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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 signéls fromfnuclei
other than protons are extreme1y weak for a variety.of reasons,
inclﬁding:

i) low natural aBundance

ii) small gyromagnetic ratio

- 1i1) long spin-lattice relaxation timés

iv) in the solid state, the présencé of large dipole-dipole
interactions.and»the éxistencé of a quadrapole 1nteraction which may
dominate the NMR. spectrum and mask chemical shift 1nforma£ion.

Various schemes can be used to increase the sénsitivjty-of these
other nuclei: | |

'i) use of large magnetic fields

i) improvementvof rf hardware and sighal averaging

jii) for the .case of dilute spins in solids, use of double
resohance techniques,  in particu]ar,'tthe: proton, enchanced nuc]éar
induction -spectroscopy (PENIS)' experiment, in - combination with
decoupling techniques. | | |

:A-combination of the _abdve ‘three schemes 1is becoming more

prevalent in the study of dilute spins in solids. ~In the PENIS

~experiment an  improvement . in signal to noise is accomp]ished by



transferring the abundant proton polarization to the dilute spins. The
intensity of the dilute spin signal is then  limited by the
polarization of the abundant proton spins.

The objective of this work has been to create large polarizations
of the dilute 13C nuclei in the solid state. The idea was to create
1H polarizations larger than Boltzmann 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 attractive
method to create large non-Boltzmann proton polarizations simply and
rapidly. Normal Boltzmann polarizations are on the order 6f .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-samp]e sitting in a magnetic field
of approximately 3 MGauss..' M;gnetic fields strengths readily
avaliable in thg 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‘ lattice
relaxation 'time. | The ONP polarization time is determined- by - the
illumination time, which is on the order of 1 minute, rather than Tl’
which is on the order of 30 minutes.

ONP of acridine-doped fluorene single crySta]s has been studied
here. In addition, ONP - of powdered samples of the acridine-doped
fluorene has been studied. In general, many compounds do not
crystallfze. easi1y or do not form large crystals suitable for NMR

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 y

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 powdéred samples of the acridine-doped
fluorene were also undertaken.

Using ONP in éombination with the PENIS experiment, large

' bo]arizations have been created in fluorene single crystais. These

large 13C polarizations 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 1is a description of the

experimental.set-ub. Part 5 describes the data analysis forvthei

determination of the chemical shie]ding tensors. Part 6 presents the

-results of the ONP experiments performed'in this work and the chemical

shielding tensors determined.

13¢ |

)
)



2. Proton Enhanced Nuclear Induction Spectroscopy

In the proton-enhanced nuclear induction spectroscopy (PENIS)

experiment, spin order of an abundant spin species, such as protons,

is transferred to a dilute spin system such as 13C, resulting in 13C

‘magnetization greater than Boltzmann. The PENIS experiment has been. -

described - by many authors; for*exahp]e, see Pines, - Gibby, Waugh [3]

and Mehring [4]. A gehera] descfiption 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,
I, isolated from the 1lattice and subjected to spin-spin interactions,
proceeds toward a state vof internal equilibrium such that the
“population of the vspin energy levels fsvgiven by an  exponential
distribution N(Ei)gexp(-BE%). g = 1/kTs 1is the inverse spin
temperature Ts of the system. If the popu]afion distribution is the
Boltzmann distribution, Ts is the lattice temperature.
The density matrix , 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, Ei is less than kT for all energy

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

o = I"l[1-gH] 2.2

\'"



where

Z=Tr(l) = (21+1)N is the partition function

. N is the number of I spins in the sample.

If a large external magnetic field, Ho, is applied to the spin

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

where v is the - gyromagnetic ratio of the I spin and h is Planck's

constant.

The magnetization and energy of the system are

M.i = l/Z hYTr‘(DIi) = B C Ho 2-4
E =- Tr(eH) = -8B C Ho 2 2.5

where |
C is the Curfe constant equal to 1/3}N I(I+1)72h2
N is,.as stated previously, the number of I spins in the -sémp]e.*
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. Both spins are immersed in a

large EXternal magnetic fie]d,- Ho. Let 'the Larmor resonance

frequency of the I spins in the field be w éhYIHo,>and the Larmor -

ol
resonance frequency of ‘the S spins, wos=hYSHo. ‘Two strong rf fields
of amb]itUde HlI" and'Hls_afe applied at the resonance frequencies
“o1 and ©5s of the I and S spin éystemsf :The rf fie]ds}are applied
in the xy p]ane}perpendicu]af to the constant field Ho. The full

Hamiltonian is



H=H, +Hgii  *Hgis * ey 2.6

where
H, is the nuclear Zeeman interaction of both the I and S spins
Hyji 18 the dipolar intefactions between I spins
Hd15<is the dipolar interactions between the I and S spins
Hffsis the interaction of the spih'system with the rf fields.

