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1. INTRODUCTION

NMR provides a dynamic and non-destructive probe of the chemical
environment. In particular, in a solid or semi-solid where anisotropic
interactions such as the chemical shift are retained, many nuclei
other than protons can give valuable information about the structure
and motion of molecules. However, the NMR signals from nuclei
other than protons are extremely weak for a variety of reasons,
including:

i) low natural abundance

ii) small gyramagnetic ratio

i:i) long spin-lattice relaxation times

iv) in the solid state, the presence of large dipole-dipole
interactions and the existence of a quadrapole interaction which may
dominate the NMR spectrum and mask chemical shift information.

Various schemes can be used to increase the sensitivity of these
other nuclei:

i) use of large magnetic fields

ii) improvement of rf hardware ;hd signal averaging

iii) for the case of dilute spins in solids, use of double
resonance technpiques, 9Jn particular, the proton enchanced nuciear
induction spectroscopy (PENIS) experiment, 1in combination with
decoupling techniques.

A combination of the above three schemes is becoming more
prevalent in the study of dilute spins in solids. In the PZiNIS

experiment an improvement in signal to noise 1is accomplished by



transf. 'ring the abundant proton polarization to the dilute spins. The
intensity of the dilute spin signal 1is then limited by the
polarization of the abundant proton spins.

The objective of this work has been to create large polarizations
of the dilute 13¢ nuciei in the solid state. The idea was to create
1y polarizations larger than Boltazmann and to use the PENIS cross
polarization technique to then transfer this large polarization to the
13c spin system.

Optical Nuclear Polarization (ONP) appeared to be an attractivé
method to create large non-Boltzmann proton polarizations simply and
rapidly. Normal Boltzmann polarizations are on the order of .005%.
In single crystals of fluorene doped with acridine, proton
polarizations on the order of .1% have been reported [1,2]. Such
polarizations are equivalent to the sample sitting in a magnetic field
of approximately 3 MGauss. Magnetic fields strengths readily
avaliable in the laboratory today are aproximately 65 kGauss. The
polarization is approximately three orders of magnitude larger than
could be conventionally obtained. Additionally, protons in fluorene
could be polarized in a time much Tless than Tl, the spin 1lattice
relaxation time, The ONP polarization time is determined by the
ilTumination time, which is on the order of 1 minute, rather than Tis
which is on the order of 30 minutes.

ONP of acridine-doped fluorene single crystals has been studied
here. In addi*ion, ONP of powdered samples of the acridine-doped
fluorene has been studied. In general, many compounds do not
crystaliize easily or do not form large crystals suitable for NHR

experiments. Powdered, amorphous and randomly dispersed samples are



generally far more readily avaliable than single crystals. One
objective of this work has been to (first) create 1large 1y
polarizations. Although large optical proton polarizations in single
crystals have been reported previously [1,2], optically generated
polarizations 1in powdered samples have not been reported. For these
reasons, ONP studies of powdered samples of the acridine-doped
fluorene were also undertaken.

Using ONP in combination with the PENIS experiment, large 13C
polarizations have been created in fluorene single crystals. These
large 13C po]arigations have permitted the determination of the seven
incongruent chemical shielding tensors of the fluorene molecule.

Part 2 of this thesis describes the PENIS experiment. Part 3
describes the ONP experiment. Part 4 ‘s a description of the
experimental set-up. - Part 5 describes the data analysis for the
determination of the chemical shielding tensors. Part 6 presents the

results of the ONP experiments performed in this work and the chemicat

shielding tensors determined.



2. Proton Enhanced Nuclear Induction Spectroscopy

In the proton-enhanced nuclear induction spectroscopy (PENIS)

experiment, spin order of an abundant spin species, such as protors,
is transferred to a dilute spin system such a: 130. resulting in 13C
magnetization greater than Boltzmann. The PENIS experiment has been
described by many authors; for example, see Pines, Gibby, Waugh [3]

and Mehring [4]. A general description is included here.

2.1 Background

The concept of spin temperature is important for an understanding
of the PENIS experiment. It can be stated as follows: a spin system,
1, isolated from the 1lattice and subjected to spin-spin interactions,
proceeds toward a state of internmal equilibrium such that the
population of the spin energy levels is given by an exponential
distribution N(Ei)gexp(-gEi). g = 1/kTs 1is the inverse spin
temperature Ts of the system. If the poputation distribution is the
Boltzmann distribution, Ts is the lattice temperature.

The density matrix p of the spin system described by the

Hamiltonian H is defined as
o = exp(-gH)/Tr{exp(-gH)) 2.1

Generally, for T »> 1 degree K,Eiislus than kT for all energy

levels of the spin system. Hence , can be well approximated by

o = Z"l[1-gH] 2.2



where
2=7Tr(l) = (21+1)N is the partition function

N is the number of I spins in the sample.

If a Targe external magnetic field, Ho, s applied to the spip

system along the coordinate z axis, the Hamiltoniam becomes
H = -vhHo.I = -vhHolz 2.3

where y is the gyromagnetic ratio of the I spin and h is Pianck's

constant.

The magnetization and energy of the system are

M = 1/2 hTTr(Pli) =8 C Ho 2.4
E = - Tr(eH) = -8 C Ho 2 2.5

where

C is the Curie constant equal to 1/3 N I(I+1)T2h2

N is, as stated previously, the number of I spins in the sample.

The term C Ho2 is the effective "heat capacity" of the I spins.

Consider a two spin system consisting of an abundant I spin
system and a dilute S spin system. Botir spins dre immersed in a
large external magnetic field, Ho. Let the Larmor resonance
frequency of the I spins in the field be wol=hYIHo, and the Larmor
resonance frequency of the S spins, wog=hrgHo. Two strong rf fields
of amplitude Hy and H,q are applied at the resonance frequencies
¥t and wyg of the I and S spin systems. The rf fieldc are applied

in the xy plane perpendicular to the constant field Ho. The full

Hamiltonian is



H=H +Hy55 +Hyyg +Heg 2.6

where
H, is the nuclear Zeeman interaction of both the [ and § spins
Hdii is the dipolar interactions between I spins
Hyjs is the dipolar interactions between the I and S spins
Hee is the interazction of the spin system with the rf fields
(scalar couplings have been ignored since Hscalar<<Hdii'Hdis)'
For Ho//z
Hy = -hu (12 - hu (52
Hagi= 1125 (13.15(1-3 cosPorrd ) - 31,,15,)
Hyis™ Tp0shq,5(15-55(1-3 cosze/raij) - 314,55,
Hee = Hyp(l coso b+ Iysinmolt) + Hls(sxcoswost + Sysinwost)
where

oij is the angle between the magnetic field vector and the vector
joining the two spins i and j, and

rij is the distance between the two pairwise coupled spins.

In the doubly rotating frame, the effects of the large magnetic
field, Ho, can be eliminated. The operator R which transforms the
system from the stationary laboratory frame to this doubly rotating

frame is given by
R = exp[-iwllzt - 1wSSzt] 2.7

where “ and wg are the frequencies of the rotating frames. If wr=9s1

and Ustlys in this new frame the Hamiltonian becomes

Hp = ~vphHypIx = vghH oSx + H'gaq + H' oo



c Hyp + Hyg + H'dii + H'dis 2.8

This is the Hamiltonian of the PENIS experiment which will be used

later in this section.

2.2 Description of PENIS experiment

Tha PENIS experiment proceeds through 5 major steps:

i) the I spins are polarized

ii) the I spins are ccoled

iii) the I and S spins are brought into contact and order
transferred from the I spins io the S spins

iv) S spins are detected while decoupled from the I spins

v) parts (iii} and (iv) are repeated until the I spin
magnetization is depleted.

in this experiment, the abundant I spins are the protons and the

dijute S spins dre the 13(: in fluorene.

i) polarize 1 spins

In most cross polarization experiments, the I spins are polarized
by placing the sample in a large external magnetic fizld Ho and
waiting a time > T1. the spin 1lattice relaxation time. In the
experiment described in this thesis, thc 1 spias are polairized
optically.

When the 1 spins are polarized the density matrix of the system

p=1-81 Hz 2.9

Only H, maters the above equation because Hz > Hyyi and He¢=0. The



S spins are assumed to be unpolarized at this stage, so that their
inverse spin temperature is 0. When the I spins are placed in a large
magnetic field Ho and are allowed to equilibrate, the spin temperature
defined by the population difference of the abundant spin system
equals B]at' the inverse lattice temperature, of the I spin system.

The normal Boltzmann magnetization "oI and encrgy E are

My; = Byat Cp MO 2.10

- 2
E = -8, C; Ho 2.11

In the ONP experiment, the I spins are not in thermal equilibrium

with the lattice and Bonp’ the inverse spin temperature of the
system, does not equal B]at' An effective magnetic field H' can be
defined as that magnetic field which would give rise to the actual I
spin polarization at the lattice temperature. The actual

magnetization in this case is given by

Mp = eonp Cp Ho = Byqe Cp R = Myt H' /Ho 2.12

In the ONP experiment, Bonp >> 81,¢ and therefore Ho << H'.

i1} cool 1 spins

The 1 spins can be cooled in a variety of ways. The I spins in
these experiments are cooled by spin Tocking the magnetization
(equaticn [2.12]) along Hiq in the rotating frame. (The remaining
discussion is limited to fhis case.) This is accomplished by first
applying a 90 degree pulse to rotate the magnetization into the xy
plane, followed immediately by a long pulse phase shifted by 90

degre: s from the first pulse. The spin locking preserves ihe original



magnetic ordering along a rotating frame field much smaller than Ho.
This resuits in an effective cooling of the I spins [5].

The Hamiltonian of the system is given by equation [2.8], with
Hi1 > Haii» Haise

Let the inverse spin temperature of the system at this point be
Bi' Neglecting Hdii‘"dis' the density matrix, magnetization and
energy in the rotating frame become

-1

o = 271 - 8y Hyp) 2.13

Mp = Bonp Oy HO = Bya¢ Cp H' = 85 Cp Hyy 2.14

Bi/Bonp = Ho/Hyy and By/8y .4 = H'/Hyy 2.15

E =-8B.C, H .2 2.16
i~ M1 -

iii) bring I and S spins into contact

The S spins are brought into contact with the I spins by applying
a second rf field at the S spins resonant frequency. Two cases arise
for the amplitude of this rf field:

1) matched Hartman-Hahn condition [6]:

g Hyg = 7q Hyg 2.17(a)

i.e., the amplitude Hig of the S spin rf field is chosen such that in
the rotating frame, the energy differance of the § spin system is
equal to the energy difference of the I spin system

or

2) unmatched Hartman-Hahn condition [3]:

Tg Hig = a v Hyp, ant 2.17(b)
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Only if the time constant cf the energy transfer TIs < Tlp’ the
rotating frame relaxation time, can the senergy exchangs be
considerahble. TIS is a function of the coupling between the I and S
spins and the mismatch paramter, a; TIS increases with increacing
values of a [3,4,7].

If the Hartman-Hahn condition is satisfied (a=1), rapid energy
transfer occurs between the I and S spins since energy conserving
mutual spin flips are possible, The heat capacity of the S spins,
CSHISZ is small and the heat capacity of the 1 spins, CIHIIZ’ large.
Energy flows rapidly from the S spin system to the I spin system
until a common spin temperature is established. A cooling oF the S
spins occurs, at the expense of a small heating of the I spins.

If the Hartman-Hahn condition is not satisfied (a>>1), the heat
capacity of the S spins is large {since H1S is large) and a 1large
cooling of the S s5pins occurs, with a concomitant large heating of the
I spins. However, TIs can Dbecome very leng, If TIS exceeds Tla'
effective energy transfer is not possivle.

The Hamiltonian, H., is given by equation {2.8]. Let the final

r
inverse spin temperature be Bf. The density matrix and energy after

the spin temperatures have aqualized are yiven by
Pe=1- Bf[H11 + HIS] 2.18
Ee = -BIC, Hy 2 + Cc Hy (2] 2.19
f i1 M1 S "is -
Assuming conservation of energy, Ei = Ef, and YSHIS = a Y[HlI
2.20

2 2 2
By Cp My = B [Cp Hyp" *+ Cg Hy™ ]
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or

B8y = (1 + allv 2 (cgre))

(1 + a®[NsS(5+1)Y/[NiT(1+1)3)7L 2.21

Let € = [NsS(S+1)J/[Ni1(I+1)]
Therefore, after one contact,
Ms = B Cs s
= Be Cg a {¥[/¥g) Hyg
B: Cg (1y/7g) [a/(1+a2c)] My
= Bat C5 (vp/75) [a/(1+a%)] W'
= (vy/vg) [a/{1+a%e)] (H'/Ho) My 22

Mos is the normal Boltzmann magnetization of the S spins. The gain in

magnetization after one contact is thus
(g 7s)as(1+a% )I(H" Ho). 2.23(a)

For 130, S =1/2 and for IH, I = 1/2, the gain after a single matched

Hartman-Hahn contact (e<<1, a=1, [a/(1+aza)] = 1) is
(TI/YS) (H'/Ho) = 4 (H'/Ho). 2.23(b)

Under unmatched Hartman-Hahn conditions, the magnetization, MS. is

maximal when a=(=)'1/2 and the gain afier a single shot is

172 (ry75) ()12 W ho = 172(v vg) (N/M)/% (W 7o) 2.24(a)

For 13¢ at natural abundance, (NI/NS)=200 and equation 2,24a
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becomes

%30 (H'/Ho). 2.24(b)

iv) detect S spins

The Hyg field is turned off suddenly and the proton enhanced
7ree induction decay of the S spins is detected and recorded in the
presence of the HlI proton field, The Hll field now acts as a
decoupling field effectively removing the 13C-1H dipolar 1interaction
by wmodulating the flip-flop rate of the I spins. For a more detailed
account of decoupling, see descriptions by Mehring [4] and Abragham
[el.
v) recontact

If the proton reservoir is not depleted, a second {or a third,
etc.) contact can be made and the 13¢ signal(s} added. This is
possible when TIS(<T10 with the matched Hartman-Hahn condition, but
generally not possible with the unmatched Hartman-Hahn cendition.

With multiple contacts and the Hartman-Hahn condition satisfied,

the $ magnetization after the kth contact is given by
M= (v; 7o) (H7Ho) [1/(1+€)1% M 2.25
EARS VAR oS .
Therefore, the final magnetization is given by,

Ms=(Yps) (' /Ho) Mog By [1/(1+e)]"
=(¥;,7s) (H'/Ho) Mg !:,(=1,n(1-=)k 2.26

If n contacts are done and the signals co-added, and assuming

ne=l,
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By, n(1-6)% = 172¢ 2.28

The gain (in signal to noise) at the end of the nth contact (again,

with ne=l) is
2 (1 1)) 270 Mo = 172 (vp 1) (b /Ng) V2! o) 2,29

That is, the gain at the end of a multiple contact, matched Yartman-
Hahn PENIS experiment is approximately equal to the gain of a one
shot, unmatched Hartman-Hahn PENIS experiment.

