microwave Frequency = 9.54 GHz, and

Microwave Power = 6.4 mW.

The temperature ranges that were probed for the three systems of the

phospholipids were:

Phospholipid System Temperature Range (K)
DMPC/DHPC + PD-Tempone 296 - 350
DMPC/DHPC + PD-Tempone + Yb™ 296 - 355
DMPC/DHPC + PD-Tempone + Y* 260 - 350

The spectra were plotted and stored in diskettes for further analysis.

VL3. Data Analysis

To manipulate the data, spectra files of the rigid limit and variable
temperature experiments of the three phospholipids systems were processed as
described in the ‘Data Analysis’ section of PD-Tempone. Computer programs,
written in FORTRAN language, were modified to assist in the analysis of the
results for the variable temperature eXperiments.

The most important requirement in analyzing variable temperature spectra

is to have accurate values of magnetic tensors A and g determined from the rigid
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limit spectrum. These values could be obtained by theoretical simulation of the
rigid limit spectrum. The rigid limit simulation was performed using the general
methods of Lefebre and Maruani (Lefebre and Maruani, 1965) adapted to
nitroxides by Poinaszek (Polnaszek, 1975). The simulation employs Simpson's
numerical integration over @ in 45 intervals and over ¢ in 25 intervals. The
values of magnetic tensors A and g were fed into the program until an
acceptable match was obtained between the experimental and the theoretical
rigid limit spectra.

The principal components of the A and g tensors (Eq.’s [VI.1] &[VL.2]) will
only contribute to the spin Hamiltonian, which, for brevity, will hereafter be
written as 4., 4,, 4: and g, g,, g. Some of these values could be obtained
directly from the experimental rigid limit spectrum. The parameters 4. and g
correspond to the midpoint of the two extrema which is 24,, while g, correspond
to the midpoint of the extrema. The magnetic parameters g, g,, 4., and 4, and
the linewidth were varied to fit the experimental spectrum until the line shape of
the central portion was simulated. Two additional conditions that should be

always satisfied while adjusting the fitting values are
1 1
Ao = 3 A+ Ard)and gy, = 3 &+ g+ &)

where 4, and g, could be measured from an isotropic spectrum which is
usually the three-peak spectrum obtained at room temperature.
The nitroxide spin probe PD-Tempone (Rao et al, 1976) was added to the

phospholipids to study their orientational arrangement. Spectra from the
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variable temperature experiments of the three phospholipids systems, i.e.,
DMPC/DHPC + PD-Tempone, DMPC/DHPC + PD-Tempone + Yb™, and
DMPC/DHPC + PD-Tempone + Y*, were analyzed for ordering characteristics.
Ordering was studied by measuring several parameters. The values of the
hyperfine spacings A and the g-factors varied as a function of temperature and

these were utilized as indicators to the variation in order as a function of

temperature. The order parameter (D:,): and the potential expansion

coefficient 1 were also calculated for the different spectra obtained at different

temperatures. The nominal ordering parameter (D;,)z was calculated according

to the equation (Polnaszek and Freed, 1975) (same as Eq. [VI.22] written here

for easy reference)

(D). = (a)-aXg.-8,)-((g)~gNa,.-a,)
00/z (a; —axgx —gy)-(gz ‘g)(a, "ay)

[VL.29]

where the subscripts x, y, and z refer to the principal axes of the a- and g-tensors
determined in the rigid limit at 77 K and <a> and <g> are their respective
averages. Using Dawson’s integral ( Abramowitz and Stegun, 1964), the solute
order parameter .(D‘,z,,)z was transformed into the potential expansion coefficient
or the solvent order parameter 4 (Hwang, et al., 1994). This transformation was
performed using the two programs “D200.FOR” and “LAMBDA.FOR.” Lists of
these two programs can be found in “Appendix D.” Moreover, the principal

ordering matrix tensors Sy, S», and Ss; (Ferruti, ef al., 1969) were determined.
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The subscripts in §; denote Cartesian axes in the probe molecule. These were

calculated from the following expressions (Morsy, et a/., 1997)

Su=—1,Sa [VL.30]
S =—(1-1,)5 [VL31]
S = [VL.32]

) 2@, -a)+ 1@, ~a,)]

_ 4@, —a,)+Aa(g, ~g,)
Ag(a, -a,)+Aa(g, - g,)

5, [VL33]

where

Aa=a—{a)

Ag=g-(g)
The EPR spectrum at each temperature would have different values of the

hyperfine splittings a and the g-factor.

V1.4. Results and Discussion

The interaction of metal cations with phosphatidyicholine b'ilayers has
been investigated extensively using 'H, ?H, **C, and *'P NMR (cf. Prosser et al,
1997, Prosser et al, 1996; Akutsu & Seelig, 1981; Hauser et al, 1977; Chapman
et al, 1977; Grasdalen et al, 1977). The advantages of ’H NMR of deuterons
covalently bound to the phospholipid molecules over NMR studies using shift
reagents are: the spectra obtained are of higher resolution and hence higher

sensitivity can be achieved; the magnetic properties of the ions employed are
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immaterial; and experiments can be performed with coarse phospholipid
dispersions (Akutsu & Seelig, 1981).

To the best of our knowledge, this is the first time a bilayer system with
rare earth metal ions are studied by observing the EPR spectra of weakly
ordered nitroxide spin probe. Studying coarse phospholipid dispersions and
adding ions of different magnetic properties do not seem to form serious
limitations. Moreover, EPR spectroscopy of the nitroxide spin probe is very
sensitive to variations in the host environment.

In order to calculate the different ordering indicators mentioned in the
previous section, the g and A tensors for the three phospholipids systems must
be known. The values of the g and A tensors were obtained by the simulation of
the rigid limit spectra. These values were then used to calculate the ordering
parameters associated with the each spectrum obtained at a different

temperature for the three phospholipids systems.

VI4.1. Determination of Magnetic Tensor Components - Rigid Limit

Simulations

The rigid limit spectrum of PD-Tempone in DMPC/DHPC at 77 K is shown
in Figure VL.3. The magnetic parameters which gave the best fit are given in
Table VI.1. The fit was obtained with a Lorentzian line width of 3.3 G. The
simulation of this spectrum was not straightforward. The experimental spectrum

possessed contradicting features. Both the positive and negative intensities of
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Figure VL3. Rigid limit spectrum for PD-Tempone in the phospholipid system

DMPC/DHPC and simulation (dashed line) based on magnetic
parameters given in Table VI.1.
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TABLE VI.1. Magnetic Parameters for PD-Tempone in Different Systems.

PD-Tempone in
PD-Tempone in PD-Tempone in DMPC/DHPC + PD-Tempone in
liquid crystals® DMPC/DHPC Yb* DMPC/DHPC + Y*
g 2.0097 +0.0002 200920 £0.00020 2.00924 +0.00006  2.00914 + 0.00020
g, 20062 +0.0002 2.00660 £ 0.00020  2.00604 +0.00006  2.00630 + 0.00020
g: 200215+0.0001 200235+ 0.00010 2.00191 +0.00006 2.00201 + 0.00020
<g> 2.0060+0.00017  2.00605+0.00020 2.00573 +0.00020  2.00582 + 0.00020
gso 2.00601 £0.00005 2.00603+0.00005 2.00573 £0.00005 2.00582 + 0.00006
A, 56102 6.50 + 0.30 6.68 +0.10 6.00 +0.10
A, 5.01:02 6.00 £ 0.30 6.18 £0.10 5.50 +0.10
A. 33.7+03 35.45 £ 0.05 35.45 £0.10 35.90 +£0.10
<A> 1477403 15.98 +0.22 16.10 £ 0.10 15.80 £0.10
Ay, 14.78£0.02 15.97 +0.030 16.10 £0.10 15.80 +0.14

® Polnaszek C.F. and J.H. Freed, J. Phys. Chem., 79:2283-2306 (1975).
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the central region in the spectrum were relatively high compared to the two outer
hyperfine extrema. As a result, if the central region of the spectrum was fitted,
the two outer hyperfine extrema from the simulation would be much higher than
the corresponding experimental peaks, and vice versa. In addition, if the
positive portion of the central region and the two outer hyperfine extrema were
fited, the negative portion of the central region from the simulation would
deviate substantially from the experimental values. The fit shown in the figure
was a compromise between the different contradicting features.

The resolution of the central region was low compared with the rigid limit
spectra of PD-Tempone in solvents like phase V liquid crystals (Polnaszek and
Freed, 1975; see aiso Table VI.1). The reduction in resolution of the central
region could be attributed to interproton hyperfine interactions with water
molecules and to a lesser extent with protons in the phospholipids. Moreover,
nitroxide radicals form hydrogen bonds, and in the presence of water molecules,
the relatively large changes in the appearance of this spectra and the magnetic
parameters derived from it is not unexpected.

The rigid limit spectra of PD-Tempone in the phospholipid systems
DMPC/DHPC+Yb* and DMPC/DHPC+Y* at 77 K are shown in Figure VI.4.
The magnetic parameters which gave the best fit are given in Table VI.1. The
fits were obtained with Lorentzian line widths of 3.3 G and 4.6 G, respectively,
for the phospholipid systems DMPC/DHPC+Yb™ and DMPC/DHPC+Y>.
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Figure VI.4. Rigid limit spectra for PD-Tempone in the phospholipid systems
DMPC/DHPC+Yb* (A) and DMPC/DHPC+Y* (B), and simulations

(dashed lines) based on magnetic parameters given in Table VIL.1.
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The two spectra were similar but the resolution of the central region in
both spectra was lower than the resolution of the same region in the rigid limit
spectra of PD-Tempone in DMPC/DHPC. Clearly this can be attributed to the
presence of the paramagnetic Yb> and the diamagnetic Y**. The improved fit of
these simulations could also be explained by the presence of Yb* and Y*. The
water molecules would aggregate around the paramagneticephospholipid -
complexes (Hauser et al, 1977; Grasdalen et al, 1977) and therefore would
become less available for interaction with the nitroxide radicals. Moreover, the
rare earth metal ions interact preferentially with the head-groups of the
phosphatidyicholine (Prosser et al, 1996) therefore reducing the extent of
interaction between PD-Tempone and the phosphatidyicholine head-groups.
This would contribute to the similarity of the two rigid limit spectra in the
presence of the two rare earth metal ions as compared to the rigid limit spectrum
measured in their absence.

Albeit the similarity of the two spectra in Fig V1.4, some slight differences
can still be observed. The positive portion of the central region in the rigid fimit
spectrum of DMPC/DHPC+Yb™ is flatter at the top than the same portion in the
spectrum of DMPC/DHPC+Y*. Another difference is the hump close to the
central peak. This hump was more resolved in the spectrum of
DMPC/DHPC+Yb* than in the spectrum of DMPC/DHPC+Y®. Hence, it can be

concluded from this that the interaction of Yb* with the system DMPC/DHPC +
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PD-Tempone is slightly different from the interaction of Y** with the same

system.

V1.4.2. Variable Temperature Experiments
The objectives of this section were to study the variations of the hyperfine

spacings and the g-factor as a function of temperature for the three phospholipid

systems. Based on the values of the hyperfine spacings and the g-factor, it was

possible to calculate the order parameter (D‘,i,)x and the potential expansion

coefficient, or the solvent order parameter, 4 Finally, the principal ordering
matrix tensors Sy, §», and S;; were calculated for the three phospholipid

systems.

VI4.2.1. PD-Tempone in DMPC/DHPC- The study of PD-Tempone
in DMPC/DHPC at X-band with 100-KHz field modulation, was performed over a
range of temperatures from 22.4 to , ca., 76.8 °C and selected spectra are shown
in Figure VL5. These spectra were obtained after the system (PD-Tempone +
DMPC/DHPC) was exposed to a static magnetic field of 10,000 Gauss (1 Tesla)
for one hour. The general features of these spectra are similar to the EPR
spectra of the spin nitroxide TEMPO obtained by Wu and McConnell (1975) for
binary mixtures containing dielaidoylphosphatidyicholine together with

dimyristoylphospha-tidylcholine and several other phosphatidyicholines.
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The splitting in the high field spectral line (M, = -1) is due to the
proportionation of PD-Tempone into the fluid lipid region which is indicated as H
in Fig. V.8 (page 203), and the aqueous region indicated as P in Fig. VL8 (Wu
& McConnell, 1975). Qualitatively, fractions of PD-Tempone in the fluid lipid
region extend to values higher than one in this study, whereas fractions
abserved in previous studies (Wu & McConnell, 1975; Smimov et al, 1995) did
not exceed one. This could be attributed to the relatively higher concentrations
of phosphatidylcholines in this study (25% w/v) compared with previous studies
(8-11% wiw) (cf. Wu & McConnell, 1975). Besides the approximate doubling of
the phospholipid concentration, the presence of rare earth metal ions (in the two
systems presented in the coming sections) possibly allowed further mixing of
water molecules and therefore of PD-Tempone with the lipid bilayer.

Figure V1.6 shows the variation of the hyperfine splitting a and the g-factor

with temperature for PD-Tempone in DMPC/DHPC. Also shown in the Figure

are the variation of both the solute order parameter (D,,z(,)z and the solvent order

parameter A with temperature for the same system. The g-factor,' the solute

order parameter (Do’o)', and the solvent order parameter 1 increased as the

temperature increased, whereas the hyperfine splitting o decreased as the
temperature increased. This behavior is opposite to the behavior of the
thermotropic liquid crystais 5CB, 6CB, 7CB, and 8CB (Oweimreen & Hwang,
1989; Hwang et al, 1994; Oweimreen et al, 1995; Morsy et al, 1996) and in

accordance with the behavior of previously studied phosphalipid bilayers (Jost et
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al, 1971, Libertini et al, 1974). (The liquid crystals are homologous members of
the p-n-alkyl-p’-cyanobiphenyl with the alkyl groups in 5CB, 6CB, 7CB, and 8CB
corresponding to, respectively, pentyl, hexyl, heptyl, and octyl) A phase
transition can be noticed in the temperature range 50-60 °C. Figure VL7 shows
the variation of the ffactor (Eq. [VI1.33]), the order parameters S;; and S, and

Sw and (Dj,) versus temperature. Fig.'s VI.7(B) and V1.7(C) indicates that |y,

and |5z are almost equal and both are generally greater than |Sx|. The good

agreement between Sx and (D) is demonstrated in Fig. VL7(C).

VL422.  PD-Tempone in DMPC/DHPC+Yb*- The EPR study of the
weakly ordered nitroxide spin probe PD-Tempone in DMPC/DHPC+Yb* at X-
band with 100-KHz field modulation, was performed over a range of
temperatures from 22.8 to, ca., 81.8 °C. Selected spectra are shown in Figure
VI.8. These spectra were obtained after the system (PD-Tempone +
DMPC/DHPC+Yb>) was exposed to a static magnetic field of 1 0,00_0 Gauss (1
Tesla) for one hour, similar to the treatment applied to the system (PD-Tempone
+ DMPC/DHPC). The splitting in the high field spectral line (M, = -1) is due to
differences in the polarity of the spin-label environment (Shimshick & McConnell,
1973). The two signals are due to the proportionation of PD-Tempone into the
fluid lipid region H, and the aqueous region P. This splitting would allow the
calculation of the spectral parameter, f, which is equal to H/(H+P) defined by

Shimshick and McConnell (1973). From the resuilts of this preliminary study, the
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temperature intervals at which phase transitions take place are wide. Further
investigations are required. These include visual studies of phase alterations as
a function of temperature varied in small intervals (0.5 to 1.0 °C close to the
phase fransition regions). Moreover, the same experiments should be
performed by EPR and Differential Scanning Calorimetry (DSC).

The variation of the hyperfine splitting a and the g-factor with temperature

is shown in Figure VL9 for PD-Tempone in DMPC/DHPC+Yb*. Also shown in

the Figure are the variation of both the solute order parameter (D:o), and the

solvent order parameter 1 with temperature for the same system. Two phase
transition regions can be identified in the temperature ranges 30-40 °C and 70-

80 °C. Variations of the hyperfine splitting a, the g-factor, the solute order
parameter (Dozo):, and the solvent order parameter 1 as a function of
temperature follow the same behavior observed for the DMPC+DHPC system.
Figure VI.10 shows the variation of the ffactor, the order parameters S
and Sy, and S and (D:o): versus temperature. The two relatively abrupt phase
transitions are again displayed as a function of temperature by the factor fin Fig.
VI.10(A). Fig.’s VI.10(B) and VI.10(C) indicates that [Sy] is relatively greater

than [S2;|, and [S2] and |Sa3| are almost equal. The variation of S, as a function

of temperature is almost opposite to the variation of Sx; with temperature. Again,

the good agreement between S3s and <D020>, is demonstrated in Fig. VL10(C).
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VL4.23.  PD-Tempone in DMPC/DHPC+Y*- The study of PD-
Tempone in DMPC/DHPC+Y™ at X-band with 100-KHz field modulation, was
performed over a range of temperatures from -13.2 to, ca., 76.8 °C and selected
spectra are shown in Figure VL11. These spectra were obtained after the
system (PD-Tempone + DMPC/DHPC+Y*) was exposed to a static magnetic
field of 10,000 Gauss (1 Tesla) for one hour. Apparently, the extent of
interaction between the charge on yttrium(ill) and PD-Tempone is relatively
more than in the system with Yb™. This seems to broaden the EPR signal of the
system (PD-Tempone + DMPC/DHPC+Y*) and consequently the splitting in the
high-field line was obscured.

Figure V1.12 shows the variation of the hyperfine splitting a and the g-

factor with temperature for PD-Tempone in DMPC/DHPC+Y®*. Variations of both

the solute order parameter (D.,’o)z and the solvent order parameter A1 with

temperature for the same system are also shown in the same Figure. Although
these variations are smoother than previous results (Fig.’s VI.6 & VI.9), the
same general trend is maintained.

Figure VI.13 shows the variation of the ffactor, the order parameters S,

and Sz, and S and (D;,)  versus temperature. The variation of the f-factor as a

function of temperature shown in Fig. VI.13(A) displays a sharp transition at ~45

°C. The possibility of multiple transitions cannot be excluded. Although S;, and
S22 cross each other, Fig. VI.13(B), generally |S:4| is greater than |Sx|, whereas

[S=3, Fig. VI.13(C), is intermediate between |Sy1] and |Sx»|. The variation of S, as
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a function of temperature is aimost opposite to the variation of S, with

temperature. A satisfactory agreement between Sx and (D) is shown in Fig.

V1.13(C). Comparisons between the values of the order parameter S», calculated
using the g-factor, S»(Ag), and using the hyperfine splitting a, S»(Aa), are shown
in Figure VI.14 for PD-Tempone in the three phospholipid systems. Linearity is
fully satisfied between S»(Ag) and S»(Aq).

From these preliminary studies the following observations can be
deduced. Firstly, addition of the lanthanide ion ytterbium(lil) has a clear effect
on the alignment of the highly ordered binary mixture of the phosphatidylcholines
DMPC and DHPC. Addition of yttrium(ill) effects the alignment of this mixture to
a lesser extent. Ytterbium(lll) interacts with the polar head group of the
phospholipid bilayers through both its positive charge and the pseudocontact
effect (Bleaney, 1972), whereas yttrium(lll) interacts via its positive charge only.
This trend can be clearly seen from Figure VIL.15, which shows the variation of
the order parameters Sx(Aa), S:3(Aa), and S1;(Aa) as a function of temperature.
The effect of adding yttrium(lll) to the bicelles is always intemediéte between
when no lanthanide ion is added and when ytterbium(lil) is added. In the
absence of lanthanide ions and in the presence of Y**, only S,; and S» seem to
correlate, while in the presence of Yb™, all order parameters appear to correlate
with each other. Secondly, the order parameters S, and Sy, flipped positions on
going from bicelles with no lanthanon, passing through bicelles with yttrium(lil),

and ending at bicelles with ytterbium(lll). This can be verified by examining
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curves labeled (B) in Fig.'s VL7, VI.13, and V110, respectively. The flipping of
these order parameter, where Sy, and S correspond to ordering in the molecular
x-axis and y-axis directions, respectively, could be an indication of the flipping of
this bicelles system (Prosser et al, 1996; Prosser et al, 1997). This flipping is

also presented schematically in Figure VI.16. Thirdly, the agreement between

S:s and (D) is quite satisfactory and transformation (Polnaszek & Freed,

1975) to the Maier-Saupe potential expansion coefficient A could be performed

using either S or (D) .
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CHAPTER VII

NITRIC OXIDE AND NITROXIDE SPIN PROBE ADDUCTS OF
BUCKMINSTERFULLERENE

VIL1. Introduction

In this work we studied the gas-solid interaction between nitric oxide (NO)
and buckminsterfullerene and we synthesized a nifroxide spin probe derivatized
from buckminsterfullerene. The chemistry and physics of buckminsterfullerene
has been studied intensively (Hammond and Kuck, 1992; MclLafferty, 1992;
Kadish and Ruoff, 1994; Foote, 1994) since its discovery in 1985 (Kroto, ef al.,
1985). Also, several reviews of the synthetic aspects of the nitroxide spin
probes have appeared in the literature (Rozantsev, 1970; Keana, 1978; Gaffney,
1976). However, and to the best of our knowledge, this is the first time a
nitroxide spin probe was derivatized from buckminsterfullerene. The importance
of such adduct becomes evident when probing the behavior of

buckminsterfullerene in different systems using EPR (e.g.,, studying the
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translational diffusion of the adduct 8, which resembles buckminsterfullerene, in

different solvents).