(scalar- couplings-have been ignored since Hgcatar<MyiioHdis)

For Ho//z
HZ = "hmoIIZ - h“’oSSZ
-y 2 ' 24,23
- 2.,.3 ,
Hd.is- TIYSz.i ’j(IieSj(1-3 coS G/P iJ) - BIiZSjZ)
,Hrf =,H11(Ixcosw01t + Iysinwoit) + Hls(sxcoswost + Sysinwost)

where

1J
joining the two spins i and j, and

6.. is the angle between the magnetic field vector and the vector

rij is the distance between the twovpairwise coupled spins.

» In the doubly rotating -frame, the effects of the large magnetic
'!'.field, Ho, can .be eliminated. The operator R which'trahsfo}ms the
system from the stationary laboratory frame to this doubly rotating

frame is. given by
R = exp[-iwllzt -'imSSzt] ' 2.7

where mI and we are the fredquencies of the rotating frames. If wiTUo1

and wS=@oS in .this new frame the Hamiltonian becomes

Hp = -YphHppIx - YghHgSx + Higiy + Higys

it

A Y
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= Hpp + His + Hlgi + Hlgis 2.8

This is the Hami]tonian~of>the PENIS experiment which will be used

later in this section.

2.2 Description of PENIS experiment

The PENIS experiment proceeds through 5 major steps:

i) the I spins are polarized. - -

ii) the I spins ére cooled

iii)‘the I and S spins are ibrought into  contact and order
transferred from the I spins to the S spins |

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

., v) parts (iii) aﬁd' (iv) are repeated until the 1 ~ spin

magnetization is ~depleted. | | |

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

dilute S sbins are the 13C in fluorene.

i) polarize I spins
In most cross polarization experiments, the 1 spins are polarized-
by placing the samb]e in a large external magnetic field Ho and

waiting a time > T1» the spih lattice relaxation time. In  the

 experiment described in this thesis, the I spins are polarized

optically.

-~ When the I spins are polarized the density matrix of the system

“is

p = 1-8 ‘I‘Hz | - _ ' 2.9

Only Hz enters the above gquation because Hz_>> Hdii and‘HrfﬁO.” The



S spins are assumed to be wunpolarized 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 poph]ation difference of the abundant spin system
equals B]at’ the inverse lattice temperature, of the I spin system.

The normal Boltzmann magnetization MoI and energy E are
E = -8,., Cy Ho® - | 2.11
Tat ™I o :

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

with the = lattice and Bon the inverse'spin temperature of the

p’
system, does not equal Blat' An effective magnetic field H' can be
defined as that magnetic field which would give rise to the actual I
spin polarization at the 1lattice temperature, The actual

magnetization in this case is given by

MI=

Bonp CI Ho = B]atcl H‘ = MOI H./HO T 2.]2

In the ONP experiment, B >> Byat and therefore Ho << H'.

onp

ii) cool I spins

The I spins can be cooled in a variety of ways. The I spins in
these experiments are cooled by spin locking the magnetization
(equation [2.12]) along Hy; in the rotating frame. (The remaining
diécussion 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 1long - pulse phase shifted by 90

degrees from the first pulse. The spin locking preserves the original

“



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

The Hamiltonian of the system is given by equation [2.8], with
i1 > Hgiis Hyise

Let the inverse spin temperature of the system at this point be
Bi' Neglecting Hdif’Hdis’ the density matrix, magnetization and
energy in the rotating frame become

. |
Bi/Bonp = Ho/Hy; and B./B;., = H'/H; - 2.15
E = -8, C, H 2 2.16
i I "1l ' ' : *

iii) bring 1 and S spins into contact

The S sp1ns are brought into contact w1th the I spins by app1y1ng_
a second rf’fie]d at the S spins resonant frequency. Two cases arise
for the amplitude of this rf fie]d: 

1) matched Hartman-Hahn condition [6]:

Ys His = 71 Hpg 2:17()

i.e., the amp]itdde Hyg of the S spin rf field is chosen such that in
~ the roﬁating frame, the energy difference‘Of the S spin system'is
equal to the energy d{fference of the I spin system

or |

2) unmatched Hartman-Hahn condition [3]:

a vy Hyp » a1 . 2.17(b)

Vg His = I
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Only if the time constant of the energy transfer TIS < Tlp’ the
rotating frame relaxation time, can the energy exchange be
cdnsiderab]e, TIS is a function of the coupling between the I and S
spins and the mismatch paramter, a; TiS increases with increasing
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 I spins, CIHIIZ’ large.
Energy flows Eapidly from the S spin system to the I spin system
qntil.a éommon spin temperature is established. A cooling of the §

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

;apacity of . the S spins is large (since H1S is Iahge) and a Tlarge
-cooling of the S spins occurs, with a concqnitant large heating of the
I spins. However, TIS can becomé very long. If TIS exceeds Tlp’
effectivewenefgy transfer is not possible.
The Hamiltonian, H., is given by equation [2.8]. Let the final
~inverse spih temperature be Bf. -The density matrix and energy after

the spin temperatures have equalized are given by

-
|

2 2
-Be[Cp Hy ™+ Cg Hyig ] 2.19

Eg
Assuming conservation of energy, E; = E¢, and vgH o = a Y{H);

2 _ 2. 2 2.20
B: Cp Hyp Be [Cy Hyp” + Cg Hyg™ ]
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or = -

(1 + 32(712/752) (Cs/cl))-l

Bel8;

(1 + al[NsS(S+1)]/INiT(1+1)])2 2.21

‘Let € = [NsS(S+1)J/[NiI(I+1)]

Therefore, after one contact,

s = B¢ Cs Hys

Bf CS a (YI/YS) HII .

By Cg (71/%) [a/(1+32€)]'H11i

= B1a¢ Cs (11/7g) [a/(1+a%)] W'

(vy/7s) [a/(1+a%€)] (H'/Ho) Mg a2

M

: Mos is the normal Boltzmann magnetization of the S spins. The gaih,in

magnetization after one contact is thus
(v1,vs)la/(1+ae)I(H' /o). 2.23(a)

For 13C, S = 1/2 and for 1H, I=1/2, vthe gain after a single matched

Hartman-Hahn contact (e<<1, a=1, [a/(1+a2e)] = 1) is
(v;,7g) (H'/Ho) = 4 (H'/Ho). ‘ | - 2.23(b)

Under unmatched Hartman-Hahn conditions, the magnetization, Mg, is

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

1/2 (vpv5) ()72 W yho = 17201 vg) (N/NG)HZ (ht 7o) 2.24(2)

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’HIS field is turned off suddeh]y and the proton enhanced:
free induction decay of the-S spiﬁs js detected and recorded in the;'
presence of the“Hllrproton field.. The H11 field now acts as a

decoupling field effectively removing the 13C-l

H dipolar interaction
by modulating the flip-flop rate of the I spins. For a more detailed
account of decoupling, see descriptions by Mehring [4] and Abragham

£sl.

v) recontact
_ If the proton reservoir is not depleted, a second (or a third,
etc.) contact'can be made and the 13C signal(s) added. . This is
possible when TI.S((Tlp with the matched Hartman-Hahn condition, bﬁt
general]y not possible with the unmatched Hartman-Hahn condition.
With multiple contacts and the Hartman- Hahn cond1t1on satisfied,

the S magnetization after the kth contact is given by
Mk %(Y vo) (H'/Ho) [1/(1+€)1% M 2.25
S I/°s © oS , : .
Thefefore, the final magnetization is given by,

Ms=(T1/Tg) (H /Ho) Mo By [1/(142)]"
=(v¥5) (H'/Ho) My By n(1-6)K 2.26

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

ne=1,

o
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Ze=1,n(l-€)" = 1/2¢ 2.28

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

with ne=1) is
1/2 (v rg) ()21 /e)H o = 172 (vp v ) (Np/NG)/2(H! /o) 2,29

That is, the gain at the end of a multiple contact, matched Hartmaan
Hahn PENIS experiment is approximately edua] to ’fhe gain of a one
shot, unmatéhed Hartman-Hahn PENIS experiment.