Ideally, large 13C polarizations (on the order 30 H'/Ho) can be
obtained using either multiple contact matched Hartman-Hahn conditions
or one-shot, unmatched Hartman-Hahn conditions. The acridine-doped
fluorene system is ideally suited for eithgr case: Tlp is very ltong
[47], on the order of a second. Approximately 1/2 of the total I-
proton spin polarization can, in theory, be transferred to the $-
carbon spins. For practical reasons (e.g.,to avoid probe burr-out),
a one-contact, matched Hartman-Hahn experiment was perfomed here. The
gain in this case is (only) 4 H'/Ho; the dominant term for gain,
H'/Ho. Large S-carbon polarization can still be obtained by making
H'/Ho>>1. This was accomplished by first optically polarizing the
protons (see next section). It follows, however, with H'/Ho>>1, that

the gain for a multiple contact or a one-shot unmatched Hartman-Hahn

experiment would be far larger.
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3. Optical Nuclear Polarization

Optical Nuclear Polarization (ONP) is the non-Boltzmann proton
polarizaticn created by illuminating the sample with Tight. ONP can be
created via different mechanisms in different systems. The mechanism
particular to the acridine-doped fluorene system is described here.
Descriptions of this mechanism can be also be found in papers by
Stehlik, Hausser, et al [1,9,10] and by V. Macho in his thesis [11].

The essertial ingredients for ONP are:

i) an optically induced non-Boltzmann population of the excited
electronic triplet state of the system

ii) a static electron-nuclear hyperfine interaction, which
creates eigenstates which are mixtures of the electraonic and nuclear
basis states of the system

i1ii) a selective electronic decay scheme which produces different
decay rates from the various excited triplet substates to the ground
singlet substates of the system.

ONP occurs when the return rates from the excited triplet
substates to the proton Zeeman ground o and 8 states differ
{s=eigenstate parailel to magnetic field; B=eigenstate anti-parallel
to magnetic field).

The ONP effect can be understood by considering a single proton
nuclear spin, I=1/2, 2 electron, S=1, system. In a solid ail the
proton nuclear spins are tightly coupled and rapidly come to the same
spin temperature. The only measurable quantity is the polarization of

the total nuclear spin reservoir which can be described by considering
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simply 1 proton, The simple 1 proton, 2 electron system considered
here consists of the ground and excited electronic singlet (So and
S1 respectively) and triplet {Tx,Ty,Tz) states, each broken into
doublets with the inclusion of the nuclear spin substates (=,8).
rigure 3,1 depicts the relevant transitions for this system in a
Jablonski energy level diagram,

A more detailed description of the ONP effect follows. Part 1
describes the various rate equations which govern the growth of
optical nuclear polarization; part 2 determines the population and
decay rates of the varieus sublevels of the system which enter into
the ONP rate equations; part 3 briefly disusses the selective
population and decay rates cf the excited triplet state; part 4
discusses the mixing coefficients which are used to determine the
pupulation and decay rates ofA part 2; part 5 briefly discusses the
tevel anti-crossing phenomenon which is responsitle to the large non-
Boltzmann proton polarizations in _acridine-doped fluorene single

crystals,

3.1 Rate eguations

For a nuclear spin I=1/2 1in a magnetic field Ho, the nuclear

polarization is defined as

p= ("c'"s)/("u+"s) 3.

where n, is the population of the Ath nuclear sublevel of the

electronic ground state (* = o or B) The population n, is governed by

the rate equation,



16

-—— \T\
/’ \\
e j=“\
/ :
¢ \
S I
, B ,
\ - \
'.: ,/
13
e
_

S, s
-2}, ‘_."’lP

So

. F

Figure 3.1 Jablonski energy level diagram with relevant transitions.
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17

any /dt = Pym kS NGy + Zkd\N 3.2

where (see figure 3.1)

P, is the optical pump rate out of nuclear sublevel * of the
ground state

kSl is the decay rate out of the S1 A excited state to the
sublevel A of the ground state

ij is the decay rate out of the jth excited triplet state to
sublevel A of the oround state

Nj is the population of the jth excited triplet state

Here zna in later discussions, Greek letters refer to the nuclear spin

states and the label j to an excited triplet eigenstate sublevel.
Since the transitions into and cut of the ground singlet and the

exited singlet states are electronic dipole transitions, the nuclear

quantum number A is conserved and the pump rates Px and decay rates

kJA are independent of nuclear sublevel A--
Py = Pg 3.3
Sho= S, 3.4

Assuming the nuclear spins are initially unpolarized, the final
nuclear polarization is determined by the polarization created per
triplet state and the number of triplet states. The polarization

growth rate is governed by the rate equation
dp/dt = d(ng-ng)/dt = xj(kJu - kJB)Nj 3.5

From eqn [3.5] it can be seen that if kju is not equal to k']B for



18

each of the jth triplet levels, a nuclear polarization can develop.

The relative populations N; of the triplet sublevels are governed

by the rate equations,
A j j .
dN, /dt=1,P jnSIA-(kJa+kJe)Nj-twij[(Ni-Nj)-(Nio-hjo)] 3.6(a)

where
ij is the populating rate from the S; Ath excited state
nSl, is the population of the S, Ath excited state
"ij’ the spin lattice relaxation rate, is the transition rate
from triplet level i to triplet level j
Njo is the Boltzmann population of the triplet level.

For a2 single created triplet state,
- o Sl 51 S1 ., _
LT w Py(nT, + n7hg) = Py 3.6(b)
and equation 3.6a becomes

dN;/dt = Pye (kT N -Bwg ST (NN )= (Ng-N0)] 3.6(c)

Assuming the aptical system is in a steady state, de/dt = 0, and
a large increase in the populations of all the triplet states (Nj »
Njo), the solution to the population equation 3.6¢ is

= () el
Py = (kg#kigINy + Zwy EN;-NJ 3.7

which gives Nj as an implicit function of Pj and Wije The problem then

reduces to determing the rate constants kJA, Pj and "ij'

3.2 Papulation and decay rates st,kJAs

The transitions from Luc excited triplet to the ground singlet
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are strictly electronic transitions. In the absence of hyperfine
interaction, the electronic triplet sublevels would be simply direct
products of the electronic and the nuclear basis states (in the zero
field basis states, they could be represented as [Tx,Ty,Tz,]®
[«,8]). Since the decays from the triplet state to the ground state
are electronic transitions, 1independent of nuclear quantum number,
kju=kjB for ail triplet substates J when the eigenstates are products
of the pure states; nuclear polarization does not develop. However,
the =lectron-nuclear hypefine interaction mixes the pure triplet
sublevels leading to eigenstates which are linear combinations of the
pure Ty,1=x,y,2. The admixture of the other states, parametarized by
the mixing coefficients, cj1l, leads to the inequality kju # ij and
allows ONP to develop.

The tota! Hamiltonian of the combined electron triplet, S=1, and

nuclear spin system, 1=1/2, in an external magnetic field Ho is given

by
H o = Hy + Hy + Hpe 3.8

where
Ha = Hzero * Hzeeman
S.De.S + bHo.g.S

o(s,? - 1/3 s%) + E(s,% - sya) + bHo.g.S

in the principal axis system of the tensor De

H, = Ynh Ho. I

n
Hpe = h L.AS

HZero is the dipole-dipole interaction between the 2 unpaired
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electron spins Sl and S2 which make up the triplet state; S = Sl+sz.

De is the dipolar interaction tensor;

Hzeeman is the electron-magnetic field interaction

H, is the nuclear spin-magnetic field coupling;

Hpe s the coupling between the electron and the nuclear spin; A

denotes the hyperfine coupling tensor. The orientation of the

hyperfine tensor A need not be coincident with the zero field tensor.

In this system, A is not coincident with the dipelar tensor D, [12].
The Hamiltonian is represented in métrix form in figure 3.2, with

the zero field triplet states as the basis states. p, q, and r

represent the direction cosines of the magnetic field with respect to

the triplet axes defined by the orientation of the electron dipolar

tensor De. The six eigenstates of the system are determined by

diagonalizing this Hamiltonian.

3.2.1 Determination of k's

After diagnolizing the Hamiltoniar, Tlet the eigenstates|i) be

given by
[i»=12 CJ1.1 IT1 ﬁ> I=x,y,z A=¢,B 3.10

where the CJ].A are the mixing coefficients.
If Vv is the coupling causing the transitions from the excited

triplet states to the ground state So,

K, = kso | vi ]2

"

Jesofvized, | 72 ?

zfedy 3| 2leso 1wl 75| 2 3



Tha Tya Tig ™A Ty8 L]
D-E-1/2 g B ~1(1/2 A 2t9,BH) i(gyyoeqmllz “yz) <172 9,8 (p-1Q)H -1/2 A" e Ay
DVE-1/2 9 B rH -19,B,PH vz A, 12 g8 (p-laH -1/2 A,
-2 g B rH vz A, 2, =172 g A (p-ta)

Figure 3.2 ONP spin Hamiltonian.
R
i3 31

found by the relation H

D-E+1/2 g"ﬁnr\"l Q2 Ap79,28,mH) i(g”pequ-llz Ayz)
D+E+1/2 gnl"rll -19“!‘1‘“

1/2 gnﬁnrll

The lower triangular part of the matrix can be
See text for details.

Le
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A1l dependence on nuclear quantum number 2 is contained in the mixing
coefficients cJ].A. The factor |<So | V] T]>|2 depends only on the
electron  quantum number, 1=x,y,z and can be measured by optically

detected magnetic resonance and/or estimated if not known.

3,2.2 Detarmination Nj's

The population Nj is determined by equation [3.7], reproduced

here for convenience.
= (pd 4 d
Pj = (k otk B)Nj + Zwij[Ni-Nj] 3.7

If Vo represents same intersystem crossing operator between the

excited singlet state S1 and the triplet state T

Pj =I<j | vo| 5;>|2
j 2
=[ezchy ) Ty A o] sp
= 209 By ) spl? 3.12

Again, the factor!(T] [ vo i Slﬂz depends only upon the electron
quantum number and all the dependence on the nuclear quantum number,
A, is contained in the mixing coefficients, cj]'k.

The wij's, the triplet spin lattice relaxation rates can be
determined as sums of the Ty-dependent matrix elements times a-
dependent mixing coefficients in a manner analogous to the method
used to the determine kjA and Py

Given wij's, pj's, kjl egn 3.7 can then be solved for Nj. In
matrix notation,

P = (K+W)N or
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N = (k+d)"1p 3.13

where
W is the 6X6 symmetric matrix with elements wi; = 0, Wij = Wy4
K is the diagonal 6x6 matrix with elements kjj=k"a+k3a and kij=0

P is the 6x1 matrix with elements Pj-

3.3 Selective rates
The total wave function of the electron, ¥, consists of an
orbital part, ¢ and a spin part, Sor T, (the orbital wave function

has been dropped in the discussion above). That is,
v = ¢_S vT] = ¢T1 T], 1=x,¥,2 3.14

The factor |<¢5| vi ¢T1>|2 (called [<S [ V| T]>|2 above) can be measured
and/or estimated.

V is, oftentimes, the spin-orbit coupling operator; it is the
interaction of the magnetic moment of the spinning electron with the
magnetic field produced by the relative motion of the electrons and
nuclei. Exact evaluation of the matrix element is complex, but for
molecules having Cy, symmetry, or higher, predictions for non-
vanishing matrix elements can be made using purely group theoretical
agruments. For descriptions of symmetry selection rules and group
theory, see, for example, Tinkham [13] and van der Waals and de Groot
[1a].

A1 molecular wave functions belong to one of the irreducible
representations, T, of the molecular symmetry group. From group

theory,l(*sl v HT])l2 # 0 only when the function being integrated is
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symmetric, i.e., the direct product of the representations of Os. v,

and vT, contains the totally symmetric irreducible representation, A.

Re N @ Ty @ Iy 3.15

rV=spin orbit © Aand T,o € A , from the “"great orthogonality

theorem" [13] equation {3.15] reduces to

Tos = To1 @ Ty 3.16

Hith CZv symmetry, Ty 1=x,y,z each belongs to different (orthogonal)
irreducible representations., Therefore,|<05 | Vi 0T1>l2 will be non-
zero for no more than one value of 1, Selective population in to and

decay out of the triplet state can therefore occur.

3.4 Mixing coefficients

The ONP signal can be very large when the mixing coefficients are
very Tlarge. The mixing coefficients are determined exactly by
diagonalizing the Hamiltonian, but this gives little insight into
their behavior as a function of the applied magnetic field Ho.

From first order perturbation theory, the eigenstate j is given

by
1> =Ty x s 2 e 3.17
The mixing coefficients are given by

TR T 3.18

J -
C Jrar T mmmmesmmes-ene-

E]l - EI'A'
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<Tyd'f W [ Ty2> are the off-diagonal elements of the Hamiltonian
matrix in figure 3.2. The mixing coefficients will be large when
either the hyperfine dinteraction A is 1large, or when the energy

separation between the strictly electronic basis states, 6E, is small.

3.5 Level Anti-crossing

SE is small when two of the triplet energy levels appear to ~<ross
each other. When these 1levels are coupled by some perturbing
interaction, they will mix and the new eigenstates of the system are
linear combinations of the orignal states., This phenomenon is known
as level anti-crossing. For a more extensive treatment of level anti-
crossing, see Stehlik [10] and Veeman [15,16].

From the Hamiltonian in eauation 3.9, it can be seen that the
eigenstates of the system depend upon the strength and orientation of
the applied magnetic field Ho with respect to the triplet axes.
Figures 3.3 and 3.4 illustrate the field dependence of the energy
levels of Ha when Ho//y and Ho//z. Points labelled Hy-,a and Hz;, are
points of level anti-crossings. The top diagram in each figure
illustrates the energy levels without the 1level anti-crossing
phenomena. The new states are seen in the lower diagrams.

Figure 3.5 contains theoretical plots of the ONP as a functior
of field strength when the magnetic field is oriented along one of the
zero field principal axes. The mixing coefficients, cj]x's, are large
at Hy,, and Hz]a. A characteristic dispersion-like curve due to level
anti-cressing is observed when H//z at approximately 140 gauss. Large
ONP sigrnals are observed when the magnetic field is oriented along the

y axis in a field of approximately 80 gausc, near the level anti-
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Figure 3.3 Triplet energy levels, H//y. Top diagram: Jevel-crossing.
Bottom Diagram: level anti-crossing.
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4. EXPERIMENTAL SET-UP

A1l experiments were done using a two field technique. An

initially unpolarized crystal was fixed in orientation in a polarizing
field Hp of preset amplitude. The crystal was irradiated by broad-
band unpolarized uy light for a time 8t, after which the 1ight was
turned off. The crystal was then adiabadically moved to a measuring
field Hn and either i) the optically generated proton polarization was

measured, or 1i) the 13¢ spins were cross polarized and the 13C

spectrum was mfasured.

Figure 4.1 and 4.2 contain a diagram of the experimental setup.
The experimental apparatus consisted of

i) the polarizing magnetic field

ii) the optical system and

iii) a home-built double resonance spectrometer.