The chemistry of buckminsterfullerene (Ce) has become a rapidly
developing area of research. Chemical modifications of fullerenes by selective
bond formation provide a vital tool in fullerene science and technology.
Intensive efforts in the past few years have laid an organic foundation on the Ceo
sphere that includes ring systems of different sizes (Rubin, et a/., 1993; Khan, et
al.,, 1993; Prato, et al, 1993; Rotello, ef al, 1993). The next step was to

construct useful functionalities on such foundations.

VIL.1.1. Buckminsterfullerene

The 1996 Nobel Prize in Chemistry went to R. F. Curl, H. W. Kroto, and
R. E. Smalley for the discavery of buckminsterfulierene (Ce) in 1985 (Kroto, et
al., 1985). Numerous work has resulted since the discovery of a new method to
produce and purify macroscopic quantities of fullerenes (Kratschmer, ef al.,
1990, Ajie, et al, 1990, Haufler, et al, 1990; Cox, ef al, 1991).
Buckminsterfullerene is stable due to geodesic and electronic properties
inherent in the truncated icosahedral (symmetry group ;) cage structure (Kroto,
et al, 1985). The stability of geodesic structures was realized by Muslim

architects hundreds of years ago, where it constitute an integral part of mosques
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and holy places. This stability was explored by R. Buckminster Fuiler, who

himself was an architect.

The molecule Ce consists of 20 six-membered rings and 12 five-
membered rings. Curvature is provided by the five-membered rings while strain
is minimized since no two five-membered rings are adjacent. Fullerenes
manifest a compromise between strain and conjugation which should provide
more insight into theoretical considerations of the nature of aromaticity. The
diameter calculated for the Ce cage obtained via theoretical modeling is 7.1 A

(Kratschmer, et al., 1990) and, since all of the carbons are equivalent, has a

single pyramidalization angle of 116° (Rabideau and Sygula, 1996).

Several mechanisms were proposed for the formation of fullerenes
(Goroff, 1996). However, none completely fit the experimental resuits. On the
other hand, the possibility of producing fullerene-related hydrocarbons like
corannulene, CxHio, when buckminsterfullerene is symmetrically chopped was
envisaged (Rabideau and Sygula, 1996). All available spectroscopic and
analytical techniques were employéd to study buckminsterfullerene and related
compounds; for example, fluorescence and phosphorescence spectroscopy

(Wang, 1992), scanning tunneling microscopy (Zhang, et al., 1992), Raman

spectroscopy (Duclos, ef al., 1991), 'C MAS NMR (Kanowski, et al., 1995),
neutron inelastic scattering spectroscopy (Coulombeau, et al., 1992), and

thermogravimetric analysis (Saxby, et al., 1992), to name a few.
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VIL1.2. The Study of Buckminsterfullerene by EPR
The single crystal of buckminsterfullerene is diamagnetic and has no EPR

signal. The observed signal in the EPR spectrum of Cg is believed to be due to
indigenous paramagnetic impurities associated with Ce during its formation.
The valence values of charged Ce’ molecules which are, for example,
generated either photochemically or electrochemically, range from v=-6to v =
+1 (Allemand, ef a/., 1991; Dubios, ef al., 1991; Stankowski, ef al., 1994; Khaled,
et al., 1994, Friedrich, et al., 1994). Upon purification of crude Ce Samples, an
increase in the EPR signal intensity and a possible phase transition at 90 K were
observed (Kempiriski, ef a/., 1995). The majority of Ces and its related fullerenes
have a single EPR signal with varying features.(Krusic, ef al., 1991). However,
the EPR spectrum of La@Cs. exhibited an octet of lines centered in the region
characteristic of fullerenes anion radicals (Johnson, et al., 1991).

EPR signals can be observed for odd v and for v = 2 when a fullerene

molecule (Ceo") is in the triplet state. EPR has been utilized in the study of the

triplet state of Ce. The electronic structure of 3Ceo was investigated by
measuring its EPR spectra at 5 K, while the triplet state lifetime for Ce was
measured using time-resolved EPR of samples at 9 K (Wasielewski, ef a/,
1991). The study suggests that the electrons in the triplet state reside, on the
average, at opposite sides of the molecule. Continuous wave (CW), time-
resolved (TR), and Fourier transform (FT) EPR were aiso used to study the

rotational dynamics of the triplet state of Ceo (Zhang, et al., 1993; Steren, et al.,
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1993). Triplet-triplet annihilation of "Ceo and triplet quenching by the TEMPO
radical were measured by TR-EPR (Goudsmit and Paul, 1993). Photoexcited
triplet state of Ceo, oOriented in a nematic liquid crystal, was studied by time-
domain EPR (Levanon, et al., 1992). Misra and Petkov reviewed the various
EPR studies of Ce fullerenes that appeared in the literature up to middie 1994

(Misra and Petkov, 1995).

VIL.1.3. Nitric Oxide (NO)
Nitric oxide has a wide range of functions in the body. It regulates blood
pressure, dilates blood vessels, transmits messages between nerve cells,
destroys certain microorganisms, participates in learning and memory, and might
be used by the immune system to fight viral infections. On the other hand, NO is
a major atmospheric pollutant that has been implicated in ozone depletion. The
valence state of nitric oxide can be described as NO[KK(N:2s)0:2s)
(2po)’(2p7)*(2p#*)], where the filled orbitals (2po)® and (2pz)* correspond to a
triple bond and (2p~*) is the orbital with the unpaired electron. The unusually
low level of the ground state of the radical was expiained by the quantum-
mechanical resonance of four valence structures (Pauling, 1960):
oN N N N
| — || «—> g4 g <> 6

Sl 0

Based on Pauling’s idea of the three-electron bond, nitric oxide was described

by a single formula: N220 ( Dousmanis, 1955; Rozantsev, 1970).
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A prevailing feature in aimost all reactions of nitric oxide, the additional
covalent bond is formed with the nitrogen atom (Herschbach, et al, 1956;
Rozantsev, 1970). An analysis of the parameters of the hyperfine structure of
the EPR spectrum of nitric oxide aiso leads to the conclusion that the probability
of the electron being on the nitrogen atom is about 60% (Dousmanis, 1955;
Beringer and Castle, 1950). The hyperfine structure (HFS) of the NO EPR
spectrum was attributed to the strong interaction between the moment of the
unpaired electron and the rotation of the whole molecule (Beringer, et al., 1954).

The ground electronic level of the NO molecule, 2l'I, is split into a lower

level, ?TI,,z, and an upper level, 211;,,2 Paramagnetism of the gas is due to the

upper or zl'[;,,z doublet component which possesses an electronic magnetic
moment (Beringer and Castle, 1950). This level, because of interaction with the

rotational motion of the molecule, is split into four states, M, = —Z— -;— —;, Z
These four states will result in three absorption lines with the selection rule ms =
1. The experimentally observed EPR spectrum of NO consists of nine lines,
where each of the three absorption lines is further spliit into three components
because of interaction with the spin of the nitrogen nucleus (ay = 14.2 G).

The study of the interaction of nitric oxide with buckminsterfullerene was
stimulated by the work of Pace, et al., in which the effect of O, on the EPR signal
intensity of Ceo was investigated (Pace, et al., 1992). The intensity of the single
peak characteristic of the EPR spectrum of Ce was found to be oxygen-

dependent. The same group studied the interaction of NO, with Ce (Pace, et
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al., 1994). The EPR spectrum of the NO, trapped in Ce was line broadened at
room temperature. The sample had to be cooled to 77 K, before a clear EPR
spectrum could be recorded. It was conciuded from their study that NO,
interacts with Ceo to form a trapped product which was hypothesized to be HNO,
“based on a hyperfine coupling of 32 Gauss. The adsorption of NO and CO on
Ceo was studied using IR spectroscopy (Fastow, et al., 1992). The interaction of

these gases with Ces was found to be relatively strong.

VIL.2. Results and Discussion

VIL2.1. Nitric Oxide and Buckminsterfullerene
Buckminsterfullerene was exposed to nitric oxide (NO) gas to investigate
their mutual interaction using EPR spectroscopy. NO gas was prepared

according to the following reaction (Bostrup, 1966)

3 NaNO; + H,SO — Na,SO4 + NaNO3 + 2 NO + H,0 -

The usual EPR signal of buckminsterfullerene was observed before it was
exposed to NO gas. The g value was calculated to be 2.00247 + 0.00006 as
compared to a g value of 2.0021 obtained in the literature (Pace, et al., 1992).
The difference could be due to slightly different samples of Cs,. The usual EPR

signal of buckminsterfullerene disappeared shortly after it was exposed to NO
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gas. Characteristic EPR signals emerged the next day (approximately, ca., 18
hours after exposure to NO gas) along with an overiapping central peak. These
six doublet peaks along with the central peak are shown in Figure VIL.1. The six
peaks disappeared afterwards but the central peak persisted. Apparently an
interaction of chemical nature takes place between NO gas and
buckminsterfullerene. Moreover, the rate determining step in the interaction
process is kinetically very slow. An analysis of the experimental observations
will be presented in the following paragraphs.

A glass cell filled with nitric oxide gas did not give any EPR signal in the

magnetic field ranges 3200 - 3700 G and 8000 - 9100 G. The EPR spectrum of

the zna/z state of NO gas appears at magnetic fields in the range 8400 to 8900 G

at X-band with a g-value of 0.78 Gauss (Beringer and Castle, 1950). The

theoretical g-value of the Tl state of NO is 4 (Margenau and Henry, 1950,

Wertz and Bolton, 1986). A gas cell of large volume was required to observe
the EPR spectrum of NO gas. That the spectrum is due to the interaction of NO
with Ce was verified experimentally by excluding other possibiﬁties. The
observed g-value of the EPR spectrum of NO+Cg calculated at the center of the
six peaks is 2.0018.

The observed g-values of the EPR spectrum of gaseous NO, gaseous
NO., and NO; in solution are, respectively, 0.78 Gauss (Beringer and Castle,
1950), 2.0029 Gauss (Castle and Beringer, 1950), and 2.008 Gauss (Bird, ef al.,
1958). The value (2.0018) is in the neighborhood of the g-values of gaseous

223 -



'syeed Jobie| ay) usamiag PeAIaSqo SaINJONS Jojqnop auluedAY Jo BwalXe
Joamo| ey) ejealpu| wndeds Jsowiemo) eyy Ul smole eyj ‘sepnijdwe uonenpow Yeed-o)-yead jusieyip NG
Uipim deems euies ey} eAey esjoeds JsowIemo) pue sippiw oY) ‘syead-jo|gnop SAINoasUCD By} Ueamieq ‘ssheg
ut 's/"Hv s|ealelu; piey Jejusd-0}-isjued ey} pue ‘syeed-jajgnop X|is ey} Joj ‘ssneoy Ui ‘'s/HV sjeAsiu) piel eyl

eje|nojed o} pesn sem winsoeds Jsouseddn ey ‘susiajnualsUIWNONG UM ON Buloeieul Jo BIoBdS 3dT “I'TIA @By

d-d 9 $0'¢ = epnjidwy uoge|npoly

%xixle%/{f}\s%%isi

d-d © 296°0 = epnyiduy uopejnpoyy _ _

Sssned 001

_ —— °HV _ *HV SSNes) 05
o.n%

224



NO, and buckminsterfullerene systems (Misra and Petkov, 1995). The
observation of an EPR signal, which could not be detected in the gas phase, at
the gas-solid interface reminds of Raman spectroscopy amplified by surface
enhancement. Although it is too early to conclude such a resemblance with
Raman spectroscopy, the current incident could be termed “surface enhanced
EPR spectroscopy.”

There are obvious features in the spectra shown in Fig. VIL.1. First, the
separation, AH; (defined in Fig. VII.1), increases between the maximum and
minimum points in each of the six peaks as the magnetic field increases. The
symbol AH, refers to the first peak at the lower end of the magnetic field, i.e., to
the extreme left of the spectra shown in Fig. VIL.1, AH, to the second peak, and
so on. The separations, AH, in Gauss, for the six peaks with the corresponding

local central field values H™ are given in Table VII.I. Second, the peaks

center-to-center field separations, AH,, (also defined in Fig. VIL1), display
similar behavior, i.e., the separation increases as the magnetic field increases.
The indices 7/ and j refer, respectively, to the preceding and following 'peaks from
left to right according to the spectra shown in Fig. VIL.1. The separations, AH;,
in Gauss, between the six peaks are given in Table VIL.1. The dependences of
AH; and AH;; on the magnetic field is.shown graphically in Figures VII.2(A) and
(B), respectively. From Fig. VIL.2(B), AH,, display a linear dependence on the
magnetic field, while in Fig. VIL2(A) AH; deviated from linearity. Third, the

unresolved hyperfine structures in the middle of the major six peaks and in the
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TABLE VIL1. Values in Gauss of the Local Central Fields H~, Peak Widths

AH, and Peak-to-Peak Separations AH,, for EPR Spectra of NO

interacting with Buckminsterfullerene.

HT =323357 AH, = 8.31 AH, , = 89.47
HT =3323.26 AH, = 8.80 AH; ;5 =91.94
HT =341539 AH;=10.26 AH .= 95.46
HT =3510.45 AH,=12.71 AH, s =97.57
HT =3608.94 AH;=15.15 AH; 4= 100.04
HS =3708.15 AHys=17.11
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Figure VIL2. (A) The field intervals AH,, in Gauss, versus field values, also in
Gauss, for the six doublet-peaks observed in the EPR spectrum of
interacting NO with buckminsterfullerene. (B) The field intervals AH,, in
Gauss, versus intervals sequence number. Here i refers to the preceding

peak and j refers to the following peak in the calculation. Both AH,; and
AH;; were explained in Fig. VII.1.
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minor ten peaks indicated by small arrows in the lowermost spectrum of Fig.
VIL.1. Moreover, the minor ten peaks show less or no dependence on the
magnetic field value. Attempts will be made to explain the origin of these three
features.

The doublet feature in the major peaks could be attributed to “/ doubling,”
an important interaction in microwave spectroscopy (Steinfeld, 1989). The /
doubling occurs in linear polyatomic molecules and results from the interaction
of the molecular rotation with a doubly degenerate bending mode of the
vibrational motion in the molecule. A plausible consequence for the requirement
of linearity for / doubling, is an interaction between NO and Cg via the nitrogen
in NO (Maschke, et al., 1963; Yamashita, ef al., 1995; Giamello, ef al., 1992) and
a zcloud in an aromatic ring of Ce (Fagan, ef al., 1992) forming a linear Cg-NO
adduct. The unequally spaced AH; and AH;; separations are characteristics of
rotational spectroscopy, and anharmonicity could also be present in AH; if the
assumption of / doubling holds.

The peaks center-to-center field separations, AH,,, include both coupling
and rotational constants for the NO-Ce adduct. The separations AH,; between
the six successive components range from 89.5 to 100.0 Gauss. The average J
coupling and hyperfine coupling constants for gaseous NO are, respectively,
104.0 and 27.4 Gauss (Beringer and Castle, 1950). The average separations
between the successive triplet components in gaseous NO, and NO. in solution

are, respectively, 47.5 and 107 Gauss. The EPR spectrum of NO at X-band
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shows a triplet of a triplet (Beringer and Castle, 1950) and the EPR spectrum of
NO; at X-band shows a broad triplet (Castle and Beringer, 1950). The g-value
of the central peak (2.0019) is close to the g-value of NO>-buckminsterfullerene
system, which is 2.0021 (Pace, ef al., 1994). Hence, the central peak would be
due to NO, interacting with buckminsterfullerene. The difference in g-values
from this study and the literature suggests that buckminsterfullerene is modified
by NO interaction.

The observed sextet spectrum could be explained in several ways (e.g., a
triplet of doublet or vice versa). However, it cannot be due to absorbed NO nor
to absorbed NO., since then either nine or three peaks would be observed.
Moreover, the peak due to adsorbed NO; is already present and is different from
these six peaks. One possible explanation for the observed sextet spectrum,
combining previous findings, is that twelve NO molecules are associated with
the twelve pentagons in the Ce cage via 7°-type of bonding. The adsorbed NO,
would reduce the symmetry of Ce resulting in six different groups of two
equivalent pentagons. The unresolved hyperfine structures in the middie of the
major six peaks could be due to the delocalization (Rozantsev, 1973) of the
unpaired electrons over the z-orbital systems of the pentagons, while the minor
ten peaks could be due to the delocalization of the unpaired electrons over the
n-orbital systems of the remaining hexagons of the aromatic Ce (the twenty

hexagons can be divided into two symmetrical groups of ten different hexagons).
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A scenario for the interaction of the gaseous NO with the solid
buckminsterfullerene can be drawn from the above discussion.

Step 1- The NO gas inhibits the paramagnetic centers on buckminsterfullerene
rendering them diamagnetic (Maschke, ef al., 1963; Phillips, 1961); the
evidence is the disappearance of the EPR signal.

Step 2- The species formed in step1 dissociate to form adsorbed NO.
(Bodenstein, 1922); the evidence is the observation of a single peak
characteristic of adsorbed NO..

Step 3- NO molecules interact with buckminsterfullerene to give the sextet EPR
spectrum; the evidence is the observed EPR signal.

Step 4- The NO in the adduct formed in step3 dissociates to adsorbed N, and
O. (Vijayakrishnan, et al., 1992); evidences are the disappearance of
the sextet EPR spectrum, no increase in the EPR signal characteristic
of adsorbed NO., and the low pressure in the interior of the EPR

sample tube noticed upon opening it.

VIL2.2. Nitroxide Spin Probe Adduct of Buckminsterfullerene

At the beginning, we attempted to react Tempamine, 4-amino-2,2,6,6-
tetramethylpiperidine N-oxide, with buckminsterfullerene in toluene. The
reaction did not proceed in spite of modifying the conditions of concentration,
temperature and time. Apparently, the Tempamine should have been the

solvent as well as the reactant (Wudl, et al., 1992). However, our objective was
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to synthesize a monoadduct of Ce and tempamine. Use of tempamine in
excessive amount would complicate the process as far as formation of
monoadduct is concerned. An altemnative reaction route was selected.

The nitroxide spin probe adduct of buckminsterfullerene 8, 1,9{4-(2,2,5,5-
tetramethylpyrrolidine-1-oxyl-3-carboxylatecyclohexano]  buckminsterfullerene,
was prepared by the esterification of alcohol 6, namely 1,9-(4-
hydroxycyclohexano)-buckminsterfullerene, with 2,2,5 5-tetramethy! pyrrolidine-
1-oxyl-3-carboxylic acid (7). The synthetic route was based on the Dieis-Aider
reaction (An, et al., 1993) of 2-{(trimethyisilyl)oxy}-1,3-butadiene (2) with Cqe (1),
followed by the esterification (Yamago, ef a/., 1993) of € with 7. Alcohol 6 was
obtained by the reduction of ketone 5. The reaction steps invoived in the

synthesis are outlined below.

\ toluene OSi(C H3)3
Ceo + reflux, 7 h Ceo
/ S0Si(CH,),

(1) (2) (3)

OSi(CH.,,).
60 Ceo — Cg
chromatography 200¢C

(4) (5) (6)




(6) @) (8)

Rigid limit spectra measured at 77 K in toluene and shown in Figure VIL3
of both the adduct 8 and the nitroxide spin probe 7 had similar features.
However, the central peak in the rigid limit spectrum of the adduct 8 is relatively
less broader than the central peak in the rigid limit spectrum of the nitroxide spin
probe. The relatively sharper peak is an indication of less hydrogen bonding in
the ester adduct than in the free carboxylic acid nitroxide spin probe. The
behavior, studied by EPR, of both 8 and 7 in toluene at the different
temperatures appeared to be slightly different in terms of observed linewidths
and hyperfine splittings specially at lower temperatures. Figure VIL4 shows the
EPR spectra of 8 and 7 in toluene at room temperature. However, when the
liquid crystal 5CB (i.e., p-n-pentyl-p-cyanobiphenyl) was used as the solvent,
clear distinction between the room temperature EPR spectra of the adduct 8 and
the nitroxide spin probe 7 was observed. These spectra are shown in Figure
VIL.5. The adduct appeared to be t;.ambling at a slower rate in 5CB than the
nitroxide spin probe. This was obvious from the observed linewidths of the EPR

spectra of the adduct and the free spin probe. The observed linewidths for the
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Figure VIL3. (A) The rigid limit spectrum of the adduct 8 in toluene obtained at

77 K. (B) The rigid limit spectrum of the nitroxide spin probe 7 in toluene

obtained at 77 K
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10G

Figure VIL4. (A) The room temperature spectrum of the adduct 8 in toluene.

(B) The room temperature spectrum of the nitroxide spin probe 7 in

toluene.
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Figure VIL5. (A) The EPR room temperature spectrum of the adduct 8 in the

liquid crystal SCB. (B) The EPR room temperature spectrum of the

nitroxide spin probe 7 in the liquid crystal 5CB.
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three peaks in the EPR spectrum of the adduct 8 were larger than the
corresponding linewidths of the nitroxide spin probe 7.