Ideally, large 13C po]arizations (Qn the ordér 30 H'/Ho) can be
'obtained.using either mu]tip]é contact matched‘Hartman-Hahn.conditions
-or one-shot, unmatched Hartman-Hahn conditions. The acridine-doped
fluorene system is ideally suited for either casé: Tlp is very long

[47], on the order of a second. Approximately 1/2_‘of the total I-
proton’ sﬁin 'polariiation can, - in theory, be -transferred‘ to the S-
carbon spins. For practica] reasons-(e.g.,fo avoid' probe burn-out),

a one-Contact, matched Hartman-Hahh-expefiment was perfomed here. The
gain in this case is (oh]y)_ 4  H' /Ho; fhe ;domiﬁant térm for - gain,
H'/Ho.' Large S—carbonvbblardzatibh can- still be obtained by making
H'/Ho))l. This was accohp]fshed by first optica11y~po1arizing the
pfotons (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
- polarization created by illuminating the sample with 1ight. ONP can be
created via different mechanisms 1in different systems. The mechanism
parficular to the acridine-doped fluorene-system is described here.
Descriptions. of this mechanism can be also be fouhd in papefs by
Stehlik, Hausser, et al [1,9,10] and by V. Macho in his thesis [11].

The essentié] ingredients for ONP are: |

i) an optically induced non-Boltimann population of the excited
electronic triplet state of the syﬁtém |

ii) a static electron-nuclear hyperfine  interaction, which
creates eigenstates which are mixtures of fhe e]ecfronic and nuclear
basis states oflthe.system

iii) a selective electronic decay scheme which produces different
decay rates'»frdm the varipus exéited triplet substates to the ground'
singlet substates of the'system.  |

ONP. occurs when the return rates‘ from the excited_ triplet
vsubstates to fhe proton Zeeman ground <& and B sfates differ
(a=eigenstaté para11e1 tovmagnetic, field; Béeigenstate anti-para]le]
to magnetic field). .
| The ONP veffecf cén be understood by considering a single proton
nuclear spin, 1=1/2, 2 electron, S=1, system. In a solid all the
proton nuclear spins are tfghtly coupled and rapidly come to the same
spin temperature. The only measurab]é quantity is the polarization of

the total nuclear spin reservoir whichvcan-be described by considering
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simply 1 proton. The simple 1 proton, 2 electron system considered
here consiéts of the ground and excited electronic singlet (So and
S1 respectiVe]y) and triplet (Tx,Ty,Tz) states, each broken into.
doublets with the inclusion of the nuclear spin substates (a,B).
Figure 3.1 depicts the relevant transitions for ' this system in a
Jablonski energy level diagram. '

A  more detailed deécription“of the ONP effect foilows. Part 1
describes the various rate equations which govern the growth of
optical nuclear polarization; part 2 determines the population and
decay Eates of the various sublevels of the system which enter into
the ONP Eate equafions; part 3 briefly disusses the selective
population and decay rates of the excited triplet state; part 4

discusses the mixing coefficients which are used to determine the

‘population and decay rates of part 2; part 5 briefly discusses the

level anti-crossing phenomenon which_is responsible to the 1arge non-
Boltzmann proton polarizations in acridine-doped fluorene single

crystals.

3.1 Rate equations

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

'polarization is defined as

P = (ngngllngng) | 3.1

where n, 1is ‘the population of the Ath nuclear sublevel of the

- electronic ground state (A = a or B) The pdpu]ation n, is governed by

the rate equation,
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Figure 3.1 Jablonski energy level diagram with relevant transitions.
Energy level splittings not drawn to scale.
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+kSl + XijxN. : - 3.2

where (see figure 3.1)
P, 1is the optical pump rate out of nuclear sublevel A of the
ground state

kaI is the decay rate out of the S1 a excited state to the

sublevel A of the ground state
ka is the decay rate out of the jth excited triplet state to
sublevel ‘A of the ground state

Nj is the population of the jth excited triplet state

Here and in later diSCUszohs, Greek lettérs Eefer to the nuclear spin
states and the label j to an excited triplet eigenstate sublevel.
Since the transitions into and out of the ground singlet and the
exited sing]et-statés»are electronic - dipole transitions, the nuclear
quantum number A -is conserved and the pump -rates P, and decay rates
ijvare independent of nuclear sublevel A-- |

P, = PQ I 3.3

SL 8 ; . -

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

growth rate is governed,by'the rate equation

dp/dt = d(ng-ng)/dt = Zj(kJa - kJB)Nj : 3.5

From eqn [3.5] it can be- seen that if kJa-is not equal to kJB for
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each of the jth triplet levels, a nuclear polarization can develop.
The relative populations Nj of the triplet sublevels are governed

by the rate equations,
dN, /dt=2,P* .03k 4kd N -Zws [ (Ns-Ni)-(Nsg-Nin)]  3.6(a)
j AT 30 ATV et BT TGRS i0™"jo °

‘where

) U . . .
P j is the populating rate from the Si'lth excited state

nSIX is-the population of the S; Ath excited state

"ij' the spin lattice relaxation.rate, is the tranéition rate
fran'tfip]et level i to triplet level j

Njo is the Boltzmann population of the triplet level.