In order to create a larger working area above the probe, the
14 kGauss Varian magnet which provided the measuring field was rotated
45 degrees, as described by Kohler [17] and shown in figure 4.1. The
optical setup was placed above the varian magnet. The sample could be

moved smoothly 1in and out of both the polarizing field and the

measuring field.
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uv light source

mirror

focusing lens
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Hp__

quartz tube

h

Varian magnet (Hj)
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Figure 4.1 Experimental set-up: physical layout two field technique.
-
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Figure 4.2 Optical set-up.
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4.1 polarizing field

4.1.1 ONP

In general, in the ONP experiments, the polarizirg field Hp was
the residual magnetic field present at various heights above che
center of the 14,1 kGauss fixed field Varian magnet which provided
the measuring field. The strength of the residual field was measured
at various points using a Bell B811A gaussmeter. The residual field
appeared to be parallel to the measuring field Hn. A list of field
strength vs., distance from the center of the magnet is shown in Table
4.1.

The crystal was mounted at the bottom of the NMR tube. The NMR
tube and the NMR tube holder were contained in a larger quartz tube
which was mounted above the probe in the center of the magnet.

The crystal was positioned at various points along the quartz
tube, depending upon the polarizing field which was needed, by means
of a controlled flow of Nz through the quartz tube. When the Nz was
turned on, the NMR tube holder and tube containing the crystal would
rise as far as a stopper positioned to place the crystal at the chosen
polarizing field, When the N2 was turned off, the crystal would drop
into the center of the magnet and into the probe. The NMR tube
holder was grooved to fit into a gquide in the quartz tube which
prevented the NMR tube from rotating within the quartz tube, The
quartz tube could be rotated about an axis perpendicular to both Hp
and Hn to change the orientation of the crystal with respect to Hp
and Hm.

The orientation of the crystal with respect to the magnetic
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fields was determined by noting the angle the guide of the quartz tube

made with a fixed circle marked in polar coordinates mounted above the

center of the magnet.

4.1.2 PENIS experiments
In the 13¢ experiments, the polarizing field Hp was produced by a

pair of small magnetic plates held 10.5 cm apart to give a field
strength of 80 gauss i ihe gap betweer them., The magnetic plates were
positioned high above the center of the magnet. The residual field
was <5 gauss. Its effects could essentially be dignored. Hp and the
orientation of the crystal with respect to Hp were chosen to produce
the maximum ONP.

As in the ONP experiments, the quartz tube containing the
crystal in the NMR tube could be rotated to change the orientation of
the crystal with respect to the measuring field Hm. The 80 Jauss
field Hp could also be rotated to keep constant the orientation of the
polarizing field with respect to the crystal., In this way the maximum

ONP could always be generated.



Table 4.1

Distance from center of magnet (cm)
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Hp {gauss)
4000
3400
2900
2520
2150
1900
1600
1300
1180
1050

940
820
715
615
330
460
390
330
290
250
210
180
150

35



Table 4,1 (continuer’

Distance from center of magnet (cm)
35
36
37
38
39
40
41

Hp (gauss)
130
110
95
80
65
55
45

36
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4,2 optical system

The samples were illuminated with an Osram 1000 watt Hg-Xe lamp
contained in a C-60-50 Oriel housing and powered by a Schoeffel power
supply LPS 255HR. The housing contained a 2" condensor to collimate
the light. IR wavelengths were Tiltered out with a 2" continuous
flow water filter, Oriel #6123. Since fluorene absorbs at wavelengths
shorter than 300 nm, acridine, the guest molecule in the crystal, was
selectively excited by using a Corning band pass 1-64 filter which cut
off wavelengths < 320 nm. The filter was necessary to prevent
decomposition of the crystal. Illumination without the filter caused
a "burning" of the top layer of the crystal and significant signal
loss after an hour of continuous illumination.

The uv 1ight was focussed with a 5 cm diameter 15 cm focal length
quartz lens onto the top of a quartz rod, which acted as a light pipe.
The rod was held in place in the NMR tube and positioned with the end
< 1mm from the crystal. The top of the rod was flared with a core
angle of 20 degrees such that the diameter of the rod at the top of
the cone was 1-1/2 times the diameter of the rest of the rod. The
NMR tube and quartz rod were moved as a unit 1in and out of the
polarizing and measuring fields.

Light and dark cycles were controlled by a shutter operating in
the bulb mode. The shutter release was attached to a solenoid which

was controlled by gating an attached ac switching relay.
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4,3 spectraometer
A1l NMR measurements were done on a homebuilt spectrometer built

around a 14.1 kGauss Varian electro-magnet. The 13(: Larmor frequency
in this field was 15.1 MHz; the 1y Lamor frequency was 60 MHz.  The
NMR spectrometer consisted of

i) the probe circuit

ii) the associated rf hardware which generated the rf transmitter
pulses and detected the signal

iii) the transient recorder and signal averager/computer

iv) the lock channel.
Figure 4.3 and 4.4 contain a block diagram of the spectrometer

including the probe and the associated rf hardware for the ONP and

PENIS experiments.

4.3.1 probe

Various probe designs were considered [18]. The final prabe
circuit was a double-tuned resonance circuit based on a design by
Waugh and co-workers [19]. The probe circuit diagram 1is shown in
figure 4.9, along with the two equivalent resonance circuits which
compose the probe. The associated 1/4 cables which protect the
preampiifiers and the /2 cables which block the signal from the
transmitter amplifiers are also shown.

The coil was tuned to the two Larmor resonant frequencies of 130
and 1H necessary for the PENIS experiment. The two tuned circuits
were isolated by 35 dB by use of the A/4 @ 60 MHz cables. In the

PENIS exreriments, the single coil was used to transmit the rf fields

13

for 136 and 1H {transmitter mode) and used to detect the “°C signals
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(receive mode). In the ONP experiments, only the 1H resonant circuit
was used; it provided the necessary transmitter pulses and detection
of the signal.

The dousle tuned coil configuration was chosen for two reasons:

i) to save space in the probe

i1) to allow effective power transfer and signal detection for
both ONP (proton) and PENIS (carbon) experiments.

The probe Q @ 15 MHz was 30. The 13¢ field produced by the coil
was 48 gauss with 500 watts of power. The 1H field was 12 gauss
with 50 watts.

The coil was a 1.5 cmn long, 12 turn solenoid made from flatt;ned
20 gauge copper wire with an inductance of 0.15 rh. R in figure 4.5
was a 1 watt, 0.27 ohm resistor which acted as a fuse to protect the
coil and capacitors from burning out if too much power was
accidentally sent to the probe.

The 13C side of the probe circuit consisted of fixed ATC ceramic
capacitors €1 and C2, the coil L and the shorted A/4 @ 60 MHz cable.
Cl tuned the coil to 15.1 MHz; C2 impedance-matched the tuned
resonant ciruit to the 50 ohm impedance of the rest of the system.
The shorted */4 @ 60 MHz provided the return to ground for the 15 MHz
side. To compensate for the 1large inductance of the shorted 2/4 @
60 MHz cable at 15,1 MHz large value capacitors were added before the
return to ground. '

The M side of the probe circuit consisted of capacitors €3 and
€4, the coil, L, and the open */4 @ 60 MHz cable. The capacitors were
0.8-10 pf Johanson 5761 variable capacitors in parallel with fixed

ATC ceramic capacitors. C3 ftuned the coil to 60 MHz; C4 impedance
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matched the proton resonant circuit to 50 ohms. The open A/4 @ 60 MHz

cable provided an effective ground. The effects of the shorted /4

@ 60 MHz could essentially be ignored.

4.3.2 Associated rf hardware

4.3.2.1 PENIS
13¢:transmit

To create the necessary 15.1 MHz rf field of the correct phase, a
fixed frequency phase-shifted 3C MHz signal was mixed with a 45.1 MHz
signal.

HP 5100A frequency synthesiéer provided both the 45,1 MHz and the
fixed 30 MHz., The 30 MHz went immediately to the quadripolar phase
splitter (LBL 16x627) which was gated to put out the appropriate
sequence of the four quardrature phases, (0,90,180,270). The
transmitter rf phases followed the standard 4 pulse Stejskal-
Schaefer, add/subtract gquadrature phase sequence [20]. The selected
output phase was mixed with the 45,1 MHz with an HP 10514A mixer, then
low pass filtered through a 30 MHz low pass Cir-q-tel filter 20-30-
9/50 to form 15.1 MHz of the correct phase. This was then amplified
by & Bruker high power amplifier then sent to the probe.
13¢:receive

The signal from the probe was fed through a low noise
preamplifier designed by W.C.Shih [21]. A series of shorted A/4 ®
15 MHz cables preceeded thé the preamplifier to protect it from rf
transmitter pulses. A Cir-g-tel 30 MHz Tow pass filter formed part of
the /4 1line to prevent 60 MHz from saturating the 15,1 MHz

preamplifier.
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The detection system was based on an fntermediate frequency of
60 MHz. The 45.1 MHz and the 30 MHz from the frequency synthesizer
were mixed to form 75.1 MHz. This 75.1 MHz was filtered and
amplified then combined with the output of the preamplifier to form
60 MHz, The 60 MHz was then ampiified by an RHG amplifier (LBL
10x1550), then sent to the quadrature phase detector  (LBL 10x19550).
The dc outputs of the quadrature phase detector were filtered through
Rockland 442 filter, recorded on a Nicolet 2090/201 transient
recorder, then transferred to and signal averaged on a Nicolet-80
computer. Raw data were transferred to the VAX/VMS 11/780 for
archival storage. Fourier transformed data were transferred to the
VAX for plotting and analysis.
1H:transmit

The 60 MHz Larmor frequency of the protons was generated by
doubling the appropriate value 30 MHz output of a second HP frequency
synthesizer 5100B. The 60 MHz was sent to a gated phase shifter, then
to a Relcom rf switch. The resulting rf pulses were then amplified
through a series of amplifiers: a homebuilt 60 MHz amplifier (LBL
16x970) which contained a Watkins-Johnson A-7 and a Motorola 592,
followed by a KLM amplifier and a Henry radio amplifier both tuned to

60 MHz.

4.3.2,2 ONP

As in the PENIS experiment, 60 MHz was generated by doubling 30
MHz.

The 30 MHz output of the HP frequency synthesizer was split 3

ways. One output went to the quadrature phasc splitter which again
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provided the correct sequence of quadrature phases. The ovtput of
the splitter was combined with the second 30 MHz output of the
synthesizer to form the proten Larmor 60 MHz  of the corract phase.
This was then amplified by the same series of amplifiers as in the
PENIS experiment.

The detection system was based on an intermediate frequency of
60 MHz. The third 30 MHz output of the synthesizer was doubied arnd
used as the reference frequency in the receiver system.

The output of the probe was sent to a low noise preamplifier
designed by B.Leskovar [22]. The preamplifier was preceeded by a
series of shorted A/4 @ 60 MHz cables to protect it from transmitter
rf pulses. The ouput of the preamplifier was amplified by an RHG
amplifier (LBL 10x1550), then sent to the quadrature phase detector.
The reference phase to the quadrature detector could be adjusted to
control the output phases of the signal. The phase detected signals
from the quadrature phase detector were filtered by the Rockland
t11ters, then recorded by the Nicolet 2090/201 transient recorder and
signal averaged on the Nicolet 80 computer. The data were recorded in
quadrature.

Both raw data and fourier transformed data were transferred to

the VAX.

4.3.3 Generation of logic/data aquisition

A Nicolet-80 computeé attached to a modified Nicolet 293 timer
running a modified NTCFT verison #1002 program controlled the
generation of rf pulses and data aquisition. A Nicolet 2090 with a

201 plug-in first recorded the solid echo or free induction dezy, then
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transferred the data to the Nic-80 computer, The 2090/201 was needed
to record the solid echo because of the Nic-80's limited digitizing
rate of 10 us. NTCFT version #1002 was modified to run with the 2099.
An overlay, UD1080 provided by Nicolet, allowed sorting (unshuffling)
of overlapping quadrature data as obtained from the 2090. Additional
changes to NTCFT are listed in Appendix 2. ‘

10 one-shets were added to the Nicolet 293 timer to give
additional flexibility in creating pulse sequences. The connections
on the 293 timer patch panel which determined the PENIS and ONP pulse
sequences are shown in Appendix 1. The output of the 293 controlled
the 1H pulse lengths and phases and the ac relay which controlled the
shutter and the flow of N2 in the PENIS experiment.

In both the PENIS and ONP exneriments, the phase of the
transmitter pulse was controiled externally. One of the outputs of
the 293 went to a pulse sorter which could be programmed to sort up to
16 separate time frames. At the correct time, logic pulses were sent
out 4 separate gate lines. In the ONP experiment, these 4 outputs of
the sorter went to the 4 pulse generator (LBL 16x608) which contained
4 separate pulse length controls. The 4 outputs of the 4 pulse
generator controlled the output phase and length of the transmitter
pulse by gating an. the appropriate rf phase gate of the quadripolar
phase splitter. In th PENIS experiment, the 4 outputs of the pulse

sorter went directly to the quadripolar phase splitter,

4.3.4 Lock Channel
The lock channel was designed by Alan Robertson and has been

described elsewhere [17]. The magnetic field was Jocked on the
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deuterium signal fram an external sample of DZD'

4,4 Detection and Tune-up

4.4.1 PENIS
13C was detected at 15.1 MHz using the PENIS technique of Pines,

et al [3]. . The Hartman-Hahn condition was satisfied using the
following tune-up procedure, The free induction decays of B3¢ and Wy
in 70% 13c enriched methyl iodide were monitored. The lengths of the
180 degrees 1y ana L3¢ puises were made equal by adjusting the output
power levels of the Bruker amplifier and/or the input to the (LBL
16x970) 1y amplifier. 13C's in adamantane were then cross polarized
and the rf Tevels and contact time adjusted until the maximum signal
intensity was detected. In general, the Hartman-Hahn condition was
satisfied with a rotating field strength of 48 gauss for 13C and 12
gauss for 14 and a contact time of 5 ms was used.

Ordinarily, for fluorene, 100-200 spectra were signal averaged.
The repitition rate was on the order of 1 minute and was limited by

the {1Tumination-optical polarization time of the crystal.

4.4.,2 ONP

Since the dead time of the receiver system (v20us) was greater

1H free induction decay in the

than T,, the time constant of the
solid crystal (<10 wus), protons were detected using the (two-pulse)
solid state (dipolar) echo technique, which refocused the spins at a
selected time T after the application of the second pulse [23]. The
basic pulse sequence is 90°(ns2)-t- 90%-t-[detect]. T = 20 us, the

dead time of the receiver. A simple description of the echo is given
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in Appendix 0. Rf transmitter pulse phases were initially checked with
an HP vector voltmeter. The 180° pulse length of each phase was
determined by monitoring the on-resonance free induction decay of
protons in methyl iodide. In general, the 90° pulse time was 2 us
(30 gauss protons) with an input of 500 watts. The signal after a
90°-7-90° sequence (no phase shift) was monitored to check whether
the signal .intensity was at a minimum. The echo sequence was first
used to detect protons in gypsum, CaSO4.2H20, as a check of rf phases

and pulse lengths.
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4.5 Fluorene

4.5.1 Crystal structure

Fluorene crystallizes 1in the orthorhombic space group
q;: (Pnam), with 4 molecules per unit cell [24]. ©2e fig 4.6. The
4 molecules in a unit cell are pairwise magnetically equivalent, since
each member of a pair is related to the other by a screw axis
rotation, The long in-plane axis of all 4 molecules is parallel to
the ¢ axis of the crystal. The molecule posseses a mirror plane of
symmetry which is paraliel to the ab crystal plane. The planes of the

molecules are inclined *34.5 degrees from the crystal h axis.