An additional test for the formation of the adduct 8 was by preparing an
EPR sample in which both the adduct 8 and the nitroxide spin probe 7 were
added. The EPR spectrum, shown in Figure VIL6, can be visualized as the
summation of the separate spectra of the adduct and the free nitroxide spin
probe. The qualitative results of the thin layer chromatography were in
accordance with these findings. Due to the tiny quantities that are dealt with
here (in the range of few mg), the NMR and the FTIR spectra of the adduct 8
were noisy and not much information could be extracted from them.

2-{(trimethylsilyl)oxy}-1,3-butadiene (2), was prepared (Jung and

McCombs, 1978) according to the reaction:

. (C2Hs)aN I

HCON(CHa)2
80-900 ¢

(9) (10) (2)
In the next section, the experimental procedure for the interaction of gaseous

NO with buckminsterfullerene and the preparation of 2, 6, and 8 will be

described in details.
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Figure VIL6. The room temperature EPR spectrum of a mixture of the adduct 8

and the nitroxide spin probe 7 in 5CB liquid crystal.
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VIL3. Experimental

VIL3.1. Nitric Oxide and Buckminsterfullerene

Adopting the procedure outlined by Bostrup for NO gas production
(Bostrup, 1966), a 500-ml, three-necked, round-bottomed flask was fitted with a
100-ml dropping funnel, a nitrogen gas inlet, and a glass stopper. Sodium nitrite
(NaNQ,) in the powder form was placed (250 g) in the round-bottomed flask, and
2M H.SO, was placed (100 mi) in the 100-ml dropping funnel. Liberated nitric
oxide was purified and dried by passing through two 1-L glass containers half-
filled with 10M NaOH and a third container completely filled with NaOH pellets
which were covered on the top by glass wool. Both H,SO, and NaNQO. were
obtained from Fluka and NaOH was obtained from Riedel-deHaén. The general
procedure for producing NO gas was to purge the complete apparatus with
nitrogen gas for ten minutes , add H.SO4 to NaNQ, dropwise, discard the initial
batch of NO gas, and then use the produced NO gas. The flow rate of NO gas
produced was controlled by adjusting the rate of adding H,SO, to NaNO..

The procedure for reacting NO gas with buckminsterfullerene can be
described by referring to the schematic depicted in Figure VIL7. A cell was
constructed so that the reaction of NO gas with Cg could be achieved without
any interference from oxygen or moisture. The reaction cell consisted of a four-
port glass manifold to which a modified Pyrex tube with a gas-seal valve was
connected using quick-fit metal connectors. The sample to be studied was

placed in a quartz tube which was connected to the Pyrex tube via the cap of the
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Figure VIL.7. A schematic of the of the system used to react NO gas with

buckminsterfullerene.

239




quartz tube. Teflon tape underneath the cap and black wax on the top were
used to ensure maximum seal. The nitric oxide production system was
connected to one side arm of the manifold and an oil trap was connected to the
other. The cell was evacuated through the top port.

To study the interaction of NO with buckminsterfullerene, the latter (~8
mg) was placed in a TPX-1 capillary (purchased from Wilmad) sealed from the
bottom with Critoseal®. TPX, a methylpentene gas permeable polymer, has
been used in EPR studies (Popp and Hyde, 1980; Froncisz, et al., 1985). The
TPX capillary was placed inside a quartz tube which was connected to the Pyrex
tube with the cap. After that, the system depicted in Fig. VIL.7 was purged for 15
minutes with nitrogen gas while valve “G” was closed, which prevented any
residual NO, from coming in contact with Ce.. The system was then purged for 5
minutes with NO gas at a flow rate of 15 mi/min, while valve “G” was kept open.
The reaction cell was evacuated to a pressure of 0.015 mmHg, and the process
of purging with NO gas and evacuation was repeated one more time. The NO
gas was passed through the reaction cell for 90 minutes at a flow. rate of 15
mi/min, while the quartz tube was immersed in liquid nitrogen. The liquid
nitrogen was removed and returned repeatedly at the beginning to ensure that
only NO gas was retained while other gases (like NO, and O.) were purged out.
The valve “G” was closed, the system was purged with N, gas, the Pyrex and
quartz tubes were disconnected from the manifold, and while still immersed in

liquid nitrogen the tubes were carried to the EPR spectrometer for

240



measurements. The usual EPR signal of buckminsterfullerene was observed
before it was exposed to NO gas. The usual EPR signal of buckminsterfullerene
disappeared shortly after it was exposed to NO gas. Characteristic EPR signals
emerged the next day (approximately, ca., 18 hours after exposure to NO gas)
along with an overlapping central peak. The six peaks disappeared afterwards
but the central peak persisted. The same experiment was repeated in the
absence of buckminsterfullerene to study the interaction of NO with the TPX
capillary and no EPR signal was observed.

In another experiment, nitric oxide gas was bubbled through a solution of
buckminsterfullerene in toluene. The color of the solution changed from purple
to light amber color, which is characteristic of the addition to Ce, of toluene and
benzene radicals generated by NO. These types of reactions, in which the
radicals were generated photochemically, were studied extensively in the
literature (Krusic, et al., 1991(a), Krusic, et al., 1991(b); Krusic, et al., 1993).
Consequently, neither complete identification of the compound formed was

conducted nor similar reaction schemes were pursued.

VIL3.2. Nitroxide Spin Probe Adduct of Buckminsterfullerene
The EPR spectra were acquired using the Bruker EPR spectrometer

described in the previous chapters of this Dissertation. A Varian XL-200
operating at a proton frequency of 200.0 MHz was used to record the 'H NMR

spectra. Thin layer chromatography (TLC) silica gel plates with fluorescent
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indicator (Eastman, No. 6060) were used to monitor the reaction progress, and
to determine the suitable solvent system for elution of the silica gel
chromatographic separations which were performed with flash chromatography
silica. All glassware were washed thoroughly with acid and distilled water and
were dried in the oven, and when necessary the glassware were kept in the

desiccator until the time of use.

VIL3.2.1. Preparation of 2-[(trimethyisily))oxy}-1,3-butadiene (2)- N,N-
dimethyl formamide, obtained from Fluka, was distilled before use under a
positive pressure of nitrogen atmosphere. Methyl vinyl ketone and
chlorotrimethylsilane obtained from Fluka and triehtylamine obtained from BDH
were all distilled from calcium hydride under a positive pressure of nitrogen
atmosphere. A 500-mi, three-necked, round-bottomed flask was fitted with two

addition funnels, a glass stopper, and a magnetic stirrer, and placed in a 80-90

°C oil bath. Under nitrogen atmosphere, methyl! vinyl ketone (10 g) in 10 ml of
N,N-dimethyl formamide and chlorotrimethylsilane (17 g) in 12 mi of N,N-
dimethyl formamide were added over 45 minutes to a magnetically stirred
solution of triehtylamine (16 g) in 80 m! of N,N-dimethyl formamide: The reaction
was set up to run overnight, or ca. 15 hours.

The reaction was cooled to rodm temperature, filtered, and transferred to
a 2-| separatory funnel containing 120 ml of pentane. To this solution was

added 400 ml of cold 5% (25 g in 500 ml) sodium bicarbonate solution. The
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mixture was shaken briskly for 10 seconds and separated as soon as foaming
ceased. The bicarbonate extractions were performed quickly because the
product slowly hydrolyzes in the presence of water. The pentane layer was
separated and the aqueous layer was extracted twice with 120-mi portions of
pentane. The pentane extracts were combined and washed with 80 ml of cold
distilled water. The pentane layer was left overnight to dry over powdered
anhydrous sodium sulfate. The pentane extracts were placed in a 500-mi round-
bottomed flask, and fractional distillation, at an oil bath temperature of 70 °C,
was carried out with a 30 cm vigreux column. The fractional distiliation was
conducted under vacuum (46 mmHg) and the inside temperature at which
condensation took place was 46 °C. The distillate was collected in a four finger
glass flask where samples were drawn from the second and third batches of

distillate. The structure of the diene 2 was confirmed with NMR.

VIL3.2.2. Preparation of 1,9-(4-hydroxycyclohexano)buckminsterfullerene
(6)- Toluene, obtained from Fluka, was distilled before use under positive
nitrogen atmosphere. Buckminsterfullerene was obtained from Sigma and was
used as received. All glassware were washed thoroughly with acid and distilled
water, dried in the oven, stored in the desiccator, and flushed with dry nitrogen

gas before use. A 5-ml, round-bottomed flask was fitted with a condenser
cooled to 0 °C by a circulating water bath, and a magnetic stirrer, and placed in

a 120-125 "C oil bath. Under an inert atmosphere of dry nitrogen gas, the diene
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(2) (47 mg) was added dropwise to a magnetically stired solution of
buckminsterfullerene (38 mg) in 10 ml of toluene at reflux. The reaction was set
up to run for 7 hours. The uncharacterized intermediate silyl enol ether was
checked with TLC (CS., then toluene) and separated by column chromatography
on silica gel (6.5 g of 100-200 mesh size silica obtained from Fisher Scientific,
elution with CS; followed by toluene). This intermediate was hydrolyzed through
flash chromatography on silica gel (5 g 100-300 mesh size silica, solution was
left in the column for 2 hours, elution with CS, folliowed by toluene). A
characteristic spot was observed with TLC (CS,, then toluene). The solvent in
the collected eluant was removed by bubbling nitrogen gas through the solution
to give § as a black solid (26.7 mg). This sample was further purified through
silica gel column chromatography (silica gel 9.5 g, 1 cm x 50 cm burette) by
elution of different ratios of CSa:toluene starting with 1:0 and ending with 0:1.
The ketone § was reduced with 23 ul solution of 1.2 M diisobutyl aluminum
hydride (DIBAL-H) in toluene. The solution was stirred for 5 minutes and the
reaction was quenched with ethanol (15 ul) after the progress of the reaction
was checked with TLC. After an aqueous work-up with deionized water, the
organic phase was .separated and dried with Na,SO, (5 g) and the product 6
was filtered (11.8 mg). Albeit the weak signals observed, the structure of the

alcohol 6 was also verified with NMR.
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VIL3.2.3. Synthesis of the Nitroxide Spin Probe-Buckminsterfullerene
Adduct-  N-N-dicyciohexyicarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP), purchased from Fluka, and 2,2, 5,5-tetramethylpyrrolidine-1 -oxyl-3-
carboxylic acid ), purchased from Molecular Probes, Inc., were used without
further purification. Esterification of the alcohol 6 with the nitroxide spin probe 7
was performed in a capped glass vial fitted with a magnetic stirrer. A mixture of
the alcohol 6 (10 mg), the nitroxide spin probe 7 (5 mg), DCC (5 mg), and DMAP
(0.5 mg) in 4 mi of toluene was stirred at room temperature under nitrogen for 12
hours. Many runs of TLC in toluene of the reaction mixture (while adding to the
eluant drops of 5% ethylacetate in toluene), was used to observe the progress of
the reaction. A TLC of the reactants only, the reactants and the products, and
the products only confirmed that the products were different from the reactants.

The unreacted nitroxide carboxylic acid spin probe (7) was removed from
the reaction mixture by three times extraction with 50 mi solution of 5% NaHCO,
in deionized water. To assess the effectiveness of the 5% NaHCO; solution in
extracting the nitroxide .carboxylic acid spin probe (7), a solution of 1 mg of the
free nitroxide spin probe in 100 ml toluene was examined with EPR before and
after extraction. The 5% NaHCO; solution was 100% effective in extracting the
nitroxide carboxylic acid spin probe. Further extraction with two 100-mi portions
of 5% Na,CO; in deionized water, drying on Na,SQ,, and purification by silica

gel column chromatography (silica gel 6 g, elution with toluene) was performed

245



to completely ascertain the removal of any unreacted nitroxide carboxylic acid
spin probe.

The EPR samples in toluene were prepared in the usual manner
described previously in details. The EPR samples of the adduct 8 in the liquid
crystal SCB were prepared by filling a quartz EPR sample tube to a height of 6
cm with the adduct solution in toluene. The toluene was evaporated under
vacuum, 0.2 mi of the 5CB liquid crystal (Merk, Ltd.) was added, and the sample
was mixed by heating the liquid crystal to the isotropic phase and shaking the

EPR sample tube.
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CHAPTER VIII

CONCLUSIONS

VIIL1. PD-Tempone

In this chapter, the anisotropic interaction parameter «for PD-Tempone in
toluene at the four microwave frequencies L-, S-, X-, and Q-Bands was studied.
Related to this is the effect of modifying the Debye spectral densities by
introducing the Cole-Davidson parameter 5.

Molecules of PD-Tempone in toluene at the four bands were found to
align under the applied magnetic field such that the molecular Y axis was
parallel to the direction of the applied magnetic field. Values of the anisotropic
rotational reorientation N were close to one, where N is the ratio of RyR., R, is
the rotational diffusion constant along the longer molecular axis Rx, and R, is
the rotational diffusion constant perpendicular to the longer molecular axis (R.=
Ry = Rz). At ~1 GHz and ~ 4 GHz, PD-Tempone underwent isotropic rotational

diffusion, whereas at ~ 9.5 GHz and ~ 35 GHz its rotational diffusion became
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slightly anisotropic. The slow tumbling region started at a lower temperature in
the Q-Band than in the other three bands. This suggested that the strength of
the applied magnetic field had a clear effect on the molecular motion of PD-
Tempone, and consequently on the anisotropy of the rotational diffusion
represented by the N values.

Values of the anisotropic interaction parameter x determined in this study
for PD-Tempone in toluene were similar at the four microwave bands. This
similarity is predicted by theory for linear or spherical molecules undergoing
isotropic molecular motion. Values of the anisotropy of molecular reorientation
(N) which were close to one indicate isotropic molecular motions.

The Cole-Davidson parameter § was introduced to the spectral densities
for the first time. A S value of 0.55 was used at L-Band to unify the results for
the alignment of PD-Tempone in toluene, the anisotropic rotational reorientation
N, and for the anisotropic interaction parameter x determined at the four
microwave bands. A g value of less than one suggested the existence of
multiple interamolecular motions, or equivalently a broader distribution of
relaxation times associated with different types of motions. At least there are
two types of correlation times: the carrelation time for angular momentum which
is a characteristic time for “free rotations” of the molecules in the liquid, and the
correlation time for molecular reorientation. Most probably, the distinction
between these types of motions became clear in the L-Band range for PD-

Tempone in toluene, which necessitated setting 8 equal to < 1.
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The value of the anisotropic interaction parameter « determined for PD-
Tempone in toluene at the Q-Band depended significantly on whether the scale
of the axes used for plotting  versus (7/T) was logarithmic or linear. Axes with
a logarithmic scale gave a « value which was similar to the values obtained at
the other microwave bands. Applying a logarithmic scale to ghe axes of the »
versus n/T plots minimized the effect of anisotropy which became amplified at
lower temperatures. A summary of the results obtained for PD-Tempone in

toluene at the four microwave bands L, S, X, and Q is given in Table III.15.

VIIL2. BBTMPO

In this part, similar to the work conducted on PD-Tempone, the
anisotropic interaction parameter x« for BBTMPO in toluene at the four
microwave frequencies L-, S-, X-, and Q-Bands was studied. The effect of
modifying the Debye spectral densities was also investigated by introducing the
Cole-Davidson parameter 4. To perform this study, however, an accurate vaiue
of the hydrodynamic radius for BBTMPO in toluene was determined
experimentally. The hydrodynamic radius for BBTMPO in toluene was found to
be 5.6 A. This was calculated using a D value of 1.0 x 10° em¥sec determined
from the -capillary translational diffusion experiment conducted at room
temperature. The calculation was performed assuming a slip boundary
condition in the Stokes-Einstein equation. The corresponding hydrodynamic

volume for the slip boundary condition, also assuming a hard sphere geometry,
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was 735.6 A>. The difference between the experimental resuits and the values
obtained using models is most probably due to anisotropic BEBTMPO, BBTMPO
undergoing thermal rotations, and solvation of BBTMPO by toluene.

Lineshape analysis was performed for the first time on the EPR spectra of
BBTMPO to determine intrinsic linewidths from experimentally observed
linewidths. The peaks in the EPR spectra of BBTMPO, like in PD-Tempone,
were inhomo-geneously broadened. In the EPR spectra of PD-Tempone, the
source of inhomo-geneous broadening was the unresolved hyperfine structures
resulting from the interaction of the spin magnetic moments of the unpaired
electron and the twelve deuterons, whereas in BBTMPO the twelve deuterons
were substituted by twelve protons. This was reflected in the type of lineshape
function used to fit the experimental EPR lines. For PD-Tempone, a Lorentzian
lineshape function was sufficient to fit all of the experimental EPR lines, however
for BBTMPO, mixtures of Lorentzian and Gaussian lineshape functions were
necessary for the fitting.

A Gaussian lineshape function was required possibly due -to Doppier
effect which arose from mass differences between deuterons and protons. The
spectral distribution of the lighter protons assumed a mixture of Gaussian and
Lorentzian lines, whereas the heavier deuterons assumed a Lorentzian
distribution. Moreover, as the temperature was lowered for the BETMPO system
at the four microwave bands, the lineshape function became more Lorentzian

(cf, Table V.5).
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Molecules of BBTMPO in toluene at the four microwave frequencies
aligned under the applied magnetic field such that the molecular X axis was
parallel to the direction of the applied magnetic field. Values of the anisotropic
rotational reorientation N were equal to 7, which implied that at the four
microwave bands, BBTMPO underwent anisotropic rotational diffusion.

Values of the anisotropic interaction parameter x determined in this study
for BBTMPO in toluene were similar at the three microwave bands L, S, and X,
whereas at Q-Band the value of the anisotropic interaction parameter x was
much smaller. Apparently, variations among the three bands were not
significant enough to be reflected in the value of the anisotropic interaction
parameter « However, at Q-Band the difference became clear. A logarithmic
scale was used for the axes of the = versus 7/T plots at the four bands, and the
value obtained for xat Q-band was only slightly improved.

To unify the results for BBTMPO in toluene, a value for the Cole-
Davidson parameter S of 0.7 was used at both L- and S-Bands. Unlike PD-
Tempone, the existence of multiple interamolecular motions, or equivalently a
broader distribution of relaxation times associated with different types of
motions, extended from L-Band only for PD-Tempone to both L- and S-Bands for
BBTMPO. This was attributed to the larger size of the BBTMPO molecules. The
distinction between the two types of motions, i.e. free rotations and molecular
reorientation, became evident in the L- and S-Bands for BBTMPO, which

necessitated setting g equal to < 1.
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The smaller value of the anisotropic interaction parameter x determined
for BBTMPO in toluene at the Q-Band showed that the coupling between the
spin probe and the solvent was minimal. Due to high magnetic fields applied at
Q-Band, the spin probe precessed at higher rates and since its motion was
highly anisotropic, a weak coupling resulted between the rotational motion of the
spin probe and the translational modes of the solvent. From this study, it is
highly recommended that comparing the values of « for different systems (e.g.,
PD-Tempone in toluene and BBTMPO in toluene) has to be performed with
great caution. A summary of the results obtained for BBTMPO in toluene at the

four microwave bands L, S, X, and Q is given in Table V.14.

VIIL3. Lipid

To the best of our knowledge, this is the first time a bilayer system with
lanthanide ions was studied by observing the EPR spectra of weakly ordered
nitroxide spin probe as a function of temperature. The systems studied were
DMPC/DHPC, DMPC/DHPC+Yb™, and DMPC/DHPC+Y*. Studying coarse
phospholipid dispersions and adding ions of different magnetic properties did
not form serious limitations to EPR, which is contrary to the NMR techniques

Values of the g and A tensors were obtained by simulation of the rigid
limit spectra. The magnetic parametérs, which gave the best fit for the rigid limit
(77 K) EPR spectrum of PD-Tempone in the phospholipid system DMPC/DHPC,

are given in Table VI.1. The fit was obtained with a Lorentzian linewidth of 3.3
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G. The magnetic parameters which gave the best fit for the rigid limit spectra of
PD-Tempone in the phospholipid systems DMPC/DHPC+Yb® and
DMPC/DHPC+Y*" at 77 K are also given in Table VL1. The fits were obtained
with Lorentzian linewidths of 3.3 G and 4.6 G, respectively, for the phospholipid
systems DMPC/DHPC+Yb™ and DMPC/DHPC+Y*. The two spectra were
similar but the resolution of the central region in both spectra was lower than the
resolution of the same region in the rigid limit spectrum of PD-Tempone in
DMPC/DHPC. This was attributed to the presence of the paramagnetic Yb* and
the diamagnetic Y*', which allowed more interaction between the water
molecules and the carbonyl group in PD-Tempone through hydrogen bonding.
EPR spectroscopy of PD-Tempone in DMPC/DHPC at X-band was
studied as a function of temperature. The splitting in the high field spectral line
(M; = -1) was due to the proportionation of PD-Tempone into the fluid lipid region
and the aqueous region. Qualitatively, fractions of PD-Tempone in the fluid lipid
region extended to values higher than one in this study, which was attributed to
the relatively higher concentrations of phosphatidylcholines (25% wiv) compared
with previous studies (8-11% wiw) (cf. Wu & McConnell, 1975). Besides the
approximate doubling of the phospholipid concentration, the presence of rare
earth metal ions possibly allowed further mixing of water molecules and

therefore of PD-Tempone with the lipid bilayer. The g-factor, the solute order

parameter (D:o) and the solvent order parameter i increased as the

L
<

temperature increased, whereas the hyperfine splitting a decreased as the
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temperature increased. A phase transition occurred in the temperature range
50-60 °C. Finally, the values of |Sy| and |S| were almost equal and both were

generally greater than [Sas|, and a good agreement between S, and (D:.,)z was

demonstrated.