For a single created triplet state,
zxp*jn51x = pin’l 0l = by - 3.6(b)
and equation 3.6a becomes

dN;/dt = Pj-(k3§+kJB)Njf2wij[(Ni-Nj)-(Nio-Njo)] 3.6(c)

Assuming the optical system is in a steadyfstate, de/dt = 0, and
a large increase in the populations of all the triplet states (Nj >»

Njo)' the solution to the popu]ation equation 3.6c is .

= (W 4 d '
Pj = (k¥ *k B)Nj + xwij[Ni’Nj] : 3.7
which gives.Nj as an implicit function of PJ and w{j. The problem then
reduces to determing the rate constants ka, P, and Wije

J

3.2 Population and decay rates st,kas

The-transitions from the excited triplet -to the ground singlet
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are strictly electronic transitions. In the absence of hyperfine
interaction, the electronic trip]et 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,]1®
[a,B]). Since the. decays from the triplet state to the ground state
are electronic transitions, independent of nuc]ear quantum numbef,
kju=kj8 for a]] triplet substates J when the.eigenstates are products
of the 'pure states; nuclear polarization does not develop. However,
the electron-nuclear hypefine vinteraction mixes. the pure triplet
sublevels leadihg to eigenstates which are linear combinations of the
pure T],1=x,y,z. The admixture of the other states, parametarized by
the mixing coefficients, cj1x, leads to the inequality kja'# kj8~and
allows ONP to develop. '

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

nucleaq ‘spin system, I=1/2, in an external magnetic field Ho is given

by

H =He+Hn+th o : . 3.8
where
He = Hzero * Hzeeman
S;De.S + bHo.g.S

- 0(s,2 - 173 s8) + E(s, 2 - syz) + bHo.g.S

in the principal axis system of the tensor De

Hn = Ynh.HO.I

th = h I.A.S

s

H,opo 1S the dipole-dipole interaction between the 2 unpaired
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electron spins S1 and S2 which make up the triplet state; S = Sl+52.
De is the dipolar interaction tensor;

H,ceman IS the electron-magnetic field interaction

H. is the nuclear spin-magnetic field coupling;

n
th is the cqup]ing between the electron and the nuclear spin; A
denotes the hyperfine coupling tensor.  The orientation of the
hyperfiney tensor A need not be coincident with the zero field tensor.
In this system,; A is not coincident with the dipolar tensor'De [12].
-The Hamiltonian is represented in matrix form in figure 3.2, with
the .zero field triplet states as the basis states. p, ¢, and r
represent the direction cosines of the magnetic field with.respect to
the. triplet axes defined by the orientation of the electron dipo]af

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

diagdna]izing this Hamiltonian.

3.2.1 Determination of k's
After diagnolizing the Hamiltonian, let the eigenstateslf? be

given by
1> =z, Lo 1=x,y,2 A=0,8 3.10

where the C‘]].A are the mixing coefficients.
If vV is the cdupling causing the transitions from the excited

triplet states to the ground state So,

K, = |kso|v]i>l|?
2

J
I<so|vlzec RUE
zled) sl leso [T Tp) 2 3.11

1]
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A11 dependence on nuclear quantum number X is contained in the mixing
coefficients cJ].x. The factor [<So|V| T]>|2 depends only on the
electron quantum number, 1=x,y,z and can be mgasured by optically

detected magnetic resonance and/or estimated if not known.

3.2.2 Determination N.'s

J
The,_population'Nj‘ is determined by equation [3.7], reproduced
here for convenience:.
o (k) aid ;
Py = (kg#k )Ny + Zw;5[N;-Ny] | 3.7

If Vo represents some intersystem crossing operator between the

excited singlet"state_s1 and the triplet state T],

Pj =i | vo] s> |2

‘(2'(‘,31.A ]‘] A' vol 51>|2
'21x|CJ1,x|2|<T1 |V°|'51>‘2 3.12

Again, the factorl(T].l Vo | Slﬂz ‘depends dn]y upon the electron
quantum number and all the dependence on the nuclear quantum number,
A, is contained in the mixing coefficients,_cj]'l.