4,5.2. Crystal growth

Synthesized fluorne was generously donated by Herbert Zimmerman.
Acridine was zone refined by Sydney Wolfe. Fluorene crystals doped
with 1000 ppm acridine were grown from the melt by Sydney Wolfe wusing
the Bridgman technique [25].

Commercial fluorene, even after repeated zone refining, contained
anthracene and benz-f-indane and was unsuitable for ONP experiments
[1,26]. Although optically generated y signals could be produced and
detected, the time constant for the optical polarization was
exceedingly 1long {»>5 minutes). The ONP signals measured during the
first 1-2 minutes of illumination time were two orders of magnitude
Tower in intensity than the signals detected from pure synthesized

fluorene.
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fluorene

QC

acridine

Figure 4.6 Top: molecular structure fluorene and acridine.
Bottom,left: crystal structure. Bottom, right: schematic representa-
tion 2 magnetically inequivalent molecules in ab crystal plane.
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5. DATA ANALYSIS

5.1 Backgrourd

The magnetic shielding Hamiltonian of a nuclear spin S in an

external magnetic field Ho is

Hg = YHo . @ . S 5.01

where ¢ is the second rank chemical shielding tensor representing the
interaction of the nuclear spin with the surrounding electroas. In a
single crystal the resonance frequency of the spin S is a function of
the orientation of the external magnetic field with respect to the
crystal. Since the eigenstates of the full Hamiltonian are S parallel
Ho and S anti-parallel to Ho, the NMR experiment determines only
certain elements of 7.

Let the laboratory frame be defined by the coordinate axes 1,2,3.
Ho is 1in the 2-3 plane, parallel to the 3 axis. See figure 5.1. Let
the chemical shift tensor in this laboratory frame, % ab* be

represented by the symmetric matrix

g g g

1n ‘12 ‘i
°21 22 %23 5.02
o g a

31 %32 ‘3

Let Ryi1_,.jap De the rotation matrix which transforms the
chemical shieldiny tensor in the crystal frame, 9.1 to the laboratory

1,2,3 frame, i.e.
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Taboratory frame

c molecular frame

crystal frame

Figure 5.1 Orientation of various coordinate systems as used in data
analysis.
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~ 4
%1ab = Rxtl—tab * %t1 * R xt1=eqab 5.03

Expressed in terms of the standard Euler angles «, 8 and ¥, a

rotation matrix R is given by,

R = cosxcosBcosv-sinasiné  sinacosBcosv+cosasind -sinBcosv
~cosecosBsint-sindcosv -sinacosBsinvicosacosv  sinBsinv

cosasind sinasind cosé

where a is a rotation about the original z axis, 8 is about the new y
axis, and ¥ is about the final z axis.

The crystal is mounted in a particular orientation and rotated
abcut the laboratory 2 axis. The component of %1ab which is parallel
to the magnetic field Ho, %, is measured as a rurction of rotation
angle u, i.e., since Ho // 3,

9 =N . Ry . Oy . R'l2 . nT 5.05(a)

where 91ap I8 the symmetric matrix given above and

= (0,0,1)

3
!

Ry=lcos(u) 0 -sin{u)
0 1 0

sinfu) 0 cos(u)
Therefore,

%ab © A+ Bcos(2u) + Csin{2u) 5.05(b)

where

1
A= g (g + o53)
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1
B = 7y (933 - °y)

= 513 (o55=234)

A curve, called a rotation plot, is fitted to equation 5.05 to
determine the coefficients A, B and C, and hence the elements
9115933,%)3 OF 04,50 9,4q at this poin* s underdetermined.

The crystal is remounted and again rotated about the laboratory 2
be the (second) rotation matrix which transforms

] .
axis. Let R xtleslab

o) b0 the laboratory frame, i.e.

ool 5.06

o xt1==1ab

ab = R'xti—elab * “xt1

The chemical shift as a function of rotation angle u 1is again
measured.
The coefficients from the rotation plots from the j crystal

mountings (orientations) can be written as,

M) = Yy By o R RIn) G + RinbpyR(n)p;]
B(n) = 1/2 Ly ORI RNy = R(MpR(N)p1 T 5.07
6n = 1y By 9RO R(NGy + RIm g R(N);4]

n=1,j

where the R(n)ijs are the elements of the nth rotation matrix R which
transforms 9, ., to the Taboratory frame {i.e., elements of thb~-4ab
and  R',iq.q4p) @nd the 9 are the elements of .0..,, ¢ in the
crystal frame.

The chemical shift measurements  are repeated, and
correspondingly, the coefficients of the rotation plots determined,

until all elements of 9¢t] are determmined. The tensor is then
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diagonalized to yield the values of the principal elements and the
orientation of the principal axes. Figure 5.1 depicts the various

coordinate systems used in this text.

5.2 Analysis

The data were analyzed by methods outlined by Mehring [27]. The
data analysis fell into three parts:

i) the orientations of the crystal a,b,c axes with respect to the
laboratory coordinate system were determined with the crystal mounted
in two separate orientations. (The laboratory frame was as described
above: Ho was parallel to the 3 axis; the crystal was rotated about
the axis perpendicular to Ho, the 2 axis; the 1 axis was perpendicular
to axes 2 and 3.) The orientations of the molecules in the wunit cell
were known from x-ray diffraction.

ii) for each orientation of the crystal, the observed chemical
shift 9 as a function of rotation angle, u, was fitted to equation
5.05 by 1least squares analysis to detemmined the coefficients A,B,C;

iii) by 1least squares analysis, the two sets of coefficients
{A(1),8(1),C(1) from orientation 1 and A(2),B(2),C(2) from orientation
2) obtained from (ii) were fitted to equation 5.07 using orientation
information from (i). Tensors were determined 1in the molecular
coordinate system, defined by the axes k,1,m. (See figure 5.1). In
this case, the Rijs are elements of the rotation matrices which make
the laboratory coordinate system and the molecular coordinate system
coincident for the two different orientations of the crystal; 9;4S are

the elements of ¢ in the molecular frame.
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5.2.1 Determipation of crystal orientation

The orientation of the crystal axes with respect to the
laboratory axes for the two different mountings of the crystal was
determined differently.

In orientation 1, the crystal ab plane was chosen to be
perpendicular to the rotation axis. This was called the ab plane
orientation. Since the ab plane 1is the cleavage plane of the crystal,
to reach this orientation, the crystal was first mounted with the
cleavage plane approximately perpendicular to the rotation axic.
The maximum ONP is observed when the magnetic field is oriented 10°
away from the a axis in the ab plane. To reach the ab plane
orientation, the proton ONP was measured and the crystal orientatior
was adjusted until the ONP signal was maximized and the intensity of
the signals 1807 apart was approximately equal.

In orientation 2, the crystal ac plane was chosen to be roughly
perpendicular to the rotation axis. The crystal was mounted in the
NMR tube with fhe cleavage plane approximately parallel to the
rotation axis. X-ray diffraction was then used to determine the
orientation of the crystal axes with respect to the tube axis. The ac
plane was found to be tilted approximately 16° with respect to the

plane normal to the rotation axis.

5.2.2 Rotation plots

For each of the two approximately orthogonal crystal orientations
described above, rotation plots of the chemical shift 9, as @ function
of rotation angle u were made. To make the rotation plots, 13C

spectra were taken and the positions of peaks recorded at
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approximately 10° intervals over a 180° range. Typical spectra from
orientations 1 and 2 are shown in figure 5,2.

The major difficulty of the analysis was untangling the various
peaks and determining which peaks belonged to which chemical shift
tensor.

The maximum number of lines (peaks) in a typical fluorene carbon
spectrum can be calculated from the crystal structure of fluorene.
One 1line results from each carbon atom tensor on each of the two
molecules, giving a total of 26 lines.

The ab plane is parallel to the the molecular mirror plane.
Therefore, in the ab plane orientation, the two halves of the
molecule are magnetically equivalent. This reduces the number of
possible lines, and the corresponding number of  incongruent chemical
shift tensors to 14: 1 methylene bridge carbon tensor and 6 aromatic
carbon tensors fram each of the two molecules.

In orientation 2, all 26 1ines were possible, but due to the
heavy overlap of peaks not all 26 separate lines were observed.

For both orientations, least squares fits were done to extract
the coefficients A,B,C from the rotation plots using IMSLS subroutine
ZX$SQ [28]. Coefficients from a fit were considered acceptable if the
fit had a reduced chi-squared of 7%ess than 2, i.e., Xn < 2. In
orientation 1, 14 acceptable curves were found; in orientation 2 > 26
acceptable curves were found. All curves were kept at this stage of

the analysis.

5.2.3 Full tensor fit

Since data were taken for only two orientations of the crystal,
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the chemical shielding tensors 1in the crystal frame were
underdetermined. The tensors of the carbons of the two molecules were
assummed to be identical. Rotation plots from these carbon tensors
were combined for the least squares fit of equation 5.07, In
addition, for the aromatic carbon tensors, the orientation of one of
the principal axes was assumed to be perpendicular to the plane of the
molecule. The methylene carbon tensor was also calculated with the
orientation of one principal axis pre-determined.

For each of the 6 incongruent aramatic tensors, 23=8 rotation
curves were possible: 2 orientaions x 2 inequivalent molecules per
orientation x 2 equivalent tensors per molecule (due to the mirror
symmetry plane). However, in orientation 1, the ab plane orientation,
the rotation plots of the two equivalent tensors on each molecule were
coincident. A total of 6 rotation curves for each of the 6
incongruent aromatic tensors was therefore possible. For the
methylene carbon, a total of 22=4 rotation curves was possible: 2
orientations x 2 inequivalent molecules per orientation.

Rotation curves produced by the same tersor in different
orientations were determined in the followiig way. The line of
intersection of the two orientation planes was determined. The
spectrum taken here must be i{dentical in both orientations. Those
rotation curves from the two different orientations which go through
the same peak at this line of intersection belong to the same tensor.

Rotation curves of identical tensors on different molecules were
determined in the following way. Since the ab plane contains the
molecular  symmetry plane, the two halves of the molecule are

magnetically equivalent when the magnetic field lies in this plane.
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Moreover, in this orientation, the two inequivalent molecules are
related by a rotation about the c axis by 69%.  The rotation curves
of the ab plane orientation reflected this crystal symmetry, i.e.,’
there were two sets of rotation curves, one phase shifted from the
other by 69° . This can be easily seen in figure 5.3. Curves with
the same maximum chemical shift belong to identical tensors on
different molecules.

The orientation Rijs were known from (i) and the rotation plot
coefficients from (1i). IMSLS routine ZXSSQ was used to fit the sets
of coefficients from orientations 1 and 2 to equation 5.07.

Many of the rotation zurves whose coefficients were used to
calculate a tensor resulted in fits with X, > 5 and were discarded.
Only fits with x. < 2 were kept. All the rotation curves which were
kept are shown in figures 5.3 and 5.4, The rotation curves which
were used to fit each of the 7 incongruent tensors are shown in
figures 5.5 through 5.12 along with the associated carbon. Note that
the number of rotation plots used for the full tensor fit was less
than the number of possible rotation plots. Due to the larger
statistical error in orientation 2, (see section 6.2.2.1) the number
of rotation plots usa2d here for each tensor fit was less than the
total possible rotation plots. In the vac plane orientation either
i) two rotation plots from one molecule or ii) two rotation plots from
molecule 1 and one rotation plot from the molecule 2 were used. This
minimized Xy

Aromatic tensor components were calculated with respect to the
molecular coordinate system, defined by axes k,1,m. See figure 5.1.

One principal axis was assumed to be perpendicular to the plane of the
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molecule (%), For case (i), 4 sets of coefficients (i.e. 12
equations) and for case (ii), 5 sets of coefficients (i.e.15
equations) were Vused to fit 4 unknowns, the elements a,,, 9.9, %1,
and o (the perpendicular to the molecular plane) of the chemical
shift tensor in the molecular coordinate system. o,, o, and n
were then used to determine the values of the other uiincipal
elements and their orientations. The -esvls of both fits (either
case 1 or 1i) were identical.

The methylene tensor was also calculated with respect to the
molecular coordinate system. The calculations were done assuming
either:

i) one of the principal axes was oriented in the C-C-C bond
ptane, bisecting both the C-C-C bond the the CH2 bond (along molecular
axis X); or

ii) one of the principal axes was oriented perpendicular to the
plane of the molecule (along axis m); or

jii) one of the principal axes was oriented perpendicular to the
CH2 plane.

The results were as follows:

The values of the principal elements did not change with each
assumption.

With assumption (i), the other principal axes were rotated an
angle of 50 £ 10 away from the moleclar 1 and m axes (rotation about
the molecular sout the molécular k axis).

With assumption (ii), the direction of the other principal axes

were rotated 9° ¢ 21° away from the molecular k and 1 axes (about the

molecular m &zis).
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With assumption (iii), the other principal axes were rotated
11° £ 26° about the molecular 1 axis.

X-ray diffraction studies have shown that the fluorene molecule
is planar and pcsseses C, symmetry [24]. 1In addition, the proton-
proton vecter of the methylene carbon has been shown to be
perpendicular %o the molecular plane [2]. Therefore, considering the
symetry of the mole:ule, the orientation of the methylene carbon
bonds and the results of the above calculations, the orientation of
the principal axes was taken to be, to first order, roughly coincident
with the molecular coordinate system.

As a check of the full tensor calculations, the rotation plots
from the ab plane (orientation 1) Qere studied, The 1largest
(positive) values for each of the aromatic tensor rotation curves
were found to be equal, within experimental error, to the calculated
values of "33. Moreover, the maximum aramatic chemical shift should
be measured when the magnetic field is perpendicular to the fluorene
molecular plane, From x-ray diffraction, the vector normal to the
fluorene molecular plane is in the ab plane, rotated 63° away from the
b axis. The 1largest (positive} values for the rotation curves
produced by the aromatic ~ bon tensors were found to be at the
angle arctan(C/B) « 68%:3°, in agreement with the expected value.

+30 represents the error in orienting the crystal in the ab plane.
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6. RESULTS

6.1 ONP
6.1.1. Single crystal

For selected orientations of the acridine-doped fluorene single
crystal, the optically generated proton polarization is approximately
100 times greater than the Boltzmann polarization generated at room
temperature in a 14.1 kGauss magnetic field.

Figure 6,1 plots the growth of proton polarization of the
fluorene single crystal a: a function of illumination time for a
particular 1light intensity and orientation. The growth s
exponential.

Figure 6.2 shows a typical proton NMR spectrum of the fluorene
single crystal. The crytal is oriented with respect to the magnetic
field to yield the maximum ONP signal. The illumination time here is
approximately one minute. The line width is 35 khz, 9 gauss.

Figure 6.3 shows the intensity of the optically generated signal
over a restricted angular range where the ONP signal is maximal.