EPR spectroscopy of PD-Tempone in DMPC/DHPC+Yb* at X-band was
performed as a function of temperature. From the results of this study, the
temperature intervals at which phase transitions took place were wide. Further

investigations are required which could include visual studies of phase
alterations as a function of temperature varied in small intervals 1.0 °C, and 0.5

°C close to phase transition regions). Then, these same experiments should be
performed by EPR and Differential Scanning Calorimetry (DSC). Two phase

transition regions were identified for this system, DMPC/DHPC+Yb* in the

1

temperature ranges 3040 'C and 70-80 °C. The values of [S11] were relatively
higher than [Sz|, and the values of [S:;| and |Su| were almost equal. Variations
of Sx; and Sx as a function of temperature were almost opposite to each other.
PD-Tempone in DMPC/DHPC+Y* was studied at X-band over a range of
temperatures. Apparently, the extent of interaction between the charge on
yttrium(lll) and PD-Tempone is relatively higher than the interaction between
Yb* and PD-Tempone. This was concluded from the broader EPR signal of the
system PD-Tempone + DMPC/DHPC + Y*, Consequently, the splitting in the

high-field line was obscured. Although, variations of the hyperfine splitting a, the
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g-factor, the solute order parameter (D:,): and the solvent order parameter 1

with temperature in this system were smoother than in the other two systems,

the variation of the f-factor displayed a sharp transition at ~45 °C. The
possibility of multiple transitions could not be excluded. Generally |S;:| was
greater than [Sz|, whereas [Six| was intermediate between |Siy| and [Sy).
Variations of Si; and S, as a function of temperature were almost opposite to
each other. Linearity was fully satisfied between Sx(Ag) and Sx(Aa) calculated
for the three phospholipid systems.

From these preliminary studies the following observations were deduced.
Firstly, addition of the lanthanide ion ytterbium(lll) had a clear effect on the
alignment of the highly ordered binary mixture of the phosphatidylcholines
DMPC and DHPC. Addition of yttrium(ill) effected the alignment of this mixture
to a lesser extent. Ytterbium(lil) interacts with the polar head groups of the
phospholipid bilayers through both its positive charge and the pseudocontact
effect (Bleaney, 1972), whereas yttrium(lll) interacts via its positive charge only.
The effect of adding yttrium(lll) to the bicelles was always intermediate between
when no lanthanide ion was added and when ytterbium(lll) was added. In the
absence of lanthanide ions and in the presence of Y*, only S, and S,, seem to
correlate, while in the presence of Yb**, all order parameters appear to correlate
with each other. Secondly, the order parameters Sy, and Sy, flipped positions on
going from bicelles with no lanthanon, passing through bicelles with yttrium(lil),

and ending at bicelles with ytterbium(ill). The flipping of these order parameter,
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where Si:1 and S correspond to ordering in the molecular x-axis and y-axis
directions, respectively, could be an indication of the flipping of this bicelles

system (Prosser et al, 1996; Prosser et al, 1997). Thirdly, the agreement

between Ss; and (D) was quite satisfactory and transformation (Polnaszek &

Freed, 1975) to the Maier-Saupe potential expansion coefficient 4 could be

performed using either S or (D3

VIL4. Buckminsterfullerene Adducts

This part included two studies. In the first study, buckminsterfullerene
was exposed to nitric oxide (NO) gas to investigate their mutual interaction using
EPR spectroscopy. The usual EPR signal of buckminsterfullerene was observed
before it was exposed to NO gas. The g value was calculated to be 2.00247 +
0.00006. This EPR signal disappeared shortly after exposure to NO gas. Six
characteristic EPR signals emerged the next day (approximately, ca., 18 hours
after exposure to NO gas) along with an overlapping central peak. The six
peaks disappeared afterwards but the central peak persisted. Apparently an
interaction of chemical nature took place between NO gas and
buckminsterfullerene. Moreover, the rate determining step in the interaction
process was kineticaily very slow. That the spectrum was due to the interaction
of NO with Ceo was verified experimentally by excluding other possibilities. The
observed g-value of the EPR spectrum of NO+Cg calculated at the center of the

six peaks was 2.0018.



The observation of an EPR signal, which could not be detected in the gas
phase, at the gas-salid interface reminds of Raman spectroscopy ampiified by
surface enhancement. Although it is too early to conclude such a resemblance
with Raman spectroscopy, the current incident could be termed “surface
enhanced EPR spectroscopy.”

The doublet feature in the major peaks was attributed to “/ doubling,” an
important interaction in microwave spectroscopy (Steinfeld, 1989). The [
doubling occurs in linear polyatomic molecules and resuits from the interaction
of the molecular rotation with a doubly degenerate bending mode of the
vibrational motion in the molecule. A plausible consequence for the requirement
of linearity for / doubling, is an interaction between NO and Cg; via the nitrogen
in NO and a x cloud in an aromatic ring of Ce, (Fagan, et al., 1992) forming a
linear Ceo-NO adduct. The unequally spaced AH, and AH,; separations (defined
in section VIIL.2.1) are characteristics of rotational spectroscopy, and
anharmonicity could also be present in AH; if the assumption of / doubling holds.

The central peak was due to NO, interacting with buckminsterfullerene.
The difference in g-values from this study and the literature suggests that
buckminsterfullerene was slightly modified by NO interaction. The observed
sextet could not be due to absorbed NO nor to absorbed NO,, since then either
nine or three peaks would be observed. Moreover, the peak due to adsorbed
NO, was already present and was different from these six peaks. A possibie

explanation for the observed sextet spectrum was that twelve NO molecules
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were associated with the twelve pentagons in the Ce cage via n’-type of
bonding. The adsorbed NO. would reduce the symmetry of Ceo resuiting in six
equivalent pentagons. The unresolved hyperfine structures in the middie of the
major six peaks could be due to the delocalization (Rozantsev, 1973) of the
unpaired electrons over the r-orbital systems of the pentagons, while the minor
ten peaks could be due to the delocalization of the unpaired electrons over the
m-orbital systems of the remaining hexagons of the aromatic Ce (the twenty
hexagons can be divided into two symmetrical groups of ten hexagons). |

A scenario for the interaction of the gaseous NO with the solid
buckminsterfullerene was deduced from the above observations. Step 1- The
NO gas inhibited the paramagnetic centers on buckminsterfullerene rendering
them diamagnetic; the evidence was the disappearance of the EPR signal. Step
2- The species formed in step1 dissociated to form adsorbed NO,; the evidence
was the observation of a single peak characteristic of adsorbed NO,. Step 3-
NO molecules interacted with buckminsterfullerene to give the sextet EPR
spectrum; the evidence was the observed EPR signal. Step 4- The NO in the
adduct formed in step3 dissociated to adsorbed N, and O,; evidences were the
disappearance of the sextet EPR spectrum, no increase in the EPR signal of
adsorbed NO,, and the low pressure in the interior of the EPR sample tube
noticed upon opening it.

The nitroxide spin probe adduct of buckminsterfullerene 8, 1,9-{4-(2,2,5,5-

tetramethyl pyrrolidine-1-oxyl-3-carboxylatecyciohexano] buckminsterfullerene,
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was prepared by the esterification of aicohol 6, namely 1,9-(4-
hydroxycyclohexano)-buckminsterfullerene, with 2,2,5,5-tetramethyl pyrrolidine-
1-oxyl-3-carboxylic acid (7). In this second study, the synthetic route was based
on the Diels-Alder reaction (An, et al, 1993) of 2-{(trimethyisilyl)oxy]-1,3-
butadiene (2) with Ceo (1), followed by the esterification (Yamago, et al., 1993) of
6 with 7. Alcohol 6 was obtained by the reduction of ketone 5. The reaction
steps involved in the synthesis are presented in section VI1.2.2.

Rigid limit spectra measured at 77 K in toluene for both the adduct 8 and
the nitroxide spin probe 7 had similar features. However, the central peak in the
rigid limit spectrum of the adduct 8 was relatively less broader than the central
peak in the rigid limit spectrum of the nitroxide spin probe. The relatively
sharper peak was an indication of less hydrogen bonding in the ester adduct
than in the free carboxylic acid nitroxide spin probe. The behavior, studied by
EPR, of both 8 and 7 in toluene at the different temperatures appeared to be
slightly different in terms of observed linewidths and hyperfine splittings
specially at lower temperatures. However, when the liquid crystal 5CB (i.e., p-n-
pentyl-p’-cyanobiphenyl) was used as the solvent, clear distinction between the
room temperature EPR spectra of the adduct 8 and the nitroxide spin probe 7
was observed. The adduct appeared to be tumbling at a slower rate in 5CB than
the nitroxide spin probe. This was obvious from the observed linewidths of the

EPR spectra of the adduct and the free spin probe. The observed linewidths for
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the three peaks in the EPR spectrum of the adduct 8 were larger than the
corresponding linewidths of the nitroxide spin probe 7.

An additional test for the formation of the adduct 8 was by preparing an
EPR sample in which both the adduct 8 and the nitroxide spin probe 7 were
added. The EPR spectrum was a summation of the separate spectra of the
adduct and the free nitroxide spin probe. The qualitative results of the thin layer
chromatography were in accordance with these findings. Due to the tiny
quantities that were dealt with here (in the range of few mg), the NMR and the
FTIR spectra of the adduct 8 were noisy and not much information could be

extracted from them.
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APPENDIX

Appendix A
LWAFOR

PROGRAM LWA
DOUBLE PRECISION BFLD(2500),INT(2500),BMAX(3),
1IMAX(3), IMIN(3),0LW(3),PTPI(3), CFLD(3),
2AMAXI, AINT, TEMP, BMIN(3)
INTEGER*2 N, NSET, DPN(2500), NI, NF,
1 NMAX(3), NMIN(3), THIRD, L
CHARACTER FDATIM®*6S5, NODF®60, FNAME®2, EXTI*4, EXTO*§,
1FINAME*9, FONAME*7, DATIM*60, DASH, SOLUTE®60, SOLVNT*60,
2 FREQ*6, REQ®S, F*l, CNAME*3
REQ = "-Band’
BXTI = *.TXT’
EXTO = *.DAT*
WRITE (*,114)
114 FORMAT (//,2X,°'Name of the solute —> *\)
READ (*,110) SOLUTE
WRITE (*,115)
118 FORMAT (//,2X,°Name of the Solvent —--> *\)
READ(*,110) SOLVNT
117 WRITE (*,116)
READ (*,165, err=117) F
116 FORMAT (//,2X, 'Microwave Frequency (L, S, X, OR Q) ~—
> "\)
165 FORMAT (A1)
WRITE (*,210)
210 FORMAT (//,2X, 'Number of files for analysis —> *\)
READ(*,*) NSET
FREQ (1:1) = F
FREQ (2:1+5) = REQ
FONAME(1:1) = F
FONAME(2:1+2) = SOLUTE
FONAME(3:2+1) = SOLVNT
FONAME(4:3+4) = EXTO
OPEN(UNIT=4 , FILE=FONAME, STATUS='NEW®, FORM="'FORMATTED",
¢ ACCESS = °'SEQUENTIAL®)
WRITE (4,118) SOLUTE, SOLVNT, FREQ
118 FORMAT (2X, *THE SOLUTE IS —-> ',A,/,2X, 'THE SOLVENT
IS -->
L,A,/,2X, "THE MICROWAVE FREQUENCY RANGE: °,A6,/)
WRITE(4,200)
200 FORMAT(96('=*),/,18X,'m = -1°,24X,’'m = 0°,24X,
1'm=+1*,/,96("-
*V./,1X,"TEMP. *,3(3X, 'OLW", 6X, *PTPI’, 8X, "CFLD*, 2X

2),/,2%,"(K)*,2X,3(" (GAUSS) *, 14X, * (GAUSS) ',2X)/,96("="),/)
301 WRITE (*,300)

300 FORMAT (//, 8X,°*** THE NAME OF THE FILE MUST BE OF
THE FORM

2 2X, °INPUT THE FIRST THREE CHARCTERS IN COMMON -->
'.$)

READ (*,110, ERR=301) CNAME

FINAME(1:3) = CNAME

FINAME(6:5+4) = EXTI

DO 60 L = 1, NSET

NI =1

DOI10I ~ 1,3

IMAX(I) = 0.0DO
IMIN(I) = 0.0D0

10 CONTINUE
101 WRITE (*,100)
100 FORMAT (//,2X, 'INPUT DATA FILE NAME IDENTIFIERS (TWO
CHARACTERS

1ONLY) --> ',8)

READ (*,110, ERR=101) FNAME
110 FORMAT (A)

FINAME(4:3+42) = FNAME

OPEN (UNIT=3, FILE~FINAME, STATUS='OLD", FORM="FORMATTED®,

* ACCESS = *SEQUENTIAL')

READ (3,110) FDATIM

DATIM = FDATIM(10:65)

READ (3,120) NODF
120 FORMAT (/A)

WRITE (*,145)
145 FORMAT (//,2X,*ENTER THE TEMPERATURE IN KELVIN -->
. \)

READ (*,*) TEMP

WRITE (*,140)
140 FORMAT (//,2X,'ENTER NUMBER OF DATA POINTS --> ',\)

READ (®,*) ¥
READ (3,150) DASH
150 PORMAT(//R)
READ (3,155) (DPN(I),BFLD(I), INT(I), I=1,N)
155 FORMAT (4X, I4,3X,F10.48,4X,E12.4E3)
CLOSE (3, STATUS = °KXEEP’)
THIRD = ¥/3
NP = THIRD
DO 20 K= 1,3
DO 30 I=NI,NF
IF (INT(I) .GE. IMAX(K)) THEN
IMAX(K) = INT(I)
BMAX (K) = BFLD(I)
MMAX(K) = DPM(I)
ENDIF
IF (INT(I) .LE. IMIN(K)) THEN
IMIN(K) = INT(I)
BMIN(K) = BFLD(I)
MMIN(K) = DPN(I}
ENDIF
OLW(K) = BMIN(K) - BMAX(K)
PTPI(K) = IMAX(K) - IMIN(K)
CFLD(X) = BMAX(K) + OLW(K}/2.
30 CONTINUB
NI = NI + THIRD
NF = NF + THIRD
20 CONTINUR
WRITE (4,119) TEMP, (OLW{(J), PTPI(J), CFLD(J), J=1,3)
119 FORMAT(1X,FS.1,3(1X,F6.4,512.4E3,1X,F10.4))
60 CONTINUE
CLOSE (4, STATUS = °KEEP')
WRITE (*,70) FPONAME
70 FORMAT (//,2X,’THE RESULTS ARE STORED IN —-> *,A)

sTop
END
PROGRAM EXDEL

COMMON/YURCOM/ DPN, BFLD, INT, N
DIMENSION X(11), Y(1l)
DOUBLE PRECISION BFLD(2500), INT(2500) , BMAX, BMIN, IMAX, IMIN,
14
1WIDTH, DEL, CFLD, CINT, LFLD, RFLD, ILFLD, IRFLD, IFLD, AINT,
NDEL, AIMAX
INTEGER*2 DPN(2500), N, NMAX, NMIN , NSET,L
CHARACTER FDATIM®G5, NODF*60,CENAME*3, EXTI®4, EXTOR,
1 FINAME®9, FONAME®9, DATIM®60, DASH, SOLUTE®*60,
SOLVNT*60
CHARACTER FREQ*6, REQ*S, F*l, ANS*1,VENAME®2
WRITE (*,1140)
1140 FORMAT (//,2X,"Enter the Name of the Solute —> *\}
READ (*,1010) SOLUTE
WRITE (*,1150)
1150 FORMAT (//,2X,°Enter the Name of the Solvent —> *\)
READ(*,1010) SOLWNT
1170 WRITE (*,1160)
READ (*,1165, err=1170) F
1160 FORMAT (//,2X,’Enter the Microwave Frequency (L, s,
cee}=—> "\)
1165 FORMAT (A1)
FREQ (1:1) = F
FREQ (2:1+5) = REQ
REQ = '-Band*
EXTI = *_TXT’
BXTO = ' _oUT*
WRITE (*,90)
90 FORMAT (//, 12X,**** THE NAME OF THE FILE MIUST BE OF
THE FORM
1 22208.TXT ***°,////,
2 2X, *INPUT THE FIRST THREE COMMON CHARACTERS —-> '8
READ (*,1010) CFNAME
1010 PORMAT (A)
FINAME(1:3) = CENAME
PINAME(6:5+8) = EXTI
FONAME (1:3) = CENAME
FONAME (6:5+8) = EXTO
WRITE (°,2140)
2140 FORMAT (//,2X,'HOW MANY FILES TO PROCESS? -—-> *\)
READ (*,*) NSET

DO § L =1, NSET
IMAX = 0.0D0

281



IMIN = 0.0D0
AIMAX = 0.0DO
WRITE (*,100)
100 FORMAT (//,2X, 'INPUT THE TWO NUMBERS IDENTIFIER -->
*,8)
READ (*,1010} VFNAME
FINAME(4:3+42) = VENAME
FONAME(£:3+42) = VENAME
OPEN(UNIT=3, FILE=FINAME, STATUS='OLD®’, FORM='FORMATTED’,
* ACCESS = *SEQUENTIAL®)
OPEN (UNIT=4, FILE=FONAME, STATUS="NEW®, FORM='FORMATTED®,
¢ ACCBSS = 'SEQUENTIAL®)
READ (3,1010) FDATIM
DATIM = FDATIM{10:65)
READ (3,1020) NODF
1020 FORMAT (/A)
WRITE (*,1040)
1040 FORMAT (//,2X, 'ENTER NUMBER OF DATA POINTS —> °*,\)
READ (*,*) N
[o4 WRITE (*,*) 'N= °*, N
WRITE (*,45)
'S FORMAT (//,2X, *Enter the "a="™ Value (-1, 0, 1) —>
)
READ (*,1145) MVALUE
1145 FORMAT (I2)
READ (3,1050) DASH
1050 FORMAT (//A)
READ (3,1055) (DPN(I),BFLD(I), INT(I), I=1,N}
1055 FORMAT (4X, I, 3X,F10.4,4X,512.483)
CLOSE (3, STATUS = °KEEP')
WRITE (4,1010) DATIM
WRITE (4,1070) NODF
1070 FORMAT (/A)
WRITE (4,1180) SOLUTE, SOLVNT, FREQ, MVALUE
1180 FORMAT (2X,'THE SOLUTE IS --> °*,A,/,2X,"THE SOLVENT
IS ~=> *
1,A,/,2X, "THE MICROWAVE FREQUENCY RANGE: *,AS,/,2X,
2°THE “m"™ VALUE IS —> °*,12)
DO 1 I=l,N
AINT=ABS (INT(I))
IF (AINT .GE. AIMAX) AIMAX = AINT
IF (INT(I) .GE. 0. .AND. INT(I+l) .LT. 0.) THEN
PP = (0. - INT(I+1))/(INT(I)}-INT(I+1)}
CFLD = BFLD(I) + PP * (BFLD(I+1)-BFLD(I))
ENDIF
IF (INT(I) .GE. IMAX) THEN
IMAX = INT(I)
BMAX = BFLD(I)
NMAX = DPN(I)
ENDIF
IF (INT(I)} .LE. IMIN) THEN
IMIN = INT(I)
BMIN = BFLD{I)
NMIN = DPN(I)
ENDIFP
1 CONTINUE
DO 2 J=l,N
INT (J)} = INT(J)}/AIMAX
2 CONTINUE
WIDTH = BMIN -~ BMAX
WRITE (*,110) WIDTH
110 FORMAT(/,2X, "OBSERVED LINEWIDTH = °*,F10.4/)
DEL = WIDTH/4.
WRITE(*,1190) CFLD
1190  FORMAT(2X, "THE CALCULATED CENTRAL FIELD = *,F10.4,2x,
1 ‘GAUSS*)
WRITE(*,1200)
1200 FORMAT (2X, "WOULD YOU LIKE TO INPUT ANOTHER VALUE?
(Y/¥) "\)
READ(*,1210) ANS
1210 FORMAT (A)
IF (ANS .EQ. 'Y’ .OR. ANS .EQ. 'y') THEN
WRITE(*,1220)
1220 FORMAT(2X, 'INPUT THE NEW CF VALUE -——> *\)
READ(*,*) CFLD
END IF
NDEL = 0.0D0
DO 3 K=1, 11
LFLD = CFLD - NDEL * DEL
RFLD = CFLD + NDEL ¢ DEL
CALL INTSTY (LFLD, ILFLD)
CALL INTSTY (RFLD, IRFLD)
IFLD = (ILFLD + ABS(IRFLD))/2.