.The- wij's, the triplet spin léttice relaxation rates can be.
determined as sums . of the TT-dependent matrix elements times A-
dependentr'mixing coefficients in a manner analogous to the method
used to the determine ij ~and Py-

Given i
matrix notation,

's, pj's, ka eqn 3.7 can then be solved for Nj. In

P = (K+W)N or
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N = (K+W)~1p 3.13

where
W is the 6X6 symmetric matrix with elements wi; = 0, wijv= Wi
K is'the diagonal 6x6 matrix with elements kjj=k3c+k38 and kij=0

P is the 6x1 matrix with elements Py-

3.3 Selective rates

The total wave function of the electron, ¥, consists of an
orbital part, ¢ and a spin part, S or T (the orbital wave function

has been dropped in the discussion above). That is,

¥ = ¢S by = 4 Ty, Texayz 3.14

The factor [<ws| v \ﬁn>|2 (called|<s | v T']>|2 above) can be measured
and/or estimated. ' |
v is, oftentimes, the spin-orbit coupling operator; 1£ is the-

interaction of the magnetic moment of-the'spinning electron with the
magnetic field produced by the re]ativé motion of the eleﬁtrons and
nuclei. = Exact eva]uation}of the matrix elehent is complex, but for
molecules HaVing 'C2v,'symmetry, or higher, predictions for non-
 yanishing matrix elements can be made using pufe]y group theoretica]
agruments. For descriptions of symmetry - selection rules and grodp-
theory, see, for example, Tinkhamv[13] and van der Waals and de Groot
[14].

- A1l molecular wave functioné belong to one of the irreducible
representations, T, of the molecular symmetry: group. “From group

theory,|<¢5| v |¢T1>|2 # 0 only when the' function being integrated is
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symetric, i.e., the direct product of the representations of ws, v,

and le contains the totally symmetric irreducible representation, A.

AeTys @y @ 'y - 315

rv=sp1‘n orbit & Aand T, € A , from the "great orthogonality

theorem" [13] equation [3.15] reduces to
Tys = To11 @ Ty ' 3.16

With C2v symmetry, T1 1=x,y,z each belongs to different (orthogonal)
irreducible representations. Therefore,|<¥ | V| ¢T1>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 ]arge.v The mixing coefficients are determined exactly by
diagonalizing the  Hamiltonian, but this gives little insight into
their behévior as a function of the applied magnetic field Ho.

From first order perturbation theory, the eigenstate j is given

by

lJ) = T] A+ z]'*‘ CJ]|A|T]IA' : 3.17
The mixing coefficients are given by

Elx -
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<T].l'| w |T]1> are the off-diagonal elements of the Hamiltonian
matrix in figure 3.2. The mixing coefficients will be large when
either the hyperfine interaction A is' large, or when the energy

separation between the strictly electronic basis states, SE, is small.

3.5 Level Anti-crossing

5E.i$ small when two of thevtriplet-energy levels appear to cross
each other. When these 1levels are coupled by some perturbing
interattion, 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 th] and Veeman [15,16].

From the Hamiltonian 1in equation 3.9, it can be seen that the
eigenstates of the system depend upon the strength and orientationvof
the applied magnetic field Ho with respect to the triplet akes,
Figures 3.3 and 3.4 illustrate the field dependence of the energy
levels of He when Ho//y and Ho//z. Points labelled Hyy4 ahd Hz,, are
~points of level anti—croésings. The top diagram. in each figure
illustrates the energy levels without the. level anti-crossing
phenomena. The new states are seen in the 1owef diagrams.

Figure 3.5 contains theofetical plots of the ONP as a function
of field strength when thevmagnetic ffe]d,is oriented a]bng oné of the
zero field principal axes. Thefmixingvcoefficients, cjix's, are lafge
at Hy]a and Hzy . A characteristic dispersion-like curve due to level
anti-crossing 1is observed when H//z at approximately 140 gauss. Large

ONP signals are observed when the magnetic field is oriented along the

Yy axis in a field of 'approximateiy 80 gauss, near the level anti-



crossing region.
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H: (gauss)

Figure 3.3 Triplet energy levels, H//y. Top diagram: 1eve1-crossing._.
. -Bottom Diagram: level anti-crossing. v : '
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Energy

Energy

H (gauss)

Figure 3.4 Triplet energy levels, H//z. Top diagram: level-crossing.