The optically generated polarization is of comparable magnitude
to the polarizations reported by Stehlik, ot al [9], using a 1600
watt Xe lamp. The magnitude of the signal depends critically upon
the Tlight intensity; dp/dt depends Tlinearly upon the Ilight
intensity. The 1000 watt Xe-Hg bulb has an intrinsically higher
Tuminosity at uv wavelengths than the 1600 Xe or the 100 watt Hg lamps
used by Stehlik, et al [29] and one might expect that larger

polarizations would be generated. However, thc condensing system used
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here is smalier than that used by Stehlik, et al [11,30] and therefore
less light is collected. The 1000 watt Ye-Hg lamp has a much larger
arc than the 100 watt Hg lamp and cannot be focused down to as small
an image size. In addition, the crystal may not have been optimally
oriented to produce the maximum ONP signals; it may have been mis-
oriented by 1030 (see section 5.2,3). (Care was taken to orient the
crystal in the ab plane.) More care could be taken to maximize the
1ight intensity illuminating the crystal--larger diameter
collecting,focusing lens, shorter 1ight pipe, etc.

Note that the magnitude of the polarizaticii reported here is for
the fully protonated fluorene/acridine system. The polarizations are
approximately an order of magnitude smaller than for the

fluorene,dshz-acridine,hg cystals reported by Stehlik, et al [1,2].
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dp/dt. Proton polarization growth as a function of time.
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Figure 6.2 Typical spectrum proton ONP:

single crystal, acridine-doped fluorene.
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6.1.2. Powder samples

In general, many compounds do not crystallize easily or do not
form large crystals suitable for NMR experiments. Powdered and
randomly dispersed samples are generally far more readily avaliable
than single crystals. Studies of powdered samples of acridine-doped
fluorene appeared to be the next step in the attempt to <create large
1H polarizations, and hence, 13c polarizations, in a typical NMR
system.

Optically generated proton signals in powdered samples of
acridine-doped fluorene have been detected. Figure 6.4 shows a typical
optically generated proton NMR powder spectrum. The intensity of the
signal as a function of field strength over a restricted field
strength region where the ONP is maximal 1s shown in figure 6.5 The
powder ONP signals are approximately of the same amplitude as the 14
kGauss Boltzmann generated signals. This measured 1intensity is
approximately 10 times smaller than what is expected.

In a field of 80 gauss, the proton ONP of a single crystal can be
measured as a function of orientation of the crystal axes with respect
to the magretic field (for example, see figure 6.3). The single
crystal ONP is maximai when the magnetic field is oriented in the ab
plane, 10° away from the a axis. The measured ONP .bout this
restricted angle is far greater than at any other orientation of the
crystal.

To first order, the ONP of the powdered sample is determined by
that fraction of sample with the a axis oriented within approximately
26° of the magnetic field direction. Furthermore, assuming a uniform

ONP of 100 x Boltzmann for the crystallites in such an orientation,
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the ONP of the powdered sample should be approximately fraction {1/10)
x polarization (100 x Boltzmann) = 10 x Boltzmann,

The measured intensity is lower than that predicted probabiy
because of the large amount of light scattering produced by the tiny
crystallites, reducing the effective illumination of the sample. A
powdered sample cannot be illuminated as well as a cleaved single
crystal. Since the polarization is dependent upon the light intensity,
the powdered sample, with its reduced illumination, would not have as
large a polarization.

Attempts to reduce the 1ight scattering were unsuccessful.
Attempts to fuse the powder into a clear wafer proved unsuccessful.
Also, the solid material could not be refractive index-matched: it
dissolves quite well in various oils and solvents.

Althcugh the optically generated signals of the powdeored samples
are not large, they can be generated and measured in a time less than
than Tl’ the proton spin lattice relaxation time in the dark. T1 of
the fluorene protons in the dark is >30 minutes @ 14 kGauss [31]. The
equilibrium Boltzmann magnetization @ 14 kGauss is gencrated is a time
3-5 x Ty, on the order of an hour. Optically generated magnetization
can be measured in 10's of minutes, the time determined by the

illumination time of the sample,
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6.2 PENIS

ONP of protons in combination with the PENIS double resonance
experiment produces large 13C signals in fluorene single crystals., The
3¢ signal is estimated to be 400 times larger than the normal
Boltzmann 130 signal generated at room temperature in a 14.1 kGauss
magnetic field.

Figure 6.6 shows a 13C l1-contact PENIS spectrum of the fluorene
single crystal, obtained by first optically polarizing the protons.
Since attempts to measure the normal Boltzmann 13C signals directly
and attempts to cross polarize the 13C using the normal Boltzmann
proton reservoir were both unsuccessful, the estimate of the gain in
13C polarization is determined in the following way. First, the 130
signal 1is observed to be roughly directly proportional to the proton
1H signal. This linear dependence can be observed by varying the
intensity of the light illuminating the sample, hence, varying the
proton polarization, and measuring the cross polarized 13C signal.
Second, cross polarized 13¢ signals in adamantane are observed to be
4 times larger than their Boltzmann polarization when in contact with
their normal Boltzmann proton reservoir, Since the optically
generated proton signal is approximately 100 times greater than the
normal Boltzmann polarization, the resultant gain is approximately 4 x
100. This gain is roughly in accordance with expectations.

Although the proton polarization 1is 1large and is not depleted
after one contact with 13C, multiple contacts under matched Hartman-
Hahn conditions and one-shot PENIS experiments under unmatched
Hartman-Hahn conditions were not generally done becairse the high rf

power levels and long contact and data acquisition times could fry the
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probe components.

Atisapts to cross polarize the carbons using simply the proton
Boltzmainn population proved unsuccessful for two reasons:

i)the proton Boltzmann spin temperature is (00 times smaller than
the optically polarized spin temperature;

ii)the spin lattice relaxation time, Tl’ of the fluorene protons
in the dark 1s > 30 minutes @ 14 kGauss [31].

Optical polarization of the protons is necessary to short circuit
the long T1 and to build up the proton reservoir. More important,
maximum proton polarization is needed to produce a measurable carbon
signal. As can be seen in figure 6.3, rotating the crystal
approximateiy 20 degrees awiy from one of the maximum ONP positions
decreases the proton signal-- and in effect, the proton reservoir--by
a factor of three, It would take an order of magnitude longer to
accumulate the same spectrum without the maximum optical proton
polarization. Since anr average spectrum taken under optimum conditions
requires 2-3 hours to accumulate, any dimunition of a proton

polarization would make the experiment extremely difficult.
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6.3. Chemical shift tensors
6.3.1 Tensors

A schematic representation of the seven incongruent 13C shift
tensors is shown in figure 6.7. Table 6.1 1ists the actual values of
the priascipal elements and their orientation in the molecular plane.
Table 6.2 liste the directions cosines of the principal axes with
respect to to crystal axes.

There are three different types of carbons, each with
characteristically different tensors:

i) aromatic ~arbons bonded to hydrogen

ii) fused aromacic carbons, i.e. aromatic carbons bonded to

another carbon rather than hydrogen

iii) methylene carbon.

A1l elements of all of the tensors were calculated using the
methods outlined in the data analysis section. Values for the
principal elements of the tensors could not be obtained from the
powder spectra since attempts to cross polarize powder samples were
unsuccessful,

Tensor assignments were made following “common sense" arguments:
the orientation of the tensors would be generally consisternt with
those determined by others; for each tensor, @ would be, within

experimental error, equal to 9;.

6.3.1.1 H-bonded aromatic carbon (C3,C4,C5,C6)
For all of the H-bonded aromatic carbon tensors, the mean value
of the principal elements, 3;1/3(011+022+u33), agrees within

experimenta, error with the measured isotropic chemical shift o,
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U

C5 cé c? ¢l c2 C3 ca

Figure 6.7 Schematic representation of the incongruent carbon

shielding tensors of fluorene. The reference 0 for the aromatic tensors
is taken to be 120 ppm downfield from the resonance of neat liquid
benzene; reference 0 for the methylene carbon is taken to be the
resonance of neat liquid benzene. Tensors are represented by
ellipsoids, with the shortest axis bei-g the mest downfield compenent
of the tensor. Labels are as used in text.

Top: orientation of tensors in molecular plane

Bottom: orientation of tensors in plane pe~pendicular to molecular
plane. Molecule rotated 90~ from top diagram.



carbon

&

ct
c2
c3
C4
C5
c6
c7

A11 shifts relative to neat 1iquid benzene.

*ref 48 solvent is either CDC'I3 or DMSO-d6

011

76 (3)
-99 (9)
-84 (8)
-92 (5)

-102 (10)
-83 (7)
-71 {6)

O22

90 (3)
-47 (9)
-12 (5)
-14 (6)
-10 (9)
17 (7)
-27 (8)

Table 6.1

Q33

102 (4)
19 (5)
97 (3)
14 ()
115 (5)
116 (5)
93 (2)

Errors given in parenthesis.

Qj

89 (2)
-9 (5)
1(3)
3 (3)
1(8)
5 (4)
-2 (3)

~12

-38° (5)
17° (6)
80° )

-41° (3)
16° (6)

-70° (9)

+ . . - :
rotation angle about molecular M axis to make molecular axis coordinate system and principal axis

system coincident (see figures 5.1, 6.7)

*
0;; coincident with molecular M axis;o,, with K axis;oas with L axis (see figures 5.1, 6.7)
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measured in the Tiquid state.

The tensors of C4 and C5 are equivalent tensors differing only in
their orientation in the molecular plane, Thit is consistent with
their measured 1sotropic shifts being equal.

A1l of the K-bonded carbon tensors which have been determined
here are similar to those determined by others [32-37]. All tensors
have their most shielded component 933 perpendicular to the plane of
the molecule. N bisects the hexad angle and is parallel to the C-
H bond, %92 is tangent to the ring and orthogonal to the other two
axes, The magnitude of %33 of these tensors follows the general
trend that the value of the most shielded component of the tensor
decreases with increasing substitution on the aromatic ring; i.e.,
033 of the H-bonded carbon tensor of pentamethyl benzene is less than
933 of the tensors of C3,C4,C5,C6, which in turn are less than 933 of
the benzene carbon tensor. In addition, 033 of the tensors of C4,C5,
and C6 are all approximately equal to 933 of ti. W-bonded carbon
tensors of p-xylene [35].

Although C3 and C6 are both adjacent (ortho) to fused aromatic
carbons, °33 of their respective tensors are quite different; their
in-plane components, however, are essentially the same. Since Oqq of
the C6 tensor equals those of the tensors of C4 and C5 it seems that
the electronic structure perpendicular to the plane of the ring

around ¢3 is perturbed to a greater extent that that arownd C6.

6.3.1.2 fused (non-H bonded) aromatic carbons (C2,(7}
2 of C2 equals the measured liquid 9y The orientation of this

tensor is consistent with other non~H bonded aromatic carbons tensors
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[32-37]: 933 is perpendicular to the plane of the molecule, 91 is
parallel to the carbon-substituent bond and 995 is tangent to the
ring of the molecule.

T for (7 1is 3 standard deviations greater than o, The
orientaticn of 9,5, §s turned away approximately 10 degrees from the
€4-C7 bond, and is closer to being parallel to the bisector of the
hexad angle.

As has been observed previously, 955 for non-H bonded aromatic
carbon tensors are quite different from H-bonded aromatic carbon
tensors. 9,, for C2 and C7 tensors are -47 ppm and -27 ppm
respectively, in comparison to -12 ppm to -18 ppm for the H-bonded
carbon tensors,

The values of the principal elements of the two tensors are quite
different from one another., C7 1is bonded to an aromatic ring; C2 is
bonded to the methylene carbon, The orientations of the substituent
bonds with respect to their respective bisector of the hexad angles
are also quite different. van Dongen Torman [37], has cbserved that

.the substituted carbon tensor in acetophenorne was similar to those
tenscrs on carbons bonded to methyl groups. If substituent type does
not alter the 13C shift tensor, then the difference in the two tensors

must come from the different orientations of the substituent bonds.

6.3.1.3 methylene carbon {C1)

As has been generally the case here, the the trace of the
chemical shift of the methylene carbon tensoi equals the isotropic
shift. The methylene tensor has a much smaller anisotropy thaa the

aromatic tensors. The 1least shielded tensor element, °11 is



30

perpendicular to the plane of the molecule; Y95 bisects the H-C-H bond
and 1ies in the plane containing the CH2 group; 935 is in the plane
of the molecule, orthogonal to the other two directions and 1lies
"along” the C-C~C bond direction.

The assignments of 0,;,055, and oy3 are consistent with other
methylene tensors. The most shielded direction is in the plane
approximately “along® the C-C-C bond and the 1least shielded is
approximately perpendicular to the plane of the C-C-C bond (in this
case, the perpendicular to the plane of the molecule) for eicosane
[38], ammonium hydrogen malonate [39] and malonic acid [40].

The values of the principal elements and their respective
orientations of this methylene tensur are approximately equal to the
methylene tensor determined for "interior methylene" carbons on the
tong chain molecule eicosane [38]. It 1is symmetrically located
between two ic .ntical functional groups, in this case, two benzene
rings. On the other hand, relative to the values of the principal
elements of the methylene carbons on ethyl benzene (611=100, 022=103,
033=121), the values of the principal elements of the methylene carbon
tensor here are all shifted down-field and have a slightly greater
anisotropy. The ethyl benzene methylene carbon 1is, however, not
symmetrically located between two identical substituents, but rather
bet.ween two very different substituents. This may account for the

observed differences.

6.3.2 error analysis
6.3.2.1 statistical errors

The statistical errors generated here are large 1in comparison to
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those reported elsewhere [34,36], but are of the same order of
magnitude as those recorded by Gibby {41].

The errors are relatively large because the errors in the
coefficients of the rotation plots are large. In orientation 1, the
errors are approximately * 1 unit for the constant term {A) and & 2
to 3 units for the cosine (B)and sine tems (C). In orientation 2,
the efrors are consistently larger: * 2 units for the constant term,
t 3 to 4 units for the cosine and sine terms. The larger error in
orientation 2 is due to the large error in measured peak positions
due to the heavy overlap of peaks. A large simplification of the
spectra in orientation 2 would occur if ihe crystal were mounted such
that the magnetic field were in some symmetry plane of the crystal,

13C tensors to  become

e.g. the ac nplane, and causing various
magnetically equivalent. The number of inequivale..t carbons and, in
consequence, the number of peaks in a spectrum could be reduced by a
factor of 2. The errors in determining peak positions would then be
reduced and the errors of the coefficients of the rotation plots
could become comparable to those in orientation 1.