X(K) = NDEL
Y(K) = IFLD
NDEL = NDEL + 1.
3 CONTINUE
WRITE (4,1080) AIMAX
1080 FORMAT (/,2X, "ABSOLUTE MAXIMUM INTENSITY =
'.E14.6E3)

WRITE (4,1090) NMAX, BMAX, IMAX
1090 FORMAT (2X, "MAXIMUM: *,I4,2X,F10.4,2X,E14.6E3)
WRITE (4,1100) NMIN, BMIN, IMIN

1100 FORMAT (2X, "MINIMUM: °,I4,2X,F10.4,2X,E14.6E3)
WRITE (¢, 1110) WIDTH, CPLD, DEL
1110 FORMAT(/,2X, "OBSERVED LINEWIDTH = °,F10.4,2X, 'GAUSS’,/,
1 2x,°CENTRAL FIELD = °,F10.4,2X, *GAUSS’,/,2X,*1/4 DSL
2 ,F10.4,2X, "GAISS")
WRITE (4,80) BPLD(N}-BFLD(1)
80 FORMAT (2X,'THR SWEEP WIDTH = *,F10.4,2X, 'GAUSS®)
WRITE (4,1120)
1120 FORMAT(///,2X, "MOLTIPLES OF 1/4 DEL',6X,
1 "AVERAGE AMPLITUDE')
WRITE (4,1125)
1125 FORMAT(2X,* '.6X,*
*./)
WRITE (4,1130) (X(I), Y(I), I =1, 11)
1130 FORMAT (48X, F10.4, 14X, BIL.6E3)
(-4

CLOSE (4, STATUS = °KEEP”)
WRITE (*,70) POMAME
70 FORMAT (//,2X,°THE RESULTS ARE STORED IN —-> °*,A)
[ CONTINUE
BMD

SUBROUTINE INTSTY (FLD,CI)

COMMON/YURCOM/ DPN, BFLD, INT, N

DOUBLE PRECISION BFLD(2500), INT(2500), FLD, CI, P
INTEGER*2 T1,T2, DPN(2500), N

DO 100 Y =}, N
IF (BFLD(I) .LT. FLD) GOTO 100
IF (BFLD(I) .BQ. FLD) CI = INT(I)
IF (BFLD(I) .GT. FLD) THEN
TIl=1-1
22=1
P = (FLD - BFLD(T1)}/(BFLD(T2) - BFLD(T1})
CL = INT(T1) + (P * (INT(T2) - INT(T1)))
GOTO 200
ENDIF
100 CONTINUE
200 RETURN
END

GSUMJHFOR

DIMENSION DEG(25),BRES(25),BFLD(1001),DERAB(1001),EMP(9)},
1XT2IN(25),A(25) ,QNO(25) ,NOD(25) ,X(11),Y(11)
CHARACTER FNAME®3, EXTI®&, EXTO*4, FINAME*7, FONAME*7
REAL*8 MDERAB

EXTI = *_DAT®

EXTO = * _TXT*

WRITE(*,900)
900  FORMAT(//,12X,°*** THE NAME OF THE FILE MUST BE OF THE
FORM 222.da

1t ee**, /717,

2 2X, °INPUT DATA FILE NAME WITHOUT THE EXTENSION .dat-
-> 9%

READ(®,910) FNAME
910  FORMAT(A)

FINAME(1:3) = FNAME

FINAME (4:3+4) = EXTI

FONAME(1:3) = FNAME

PONAME(8:3+4} = EXTO

OPEN(UNIT = 3,FILE~FINAME, STATUS = °'OLD’, FORM =
"FORMATTED’,

* ACCESS = 'SEQUENTIAL®)

OPEN(UNIT = 4, PILE=FONAME,STATUS='NEW’, FORM =
"FORMATTED',

¢  ACCBSS = 'SEQUENTIAL')
READ(3,1) N
b3 FORMAT (12)
READ(3,4) (DEG(I),QNO(I),I=1,N)

4 FORMAT (BF10.7)
SDEG=0.D0
DO 223 I=1,N

223  SDEG=SDEG+DEG(I)
READ(3,257) NB,BI,BF
257  FORMAT(I{,6X,2D10.7)
READ(3,1) NSETS
DO 2 J=1,NSETS
READ(3,48) A(J)
WRITE (4,1050) A(D)
1050 FORMAT(35H NEW DEUTERON HYPERFINE COUPLING =
,F10.7,2X, *GAUSS*, /)
DO 6 I=1,N
6 BRES(I)=QNO(I) *A(J}
< WRITE(4,1040)
READ(3,1020) NL&
1020 FORMAT(IS)
READ(3,1030) (XT2IN(I), I=1,NLi)
1030 FORMAT(8F10.7)



DO 2 Kel, NLW

T2IN=XT2IN(K)

WRITB(4,255) T2IN,BI,BF,NB
255  FORMAT(48H FIRST DERIVATIVE LINEWIDTH (NO-EXCHANGE) P-P
1812.7,6H GAUSS , //
249H INITIAL FIELD SWEEP VALUE RELATIVE TO CENTER =
3512.5,6H GAUSS , /
447H FINAL FIELD SWEEP VALUE RELATIVE TO CENTER =
SE12.5,6H GAUSS , /
642H NUMBER OF POINTS FOR "HALP-SPECTRUM® =
T2IN=T2IN® (SQRT(3.)/2.)
DEL~(BF-BI)/FLOAT (NB-1}
RES=BI
DO 261 IB=1,NB
GSUM=0.D0
DO 262 I=1,N
262GSUM=GSUM-2. * (DEG(I) /SDEG) * (BRES (I} ~RES) *T2IN/ ( { (BRES (I) ~
RES)*

1(BRES (I) -RES) +T2IN*T2IN) * { (BRES{I) -RES) * (BRES (I) -RES) +

2T2IN*T2IN))

DERAB(IB) = GSUM

BFLD(IB) = RES

)

261  RES=RES+DEL
c
C.....TO WRITE OUT THE FIELD AND NORMALIZED INTENSITY
c “60 10 333
HDERAB=0.D0

DO 10 IBB=1,NB
IF (DERAB(IBB) . LT.MDERAB) MDERAB=DERAB (IBB)
10 CONTINUE
WRITE(L,100) MDERAB
100 FORMAT(2X, "MINIMUM INTENSITY = °*,D14.8)
DO 20 JB=1,NB
DERAB (JB) =DERAB (JB) /MDERAB
20 CONTINUE
WRITE(4,3010)
3010 FORMAT(/3X, *FIELD(GAUSS)*,5X, *NORM. INTENSITY",/)
WRITE(4,3020) (BFLD(IB) ,DERAB(IB), IB=1,NB)
3020 FORMAT(1X,F12.5,7X,B14.8)
C
333 IMIN=]
YMIN=DERAB(1)
DO 4000 IB=2,NB
IF(DERAB(IB) .LT.YMIN) IMIN=IB
IF(DERAB(IB) .LT.YMIN) YMIN=DERAB(IB)
4000 CONTINUE
FPOS=BFLD ( IMIN)
WRITE(4,400) FPOS, IMIN
FORMAT(7H FPOS= ,E13.6,10X,7H IMIN=
WIDTH=2,* (ABS (FPOS})
WRITE(4,300) WIDTH
FORMAT(/29H THE OBSERVED LINEWIDTH IS =
4]
DEL=0.S*FPOS
RES=BF
WRITE(4,499)
499 FORMAT(55F MULTIPLES OF 1/4 DEL PP FROM CENTSR
REL AMPLITUDE)
DO 361 M=1,11
GSUM=0.D0
DO 362 I=1,N
JGZGSUH-GSUH—Z.'(DBG(I)/SDEG)'(BRBS(I)-RES)’TZIH/(((BRBS(I)-
RES) *
1 (BRES (I) -RES) +T2IN*T2IN) * ( {BRES (I) -RES) * (BRES (I) -RES) +
2T2IN*T21N))
Y {M) =GSUM/YMIN
X (M) =RES/ {0.5*FPOS)
WRITE(4,500) ABS(X(M)),ABS(Y(M))

400 LI

300
GAUSS

.B13.6,6R

500  FORMAT(13X,F12.8,16X,F12.8)
361 RES=RES-DEL
WRITE(4,1060)
1060 FORMAT(///)
2 CONTINUE
CLOSE (3,STATUS="KEEP')
CLOSE (4, STATUS="KEEP")

WRITE (*,70) FONAME
70  FORMAT (//,2X,'THE RESULTS ARE STORED IN -——> *.A)
STOP
END

GSUMDP.FOR

DIMENSION DEG(25),BRES(25),BFLD(1001) »DERAB(1001),EMP(9),
1XT2IN(25),A(25),QNO(25),NOD(25),X(11),Y(11), ETA(2S)

CHARACTER FNAME®3, EXTI*&, EXTO®4, FINAME*7, FONAME®7
c

PI = 3.141592654

EXTI = °.DAT'

EXTO = *.TXT*
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WRITE(*,900)
900 FORMAT(//,12X,°*** THE NAME OF THE FILE MUST BE OF THE
FORM 2272.dat

L eeec,r1//,

2 2X, °INPUT DATA FILE NAME WITHOUT THE EXTENSION .dat-

-> ',8)
READ(®,910) FNAME
910 FORMAT(A)

FINAME(1:3) = FHAME

FINAME(4:3+4) = EXTT

FOMAME(1:3) = FNAME

FOMAME(8:3+4) = EXTO

OPEN(UNIT = 3,FILE=FINAME, STATUS =
*FORMATTED",

*  ACCESS = *SEQUENTIAL®)

OPEN(UNIT =  {,FILE~FONAME,STATUS='NEW’,
*EORMATTED",

v ACCESS = *SEQUENTIAL®)

READ(3,1) X
FORMAT (I2)

*OLD’, FORM =

FORM =

a

) -

READ(3,4) (DEG(I),ONO(I),I=1,N}
FORMAT (8F10.7)

ane~

ETA = 1.0

SDEG=0.D0

DO 223 I=1,N

SDEG=SDEG+DEG(I)

READ(3,257) NB,BI,BF
FORMAT(I4,6X,2D10.7)

READ(3,1) KSETS

DO 2 J=1,NSETS

READ{3,8) A(J), ETA(D)
WRITE (4,1050) A(J), BETA(J)
10S0FORMAT (3SH NEW HYDROGEN
=-,F10.7,2X, 'GAUSS*, /,

11X, °BTA = ', F10.7)
DO 6 I=1,N

6 BRES (I)=QNO(I)*A(J)

READ(3,1020) NL&

FORMAT (I4)

READ(3,1030) (XT2IN(I), I=1,NLW)
FORMAT (8F10.7)

DO 2 X=1,NLW

T2IN=XT2IN(K)

WRITE(4,255) T2IN,BI,BF,NB
FORMAT(48H FIRST DERIVATIVE LINEWIDTH (NO-EXCHANGE)pP-P=
1B12.7,6H GAUSS , /
249H INITIAL FIELD SWEEP VALUE RELATIVE 70 CENTER =
3B12.5,6H GAUSS , /
447H FINAL FIELD SWEEP VALUE RELATIVE TO CENTER =
5B12.5,6H GAUSS , /
642H NUMBER OF POINTS FOR "HALF-SPECTRUM® =
T2IN=T2IN® (SQRT(3.)/2.)
DEL=(BF-BI)/FLOAT (NB-1)

RES=BI

DO 261 IB~1,NB

GSUM=0.D0

GSUM1=~0.D0

GSUM2=0.D0

DO 262 I=1,N

GSUMI=ETA(J)*2./PI* (BRES (I)-RES) *T2IN/ { ( (BRES (I)-RES)*
1(BRES(I)-RES) +T2IN*T2IN) * ( (BRES (1) -RBS) * (BRES (I) -RES) +
2T2IN*T2IN))
GSUM2=(1.-BTA(J) )/SQRT (2.*PI) * (BRES (I) ~ES)/ (T2IN*T2IN*T2IN) *
1EXP(~(BRES (1) ~RES) * (BRES (I} -RES)/ (2. *T2IN*T2IN) )
GSUM=GSUM~DEG ( I} / SDEG® (GSUMI +GSUM2)

DERAB(IB) = GSUM

BFLD(IB) = RES

RES=RES+DEL

223
257

HYPERFINE COUPLING

1020
1030

I4)

262

261

WRITE(4,3010)

FORMAT (/3X, *FIELD (GAUSS) *, 4X, * INTENSITY",/)
WRITE(4,3020) (BPLD(IB),DERAB(IB), IB=1,NB)
FORMAT(1X,F12.8,2X,F12.8)

3010
3020

IMIN=1
YMIN=DERAB (1)
DO 4000 1B=2,NB
IF(DERAB (IB) .LT.YMIN) IMIN=IB
IF(DERAB(IB) .LT.YMIN) YMIN=DERAB(IB)
CONTINUE
FPOS=BFLD ( IMIN)
WRITE({,400) FPOS, IMIN
FORMAT(7H FPOS= ,E13.6,10X,7H IMIN=
WIDTH=2.* (ABS (FPOS) )
WRITE({,300) WIDTH

FORMAT(29H THE OBSERVED LINEWIDTH IS =

4000

400 I4)

300 .E13.6,6H
GAUSS)

DEL=0.5¢FPOS

RES=BF

WRITE(4,499)



439 FORMAT (SSH MULTIPLES OF 1/4 DEL PP FROM CENTERREL
AMPLITUDE)

DO 361 M=l1,11

GSUM=0.D0

DO 362 I=1,N

GSUM1=ETA(J) *2./PI* (BRES (I} -RES) *T2IN/ ( ( (BRES (I} -RES}*
L (BRES (1) -RES) +T2IN®T21N) * { (BRES (I} ~RES) * (BRES (I} ~RES) +
2T2IN*T2IN))
GSUM2=(1.-ETA(J) }/SQRT (2. *PI) * (BRES (1) ~ES) / (T2IN*TZIN*T2IN) *
LEXP (- (BRES(I) -RES) * (BRES (I) -RES) / (2. *T2IN*T2IN) )

362  GSUM=GSUM-DEG(I)/SDEG* (GSUM1 +GSUM2)
Y (M) =GSUM/ YMIN
X(M)=RBS/ (0.5*FPOS)
WRITE(4,500) ABS(X(M)),ABS(Y(M))
S00  FORMAT(13X,F12.8,16X,F12.8)
361  RBS=RES-DEL

2 CONTINUB
CLOSE (3,STATUS="KEEP")
CLOSE (4, STATUS="KEEP*)
sTop

BEND

I22FOR

DIMENSION TITLEB(18)
COMMON
ALWOB (450) ,ALWIN (450) , HEIGHT (450) »H2N,H3N,OW2,EIWZ,A2,
10W3, EIW3,A3, NPTS
OPEN(UNIT = s,rn.x-'m.mr'.sr)\rus-'om',soun-'mmrrm',
*  ACCESS = °*SEQUENTIAL®)
OPEN(UNIT = 6,PILE="T22.0UT", STATUS="NEW* , FORM="FORMATTED",
*  ACCBSS = °*SBQUENTIAL’)
OPEN(UNIT = 7,sn.s-'rzz_m',srArus-'m',rom-'romnm',
¢  ACCESS = *SEQUENTIAL®)
WRITEB(7,2200)
2200 FORMAT(1X, *TEMP.(K) *,1X, "INDEX®’,1X,* **e B eee ", 1X,
+OR - ',
12X,7 *** C *** ',1X,* +OR - °*,1X,°
FORMAT(12,2X,2F7.2,3F11.2)
FORMAT(FS.1,I4,2F9.5,3F14.4)
350 FORMAT(3F9.5)
450 FORMAT(/' EXPERIMENTAL LINEWIDTH
LINEWIDTH
1 PP HEIGHT'/,8X,* (GAUSS)',21X,' (GAUSS)'/)
FORMAT (3 (8X,F7.4,22X,F7.4,13X,E15.8/))
FORMAT (18A4)
FORMAT(///11/1/771X,18A8)
FORMAT (3X, 'DEUTERIUM RYPERFINE SPLITTING Is°,D12.5/)
READ(5,125) NPTS
FORMAT (18X, I4)
FORMAT (3X, "NO OF POINTS IS',Id/)
READ(S,89) AD
89 FORMAT(/35X,D12.5)
READ(S, 145)
FORMAT(///7)
READ(S,151) (ALWOB(X) ,ALWIN(I) ,HEIGHT(I), I=l,NPTS)
WRITE(6,151) (ALWOB (I) ,ALWIN(I) ,HEIGHT (I) , I~1,NPTS)
151 FORMAT(4X,D16.8,12X,D16.8,8X,D16.8)
1 READ(S, 1000, END=560) TITLE
WRITE(6,1000) TITLE
READ(S,*) TEMP, INDEX,WIDTH,FEL®,H1,H2,H3
WRITE(6,250) TEMP, INDEX,WIDTH, FELW, H1,H2
READ(S, 350) FEAl,FRA2,FEA3
WRITE(6,350) FEAL,FEA2,FEA3
DO 100 K=1,NPTS
IF (ALWOB (K} .EQ.WIDTH) GO TO 200
IF (ALWOB (K) .GT.WIDTH) GO TO 1300
CONTINUE
ELWIN=ALWIN (K)
AMP=HBIGHT (K)
GO TO {00
12=K
Il=12-1
P= (WIDTH-ALWOB (I1))/ (ALWOB (I2) ~ALWOB(I1))
BLWIN=ALWIN(I1)+P* (ALWIN(I2)-ALWIN(IL1))
AMP~HEIGHT (I1)-P* (HEIGET (I1} -HEIGHT (12))
WRITE(6,450)
IF (INDEX) 10,20, 30
10 FAC=AMP/SQRT(H1)
H2N=SQRT (H2) *FAC
H3N=SQRT (H3) *FAC
CALL SO8
OBLW1~WIDTH
BIN1=ELWIN
c T21=CF/RIN1
[« AIN1=(3.°1.73205/(4.23.1416))*T21%*2
AMP1=AMP
QBLW2=OW2
EIN2=EIW2
c T22=CF/EIN2
c AIN2=(3.°1.73205/(4.43.1416) *T22¢+2

c/B ")
c250
2s0
INTRINSIC
550
1000
2000
890

125
126

145

H3

100
200

300

400
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AMP2=A2

OBLWN3=0W3

BIN3=RIW3
4 T23=CF/R1IN3
>4 AIM3=(3.°1.73205/(8.*3.1416) ) *T23%*2

AMP3=A3

FA=SQRT (FELW**2+0.25°FEAL**2+0.25°FEA2**2)

FB=SQRT ( (FEA3**24FEAL**2)/ (1. (H3/H1) * (SQRT (H1/H3) —
1.)*°2) +FBLE**2

*)

FO=SQRT((0.25* (H1/H3) * (FEA3**24FEAL**2) + (H1/H2) * (FEAL**24FRA
2¢°2) 1+H1/SQRT (H3*H2) *FEAL**2) / (1. +SQRT (H1/H3) -
2.°SQRT(H1/H2) ) **2+
2FRLE**2)
GO T0 500
20 FAC=AMP/SQRT (H2)
H2M=SQRT (H1) *FAC
HIN=SQRT (H3) *FAC
CALL so8
OBLN1=0N2
EIN1=-EIN2
AMP1=A2
OBLH2=WIDTH

FB=SQRT( ( (H2/H3)* (FEA2**2+4FEA3**2) + (H2/H1) * (FEA2**Z+FRA1 **2)
+

12.°H2/SQRT(H3*H1) *FEA2**2) / (4. (SQRT (H2/H3) ~
SQRT (H2/H1) } **2) +FELW*
2+2)

FC=SQRT((0.25¢ (R2/H3) * (FEA2**2+FEA3**2) +0.25° (H2/H3) * (FEA2
1**2+FEAL**2) +0.5°H2/SQRT (H3*H1) *FEA2**2)/ (SQRT (H2/H3) +
2SQRT (H2/H1) -2.) **2+FELW**2)

GO TO 500
30 FAC=AMP/SQRT {H3)
H2N=SQRT (H1) *FAC
H3N=SQRT (H2) *FAC
CALL soB
OBLW1=0W2
BIN1=EIW2
AMP1=A2
OBLW2=0W3
EIN2=EIW3
AMP2=A3
OBLW3~WIDTH
EIN3=BLWIN
AMP3=AMP
FA=SQRT (FELW* *2+0.25*FEA3**2+0.25°FEA2* *2)
FB=SQRT( (FEA3**2+FEAL®**2)/ (8.* (H1/H3) * (1.-SQRT (H3/H1) ) **2)
1+FELW®**2)

FC=SQRT((0.25¢ (H3/H1) * (FEAL**2+FEA3**2) + (H3/H2) * (FEAI**2+
1FEA2¢¢2) +H3/SQRT (H1*H2) *PEA3**2) / (1. +SQRT (H3/H1) -
2.*SQRT
2(HI/H2) }**2+FELW**2)
SOO0WRITE(6,550)
OBL1,EIN1,AMP1,OBLW2, EIN2, AMP2, OBLW3, EIN3, AMP3
CALL ABCT2(TEMP, INDEX,EIN1,EIN2, EIN3, FELW, A, FB, EC)
GO T 1
560 sToP
END

C:

SUBROUTINE SOB

COMMON X(450),Y(450),2 (850}, H2N, H3N,OBLW2, ELWIN2, AMP2, OBLW3,
1BLWIN3 , AMP3, N

C WRITE(6,100) N

C100 FORMAT(/,3X, "VALUER OF NPTS IS',15)
DO 10 K=1,N
IP(Z(K) .EQ.H2N) GO TO 20
IF(Z(K) .LT.H2N) GO TO 30

10  CONTINUE

20  NMP2=Z (K}
ELWIN2=Y(K)
OBLN2=X (K)

30 I2=K
I1=12-1
Q=(Z(I1)-H2N)/(Z(I1)-Z(I2))
OBLW2=X (I1)4Q* (X(I2}-X(I1))
SLWIN2=Y(I1)+Q®(Y(I2)-¥(I1))
AMP2=Z (I1)+Q* (Z(I12)-Z(I1})

c WRITE(6,200) H3N

C200 FORMAT(/3X, 'HIN IS',F15.6)
DO §0 M=1,N
IF(Z(M) .EQ.HIN) GO TO 50
IF(2(M).LT.H3N) GO TO 60



40  CONTINUB WRITE (3,107) SOLUTE, SOLVNT

S0 OBLWI=X (M) 107 FORMAT (2X,'THE SOLUTE IS --> *,A,/,2X, "THE SOLVENT
ELWIN3=Y (M) IS —> *
AMP3~Z (M) LA
60 2~ c
J1=J2-1 PT = 3.141592654
P=(Z(J1)-H3IN)/ (Z(J1)-Z (T2} ) EM = 1.
OBLW3=X(J1) +B* (X (J2) ~X(J1) ) BE = 7.
ELWIN3=Y(J1)4P* (Y (J2) -¥(J1}) EIM = .2
AMP3=Z (J1)+P* (Z(J2)-Z(J1)) EPM = 1.
RETURN EPF = 6.
END EPIM = .1
c e,
W =1
SUBROUTINE ABCT2(TE, IN,DEL1,DEL2,DEL3,E, FA, FB, FC) ¥ -6,
A=DEL2 a6
BAsFA*A DELOM = .25
B~0.5* (DEL3-DEL1) IF(SOLUTE(1:1) .EQ."P*) GOTO 10
EB=FB*B c BATMPO IN TOLUENE
C=0.5¢ (DRL3+DEL1-2. *DEL2) GFUN(1} = 2.0023
EC=FC*C GFUN(4) = GFUN(1)
FAC=2.*5.66818E-8/1.73205 GFUN(2) = 2.0097
T21~FAC/DELL GFUN(S) = GFUN(2)
T2INV1=1./T21 GFUN(3} = 2.0060
T22=FAC/DEL2 AFUN(1) = 38.20
T2INV2=1./T22 APUN(48) = AFUN(1)
T23=FAC/DEL3 AFUN(2) = T.0
T2INV3=1./T23 AFUN(S) = AFUN(2)
BOC~B/C AFUN(3) = 5.3
COB=C/B IF(SOLUTE(1:1) .EQ.'B"} GOTO 20
AOB=A/B 10 CONTINUE
BOA=B/A c PD-TEMPONE IN TOLUENE
AOC=A/C GFUN(1) = 2.0022
COA=C/A GFUN(4) = GFUN(1)
ET21=§*T21 GFUN(2) = 2.0096
ET22=E*T22 GFUN(S5) = GFUN(2)
ET23=§*T23 GFUN(3) = 2.0063
ET2IN1=E°T2INV1 AFUN(1) = 23.45
BT2IN2=E*T2INV2 AFUN(8) = AFUN(1)
ET2IN3=E*T2INV3 AFUN(2) = 2.1
WRITE(6, 150) A, EA, 8, £B, C, EC, BOC, COB, AGB, BOA, AOC, COA, T21, ET21, AFUN(S) = AFUN(2)
T22, AFUN(3) =~ 6.1
1ET22, 723, ET23, T2INV1, ET2IN1, T2INV2, ET2IN2, T2INV3, ET2IN3 20 CONTINUE
150 FORMAT(/® A=',F12.8,2X," +OR-',4X,F10.8,2X,"® GAUSS’ HZ(1) = 1.12E9
1//* B=*,F12.8,2X,* +OR-',4X,F10.8,2X,* GAUSS® HZ(2) = 3.99E9
2//° C=',F12.8,2X," +OR-*,4X,F10.8,2X," GAUSS® HZ(3) = 9_S4K9
3//°* B/C=',E12.5,5X," C/B=',£9.5//° A/B=",F9.5,5X HZ(4) = 34.2E9
4,° B/A=",F9.5,5X,' A/C=*,E12.5,5X," C/A=',F9.5//° GAME = 1.7640968157
T2(M=-1) =, E12. GE = 2.00232
55,° +OR-*,E12.5," SEC/RADIAN'//' T2(M= 0) =7,EI12.5,° I=1.
+OR-',E12. TAURM = 1_E-12
65," SEC/RADIAN®//® TZ(Ms=+l) =',E12.5,° +OR-',E12.5," TAURF = 2_5E-9
SEC/RADIAN® TAURC = 10.
7//° T2 INVERSE(M=~1) =*,E12.5,° +OR-’,E12.5,* IT=28
RADIAN/SEC*// DO 101 JJ=l,4
8° T2 INVERSE(M= 0) =',E12.5,° +OR-",E12.5, " c
RADIAN/SEC®// ALPHA=_5
9 T2  INVERSE(M=+1) =',E12.5,° +OR-',E12.5," IF(JJ.GE.2) ALPHA = 1.
RADIAN/SEC*//) WRITE(3,500) HZ(JJ)
WRITE(7,250) TE,IN,B,EB,C,EC, COB S00  FORMAT(//1X,°Md F.(Hz) = *,E10.3)
250  FORMAT(2X,F¥S5.1,2X,I4,2(1X,F12.8,1X,F10.8, 1X),£9.5) c
RETURN Rel
END RR =R
IF (RR .EQ. 1) THEN
AXES = *Y*
BCT1.FOR BLSE IF (RR .EQ. 2) THEN
AXES = °Z*
(RR .EQ. 3) THEN
DIMENSION GFUN(S),AFUN(5),0UTPT(40,40) SLSE I:xs'sm_ ?2. »
REAL*4 HZ(4),GAME,W0,GAMEP, DO, D2, TAUO, TAU2, TAUR, I, DEL2, BND IF
1wa,c1,c2,C,81,82,8,A1,A2,A3, M4, A, NI, NF, N, DEL1, WRITE(3,100) AXES
2N, GFUN, AFUN, GE, GX, GY,GZ, GN, AX, AY, AZ, AN, GO, G2, 100 FORMAT(2X,'Z" = *,AL)
3A0B, PI, TAURF, TAURM, TAURC, DELC, EXC, TEMP, COB, EXB, e
-
4EM, EF, EI, BIM, EPM, EPF, EPT, EPIM, ALPHA, XC11,XC12, YC11, YC12, ;o 90 11 IAPEM = 1,6
5XC21,XC22, YC21, ¥C22, ALPHAL
COMPLEX ZCl1,2C12,2FC11,2FC12,2C21,2C22,ZFC21, 2FC22 110 “‘;3&;3;};‘,”.,2?,,3 *F1.2)
INTEGER R, RR, IN, COUNT,NSET,DELT,M,J1,J2,J3,J4,M1, IL, IK, J5, TAUR = TAURM
*NV, IT,J6, IALPHA iy
CHARACTER ANS1,ANS2,ANS3,AKS4 ,ANSS, AXES,ANS6, ANST, ANSS EP = EPM
CHARACTER FDATIM*6S, NODE*60, ENAME®2, EXTI*4, EXTOS, B =M
1 -
FINAME® 10, FONAME®* 12, DATIM® 60, DASH, SOLUTE* 60, SOLVNT*60, g - g‘;’:‘,,,m,
2 FREQ*6,REQ*S,F*1l,CNAME*t GY = GFUN(R+1)
- GFUN
FONAME = °*PDTBCF03.TXT' % - Arun::;Z)
SOLUTE = *PD-TEMPONE® AY = APUN(R+1}
c SOLUTE = 'EBTMPO’ AZ = AFUN(R+2)
SOLVNT = °*TOLURNE® WO = 2*PI*HZ(JJ)
OPEN ( UNIT= 3, FILE = FONAME, STATUS = °*NEW', FORM = GN = (GX + GY + GZ)/3.
*FORMATTED', AN = (AX + AY + AZ)/3.
* ACCESS = 'SEQUENTIAL') GO = 1.5%¢.5 * (GZ - GN)
¢ G2 = (GX - GV)/2.
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GAMEP = GAME * GN/GE
DO = GAMBP/ 2. / PI * .375%*.5 * (AN - AZ)
D2 = GAMEP/2. / PI * (AY -~ AX)/4.

Jl =2

JS =1

D0 22 J = 1,NV

OUTPT(1,(J1)) = N

J2 = J§

J3i=J5 + 1

JE = J5 + 2
o4 J6 = J5 + 3

DO 33 M =1,1T

Ml =M+ 1

TAUQ = TAUR * N**.5

TAU2 = 3. * TAUO /(1+ 2. * W)

WA = AN * GAMEP / 2.

XCl1l=1./(1.+(WA*TAUO) * (WA*TALIO) *EP)

YC11=WA* TAUQ® SQRT (EP) *XC11

ZC11=CMPLX (XC11,-YC11)

ZFC1l1=2C11**ALPHA

XC12=1./(1.+(WO*TAUO) * (NG*TAUG) *E)}

YC12=W0* TAUO*SQRT (E} *XC12

ZC12=CMPLX (XC12, -YC12)

ZFC12=Z2C12° *ALPHA

Cl = 8./3.-REAL(ZFC11)-1./3.°REAL(ZFC12)
CCI-G./J.—I./(I.#(HA'TAUO)'(ﬂ"ﬂlm)’BP)-l./Z!./(l.O(HO'mO)
C 1¢ (WO*TAUJO) *E)

XC21=1_/ (1. +(WA*TALJ2) * (WA*TAU2) *EP)

YC21=WA* TAU2*SQRT (EP) *XC21

2C21=CMPLX (XC21, -YC21)

ZFC21=2C21* *ALPHA

XC22=1./ (1. +(WO*TAU2) * (WO*TAU2) *E)

YC22«W0* TAU2*SQRT (B) *XC22

2C22=CMPLX (XC22, -YC22)

ZFC22=2C22* *ALPHA

C2 = 8./3.~REAL(ZFC21)-1./3. *REAL{ZFC22)
cC 2= 8./3.-1/(1*(%‘1’4\02)’(HA‘TAUZ)'SP)-IIJI(U(HO'MZ)
o4 1*(W0*TAU2) *R)
C = 2./3.°* 5/GAME* .8*PI*PI* (DO*D0* TAUO*CL+2°D2*D2* TAU24C2)

Bl = 16./3. + {.*REAL(2FC12)

(o4 Bl = 16./3. + &./(1+(WO*TAUO) * (WO*TAUO) *E)
B2 = 16./3. + 4.*REAL(2ZFC22)
c B2 = 16./3. + 4./(1+(WO*TAU2)* (WO*TAUZ) *8)

B = 2./3.°*.5/GAME*.1*PI*W0* (GO*DO* TAUO*B1+2°G2*D2* TAU2*B2)
QUTPT((M1),1) = TAUR
CUTPT((M1),J3) = B
OUTPT((M1),J8) = C
IF(TAUR .LT. 1E-10) THEN
TAUR = TAUR * TAURC
ELSE
TAUR = TAUR + 1.E-10
BLSE IF ( TAUR .GE. 1E-9 .AND. TAUR .LT. 18-8) THEN
TAUR = TAUR + 1.5E-9
ELSE IF ( TAUR .GE. 1E-8 .AND. TAUR .LT. 1E-7) THEN
TAUR = TAUR + 1.SE-8
END IF
WRITE(3,200) TrI'R, B, C
FORMAT(1X,E12.6,2(2X,E12.6))
TAUR = TAUR * TAURC
CONTINUE

0:::080 anaa
o
o

N =N + NI
TAUR = TAURM
Jl = J1 + 2
JS = J5 + 2

22 CONTINUE
DO 44 IL = 1,IT

c D0 55 IK = 1,21

WRITE(3,600) (QUTPT(IL,(IK)), IK = 1,2%NV+1)
600 FORMAT (30(E12.6))
1] CONTINUE

L1} CONTINUE
DO 66 IL = 1,40
DO 77 IK = 1,40
OUTPT(IL, (IK)) = 0.0
7 CONTINUE
66 CONTINUE
IF(JJ .EQ. 1) THEN
ALPHAI = .05
ELSE IF(JJ.EQ.2.AND.IALPHA.EQ.1) THEN
ALPHA = 1.
ALPHAI = 1,
ELSE IF(JJ.GT.2) THEN
ALPHAL = 1.
ENDIF
ALPHA=ALPHA+ALPHAL
11 CONTINUE
101  CONTINUE

WRITE (¢,120) FONAME
120  FORMAT (//,2X,°'THE RESULTS ARE STORED IN -—> *.A)
sTop

ABCIFOR

DIMENS ION
FUN(S) ,AFUM(5) ,HZ(100) , TEMP (100) ,AOB (100}, IN(100),

1EXB(100) ,EXC(100}

REAL*4 HZ, GAME, W0, GAMEP, DO, D2, TAUG, TAU2,
TAUR, I,DEL2,

1NA, C1, C2, C, Bi, B2, B, Al, A2, A3, Al, A, NI, NF,
NM, DEL1,

2%, GFUN, AFUN, GE, GX, GY, GZ, GN, AX, AY, AZ, AN, GO,
G2, e,
3AOB, PI, TAURF, TAURM, TAURI, DELC, EXC, TEMP, COB,
BXB, DELB,
ATAURIM,
DELONM, I, K7, &I, BPY, EPF, EPI, ALPRA,XC11,XC12,YC11,YC12,

5XC21,XC22,YC21,YC22

COMPLEX 2C11,ZC12,2PC11,ZFC12,2C21,2C22, ZEC21, ZFC22

INTEGER R,RR, IN, COUNT, NSBT, DELT,NPT

CHARACTER ANS1, ANS2, ANS3, ANSt, ANSS, AXES, ANS6,
ANS7,ANSE

CHARACTER FDATIM*65, NODF*60, FNAME*2, EXTI®4, EXTO*S,

1 FINAME®1l, FONAME®*12, DATIM*60, DASH, SOLUTE*60,
SOLVNT*60,

2 FREQ*6, REQ*S, P*], CNAME*4

FONAME = *PDTABCF2.TXT®

FINAME = °TUPLPDT.DAT®

SOLUTE = 'PD~TEMPONB®

c SOLUTE = °BBTMPO®

SOLVNT = °'TOLUENE’

OPEN (UNIT=S, FILE=FINAME, STATUS='OLD’, FORM=°’FORMATTED’,
* ACCESS = "SEQUENTIAL')

OPEN(UNIT=3, FILE=FONAME, STATUS='NEW®, FORM = "FORMATTED®,
* ACCESS = *SEQUENTIAL®)

[~

[~
WRITE (3,107) SOLUTE, SOLVNT
107 FORMAT (2X, *THE SOLUTE IS -—-> ',A,/,2X,'THE SOLVENT
IS —>
LA/
WRITE(3,2200)
2200 FORMAT(3X, ‘M¥ FREQ(Hz)',2X, "TEMP.(K)°,1X, "IN. T, 1X, teee
A oveer
1sx' veor B oo 3X,Teer [« "",21,' C/B

*,1X, 'TauR(sec.)"’,

22Xx," N ',2%X,°2" *,1X,' B *})
c

PI = 3.1£81592654

EPM = 3,

EPF = 6.

BPI = .5

DELCM = .5

IF(SOLUTE(1:1) .EQ."P") GOTO 10
BBTMPO IN TOLUENE

GFUN(1) = 2.0023

GFUN(4) = GFUN(1)

GFUN(2) = 2.0097

GFUN({S) = GFUN(2)

GFUN(3) = 2.0060

AFUN(1) = 34.20

AFUN(4) = AFUN(1)

AFUN(2) = 7.0

AFUN(S) = AFUN{2)

AFUN(3) = 5.3

IF(SOWTE(1:1).EQ. "B’} GOTO 20
10 CONTINUE
(o4 PD-TEMPONE IN TOLUENE

GFUN(1) = 2.0022

GFUN(4) = GFUN(1)

GFUN(2) = 2.0096

GFUN(5) = GFUN{2)

GFUN(3) = 2.0063

AFUN(1) = 33.45
AFUN(4) = AFUN(1)
AFUN(2) = 8.1
AFUN(5) = AFUN(2)

AFUN(3) = 6.1
20 CONTINUE
GAME = 1.7640968187
GB = 2.00232
=1,
READ(S,400) NSET
400  FORMAT(IJ)
DO 844 JJ=1,NSET
TAURIM = 1.E-15
READ(5,410) R,NM, ALPHA, EM, EF,EI, TAURM, TAURF
410 PORMAT(I3,S5(1X,F5.2),2(1X,1PEB.2E3))
READ(S,4000) NPT
4000 FORMAT(13)



READ(S, £100)
(HZ (J), TEMP (J) ,AOB(J) , IN(J) , EXB (J) , EXC(J) +J=1,NPT)
4100
FORMAT(E12.781, 2X,FS.1,1X,F6.4,3X,12,3X, F10.8,2X,F10.8)
RR = R
(o4
DO 22 J = 1, NPT
TAUR = TAURM
TAURI = TAURIM
N = NM
EP = EPM
E =EM
IF (EXC(J) .LT. 0.) GOTO 22
DEL1 = EXC(J)*1.E-3
DEL2 = BXB(J)*l.E-1
GX = GFUN(R)
GY = GFUN(R+1)
GZ = GFUN(R+2)

AX = AFUN(R)

AY = AFUN(R+1)

AZ = AFUN(R+2)

WO = 2*PI*HZ(J)

GN = (GKX + GY + GZ)/3.
AN = (AX + AY + AZ)/3.
GO = 1.5¢*.5 ¢ (GZ - GN)
G2 = (GX - GY)/2.