Bottom diagram: - level anti-crossing.
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Computed proton ONP as a function of Hp
The horizontal line
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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 amp]itudé. The crystal was 1irradiated by broad-
band wunpolarized uv light for a time At, after which the 1ight was

turned off. The crystal was then adiabadica11yvmoved to a measuring

field Hn and either i) the optica]ly generated proton polarization was.

measured, or 1ii) the 13C spins_ were cross polarized and the 13C

- spectrum was measured.

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 afea above the probe,'the
14 KGauss Varian magnet which provided the measuring‘field was rotated
45'de§rees, as described by Kohler'[17] and shown in figure 4.1. The
optical setup was placed above the Varian magnet. The sample could be
: movéd smoothly in and out of both the polarizing field and the

measuring field.

—
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uv light source

mirror

focusing lens

shutter
| - hy AHi !
_ E quartz tube —————

. | /;;;A%j/l Varian magnet (Hm)-
probe | : ' ' '

7 e

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 po]arizing field Hp was
the Eesidual magnetic field present at various heights above the
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 811A‘gaussmeter. The residual field
| appeared to be parallel to the measuring. field Hm. A list of field
strength vs. distance from the center of the magnet is shown in Table
4.1.

The crystal wasrmounted at the bottom of the NMR tube. ‘The .NMR
tube_ and the NMR tube holder were contained in a 1arger}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 N2~wa§
turnéd on, the NMR tube holder and tube containing the crystal would
rise as far as a stopper positioned to b]ace thé crystal at the chosen.
polarizing field. When the N2 was turned off, the cfysta] wouid drop-
into the center of the magnet and into the probe. The NMR tube
hoider-was.grooved to fit dinto a gquide in the quartz tube which
prevented the NMR tube from rotating within the quartzv,thbe; ~ The
quartz tube could be rotated about an axis perpendicular to bdth Hp
.éhd-Hm to change the orientation of the crystal with resbect 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 13C experiments, the polarizing field Hp was produced by a
pair of small magnetic piates held 10.5 cm apart to give - a field
strength of 80 gauss in the gap between them. The magnetic p]ateé 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‘changevthe oriehiation of
the crystal with respect to the measuring field Hm. The 80 gauss
field Hp could also be rotated to keep constant the orientation of the
polarizing field with respect to the crystal. 1In 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
33
34

H

p (gausS)
4000
3400.
2900 -
2520
2150
1900

1600

11300

1180

1050
940
820
715
615
530
460
390
330
290

- 250

210

~ 180

150

35



Table 4.1 (continued)

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 Tlamp
contained in a C-60-50 Oriel housing and powered by a Schoeffel power
‘supp1ylLPS 255HR. The hodsing contained. a 2" condensor to collimate

the 1ight. IR wavelengths were filtered out with a.2" continuoué
flow water filter, Oriel #6123. Since f1uorenevabsorbs 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 wavelengtﬁs <320 nm. - .The ;fi]ter was necessary to prevent
decomposition vof the crysta1. ITTumination without the filter caused
a "burning" of the fop 1ayer of the crystal and significant signal
loss after an hour of continuous illumination.

The uv Tight was focussed with a 5 tm diameter 15 cm_foca] Tength
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

< lmm;frOm the crystal. Thé_top of the rod was flared with a cone
ahgle of 20 degrees such ghat the diameter of the rod.at the top of
the cone was 1-1/2 times the diameter of the rest'bf the rod. The
.‘NMR tube énd quartz rod were moved as a}unit ih-and‘ out of' the
;.po]arizing‘and measuring ffe]ds;

| ‘Light»'andvdark cycles. werevtontrolled by a shutter operating in
: the}bu1b ‘mode.  The shutter release was attached to a so]enoid which

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

13

around a 14.1 kGauss Varian electro-magnet. The ““C Larmor frequency

in this field was 15.1 MHz; the 1H Larmor frequency was 60 MHz. The
NMR spectrometer consisted of

i) the probe circuit

i1) the associated rf'hafdware<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.i prbbe

Various probe designs  were considered [18]. The final probe
circuit was a double-tuned resonance circuit based on a design by
'Naugh and co-workers [19]. The probe circuft diagram 1is shown in
figure 4.5, é]oﬁg with the two equivalent resonance circuits which
compose. the probe. The associated A/4 cables which protect the
preamplifieré and the X}Z cables which block the signal from the
transmitter amplifiers are also shown.