For both orientations, a larger magnetic field would help to

simplify the spectra by increasing th. sepdration of the peaks.-

6.3.2.2 systematic errors
Two systematic eriurs are possiblie:
i) an error in  the location of the chemica! shift raference and
ii) a shift 1in the measured peak position caused by bulk

susceptibility effects.
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i) reference zero

Solid adamantane and neat methyl iodide at room temperature were
used as references. Adamantane was assumed to resonate 90.5 ppm
(methylene) and 100 ppm (methine) from neat 1iquid benzene ([42].
Methyl iodide was assumed to resonate 149 ppm from neat 1iquid
henzene [42]. Reference positions were recorded before and generally
after a set oY about 4 13c spectra were taken. An error 1in the
reference zero would essentially change the constant term of the
rotation plots, shifting the the resultant principal axes values by
the same amount.
ii) bulk susceptibility

The measured resonant frequency of a given nucleus in a molecule
depends upon the shape of the macroscopic sample through its bulk
susceptibility [43]. Following the method nf Vaughn [44], the crystal
shape was approximated oy an ellipsoid. The bulk  volume
susceptibility x, as well as its anisotropy, 8x are .94 x 1076 and .5
x 1078 respectively [45]. Using the demagnetizing factcrs of Osborn
[46], the shift in peak positions was calculated as a function of a
few rotation angles. The peaks shift by approximately +.5 to +1.5
ppm, depending upon the crystal orientation, This shift is very small
in comparison to the large aromatic carbon anisotropy of *100ppm and
small in comparison to the methylene carbon anisotropy of +15ppm. To
approximate the bulk susceptibility effect on the methylena carbon
tensor, the measured peak . positions were all increased a uniform 1
ppm and the tensor was recalculated. Within statistical errors, the

new tensor was identical with the old tensor.
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Appendix 0. SOLID ECHO

The two-pulse solid (dipolar) echo sequence refocuses dipolar-
coupled spins a time t after the appiication of the second pulse. The
basic pulse sequence is:

90% -« - 90% - 1 - detect AO.1
The dipolar echo of a simple two spin system can be described exactly

and is given here.
Let I, and I, be the two spins coupled via the dipalar

interaction; i.e. in the rotating frame, the Hamiltonian is given by
H= A(II.IZ-S 112122) AO.2

where A is equal to ((TIITIZh)/2r3) (3cosze-1) and 6 1is the angle
between the magretic field Ho and the vector connecting I1 and Iz.

This Hamiltonian can be easily represented as & matrix:

s> [ty 1 T
[o 0o 0 ©
As2 lo -1 0 0
lo o 2, o £0.3
[0 0 0 -1

with basis vectors

19 =142 (] +-> - | =)
IT> = [+
1Ty = WMZ( [+-> + [-+>)

It = {--
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Fram this point on |S> is ignored.

The density matrix o satisfies the equation
dp/dt = -i[H,p] A0.4
which has the formal solution when H is time independent,

o(t) = e THE (o) ofHt A0.5

where p(0) is the density matrix at time t=0.

The normmalized x-component of the free induction decay in the

rotating frame, assuming no relaxation, is given by

<L = Trile(t)1/Trl1,0(0,)] 0.6

The rest of the appendix discusses the state of the density matrix and

<Ix> at various points in the dipolar echo sequence.
p({0) = Iz( The net effect of the first 90°~y pulse is to bring the

magnetization along the rotating frzme x axis; i.e.
p(0,) = e'ily“/z Iz e“y'/2 A0.7

= IX

Following this initial 90°y pulse, the system evolves under the
influence of the interaction term H. Substituting for H and p(0,) in
equation AO.6, p(t) is given by

1At/2 0 o 010 e—iAt/Z

o(t) = 142 em 1A 101 eiAt
Ja72| |51 0 o-1AL/2
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o RELLYH 0
- 12 |eiBtz - 13At/2 20.8
0 o13At/2 0

Substituting for o(t) in equation A0.6
I = cos(3At/2) A0.9

The system is unperturbed for a time t, after wnich a second,
90°x pulse is applied. Immeediately after this pulse the density

matrix o(t,) is given by
» - Y
p(t+) - e-1lx:/2 o(t) e1Ix-/2 £0.10
0 e-i3At/2 0

\WE etz g 13At/2
0 etz

o(t,)

where

/2 -if2 -1/
esiIxv/2 | sim o -iN7 AD.11
-1/2 -iNZ 1/2

That is, immediately after the second 90° pulse
p(t,) = of-t) A0.12

If the system is unpertubed for a time r, it again evolves under

the influence of the interaction term, H.
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pltrr) = e MY oe ) €Mt

0 QM(t-1)/2
7 |eidrz g e i3At-1)/2 | a0 g3
0 JM(t-1)2

o(t¥#z) has the same form as p(t) before the 90°x pulse is
applied, with (t-r) substituted to t. Therefore, the magnetization is

given by
<A = cos(3A(t-1)/2) AD. 14

For times ==t <Ix> = 1, the initial magnetization.
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Appendix 1. NICOLET 293 PATCH PANEL CONNECTIONS

The Nicolet 293 timer patch panel connections are shown in
figures Al.l and Al.3. The patch panel connections are essentially
the same for the two experiments: the ONP experiment contains one
additional input to the OR gate which goes to the pulse sorter. The
timers are connected to different outputs in the two experiments.
Figure Al.2 and Al.4 depict the resultant pulse sequences. Typical
times are also listed.

The figures fo]]qw the convention of preceeding connections in
patch panel A with the letter A; connections in panel B are not
preceeded with the Tetter B. Tuner outputs are located at AAl through
AA10. Output comnections are Tabelled for the two experiments.

Nine inverting buffers are located on panel A; inputs are
located at AH1 through AHS; outputs, AGl through AG3. Ten one shots
are also located on panel A; inputs are Tlocated at AFl through AF10;
outputs at AIl through AI10., The first seven omc shots trigger on the
rising edge of the trigger pulse; the last three one shots trigger on

the falling edge.
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b3 light off

P4 4 90°(1/2)

D2 14 on

D1 13¢ contact

D4 Q receiver gate
acquisition

P4 = 4.5 us

D2 = 400 ms

Dl = 5 ms typical times PENIS experiment

L4 = 5ms + 200 us

D3 (light off) 5 s
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D2

D1

P2

P1

Tight off

14 900(m/2)

' 14 on

ORd output

1H on

2.5 us
2.5 us
20 wus
45 wus

light off 5 s

=4
L))
wononou

receiver gate

acquisition

typical times ONP experiment



Appendix 2. MODIFICATIONS OF NTCFT

A2.1 Patch for 2090/201

The modifications to NTCFT #1002 which allow data acquisition
through the transient recorder 2090,201 are listed on the followina
page. Program charges were accompliched using Nicolet's HIBUG

program. The format used is
address/old instruction ---->new instruction

The assembler mnemonic and/or a description of the instruction is
included.

The modifications can be divided into three parts:

i)change of ADC control word

ii)changes to make 2090/201 and Nic-80 data collection compatible

jii)changes to allow data acquistion <20 us after start of rf
pulses.
The 1IPLS experiment must be used. The total length of time from the
start of the rf pulses to the start of data acquistion must be > 20
us. This last requirement insures that the Nic-80 is in measure mode

before it is triggered.



*L0A NTCCON 5640

*RUN HIBUG

6151/0000026 ----> 0100026

7600G

*STO NTCCON 5620-7577;7500:P

*LOA NTCEXC
*RUN HIBLG

637/0005001 ----> 0005000

134/3103427
76006

——

136

*STO NTCEXC 0-1777:P

*LOA NTCDIN 2000

*RUN HIBUG

4133/0111777
5470/0000000

4041/0111776
5471/0009000

472172505543
4724 /2505544
4735/2125544
5472/0000000
5473/0000000
5474 /0000000
5475/0000000
5065/0005001
527273111562

4244/2111733
4452 /3001451
4463/3001452
531470110304

7600G

———d

——-d

——
———->

——
——->
———-
S
—

Y

———
—

Y

o

———-d
——ms>

——--d

211147¢
101777

2111471
101776

2125543
2125544
1472
2125544
2125544
2125543
736
5000
1272

347
453
464
1272

*STO NTCDIN 2000-5617;7600
*LOA NTCDIN 110000-113617;7600:P
*STO NTCDIN 11000C-113617;7600:P

103

/set cword (bit 15 high)

interface to transie-t recorder

/to maintain bit 15 of cword when cword
/gets reset

/HPOM POINT1
/MPOM POINT2
/IMP 5472

to acquire data <20ms
after start of rf pulses
/JMP to 4736

/JMP to 5272

/JMP to 347
/JMP to 453
/JMP to 464
/IMP to 5272 (JMP TO <RUNSTEM)
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A2.2 Patch for multiple contact PENIS
Modifications to NTCFT #1002 to allow mutiple contacts in the
PENIS experiment are shown in Table A2.1. Nicolet's HIBUG program was

used; format for changes are as shown below
address/instruction /mnemonic

Changes for the multiple contact expsriment can be divided into
three parts:

i) create new command=NC

ii} initialize for counting. number of contacts

iii} determine number contacts left to do, retrigger rf pulses if
not equal to zero.
The number of contacts are entered using the command °'NC'. E7 (PP04)

on the Nicolet 293 patch panel retriggers the contact/mix PENIS pulse.
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*LOA NTCDIN
*RUN HIBUG

2776/2707066  /MMOMZ
2777/ 1003 /JMP (to 4003)
3000/3111005  /MEMA @ PNCON
3001/2405006  /ACCM NCODO
3002/1001007  /JMP @ PGOR1
3003/ 4208  /PPO4
3004/1001010  /JMP @ PGOR4
3005/ 6151  /PNCON

3006/ 0 /NCDO

3007/ 4406  /PGOR1

3010/ 4541  /PGOR4

3011/ 0 /INI
3012/3111005 /MEMA @ PNCON
3013/2405006 /ACCH HCODO
3014/1001011 /IMP @ INI
4124 /3000: 26 /IMS 8 FLG
4125/ 133 /IMP (to 4133)
4126/ 3011 /FLG
5017/1001465 /JMP @ BADSET
5075/ 0 /NC
5076/3001447 /JMS @ YFIN
5077/ 6152 JYFIN
5520/316303 /(n=316,¢=303)
7600G

*STO NTCDIN 2000-5617;7600
*LOA NTCDIN 110000-113617;7600:P

*STO NTCDIN 110000-113617;7600:P
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A2.3 Patch for secend variable timer

Table A2.3 1ists the changes to NTCFT which create a second
variable timer. Changes to NTCPAR allow input of variable times.
Changes to NTCDIN implement the variable times during run time.

A second variable timer was necessary when varying the
contact/mix time in the PENIS experiment. NTCFT has only on variable
timer (D1) which was used to vary the coniact/mix pulse. The second
timer was used as the receiver gate=contact/mix + 1 dwell time.

Variable times are entered with the command 'CD' (CCD on). D3 is

the variable timer; the 1ist is terminated with the entry O.
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*LOA NTCDIN 2000
*RUN HIBUG

4215/ 1

4217/2405728 /ACCM YD3
4220/3001457 /JMS 8 TWI04
4221/ 5273 /YD3

4222/ 346 /oMP 346
76006

*STQ NTCDIN 2000-5617;7600
*LOA NTCDIN 110000-113617;7600
*STO NTCDIN 110000-113617;7600:P

*LOA NTCPAR
*RUN HIBUG

4154/3025204 /ONEM @ UFLAGA
4185/ 156 /JMP 156
416173001206 /JMS @ TWIO4
4164/ 545160 /EXCT POAC
417073024162 JONEM @ POINTC
7600G

*STO NTCPAR Zdb0-5617;7600
*LOA NTCPAR 104000-107617;7600
*STO NTCPAR 104000-107617;7600:P
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Appendix 3. DATA TRANSFER FROM NIC-80 TO VAX/VMS 11/780

Data collected on the Nic-80 was transferred to the VAX/VMS
11/780. The purpose of the data transfer was

i) for archival storage of data on magnetic tape.

i1) for efficient plotting of all fourier transformed files

iii) for efficient aetermination of peak position in 13¢ spectra.

Data was transferred to the VAX using the command ‘'U2'. The
necassary program changes to NTCFT #1002 are shown in Table A3.1.
The 'U2' command can be used in the standard Nicolet 1link ('LI’
command), A fortran program is simultaneously run on the VAX and
listed on the succeeding pages. Both programs are based on programs
by W.Shih[21] and J.McCracken.

The Nic-80 is connected to the VAX via an RS232 bus.
Communication 1ines operate in normal mode, with the baud rate set to
2400, For a more extensive description of various parts of the

programs, see W.Shih [21].



*LOA NTCUSR 2000
*RUN HIBUG

5176/0000000
5200/2001227
5201,/2001220
5202/2165304
5203/2001261
520472001220
5205/3111303
5206/2001227
5207/3111303
5210/2505304
5211/2125303
5212/2707302
5213/ 1204
5214/2001220
5215/2111304
5216/2001227
5217/1001176

5220/ 0
5221/ 6554
5222/ 1221
5223/ 44563
5224/ 472021
5625/ 1221
5526/1001220

5527/ 0
5230/2405305
5231/2001250
5232/2111305
5233/ 405025
. 5234/2001250
© 6235/2111305
5236/ 405032
5237/2001250
5240/2111305
5241/ 404037
5242/2001250
5243/ 110015
5244/ 6574
5245/ 1244
5246/ 4573
5247 /1001227

5250/ 0
5251/ 10037
5252/ 4354
5253/ 110040
5254/ 4341

1639

JYAXOUT
/NS XMIT
/3MS RXON
JZERM START
JJIMS STATRD
JIMS RXON
/MEMA @ TEMP
JIMS XMIT
JMEMA @ TEMP
JAH START
/MPOM TEMP
/MMONZ SIZE
/JMP LOOP1
/JIMS RAON
/MEMA START
/NS XMIT
JJNS LOOPO

JRXON
/RSINF

/JMP LOOP2
/JRSIN

JA-MAZ (021
/JMP LOOP2
JOMP @ RXON

L00PO

Loorl

LoDpP2

JXMIT
/ACCM CHECKSUM

/JMS RSXMIT

/MEMA CHECKSUM

JRISH 25

/OMS RSYMIT

/MEMA CHECKSUM

JRISH 32

JJMS RSXMIT

/MEMA CHECKSUM

JRISH 37

/IMS RSXMIT

/MEMA (615  (CARRIAGE RETURN)
/RSOUTF LOOP3

/JMP L00P3

JRSOUT

JIWP @ XMIT

JRSIMIT
JAND (37
/TACHQ
JMEMA (40
JOR



5255/ 6574
5256/ 1255
5257/ £573
5260/10.. 250

5261/ 0
5262/ 44034
' 5263/ 5012
5264,/2011300
§265/2511277
5266/2405304
5267/ 44034
5270/ 5046
5271/ 210000
5272/2013300
5273/ 162000
527472111301
5275/2405302
5276/1001261

5277/ 100000
5300/ 36000
5301/ 40000

5302/ 0
5303/ 0
5304/ 0
5305/ 0
5306/ 0
5307/ 110026
5310/2001227
5311/1J01306
5523/ 5176
7600G

/RSOUTF LOOPA
/JMP LOOP4

/RSOUT
/OMP @ RSXMIT

/STATRD
/STATUS
/LASH 12
/ANDA MASK1
/A+MA DSTART
/ACCM START
/STATUS
/LLSH 6
/ACPA

/ANDAZ MASK1
/ZERZ

/MEMA K16K
/ACCM SIZE
/JMP @ STATRD

/DSTART
/MASK1
/K16K
/SIZE
/TEMP
/START
/CHECKSUM

/XON
JMEMA (026
JIMS YMIT
JIMS @ XON

/YAXOUT

*STO MNTCUSR 2000-5617:P

110
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nutput file is title 1:4 + po.i e.g. for title “peris’ osutiput
rites (1% in 1ink) are -enivi.dat,penidZ.ast,etc.

oasic unpackirs routine by w.shih.