GAMEP = GAME * GN/GE
DO = GAMEP/ 2. / PI * .375°%.5 * (AR - AZ)
D2 = GAMEP/2. / PI * (AY - AX)/&.
7 TAUO = TAUR * N°**.5
TAUZ = 3. * TAUG /(1+ 2. * N)
WA = AN ¢ GAMEP / 2.
43 XC1l1l=1./(1.+(WA*TAUO) * (WA*TAUO) *EP)
YC11~WA*TAUO*SQRT (EP) *XC11
ZC11=CMPLX(XC11, ~YC11)
ZFC11=ZC11**ALPHA
XC12=1./ (1.+(WO*TAUO) * (WO*TAUO) *E)
YC12=W0* TAUO® SQRT (B) *XC12
2ZC12=CMPLX (XC12, -YC12)
ZFC12=ZC12°*ALPHA
Cl = 8./3.-REAL(ZFC11)-1./3.*REAL(ZFC12)
CCle8./3.~1./(1.+(WA*TAUQ) * (WA* TAUO) *EP)-1./3./(1.+(WO*TAUG)
(= 1¢ (WO*TAUO) *E)
XC21=1./ (1.+(WA*TAU2)* (WA*TAU2) *EP)
YC21=WA* TAU2*SQRT (EP) *XC21
ZC21=CMPLX (XC21, -YC21)
ZFC21=ZC21**ALPHA
XC22=1./(1.+(WO*TAU2} * (WO*TAUZ2) *E}
YC22=W0* TAU2*SQRT (E) *XC22
ZC22=CMPLX (XC22, -YC22)
ZFC22wZC22* *ALPHA
C2 = 8./3.-REAL(ZFC21)-1./3.*REAL(ZFC22)
C €2 = 8./3.-1/(1+(WA*TAU2)* (WA*TAUZ2} *EP) -1/3/ (1+(WO*TAU2)
(o4 1¢(WO*TAU2) *B)
C=2./3.%%_.5/GAME® .8*PI*PI* (DO*DO* TAUO*C1 +2°D2°D2* TAU2*C2)
Bl = 16./3. + 4.*REAL(ZFC12)

4 Bl = 16./3. + 4./(1+(WO*TAUO)* (WO*TAUO) *E)
B2 = 16./3. + &.°REAL(ZFC22)
[os B2 = 16./3. + 4./(1+(WO*TAU2)* (WO*TAU2) *E)
B=2./3.%°.5/GAME® . 1*PI*W0* (GO*DO* TAUO*B1+2°G2°D2* TAL2°B2
)
[+

DELC = ABS (EXC(J) - C}
DELB = ABS (EXB(J) ~ B)
IF ( TAUR .LT. TAURF) THEN
c IF (DELC .GE. DELOM) GOTO 22
IF (DELC .GT. DEL1) THEN
DELT = INT(TAUR / TAURIM)
(o4 IF (DELT .EQ. 1000) THEN
[ TAURI = TAURIM * 10
IF (DELT .EQ. 10000 } THEN
TAURL = TAURIM °* 10
ELSE IF (DELT .BQ. 100000 } THEN
TAURI = TAURIM * 100
BLSE IF (DELT .EQ. 1000000 ) THEN
TAURI = TAURIM * 1000
ELSE IF (DELT .EQ. 10000000 )} THEN
TAURI = TAURIM * 10000
ELSE IF (DELT .EQ. 100000000 ) THEN
TAURI = TAURIM * 100000
END IF
TAUR = TAUR + TAURI
WRITE (*,3100) J,TAUR,DELC,DSLB, HZ (J)
3100
FORMAT (1X, *NO.=*,12,1X, ‘Tau(R)=",K11.6, 'DELC=",E11.6,
1'DELB=',E11.6, *FRQ=",E13.8)
GO TO 77
c BELSE IF (DELB .LE. DEL2) THEN
ELSE
Al~REAL(ZFC11)+7./3.*REAL(ZFC12)
c Al=1./ (1+(WA*TAUO) * (WA* TALIO) *EP)
c * +#7./3./{1+(WO*TAUO) * (WO* TAUD) *E}
A2=REAL(2FC21) +7./3. *REAL (ZEFC22)
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A2=l./ (14 (WA®TAUZ2) * (WA*TAUZ2) * EP)
*  *7./73.7(1+(WO*TAU2) * (WO*TAUZ) *E)

A3=8./3.+2.*REAL(ZFC12)

A3=8./3.42./ (1+(W0*TALIO) * (WO* TALIO) *E)
A=8./3.+2.°REAL(ZFC22)

M=8./3.42./ (1+(WO*TAU2) * (WO*TAU2) *E)
A=AOB (J) —
(I*(I+1)*.8°PI*PI*(DO*DO*TAUO*AL+2_*D2°D2* TAU2*A2

o 0N 0n

1) +W0°W0/80. * (GO*GO*TAUO*A3+2. *G2G2* TAU2*A8) ) *2./3.* .5/GAM

GO TO 88
[+4 ELSE IF (E .LT. BF) THEN
c E=EK +El
c WRITE(®,*) 'E = *,E,* DELB =~ *,DELB
c GO T0 4
c ELSE IF (N .LT. NF) THEN
[ N =¥+ NI
c TAUR = TAURM
c TAURI = TAURIM
c E=EM
c GO 10 77
D 17
ENDIF
=4
88 IF (RR .EQ. 1) THEN
AXES = °Y*
ELSE IF (RR .BEQ. 2) THEN
AXES = °2°
BLSE IF (RR .EQ. 3) THEN
AXES = °'X°
BND IF
c
c0B = C/B
WRITE(3, 3000)
HZ(J) , TEMP(J) , IN(J) A, B, C, COB, TAUR, N, AXES, B
3000

FOMT(BI‘.B,JX.FS.I,JX,IZ,FII.B.IX,FII.G,IX,E’II.B,ZX,W.S,Z
xl

1E11.6,2X,F4.1,1X,A1,3X,Fi.1)

IF (TAUR .GE. 1.E-9) THEN

TAURM = TAUR
TAURIM = TAURI
ENDIF
2 CONTINUE
e CONTINUE

CLOSE(S, STATUS = °"KEEP')
CLOSE(3, STATUS = °'KEEP')
WRITE (*,70)} FONAME
70  FORMAT (//,2X,"THR RESULTS ARE STORED IN ——-> ',A)
sToP
END

Appendix B
DIFFAFOR

PROGRAM DIFFA
c
DIMENSION FILEN(S00)
REAL*S
BFLD(2100) , INT (2100} ,BMAX (3) , INTSTY(500) , INTC(500),
1IMAX(3), IMIN(3) ,OLW(3),PTPI(3),PTPIC(3),
CFLD(3) ,FOLW(3) ,AMAXIN,

2AMAXT, AMAXIC, AINT, TEMP, BMIN (3}, PTPICC(3) , PTPIN(3) » INTN(500)
[

INTEGER®2 N,

HR(500) ,MIN(500),DPN(2100),
1 NMAX(3), NMIN(3}, THIRD, L, SEC(S00)
INTEGER*S TIMEI(500), TIMEC

NSET, NI, NF,DAY(500),

c
CHARACTER FDATIM*65, NODF*60, FNAME*2, EXTI®§, EXTO*4,
1 FINAME®1l, FONAME*1l, DATIM*60, DASH, SOLUTE®*60,
SOLVNT* 60,
2 FREQ*6, RBEQ*S, F*l, CNAME*3, FILEN*9
c
SOLUTE = °BBTMPO’
SOLVNT = °TOLUENE®
FINAME = *DIFFBBT.DAT®
FONAME = "DIFBBTS.TXT®

N = 1028

OPEN (UN1T=4 , FTLE=FONAME, STATUS='NEW®, FORM='FORMATTED®,
¢ MCCESS = 'SEQUENTIAL')

OPEN(UNIT=5, FILE=FINAME, STATUS='OLD", FORM='FORMATTED® ’
* ACCEBSS = "SBQUENTIAL')



READ(5,1000) NSET
1000 FORMAT(IL)

READ(S,2000)
(DAY (J) ,HR(J) ,MIN(J),SEC(J) , FILEN(J) , J=1,NSET)
2000 FORMAT(4(&(1X,I2),1X,A9))

CIOSE(S, STATUS = 'KEEBP’)
(o4
WRITE(4,210) NSET

FORMAT (2X, *NO. OF POINTS IS °*,Ii)
WRITE (4,118) SOLUTE, SOLVNT

PORMAT (2X, *THE SOLUTE IS --> °,A,/,2X,*THE SOLVENT

210

118
IS —> '
1,A,7)
c
CWRITE(4,2000)
(DAY (J) ,RR(J) ,MIN(J) ,SEC(J) , FILEN(J) , J=1,NSET)
c
TIMEO = DAY(1) *86400+HR(1) *3600+MIN(1)*60+SEC(1)}
DO 1001 J = 1, NSET
TIMBI(J) = DAY(J)*86400+HR(J)*3600+MIN(J) *60+SEC(J) -
TIMEO
1001 CONTINUE
[~

AMAXI=0.0D0
AMAXIC»0.0DO
AMAXIN=0.0D0
DO 122 Il=1,3

FOLW(II)=0.

CONTINUE
DO 60 L = 1, NSET
NI =1
DO 10 I =1,3

IMAX(I) = 0.0DO

IMIN(I) = 0.0DO
10 CONTINUE

OPEN(UNIT=13, FILE=FILEN(L) +STATUS="OLD", FORM="FORMATTED"®,
* ACCESS = °"SEQUENTIAL')

122

C
READ (3,110) FDATIM
110 FORMAT(A)
READ (3,120) NODF
120 FORMAT (/A)
READ (3,150) DASH
150 FORMAT (//A)
READ (3,155) (DPN(I),BFLD(I), INT(I), I=l,N)
155 FORMAT (4X, I4,3X,F10.4,4X,E12.4E3)
CLOSE (3, STATUS = °*KEEP')
c
THIRD = N/3
NF = THIRD
c
DO 20 K = 1,3
DO 30 I=NI,NF
IF (INT(I) .GE. IMAX(K)) THEN

IMAX(K) = INT(I)
BMAX(K) = BFLD(I)
NMAX{K)} = DPN(I)
ENDIF
IF (INT(I) .LE. IMIN(K)) THEN
IMIN(K) = INT(I)
BMIN(K) = BFLD(I)
HMIN(K) = DPN(I)
ENDIF
OLW(K) = BMIN(K) - BMAX(K)
PTPI(K) = IMAX(K) - IMIN(K)
CFLD(K) = BMAX(K) + OLW(K)/2.
30 CONTINUE
NI = NI + THIRD
NF = NF + THIRD
20 CONTINUE
IF(L.EQ.1) THEN
FOLW (1) ~OLW (1)
FOLW(2) =OLW (2)
FOLW (3) =OLW (3)
ENDIF
c
DO 40 JJ=1,3
PTPIC(JJ) «PTPI(JJ) * (OLW(JJ) /FOLW(IT) ) *+2
PTPICC(JJT) =PTPI (JJ) ¢ (OLW(JJ) /OLH(L) ) **2
PTPIN(JJ}=PTPICC(JJ) * (OLW (1) /ECLW(1))**2
10 CONTINUE

c WRITE(4,11) PTPI(1),0Ld (1), TIMEI(L), (PTPI(I),I=1,3}
c ¢ PTPI(2),PTPI(3))
Cc11 FORMAT (F10.1,1X,P6.4,1X, I10,1X,3(F10.1,1X})

INTSTY(L)»PTPI (1) +PTPI(2)+PTPI(3)

c INTC(L)=INTSTY(L) * (OLW(1) /FOLW) **2
INTC(L) = PTPIC(1) + PTPIC(2) + PTPIC(3)
INTN(L) = PTPIN(1) + PTPIN(2) + PTPIN(3)
IF(INTSTY(L) .GT.AMAXI) AMAXI=INTSTY(L)
IF (INTC(L) .GT.AMAXIC) AMAXIC=INTC(L)
IF(INTN(L) .GT.AMAXIN) AMAXIN=INTN(L)

60 CONTINUE

c
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WRITE(4,2100) NSET,AMAXT,AMAXIC, AMAXIN

2100 FORMAT(2X,*¢ OF DATA= *,110,/2X,°"MAX. PTP INT.
=-*,F10.1,/
’ ux:'m. CORR. PTP INT. =',F10.1,/2X,° MAX. NORM. PTP
INT. =°*,
2r10.1/)
WRITE(4,200)

200PORMAT (2X, *TIMB(sec.) *,3X, "OVERALL
INTENSITY", 3X, "CORRECTED INTEN
*SITY*,3X, "TOTAL NORM. INT.'/)
WRITE(4,220)
(TIMEI (KK) , INTSTY(KK) , INTC(KK} , IRTN (KK} , KK=1, NSET)
220  PORMAT(2X,110,7X,B4.8,10X,E14.8,10X,E14.8)
CLOSE (4, STATUS = °KERP')
WRITE(®,208) PONAME
28 FORMAT(/® NAME OF OUTPUT FILE -—>
sToP
END

HIDFFOR

COMMON LT,PI,R,D,ACCUR,XT,RINT
REAL a.nn,n,u,n,m,nt,nr,oav.ouv,nsm,pr,m,rs.t.r,mxx,
1 X,Y,CY,DUMMY,XT, RINT,SMDIF, DIFSQ, VAR, STNDEV
INTEGBR WP, IX,K,I,L,II
CHARACTER SOLUT*30, SOLNT*30, FINAME* 11, FONAME* 10, DASH,
* FTNAME®10
DIMERSION X(500),IX(500),Y(500),DUMMY(500),CY(500)
FINAME=°'DIFBBTS.TXT®
PTNAME=’BBT004 . TXT*
OPEN (U'lI?-S,PILB-E’IM.SﬂTUS-’OLD',FOHH-'FOM‘ITED',
1 ACCESS='SEQUENTIAL®)
OPEN (UNIT=7,FILE=FTNAME, STATUS="NEW'}

*.A)

RM=_1

RF=1.
RI=1.B-1
DM=1.8-10
DF=1.E~4
MSTD=10.
ORV=1._
oDVsl.
PI=3.1415926
ACCUR=1.E-5
LS=2_EO
LT=3_5E0
MAXI=0.50

READ(5,200) Np
FORMAT (19X, I4)
READ(S,16) SOLUT
READ(S,16) SOLNT
WRITE(7,16) SOLUT
WRITE(7,19) SOLNT
16  FORMAT(A)
19 FORMAT (A)
READ(S,17) DASH
17  FORMAT(/A/)

200

READ(S,210) (IX(I),Y(I),I=1,NP)
PORMAT (2X, 110, 31X, B14.8)
FORMAT (2X, 110, 7X, E14.8)
CLOSE(S, STATUS = °*KEEP')

c 210
210

DO 221 Ls=1,NP
X(L)=FLOAT{IX(L})
CONTINUE
DO 222 L=1,NP
IF(Y(L) .GT.MAXI) MAXI=Y(L)
CONTINUE
DO 333 L=1,NP
Y(L)=Y(L)/MAXI
CONTINUE

221

222

333
c
NM=1
NF=NP
C~—-—OPTIMIZATION LOOP

D=DNM
R=RM
DI=DMt
(1} DO 18 I=1,NP
DUMMY (I)=0_E0
CY(I)=0.E0
18 CONTINUER
DO 13 I=NM,NF
XT=X(I)
CALL DIFSIM(R,LT, PI,ACCUR,D,XT, RINT)
DUMMY (1) =RINT
13 CONTINUR



SMDIF=0.
DO 60 K=NM,NF
DIESQ=(Y (K) -DUMMY (K)) **2
SMDIF=SMDIF+DIFSQ
60 CORTINUE
VAR=(SMDIF/ (NF~-NM~1) )
STNDEV=SQRT (VAR}
WRITE(*,90) STNDEV,R,D
90 FORMAT(1X,"THE STDV = *,IPE12.5,2X," R = ', 1PR12.5,
M 2X,° DIFF. = *,1PE12.5)
IF(STNDEV.LT.MSTD) THEN
MSTD=STNDEV
ORV=R
oDV=D
ENDIF
IF(D.LT.DF) THEN
IF(D.GB.DM*1.E1.AND.D.LT.OM*1.E2) THEN
DI=DM*1.E1
IF(D.GE.DM*1.E1.AND.D.LT.DM*1.E3) THEN
DI=DM*1.E1
ELSE IF(D.GE.DM*1.E3.AND.D.LT.OM*1.E4) THEN
DI=DM*1.B2
ELSE IF(D.GE.DM*1.E4.AND.D.LT.DM*1.ES5) THEN
DI=DM*1.E3
BLSE IF(D.GE.DM*1.ES.AND.D.LT.DM*1.B6) THEN
DI=DM*1.8¢
ENDIF
D=D+DI
GOTO 44
ELSE IF (R.LT.RF) THEN
c IF (R.LT.RF) THEN
R=R+RI
D=DM
DI=DM
GOTO 44
ENDIF
WRITE(*,217) ODV,ORV,MSTD
WRITE(7,217) ODV,QRV,MSTD
217 FORMAT(/2X, *DIFF.COEBFFICIENT = *,1PE15.6, 1X, "cm~2/sec’,/
. 2X, "R-VALUE = * 1PE15.6,/2X,°MIN. STDV. =
*,1PE15.6//7)
DO 15 II=NM, NP
XT=X(II)
CALL DIFSIM(ORV,LT,PI,ACCUR,ODV,XT, RINT)
CY({II)=RINT
15 CONTINUE
WRITE(7,216)
216 FORMAT (4X, *TIME*1ES (SEC)’,4X,°*** EXPT.INT. s,
*  4X,'** CALC.INT. ¢°*°)
WRITE(7,215) (I, X(I)*1B-5,Y(I),CY(I), =1 NP)
215 FORMAT(I3, 1X, 1PE15.6, {X, 1PE15.6, 4X, IPE15.6)
CLOSE(7,STATUS="KEEP ")
WRITE(*,28) FTNAME

aa

28 FORMAT(/' NAME OF OUTPUT FILE -——> *,A)
sTOP
END
o4
SUBROUTINE DIFSIM(R,LT,PI,ACCUR,D,XT, RINT)
REAL A,SsuM, EEE, BBB, FFF,CCC, DDD, R, LT, PI, ACCUR, D, XT, RINT
c
A=8./(PI*PI*R)
K=0
SUM=0.

DO 22 J=1,1000

EEE=((((2*N)+1}**2)* (P1**2) *D*D*XT}/ ({.*LT**2)
BBB= (EXP (~EEE) } / ( ((2°N) 1) **2)
IF (BBB.LE.ACCUR) GO TO 33

FEF=((2°N)+1) *PI*R/2,
CCC=SIN(FFF)
DDD=( (~1) * *N) *BBB*CCC
SUM=SUM+DDD
N=N+1
22 CONTINUE
33 CONTINUE
RINT=A*SUM
11 CONTINUE
RETURN
END

Appendix C
HGSUMJH FOR

DIMENSION DEG(25) ,BRES (50) ,BFLD(1001) ,DERAB(1001) ,EMP(9),
IXTZIN(SO).A(ZS).QNO(ZS).NOD(ZS),X(II),Y(II), ETA(25)
CHARACTER FNAME*3,EXTI*4,EXTO*4, FINAME® 7, FONAME® 7, ANS* 1

DOUBLE PRECISION MDERAB
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PI = 3.141592654

EXTI = °.DAT’

EXTO = ° . TXT’

WRITE(*,800)
800 PORMAT(//,12X, *WOULD YOU LIKE TO PLOT TIHE RESULTS
/2 (wj —>

**,8)

READ(*,910) ANS

WRITE(*,900)
900  FORMAT(//,12X,**** THE NAME OF THE FILE MUST BE OF THE
FORM 222.da

1t ****y/,

2 2x, "INPUT DATA FILE NAME WITHOUT THE EXTENSION .dat-

- .9
READ(*,910) FNAME
910 FORMAT(A)

FINAME(1:3) = FNAME
FINAME(§:3+44) = EXTI
FONAME(1:3) =« FNAME
FOMAME (§:3+4) = EXTO

OPEN(UNIT = 3,FILE=FINAME, STATUS = ‘OLD®, FORM =
"FORMATTED®,
*  ACCESS = "SEQUENTIAL®)
OPEN(UNIT = {,FPILE=FONAME,STATUS='NEW’, FORM =
'FORMATTRD’,
¢  ACCRSS = 'SEQUENTIAL®)
c
READ(3,1) N
1 FORMAT (12)
c
READ(3,4) (DBG(I),QNO(I),I=1,N)
[} FORMAT(8F10.7)
c
c ETA = 1.0
SDEG=0.D0
DO 223 I=1,N
223  SDEG=SDEG+DEG(I)
READ(3,257) NB,BI,BF
257  FORMAT(I4,6X,2D10.7)
READ(3,1) NSETS
DO 2 J=1,NSETS
READ(3,4) A(J), ETA(J)
WRITE (4,1050) A(J), ETA(J)
1050 FORMAT(35H NEW HYDROGEN HYPERFINE COUPLING =

»F10.7,2X, "GAUSS", /,
11X, °BTA = *,F10.7)
C23456789012345673901234567890123456789012345678901234567890
1234567890
DO 6 I=1,N
6 BRES (1) =QNO(I) *A(J)
READ(3,1020) NLW
FORMAT(I4)
READ(3,1030) (XT2IN(I), I=1,NLW)
FORMAT (8F10.7)
DO 2 K=1,NLW
T2IN=XT2IN(K)
WRITE(4,255) T2IN,BI,BF,NB
FORMAT(46H FIRST DERIVATIVE LINEWIDTH(NO-EXCHANGE) P-P

1020

1030

255

1B12.7,68 GAUSS , /

2494 INITIAL FIELD SWEEP VALUE RELATIVE TO CENTER =
3812.5,6H GAUSS , /

447H FINAL FIELD SWEEP VALUE RELATIVE TO CENTER =
5E12.5,6B GAUSS , /

612H NUMBER OF POINTS FOR "HALF-SPECTRUM® = I4)
T2INL=T2IN® (SQRT(3.}/2.)

T2ING=T2IN/2.

DEL~=(BF-BI) /FLOAT (NB-1)

RES=BI

C23456789012345678901238567890123456789012345678901234567890
123456789012
DO 261 IB=I,NB
GSUM=0.00
GSUM1=0.D0
GSUM2=0.D0
DO 262 I=1 N
GSUML=ETA(J) *2./PI* (BRES (I)-RES) *T2INL/ ( { (BRES (I) -RES) *
1(BRES (I)-RES) +T2INL*T2INL) * ( {BRES (I} -RES) * (BRES(I)-RES)+
2T2INL*T2INL) )
GSUM2=(1.-BTA(J))/SQRT(2.*PI)* (BRES(I)-
RES)/ (T2ING* T2ING* T2ING) *
1EXP(~ (BRES(I) -RES) * (BRES (I) -RES)/ (2. *T2ING*T2ING) }

262  GSUM=GSUM-DEG(1)/SDEG* (GSUM1 +GSUM2)
DERAB (1B} = GSUM
BFLD(IB) = RES

261  RES=RES+DEL

(o4 GOTO 30

[+

IF (ANS.EQ.°y’.OR.ANS.EQ.’Y*') THEN

MDERAB~0.D0

DO 10 IBB=1,NB

IF (DERAB(IBB) . LT.MDERAB) MDERAB=DERAB(IBB)
10 CONTINUE



WRITE({,100) MDERAB
100 FORMAT(2X, "MINIMUM INTENSITY = °,DI4.8)
DO 20 JB=1,NB
DERAB (JB) »DERAB (JB) /MDERAB
20 CONTINUE
WRITE(4,3010)
FORMAT (/3X, *PIELD(GAUSS) *, 4X, "INTENSITY®,/)
WRITE(4,3020) (BFLD(IB) ,DERAB(IB), IB=1,NB)
FORMAT (1X,F12.8,2X,D14.8)
ENDIFP

3010

3020

30 IMIN=1

YMIN=DERAB(1)

DO 4000 IB=2,NB

IF(DERAB(IB) .LT.YMIN) IMIN=1B
IF(DERAB(IB) .LT.YMIN) YMIN=DERAB(IB)
CONTINUE

FPOS=BFLD( IMIN)

WRITE(4,400) FPOS, IMIN

FORMAT (TH FPOS= ,E13.6,10X,7H IMIN=
WIDTH=2.* (ABS (FPOS) )

WRITE(4,300) WIDTH

FORMAT (29H THE CBSERVED LINEWIDTH IS = ,E13.6,6H GAUSS

4000

400 . IR)

300
)
€23456789012345678501234567890123456789012345678901234567890
1234567890
DEL=Q.S*FPOS
RES=BF
WRITE(4,499)
499 FORMAT (S5 MULTIPLES OF 1/4 DEL PP FROM CENTER
REL AMPLITUDE)
DO 361 M=1,11
GSUM=0 . DO
GSUM1=0.D0
GSUM2=0.D0
DO 362 1=1,N
GSUM1=ETA(J) *2./PI* (BRES (I) ~RES) *T2INL/ ( ( (BRES (I)-RES) *
1(BRBS(I)-RES)+T2INL*T2INL) * ( (BRES (I} -RES) * (BRES (I} -RES} +
2T2INL*T2INL))
GSUM2Z=(1.-ETA(J) } /SQRT (2. *PI) * (BRES(I) -
RES) / (T2ING* T2ING* T2ING) *
1EXP(-(BRES (I} -RES) * {BRES (I) ~RES) / (2. *T2ING* T2ING) }
GSUM=GSUM~DEG(I) /SDEG* (GSUM1 +GSUM2)}
Y {M) =GSUM/ YMIN
X(M)=RES/ (0.5°FPOS)
WRITE(4,500) ABS(X(M)),ABS(Y(M}}
FORMAT(13X,F12.8,16X,F12.8)
RES=RES-~DEL
WRITE(4,1060)
FORMAT(///)
CONTINUER
CLOSE (3,STATUS='KEEP"')
CLOSE (4, STATUS="KEEP*)
sTOP
END

362

500
361

c
C1060
2

GSUMHP.FOR

c
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION XT2IN(449),A(25),QNO(25),C(2),B(2),W(449) ., T2(849),
*H(449)
COMMON
DEG(25) ,BRES(25) , BFLD(601) , DERAB (601) , SDEG, FPOS,WIDTH,
*HEIGHT,N,NB,DNB, T2INL, T2INL2, T2ING2, T2ING3, DEL, ETA

c
FNAME*8, EXTI*4, EXTO*4, FINAME*12,

FONAME®12
c

EXTI = *.DAT*®

EXTO = *.TXT*

WRITE(*,900)
900 FORMAT(//,6X,**** THE NAME OF THE FILE MUST BE OF THE

FORM *T2272?
122.dae"™ ¢¢*°,7//,
2 2X, 'INPUT DATA FILE NAME WITHOUT THE EXTENSION .dat-

=> %)
READ(*,910) FNAME
910  FORMAT(A)

PINAME(1:8) = PNAME

FINAME(9:8+4) = EXTI

FONAME (1:8) = FNAME

FONAME (9:8+4) = EXTO

OPEN{(UNIT = 3,FILE=FINAME, STATUS =

‘FORMATTED',

¢  ACCESS = 'SEQUENTIAL')
OPEN(UNIT=4 , FILE~FONAME, STATUS="NEW® ,FORM = "FORMATTED",

®* ACCESS » 'SEQUENTIAL')

'OLD®, FORM =

290

1  PORMAT(I2)

8 FORMAT(IM)

3 FORMAT(13)

& FORMAT(8D9.S)
B9FORMAT (3X, *HYDROGEN HYPERFINE SPLITTING
1s°,D12.5,2X, *GAUSS", /,

*3X,°BTA = °,D12.5,/)
98  FORMAT(3X, *NO OF POINTS IS°,II/)

500 FORMAT (3X, * OBSERVED LINEWIDTH INTRINSIC
LINEWIDTH

¢ PP HEIGHT °/,8X,° (GAUSS)®,22X,°* (GAUSS)®//)
FORMAT (4X,D16.8,12X,D16.8, 8X,D16.8)
WPTS=449
READ(3,*} W,AD,ETA
WRITE(4,98) NPTS
WRITE(4,89) AD,ETA
WRITE(4,500)
READ(3,*) (DBG(I),QNO(I},I=1,N)
SDEG=0.D0
DO 223 I=1,N
SDEG=SDRG+DEG(I)
READ(3,1) NSETS
DO 2 J=l1,NSETS
DO 6 I=1,N
6  BRES(I)=QNO(I)*AD
READ(3,*) ¥B,DNB,BI, BF
READ(3,3) NLW
READ(3,°) (XT2IN(I),I=1,NLW)
DO 22 K=1,NLW
T2IN=XT2IN (K)
T2INT=T2IN
T2INL=T2IN® (DSQRT(3.D0)/2.D0)
T2INL2=T2INL*T2INL
T2ING=T2IN/2.D0
T2ING2=T2ING* T2ING
T2ING3I=T2ING* T2 ING* T2ING
CALL MAX(BI,BF)
BIN=FPOS-DEL
BFN=FPQOS+DEL
CALL MAX(BIN,BFN)
BI2=FPOS-DEL
BF2=FPOS+DEL
CALL MAX(BI2,BF2)
W(K) =W IDTH
T2 (K)=T2INT
22  R(K)=HEIGHT
WRITE(4,300) (W(I),T2(X),H(I},I=1,NL:)
2  CONTINUE
CLOSE (3,STATUS='KEEP")
CLOSE(4,STATUS="KEEP")
srop
END
SUBROUTINE MAX(BI,BF)
IMPLICIT REAL®8(A-H,0-2)
COMMON
DBG(25) ,BR(25),X(601),Y(601),SDEG, FP,W,H,N, NB,DNB, T2L,
*T2LSQ, T2GSQ, T2GCB, DEL, K
PI = 3.14159265¢
DEL=(BF-BI) /DNB
RES=BI
DO 200 IB=1,NB
GSUM=0.0D0
GSUM1=0.D0
GSUM2=0.D0
DO 100 I=1, N
8=BR(I)~-RES
BSQ=B*B
GSUM1=E*2.D0/PI*B*T2L/ ( {BSQ+T2LSQ) * (BSQ+T2LSQ) }
mt(l.m-B)/DSQRT(Z.DO'PI)'B/TZGCB’EXP(-BSQ/(Z.DO'WGSQ))
100  GSUM=GSUM~DEG(I)/SDEG* (GSUMI +GSUM2)
Y{IB)=GSUM
X(IB)=RES
RES=RES+DEL
IMIN=1
YMIN=Y (1)
DO 300 IB=2,NB
IP(Y(IB) .LT.YMIN) IMIN=IB
IF(Y(IB) .LT.YMIN) YMIN=Y(IB)
CONTINUR
FP=X (IMIN}
W=2.D0* (DABS (FP) )
H=DSQRT (DABS (YMIN) )
RETURN
BND

INTERPFOR

o4 THE PROGRAM INTERPOLATES BETWEEN TWO DATA POINTS.
c THE PROGRAM IS BASED ON THE CUBIC SPLINE
INTERPOLATION.

300

223

200

300



=4 REFERENCE: PRESS,W.E. ET AL. “NUMERICAL RECIPES,"
CAMBRIDGE

c UNIVERSITY PRESS:NY, (1987), pp. 86-89.

(=4

o4 MAIN PROGRAM
COMMON XA, YA,N,YPL,YPN,Y2A,X,Y
DIMENSION XA(500),YA(500),Y2A(S00),FLD(2500), FINT(2500)
INTEGER N,NPT,NSET,NB
CHARACTER FINAME®10, FONAME®10, FNAME® 6, EXTI*{, EXTO* 4, EXTO0*4,
* FOONAME® 10
c
EXTI = '.DAT*
BXTO = '_ASC*
EXTOO = °* TXT*
WRITE (*,40)
40  FORMAT (//,2X,°HOW MANY FILES TO PROCBSS? —> °\)
READ (*,*) NSET
(=4
WRITE (*,50)
50  FORMAT (//, 12X,'*** THE NAME OF TRE FILE MUST BE OF
THE FORM
1 222222.DAT ****,////,12X,
2°¢v+ INPUT THE NAME OF THE FILE WITHOUT THE EXTENSION
. t .0.')
DO & L =1, NSET
WRITE (*,55) L
55  FORMAT (///,2X, *'INPUT THE NAME OF FILE NO.
~>',8)
READ (*,60) FNAME
60 FORMAT (A)
FINAME(1:6) = FNAME
FINAME (7:6+44) = EXTI
FONAME(1:6) = FNAME
FONAME(7:6+4) = EXTO
FOONAME(1:6) = ENAME
FOONAME(7:6+44) = EXTOO
OPEN {3, FILE=FINAME, STATUS='OLD®,
¢ FORMw='FORMATTED',ACCESS = °*SEQUENTIAL’)
OPEN (8, FILE=FOONAME, STATUS='NEW®,
* FORM=‘'FORMATTED',ACCESS = 'SEQUENTIAL’)
NPT=1
READ(3,10) N
10 FORMAT(I4)
M=]1024/N+1
READ(3,20) (XA(I),YA(I), I=1,N)
20 FORMAT(11X,F10.4,4X,512.4E3)
CLOSE (3, STATUS = °*KBEP')
WRITE(4&,30) NPT,XA(1l),YA(1l)
30 FORMAT(4X,I4,3X,F10.4,4X,E12.4E3)
NPT=NPT+1
YP1=1.R830
YPN=1_.E30
CALL SPLINE(XA,YA,N,YPL, YPN,Y2A)
DO 1 I~2,N
DEL={XA(I)~XA{I-1)}/FLOAT (M)
DX=DEL
XeXA({I-1)
2 IF(X.LT.XA(I)) THEN
X=XA(I~-1)+DX
CALL SPLINT(XA,YA,Y2A,N,X,Y)
WRITE(4,30) NPT,X,Y
NPT=NPT+1
DX=DX+DEL
GoTo 2
ENDIF
1 CONTINUE
NB=NPT-1
CIOSB (4, STATUS = 'KEEP®)
OPEN (4, FILE=FOONAME, STATUS="OLD",
¢ FORM=‘FORMATTED',ACCESS = "SEQUENTIAL')
READ(4,20) (FLD(IB),FINT(IB),IB=1,NB)
CLOSE(4)
MINT=0.DO
DO 11 IBB=1,NB
IF(FINT(IBB) .GT.MINT) MINT=FINT(IBB)
11 CONTINUE
DO 12 JB=1,NB
FLD(JB)=FLD(JB) ~XA (1)
FINT(JB)=FINT(JB) /MINT
12 CONTINUE
OPEN (5, FILE=FONAME, STATUS='NEW',
¢ FORM="FORMATTED®,ACCESS = *SEQUENTIAL')
WRITB(5,100) (FLD(IB),FINT(IB),IB=1,KB)
100 FORMAT(4X,F10.4,4X,E14.7)
CLOSE (5, STATUS = 'KEEP')
WRITE (*,70) FOONAMSE, FONAME
70 FORMAT (/,2X,"THE RESULTS ARE STORED IN —-> *LA,
1/,2X, *'THE PROCESSED RESULTS ARE STORED IN —-> *,A )
WRITE (*,80) NB
80 FORMAT (/,2X,'NO. OF DATA POINTS IS ~—> 'L Ik
4 CONTINUE
STOP
END

‘12,7 -
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c SUBROUTINE SPLINT. CALCULATES THE 2-DERIVATIVES OF THE
[+ INTERPOLATING FUNCTION. THE OUTPUT IS THEN USED IN
SPLINT.

c
SUBROUTINE SPLINE(XA,YA,N,YP1,YPN,Y2A)
PARAMETER (MMAX=500)
DIMENSION XA(S00),YA(S00),Y2A(500),U(S00)
Ir (YP1.GT..99E30) THEN
Y2A(1)=0.
U(l)=0.
BLSE
Y2A(1)=-0.5
U(1)=(3./ (XA(2)~XA(1)) }* ( (YA(2)-YA(1) )/ (XA(2)~
XA(1))-YP1)
ENDIF
DO 11 I=2,N-1
SIG=(XA(I)-XA(I-1}}/ (XA(I+1}-XA(I-1))
PeSIGeY2A(I-1)+2.
Y2A(I)={SIG-1.)/P
U(I)=(6.% C(YA(I+1)-YALI})/ (XA(I+1)-XA(I))~
(YA(I)-YA(I-1})
4 /(XA(T)~XA(I-1)) )/ (XA(I+1)-XA(I~1) )~
SIG*U(I-1})/P
11 CONTINUE
Ir (YPN.GT..99E30)
QN=0.
UNi=0.
ELSB
QN=0.5
UN=(3./ (XA (N} -XA(N-1}})* (YPN-(YA(N) ~YA(N-1) } / (XA (N) -
XA(N-1)))
ENDIF
Y2A(N) = (UN-QN*U(N-1) ) / (QN*Y2A(N-1}+1.)
DO 12 KuN-1,1,-~1
Y2A(K) =Y2A(K) *YZ2A(K+1) +U(K)
12

RETURN
END

THEN

SUBROUTINE SPLINT. IT PERFORMS THE INTERPOLATION.

(2 K2 X1

SUBROUTINE SPLINT(XA,YA,Y2A,N,X,Y)
DIMENSION XA(S00),YA(500),Y2A({S00)
KLO=1
KHI=N
1 1IF (KHI-KLO.GT.1l) THEN
K= (KHT+K1O) /2
IF (XA(K) .GT.X) THEN
KHI=K
ELSE
KLO=K

ENDIF
GOTO 1
ENDIF
He=XA (KHI) ~XA (KLO)
IF (H.BQ.0.) PAUSE 'Bad XA input.’
A= (XA (KHI)-X)/H
B=(X-XA(KLO) ) /H
Y=A*YA(KLO) +B* YA (KHI) +

hd ((A®*3-A) *Y2A(KLO) + (B**3-B) *Y2A(KHI) ) * (H**2) /6.

RETURN
END

Appendix D
D200 FOR

C PROGRAM TO CALCULATE ORDER PARAMETER

c
PROGRAM D200

>4
CHARACTER JUNK
CHARACTER FILEID(2), NMDO(8)
CHARACTER*8 DONAME

c
DOUBLE PRECISION X, Y, Z, XF, XINC
DIMENSION 2D(5000}, XL(5000)
EQUIVALENCE (NMDO, DONAME)

c
DOUBLE PRECISION DAWSON

c
DATA DONAME /°'DO .FMT"/

c EXTERNAL DAWSON
WRITE(*,1000)

100 WRITER(*,1111)
READ(*,1112,ERR=100) FILEID
DO 2 I=1,2
NMDO (I+2) = FILEID(I)

2 CONTINUE



101 WRITE(*,1010)
READ(®,*,ERR»101) X
WRITB(*,1121)
READ(*,*,BRR=101) XF
WRITE(*,1113)
READ(*,*,BRR=102) XINC
Nel
IF (X.LT.0.0D0) THEN
WRITE(*,1030)
GOTO 100
BLSEIF (X.5Q.0.0D0) THEN
Z=0.0D0

102

103

ELSE
Y=SQRT (1.5D0*X)
Z=Y/DAWSON (Y)
Z=(2-1.0D0)/(2.0D0*X) -0.5D0

ENDIF

XL(N) = X

2D(N) = Z

X=X+XINC

IF(X.GT.XF) THEN

OPEN (UNIT=S, FILE=DONAME, STATUS«=*NEW® , FORM="FORMATTED" )
WRITE(S,1115) N
WRITE(S,1114) (ZD(I),XL(I), I=1,N)
CLOSE (UNIT = 5)

GOTO 200
ELSE
N=N+1
ENDIF
GOTO 103
c
200 WRITE(*,1040)

READ(*, 1045,ERR=200) JUNK

IF ((JUNK.BQ."1").OR. (JUNK.EQ. *Y*} .OR. (JUNK.EQ. y')n
GOTO 100
(o4

WRITE(*,1050)
STOP
1000 FORMAT(//,2X,70("$"),//,20X,"*** <D(2,0,0}> ****}
1010 FORMAT(/,2X, "PLEASE SNTER LAMBDA (2,0) (LAMBDA > 0):
', $)
C1020 FORMAT (8X, *<D(2,0,0)> = *,F8.4)
1030 FORMAT(/,5X, '*** NEGATIVE ARGUMENTS NOT ALLOWED
eeery
1040 FORMAT(/,2X, *DO YOU WANT TO DO ANOTHER CALCULATION:
'.$)
1045 FORMAT (A1)
1050 FORMAT (/,2X,70(*$*),//)
c
111 FORMAT (2X, *PLEASE ENTER TWO CEARCTER FILE IDENTIFIER:
.8
1112 FORMAT (2A1)
1121 FORMAT (2X, *PLEASE ENTER FINAL LAMBDA(2,0): ‘. 8}
1113 FORMAT (2X, "PLEASE ENTER INCREMENT EACTOR: *.8)
1114 FORMAT (2(G14.7,°,°))
1115 FORMAT(1S)
END
c DAWSON’S INTEGRAL
DOUBLE PRECISION FUNCTION DAWSON (X)
DOUBLE PRECISION X
INTEGER N
DOUBLE PRECISION 2,2Z,T1,T2,T3
DOUBLE PRECISION A
PARAMETER (A=0.5D0)
Z=X*X
ZZ=A+Z
IF(Z.LT.0.0D0) THEN
WRITB(*,*) °**** IMPROPER CALL TO DAWSON *o+°*
WRITE(®,*) * **¢ NO NEGATIVE ARGUMENTS **+*
GOTO 9999
ELSEIF (Z.BQ.0.0D0) THEN
DAWSON=0.0D0
ELSE
N=40
T1l=0.DO
100 T2=N*2Z
TA=DBLE(N}+22Z
T1=T2/(T13-T1)
N=N-1
IF(N.GT.0) GOTO 100
DAWSON=A*X/ (2Z-T1}
ENDIF
[+
RETURN
[
9999 stoep
END
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LAMBDAFOR

PROGRAM LAMBDA

INTEGER MXPT

PARAMETER (MXPT=512)

DOUBLE PRECISION ZERO, UNITY

PARAMETER (ZERO=0.0DO,UNITY=1.0D0)
LOGICAL FPRMPT

CHARACTER FILEID(2),NMDO(8),NMSO(8),NMRO(8)
CHARACTER®S DOMAME, SONAME, RONAME
INTEGER I, J,NPTS,NVAL

DIMENSION D2(2500),SOL(2500)

DOUBLE PRECISION D2CAL, TVAL, SOLORD, D2COR
DOUBLE PRECISION D2,SOL

DIMENSION TVAL(MXPT),D2CAL(MXPT)
DIMENSION SOLORD(MXPT) ,D2COR(MXPT)

[
SQUIVALENCE (NMDO,DONAME) , (NMSO, SONAME} , (NMRO, RONAME)
DATA DONAME /°'DO .FMT*/
DATA SONAME /°DO .DAT®/
DATA RONAME /°D0 .CSV*/
WRITE (*,1010)
WRITE (*,1000)
5 WRITE (*,1020)
READ (*,1030,ERR=S5} FILEID
DO 10 I=1,2

NMDO (I+2) = FILEID(I)

NMSO(I+2) = FILEID(I)

NMRO(I+2) = FILEID(I)

10 CONTINUR

OPEN (UNIT=7, FILE=DONAME,STATUS='OLD’)

READ(7,*) NPTS

READ(7,*} (D2(I),SOL(I), I=1,NPTS)

CIOSE (UNIT = 7)

OPEN (UNIT=8, FILE=RONAME, STATUS~'OLD’)

READ (8,*) NVAL

READ (8,°) (TVAL(I}, D2CAL(I), I=l,NVAL)

CLOSE (UNIT = 8)

DO 400 N=1,NVAL

DO 100 K=1,NPTS

IF (D2(K).EQ.D2CAL(N)) GOTO 200
IF (D2(K).GT.D2CAL(N)) GOTO 300

100 CONTINUE
200 D2COR(N) = D2(K)
SOLORD(N) = SOL(K)
GOTO {00
300 I2 =K
I1 = 12-1
P=(D2CAL(N)-D2(I1))/(D2(12)-D2(I1))
D2COR(N) = D2(I1)+P*(D2(I2)-D2(I1))
SOLORD(N) = SOL(I1)+P*(SOL(12)-SOL(I1))
400 CONTINUE
c
OPEN (UNIT=6, FILE=SONAME, STATUS='NEW* , FORM="FORMATTED )
WRITE(6,1130)
WRITE(6, 1120) (TVAL(I),D2CAL(I),D2C0R(I),SOLORD(I},
I=1,NVAL)

CLOSE (UNIT = 6)
WRITE (*,1010)

sTOPR
c
1000 PORMAT (25X, "PROGRAM LAMBDA’,/,25X,14(*-"},//)
1010 FORMAT(//,70(*8°),//)
1020 FORMAT(2X, "PLEASE ENTER TWO CHARACTERS FILE
IDENTIFIRR: ',$)
1030 FORMAT (2A1)
1120 FORMAT (£ (G14.7,°, "))
1130 FORMAT(® TEMP. (deg C) " D<2,0,0>-Cal .’
D<2,0,0>-Cor °*,

*'Lambda<2,0,0>",//)
END