(") DAPA POINT ARRAS .
- CRECXsO™ RUNKIwS CAECKSUM CALCULAT:Y DUaiNt DATA RECarlVe
TITL #32 SEADER BLOCK wRITIZN Or OUTFJY RILL
fnampl title 1:4 (used for output file mane)
rASL] 22211111 MASK USED 10 SELRCT 5 I5b OF kACH »YITE
uys42 31111311113313111331 MASK USED PO 52L$CT
?2 153s OF EACK 32 BIT wOAL CN VAX
F{ SET TC OCTAL 21 FOR CTRl=-g TO INITiAlL
DATA TRANSMISSION
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s t5tal pumoer of specira tc Le sent
b4 NUMBFR OF DaTr POINTS
15(*) FECTOR USED FCR DATA RRAL-IN, 4 WOELS LONG,
ONF BYTF PER LOCATION
150 BINNINS SUY USED IN PACKINS DATA

PIMENSYON A(15736),5T(2),1J(4),TATE(22)
INTESER A, CIEZKSNM, ANS,D2TE,PA,ivp,ifat1ED
PEAL ™A vF, DT

CHARACTER ST

etniracter®s fpamgl

CHARACTLR¥E fnane

CRARACTEP®€2 TITLL

133138L CONTIN,COUNT,TYFE,LDS

irtessreq OPSSCVT L _TI,37SSGLTMSZ
character Sy5TSETIAZ

integerez puf

character®2 shi

CPEN (NyIT=21,NAuE="FORZSY1 ", TYPE=OLL")
OPEN (IIN]T=22 ,NAME= "FOREU2” ,TTPE="Kis ",
IFORVS “UNEORWATTRD ")
CONTIN « ,TRUE.
COONT = ,FALSE,
*IPE = ,FALSE.
103 = .FAISE,
wAXLIY » 322
SOrPPRESS FRROR “ESSASES FiaOM INTESER OVLKELCe
CAOSET BY CHECLSOM CALCULATION
CALY ERR3YT{?2,CCNTIN,COONT,TTPE,1C5,¥AXLIY)
“S1) = 37
vhede = T3977PYY
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8035

2834

dus?
2041

dba2
2343

2344
4345

2045
2247
234%
8¢49
2052
2351
2952

2053
225¢
23EL
2355

2057
2252
4252
Resd
22361

2252
2253
[F1-1%
3365
2255

It = "1
912 wrize (£,021)
291 rarmat{’g$apier nuwoer of spectra ‘)
raad (%,%)nes
180 VRITE (8,1122)
1122 FORMAT( $ENTER PDINTS PIR FILE °)

1403)
A3 FORMAI(” stvr!n TEE DaTE(18a1) )
RIAD(S,624)DAT
40¢  TORMAT{1RA1)
192 JRITE(S,562)
$8¢  FARMAM(“@freqsundy width, THE » OF PASSAS,
1 spec frey, aismarrare
2 freqs (order 3,2)PORMAT(£5.2,15,3118.5)°)
READ(E ,®)FP,PA,37,5dam] ,8dam2
591 IDF*AT(!S.Z,I&,B!EB.!)
WRITE(5,592)
592  FORYAT( @ENTER wp or 209¢ apd if attepr—-
1 fornat(213)°)
READ(S,®)iyp,ifatter
591 TIR~AT(215)

SET FITLE AND ODPEV PILE
195  VRITI(6,91€)
312 FORMAT("QEVTER TITI!(AGU).F!LlNAHE 1s
1 FIPST 4 CIAR ircrementes °}
REAL(S,911)TITLE
a1l TDRHAT(AﬁG)

aa

611 WRITE(6,620)

623 FOR“AT(“2wHEN READY TO REFCEIVE TYPZ GO ON TEE v4X~)
READ(5,525)35T

825 YDHﬂAT(ZAI
IF(SI(1).FQ. g")G5 TO 630
35 1) 511

632  CONTINUE

[ $taTt of 2o loop to transnit ons spectra

40 939 Jmit=l,rns
ice)nit
ISTAT=0TSSCYY L T1(1C,CHI,3VAL(2))
Ines=STSSCIT=ESTEFAL(ISTAT),
1 “SILEN,STSwIZ, LVAL(=2),)
IF(ISTIT.NI.I)lRITi(G.HB)SYSﬂSG(I:HSGLINJ
99 FOR¥AT(1X,A)
fnancletitle(l:4)
fraresfnamel//chl
npen(un:l-BQ.nsse-rnlme type="pev’,
1 carrlsgecontrol="1ist”)
c FILL IN PARAMETER TABLI
YRITE(3,811)fpane
dRITE(D,424)DATE
WYRITE(9,425)I5PEC, IP
SRITE(9,591)1vp, 1fatter
JRITE(3,551 )FP,PA,5f,adan] , adam2
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6?7

GUbﬂ

LFEF]
€237
2252
2223
2w
83wl
2232
2033
834t
2259
{EH]
ay7
3453

405

o0 000000 N

[ 1]
(r-3-1
N

985

vES

ik d

oaoonnonnOna

143
1ede

122

22

FORMAT(219)

ND¥ LOOP OVER TBE NUMILIR OF POINTS, BECRLIVING AND
PACIING I®Ew ONE AT & TIME. EaACH TIvE THE VAX I3

REACY FOR A NEV WORD A CONTROL-Q CQmmAND 1S 1SSULD 10

TIE VIC-89. UPON AiCEIVING
A SOSTRL=-Q ISE NIC ODTPOTS ONE JORD
vrite Tq to start transmission

vait for "y from nicH9 1o Sigmal ready to serld lata

resd (1,993) n,(13(1),4=1,p)
fornatiq,<rial
1gavud
do %5 1w=4,1,
IJ(l)-ian!(iJ(l).ﬂcskl)
lseift=(1-1)*
isnn-ior(lsuﬂ fsnre(15(1,1s0108))
wlsiand{isun, mast2)
write(5,955)r1
format(“srezeived kin’,020)
1f (ILl.eq.”25) then
arite (2) KK
checksum=d
vrite(5,377) -
Pornat{’Sreceived x1, sent "23°)
else

end 1f

PO to 902

FOR FACH FILE, LOOP TEROUGE IP TI~ES TO RECCNSTRUCT
1P #JRDS FRO™ [Peg BYTES. & 2¢ BIT 4ORD I3 RECEIVED
IN TEE FOLLO/ING BYTE SLQUaNCe:

ACe-3,AC3-5,aC18-10,AC15-15 <CR>

RFCCVSTROCTION (PACKING) OCCORS 3Y APPROPRIATE
LEPT-SIIFTING AND IO3ICAL OR-ING CF THe FCUR
BYTES SIORiD IN 1J{*}

IPP=lPey

14
READ (1,10423) N, (I1J(I),I=1,N)
TIR4AT (2,K40A1)
150% = @
D3 122 Lu4,1,-1
1J(1) = IAND(IJ(L) MASKL)
ISEIFT = (L-1)*5
ISU* = IOR(150%,152PT(IJ{L),LSYIIT))
CRECESM™ w CEECESOM « ISUM
A(L) = ISOM
CONTINDE

C WOs AECEIVE AND REEONSTRUCT Thi CHLCKSOM

[
c

CALCOLATED MDY T8E 119

CO“PARE 10 Mk LQEALLT CALCOLATED Owk.

113
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vRITE (2) KX
l!‘D(l.la’z) N, (1J(2).1=1,.N)
15U% =
0 222, I-
1J{(L) = !AND(IJ(L) vASEL)
LSHIFT = (L=1)"%
22¢ I5Qv = IDI(ISUH ISEFT(1JIL),LSH1FT))
CAECLSUY = !lND(:!iC!SU‘.!AS‘Z)
ISU% = TAND(150%,9ASER)
WRITE(6,1013) fnane,CHICKSOM,ISOM
1910 FDF“AT( ATILE =%,a5/ "CALGULAIED C2ECLSOM =°.09/
1 PRECEIVED CHECLSOw =°,Cw)
[ CBECY FOX NESATIVL WUMBERS

IF(ACI]. LT.LLE}GO TO 21
A(I)-A(!)- 3777777
21 CCNTINOE
c “OW D0TPOT WOwBERS
RITE(5,2v82)(A(1),I=1,1P)
2022 FORvAT (2112)

9y contirue
vrite(5,905)

9t fornar(“sarotner set of flles? (y/r,”)
real(5,90€)0s

9e5 format(al)

1r{s0s.29.°7 R0 t2 312
END



PRIZRA™ SECTIONS

Nymp

0 $C0D:e
1 S2PATa
2 $10CAL

ENTRY POINTS
Aliress

V=P03dApNo

VePIASBLES
Aliress

2-20¥14508
2-30014522
2=2c0106A4
2-2%01ecFC
2-2001A712
2-¢201 2694
2-920106Ce
2=Pa01n534
2-¢401:5C2
2-3281o5F¢
e=220103522

Ad3ress Type
I®a

2=-Aau17520
2-2¢0)1 *6A5
2-22014531
2-44817552
¢=r¢Cl1eFYS
2-22912612
2-Pa21272C
2-¢921:°62C
2-82010542
2=42917532
2-22812622

ARRATS
Address
2=M¢vleand
2-2201n53¢

2=442412522
2=9¢01+vEB2

Bytes

Attributes

1713 PIC €IN RIL ICL  SBR

355 BIC ZO% REL LCL

6?5935 PIC ZON REL LCL NOSER NOLKX&

Tyve

Troe

R¥s
1%4
R®a
I*s
1va
%
I%a
L4
1%¢
e
CIAR

Leg
CHaR
1%4
14
ea
1*4
|30
R*e
1%
1%

Type

1»4
1%
1%
CHAR

Nawe

RMITASMAIN

AlAM1
SAFCYSU™
rr

1

1PP
Ivp

L4

L3
.ps€2
A
SI3vs3

Nane

ANS
SINTIY
FYA%il
IPATTEN
ISTAT
JaiT

L

A

vF

i
rree

EXE RD NO
598 NOEXZ RL NO
RD
Adaress Type Aive
2=-92010EDC M4 ADAM2
2-wa212584 CEAR LHI]
2-90c1¢8BE CHAR FNAML
2-¢evls6kse I®e IC
2=o¢alasFe  1%¢  1SPLC
2-.JCJ1e6EC I®a JHES
2=0¢212719 1I%e KKK
2=¥pA12743 I®4 LSHIFT
2-0Uv1063% jes MAXLIM
2=33:1P6CB  I%4  WNS
2-034125C4 CZAR TITLE
Adiress Type Name
2-9¢¢10695 1%2 oCF
2=-v012854C Lws  COONT
2-5¢¥196D¢  Re*¢  §P
2=np21253C I%4 IP
2=aC4147d > I®¢  ISU™
2-0e¢lo714 I%e [
2-asria7ve  1%¢ L
2-2221453C 1*4 MiSK]
2=4pc186F0s 1%*¢ I'SGLEN
2-¢#94135Ds B*¢ ST
#ytes Diwensions
65944 {15735
4¢  (18)
16 {4}
2 (2)

¥RT 1DNG
dRT LN
#27 LONG
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Appendix 4. ONP calculation programs

This appendix contains a 1isting of the computer program used to
calculate the theoretical curves of figure 3.5. The flow
chart of figure A4.1 describes both the control program, NEWONP, and
the program which does the actual intensity vs field strength
calculation, ONPOL. PLONP dis a routine which plots the output of
ONPOL. It s based on a subroutine by D.Goodin and is not
reproduced here. Subroutines VCVTCH,EIGCH,LINV1F,and VMULFF are all
IMSL subroutines which (respectively), converts a Hermitian matrix to
a full complex storage mode matrix, diagonalizes a Hermitian matrix,
inverts a matrix, multiplies two matrices,

Definition of input values:

D,E as defined by equation 3.8 are elements of the electron
dipolar interaction tensor.

géma=v as given in equation 3.8 is the gyromagnetic ratio of the
proton spin.

A is the hyperfine interaction tensor.

Py M=X,¥,Z is the relative population rate into the mth triplet
state {(normalized to one triplet state).

km m=x,y,Zz is the relative decay rate from the mth triplte state
(normalized to one triplet),

"m,n m,n = X,y,2is the spin lattice relaxation rate between the

mth and nth triplet states.

Typical values:
D = 395 MHz, E = 15.3 MHz



gara = 4,257E-07

Ay = =29 MHz,Ayy = -9,2 MHz,i\\Zz = -19.0 MHz
kx = ky = kz = .333

Py = .9, py = .05, p, = .05
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REWONP

input: d,e,gama
24Dokow

- fixed‘fie?d
or
fixad orientation—_l

arientatic.
fimin, delta, Hmax

A\

inpus: field fnput:
orientation plans
1 3
Y.
r—-—-——~cal] oNPOL
call PiONpo—

ONPOL

create Hamiltonian U
diagonalize U

auantize along magnetic field
calculate p,k,w,N

calculate polarization

ns

PLONP
piot polarization




e2ol

8242
[Z.0%]

Ba42

I3

(P

LYy

PLORTAT newdnp

veel xo(1€23),¥p(1232 . %2. Xy k2

cownon/cnst/i,e,mama,
/TOTES/RTL XY K2, PX,PY . P2,
/hyper/ax,ay,.az,
/relsx/vxy ,wxg,vy:

19

apen(upr{t=3,stetus="nev’ name="ejvec )

call erstri{4214,2)

soen{united,status="0ld " nane="fzputl”’,rezloriy)

re1i(s,%)4,2,gam8
resi(S,*)kx,Kky,K2,PT,PY.p2
vead(9,%)ax,n7,02
real{S,®)vwry,vrz7,0y71
close(unit=3,status="keep”)

costirue
write(F,1¢3)

gornat({” dez2y and poovlction rates=’;

waITE 16,%) KX.KY,K2Z,PX.PY,P2
veite(s,202)  °

fornat(/“hyperfine corstetns erd relarctior rc-ies”)

VRITE (6,%) AX, AT AZ,WXY . ¥WIZ. W12

write(5,222)
forwat{’ change 2,p=1,k=2 323 ,u=t”)
reai(5,%}icn
§¢ (1ch.EJ.1) then
read (£,% px,p7.pt
¢lse 1f (icn.E2.2) then
reall5,% gv ,xy. k2
else 1f (1ch.E2.3) ther
resy(5,%)ax.ey,82
elss 42 fich.EJ.4) ther
resi(5,%)vry,viz,vy:

cortinae

contipue

write(65,501)

fornat(” fixed fleli=] or fized orieptatior=27°;

reai(5,8)4%

1f (1fa .E3. 2} then
write{5,323:
forwat(® erter theta, phi:
7 W3, W0 ther yul7,,
‘2,2 thep =1°/,
‘ zy plare 1s w@,argle’,,
“ yt olane is apgle,52°/,
‘ rr plape 1s 20fle,0°)

read(5,%)theta, phy

wd,2 ther r=1°/,
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22¢1

J245
22¢7

34t
CEI3}
g2t2
B2:3
2033
2ees
22335
o¢s?
2282
22¢3
vézyd
2291
222
[1£3-]
2254
8255

444
kaad

else if

yrits’5,100)
ron {° INTFR NDMBER OF FIEID POSITIONS *)
L3 | INFLD

write(=,19)
FCR*AT{" ENTIR ®MIN,DLITA")
reallE ®)HVIN , TELTA

DO 11K =1,KFLD
b o= nein + delte®iic
vrige(#,%)n
cell ompaliiheta,.pii.B,pol}
rp(iix) = pol
zp{iir) = b
ers 10
aTite(5,444)
formay(” pew plot?”)
rest(5,7771an2
format(al)
12 (3r2.£2.°y") then
iopt = 1
else
iopt = ¢
end 1f
c¢ll ploap(rp,yp.nfii,lopt}
(175.E2.1) ther
Write(5,742)
forvat(” enter fie187)
resi{5,*'n
write{5,741;

120

format(° =-ier 1¢ vy plan=xj,y: plane=zg,v> plere-37)

reai{5,*)iplin
o=y
12 {1p1n.EQ.2) ther
pré = ~ug
do fik=-Z4
inmins+l
thata = ik
vell ompol(tneta,phi,h,pol?
ypiln)=pel
p(in)=caete
erd do
phi = 2o,
o {ik=5 9,5
iamin-l
theta = iik
¢all orpol{taeta,pai, n,pol;
ypli%)=pol
xplin)=taeta
erd do
vrite(6,.444)
read(5,?77)ac2
17 (ap2.:0.°y’) tner
iopt = 1

.5

else
iopt = &
ena 1?



2295
A2:z7
24
3293
2192
a1l
elo2
3le3
¢1ce
2145
(S5
2127
2162
2162
¢l14
8151

0113
2114

41c2
2123

(253
812¢
17
€1z
2125
21372
[2%:33
132
2133
413¢
€145
4135
€137
213z
2133
4142
2141
plez

€143
2144

214&
2155
147
2% 3
814z
4152
2151
r1Le

9153
(%11
©155

555

call Plorp(xp,yp.37,19p1)
else if{ipln.E0.1) tuen

theta = g,

10 {ik==5¥,92,5

in=in=l

phi = 11K

call onpol(theta,pal,n,pol)

Yo iim)=pal

rpiin)mphl

end do

vrite(6,e44)

recd (5,777)an2

if (ap2.:9.°y") tner

iopt = 1
else
fopy = ¢

epd 1f

csll plocp{xp.yp,.37.10pt}
else 1¢ (iplr.£3.3) ther

phl = 2.p

o 1i1ke-y2,2,%

theta = 11x

1n=inel

c3ll ompol(tketa,pat,r,pol)

yplin)=pol

Zpiim)= theta

end a0

vhi=182,

45 1ir=d,we,5

theta = iy

1n=ime+]

cvall onpolf{tueta,pri,n,pol)

yplim)=pel

xplin)s theta

end Qo

write(5,«¢¢!

re2d (£,7771ar2

1f (an2.:0.°y 1 trec

iopt = 1
else
iopt = ¢
esd i?
call plerp(zp,yp,37,10p1)
end 1f
else
£0 ta BYS
epd 1? -

vritels, B£X)

fornat{® cortirue ot news oriertatior field=1",,
° continue with rew coBstacts=2’)

resf(5,¥){2p

1f (1an.EC.1} then

g0 ty £33

else 1f (1ar.EQ.2) ther
%2 tn 9E

elsp
continue

*nd 1If

¢all erstop
close(upiia3,status="keep”)
erd
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FARIASLES
Address

2-9207¢ 342
3-d200veDd
2-05400.349
2-22124324
2-B¥¥I0350
2-0dLud33d
$~P4B21BV12A
6-p02¥0294e

adaress

S=p00BYPH;
3-ovubordd
2-iew 358
2= 3¢
[V ITr U
2-3eree3eq
2-uBY0udee

ARAAYS
Address

2=32¥00P0¥
2-4201132

rype

Reg
R4
=4
I
4
]
ey
Res

Type

Type

R=s
R*4

Nare
N2
1ro
IPIN
NFLD
(214

Hane

xP
144

Adiress

5-veanavae
2-080PV23E
2-0000e334
PLUTETYERT
4-BUIVOLL
2-63320320
4-R0ANPY14
6=RLALVOVIYS

Address

5-0ppV0naat
3-LLodidpe
2=00004 329
2~y del
4=0V0PELYR
a0t sl
§=BUNarg Y

kytes

(177
409

Type

Re4
R*s
i*a
1*s
R*¢
H®a
Re¢
R*s
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Iimensiors

(102)
(140 .



8241

ann

(3

non

TeI5

[C T

PRISRA™ FOR RONNING ON VAXIFIJLD DIPENDENCE ONP
subroutine INPOL{tneta,pni,h,pol}

connon/crst/ie.ga™
/rates/Ex,ky,X2,DX,pY P2
/-yp-rlnl.ly.lz
/relan/uxy ¥xz, vyE

character arl,

1inension 4%1 (1633).IIJIN (5,5)

COMPLEY 2(s,5),E7sC{G), HR(ZBEB

tinensior TOT!(S 2), 5WH!(5;.DIFK(5) CALK(6),22(%,6,
2imersion SO¥Z{5), SKOR%(5),3(5
dimersior AA(5,5),4AR(6,5)
COMPLEX 00(S, 5) SQ'.ZEN"Z

RTAL £X,.XY,32

REAL K(S)

cO~PLET UO(S,%)

41mensior S(5)

4imersion #(5,8),¥1J(6,8),C4LW(E,5)
dinersion TITP(6),P(6),CALP(S}

BECA = 1.4

GXX = 22,0003
31T = 2.0083
GZZ = 2.¢003

cony = 2.0%3.1415/359.
rtheta = theta ¥ ponv
rokl = phi ¥conv

t = sie{rtbatal®cas(rons
q = sir{rthetal®sir(rpni}
r = pos{riasta}

767 = 527 ® BETA ¥ H2

SX ® 3XX ® BETA * EX
737 = 3TT = 3ETA ® HY
MDD = .5 W gawL s

BZ
Z[NUZ = .5 ® 3ava * (BX-(3.2,1.8)°8Y)

TR = =54.8 * 3.1¢16/1€.¢
TRCI5 = COS(TR}
TASIN = SIN(TR)

AXIX = AX

ML = ATS{(IRCOS1*®2)e AZ®((TRSIN}®e2)

A22 = AY ® ((TRSIN}®*2) + AZ ® {(TACCS)»ez)
AZY = (A2-AT)*TRCOS™TRSIN

ENTER MATRIX B2vMILTONIAN
0(1,1) = -E - 2ENO1
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2242
2043
[.r7%3
2243
#2945
g7
GQ&’

-4‘3
33:1

€253
3263
4351
€452
[ 145
d25%
[24-H]
92€5
8357
2365
23575
2872
44721

<3

21
11

o

40€
42

n(1,2) = =(2.0,1.8)%(2.5%A72 ‘sz)
0(1,3) = (3.3,1.2)=%(25Y + .5"all
0{1,8) = -z:nuz

U(1,5) = «@.5%a27

U(1,5) = .5 & aYY

0(z,2) = D+E = ZEND1

0(2,3) = ~(2.2,1.8)¢26X

U(2.¢) = 2.5%22Y

u(2,5) = - ZEN02

r(2,5) = ~(#.3,1.2)%(2.5%411)
0(3,3) = =ZENT1

0(3.4) » = (,5 = A7)

0(3,5) = (2.2,1.2)%(a.5"a1I)

0(3,5) =-ZEND2

0({a,4) = P~E ¢ 2ENT1

0{4,5) = (2.2,1.2)%(0.%7222 ~IG2Z)
U{a,5) = (2.2,1.2)%(237 = 0.5%4Y)

1{E,8) = D+F + ZENMI
MS.5) = =(e.2,1.2) =61
U(5,5) = ZEINU1

CALl ¥uVTCB(D,5,5,7)
catl EF13ce (0,5.1.E05C,2,12,4R,1ER)
s l- 1,56
e 5 J=1,6
22(1,3) o CABS(Z(I,] )o=2
CONTINGE
CONTINCE

DO 422 I=1,5

S0vz(1)=e,

DO €21 J=1,
SU”Z(!!;SU‘?(I"7Z|I J)
CONDINNE

DD €22 I=)

svoﬁ*("-:an'(snwz(Z))
CONTINGE

DO 423 Je1,5

D) 42¢ J=1,5
2031,J)Y=2(1,3)/3N0R%{1)
CONTINDE

10 Jel

vrit-(D.')(z(i 11,4=1,6;

erd 1o

D) 425 I=1,5

T2 425 J=1,5
2Z(1,J)=CABS(Z(1,J))"s2
CONTIVOE

P(1) = PY
P(2) « PY
P(3) = PZ
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3233¢
P23
elys
3181
¢ls2
2143
2121

2125
a7
el
31e9
2112
€111
3112
2113
¢114
2115
4115
2117
2113
2115
vlz2
¢l21
2122

#1223
¢lee
2125
21235
vle?
elz2
2123
J134

<131
plse
213:
<13¢
2135
2133
0137

#1212
135
2142
2142
812

2143
dlat
2145
21435
¥le?
e

2¢
12

3

3
%2

SR TN
- Ve

oNugYw

o s

oy

<o

—"

L]
-

P(1)
TOTP(J)

e~

ContIvn:

CONTINUE

IO 32 J= 1,6

TOTP(J) = 5. T012(J)
CONTIVOE

K(1) = L%

A P o
o~
Ue
- —

LI Y
lelalatal
rarM e

1z
SR = 3ORT(1.2 + R)
2C 852 J= 1,8

1972(J,1}=0,

I0 62 1 = 1,3

N o= J+3

CALI(1) = X{I) ® (Ja8S5(Z(1.,J)®
1(50R/32RT(2.2))¢2(N, T, =

1{({1-(2.0,1.2)*3)/(SIR®50R7(2.0)}})"%2)

TOTX(J.1) = CALI(I) = TOTR(J,1!}
CONTINDE

CONTINAE

DD 72 Je1,35

ToTE(),2) = ¥,

20 22 I=1,3

h o= J+3

CALE(I) = X(I) = ‘CARS{~-2(I,J}=
1(74(2.2,1.0)*3)/({SCRT{2.¢)¥S0R)
1= 2{N, JV®53R/33RT(2.M1)w=2]
TOTEJ,2) = TOTE(J .2 + CALL(I)
CONTINDE

CINTINDE,

0 32 1=1,5

SOMC(I) = TOTS(I,1) « TOTX(I,R)
DIFI{l) = POTI(T.1: = TOTL!I,2)
CONTINCE

40 1+1,5

do i=1,6
vii,3) =~ 0.2
=pd 1o

erd 10

4(1,2) = #xY
v(1,3) L1y
v(2,3) €12
i(s,8) s
v(4,5) a7z
¥(5,5) vy?
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14¢

162
151

151
153

92
91

302

1+ {CONJG(Z2(N,I

wxy
'2¢]
wyz
wey
wxy
vyt

0 122 11,5

MMu]el

D) 132 Jevv,5

vI1J{I,J) = @,

I3 122 kI =1,3

NmITed

0 122 L= 1,3

v=Le3

A3{1,3) = w13{I,
(cn!s((cnnx.gg

Pt

CONTINDE
CONTINCE
L0 152 I1=1,6

2 A1J(I,11=0,

T0 142 I=1,5

Nwl+]

DI 142 JeN

v1JtJ, x) - dIJII.J)
D0 151 1=1,6

D0 152 J=1.5

ABA(T,J) = =13(1,0)
CONTINDE

CINTINIE

IO 1f3 I=1,6

G(1) =2.

TO0 151 L=1,5

(1) = u(!)*l!:(! L)
CONTINCE

ARA{I. 1) = SOWE(I) +
20 #1 I=1,6

IC 92 J=1.8

AR (T, J)-AAA(I J)
CONTIN

caurrvu:

CALL LINVIF {aA8,5.5,¥1JIN,4,¥X1,1ER1)
CALL V4OLFF(4IJIN,TOTP,.5,5,1,6,5,5,5,18P2)

POL = 2.
Do 324 J=1,5

(1)

POL = POL +LIFL(J)®S(J)

CONTINDE

retern
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TAHIABLES
Adiress

2-pPPRS6DA
S5-0n2090V34
2-P2BB5T4E
3-2¢P000d4
¢=22095SFC
2-p2285723
2-Levesr7e
4=30020002
2-8Y0¥5770
AP-vd0Rv0IRS
2-02005712
2-0cVs56ER
2-230P25732
6-020vePR
2-1022572¢0

Address

[ ST
5= 40unnops
2-06¥ie D700
2=~evbe 56F4
2-0dvYs718
2=-20008575C
2-¢euot?54
4-1L0IvRIE
2-48v05?750
4-0eeBudle
2-0¢1BE5708
AP-0# 202 0041e
S=1boBVLEY
2-0Pro5ELE

ARBAYS
Address T

2-PE8d5330
2-24005420
2-6rp052A2
2-230¥56C3
2-8248 5502
¢~22d95288
2~@£¥02122
2-20P05370
2=Deui54 B0
2-290L5€A°
Pl LU LT Yot
2-24pe 5360
220025272
P 12413}
2-0cVL5242
2-24005552
2=300/4¢0F0
2-Pauve3FDe
2=2804s54¥0
2-020PE5TR2
2=3g20451 88
2-20¢24210
2-dpeeo15e
2-2008L0dd
¢-2408252B8

Iyoe

CEAR
Reg
A"
Re4
LIg)
T4
I1%¢
R*¢
1%s
R*4
R®4¢
g
R*4
Rea
ey

Type

a%q
k*4
R=4
R¥s
R®4
Ivs
I+¢
Re*s
I*4
Res
R*¢
ave
E®gq
Cvs

ype

R4
Res
R*4
R
P4
Re4
cee
o
Rva
pea
Res
Re4
Peg
e4
Rva
Re4
tve
ceE
Re4
[
Rea
R4
c':

ceo

R*¢
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Adaress Type Name
2-20U0r56DY  CHAR ANZ
2=00305744 R4 AT
2-¢00¢S6FY  R*4  BITA
3-d0300ddS R*4  GAMA

AP~P220200C0 R%4 E
2-9P00575¢ I®¢ I
2=90v05755 I%4 12
4-poo0300¢ R*¢ LY
2-ppPU5764 14 MM
4-0Ro20¢0C R4 PX
2-0vpPe571¢ R*4 R
2-vvvc57uC B*¢ T
2-¢22u573C R®¢ TRSIN
2-02005730 R®¢  ZiN01
2-0Bvd5724 R%4 202

agdress Type Name
Z~eOLBETAS  R®4 AYY
2-noonS74C  F¥4  AZY
3-vovveuvLd F*4 I
2~¢vu’E6FE  R¥q CYY
2-8pBe571C R*s pY
2-00¢25774  1®4  JrHl
2~ o763 IMg EK
2~vo0pS75C I%4 I

AP-vpvovipvel P*4 Pinl
4-0oUrrUle k%4 PZ
2-p0ep570e  R®4 RThLT
2-c0o85?34 R¥& TH
£-0@0pugde B¥4  9I7
2-¢#e8572s P*s4 261

Bytes Dimessiors
14¢ (6, 6)
144 (&, 5)
24 (8)
22 (6)
144 {5, 5)
24 (5)
48 (6)
2¢ (5}
24 18)
24 (5)
28 S
24 (6)
2¢ (5
4 (o)
48 (6, 2)
e+ (3)
€2 (5, 6)
2ce (6, €}
144 (5, 5)
14¢ (6, &)
144 (6, 6)
4008 (1209)
16808 (codo)
298 (6, 6)
144 (5, 5)



01.

02.
03.

04,

05.

06.

07.

08.

09.

10.
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