The coil was tuned to the two Larmor resonant frequencies of'13C
and 1H necessary fdr the PENIS experiment. The two tuned circuits
were isolated by 35 dB by use of the /4 @ 60 MHz cables. In the

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

for 13C and 1H (transmitter mode). and used to detect the 13(‘, 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 douB]e tuned coil configuration was chosen for two reasons:

i) to save space in the probe

ii) to allow effective power transfer and signal detection for
both ONP (proton) and PENIS {carbon) experimenté. |

The probe Q @.15"MHz was: 30. - ThéleC field produced by the coil

was 48 gauss with 500 watts of power. The 1

H field was 12 gauss
with 50 watts.

The cdii was a 1.5 cm long, 12 turn solenoid made from flattened
20 gauge copper wire with an inductance of 0.15 wh, 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 1if too much power was
accidentally sent to the prbbe. |

The 13C sfde of the probe circuit consisted of fixed ATC ceramic
capacitors Cl and C2, the coil L and the shorted /4 @ 60 MHz cable. |
Ci tuned the coil to 15.1 MHz; c2 impedance-matched the tuned
resonant ciruit to fhe 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 large inductance of the .shorted'k/4 @
60 MHz cable at 15.1 MHz large. value capacitors were added before the
return to ground.

The 1y side of the probe circuit consisted of capacitors C3 and
' C4, 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 tuned 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 30 MHz signal was mixed with a 45,1 MHz
signal. o

HP 5100A frequency synthesizer provided both the 45.1 MHz and the
fixed 30 MHz. The 30 MHz wentAimnediately' to the quadripolar phase
splitter (LBL 16x627) which was gated to put out the appropriate
sequénce of the four duardrature "phases, '(b,90,180,270). The
| transmitter rf phases fol]owed- the standard 4 pulse Stejskal-
Schaefer, add/subtract quadrathre phase sequence [20].  The selected
output phase was mixed with the 45.1 MHz with an HP 10514A mixer, then
1ow’pass‘ filtered through a 30 MHz low pass Cif—q-fel filter 20-30-
9750 to form 15;1 MHz of the correct phase. This was then amplified
~ by a Bruker high.power amplifier then sent to the probe.

'13C:becéf9e

The = signal from ‘the probe was fed througﬁ; a low noiée
preamplifier designed by W.C.Shih [21]. = A series of shorted A/4 @
15.MHz cables pfeceeded thévthe preamplifier to protecf it from rf
tfansmitter pu1ses;‘ A Cir-g-tel 30 MHz 1qw pass filter fonned part of
the A/4 line to prevent 60 MHz from saturating the 15.1 MHz

preamp]ifier.
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The detection system was based on ‘an intermediate 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 amplified 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 v
- The 60 MHz Larmor frequency of the protons was generated by
dodb]ing the appropriate value 30 MHz output of a second HP frequency
synthesizef 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 amp]ifiers:va homebuilt 60 MHz amplifier (LBL
16x970) which contained a Watkihs-dphnson A-7 and a Motorola 592,
fol]owed_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 phase splitter which. again
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provided the correct sequehce of quadrature phases. The 6utput of
thé splitter was combined with the second 30 MHz output of the
synthesizer to form the proton Larmor GO'MHz of the correct 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 doubled and.

used as the reference frequency in the receiver system.
The output of the probe was sent to a low noise preémp]ifier

- designed by B.lLeskovar [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

filters, 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 computer attached to a modified Nicolet 293 timer

running :a modified NTCFT verison =~ #1002 program controlled the

generation of rf bu]ses and data'aquisition. A Nicolet 2090 with a

201 plug-in first recorded the solid echo or free inducfion deay,'then

@



46

transferred the data to the Nic-80 computer. The.2090/201 was needed
to record the solid echo because of the Nic-80's 1limited digitizing
rate of 10 us, NTCFT version #1002 was modified to run with the 2090.
An overlay, UD1080 provided by Nicolet, allowed sorting (unshuffling)
of overlappihg quadrature data as obtained from the 2090. Additional
changes to NTCFT are listed in Appendix 2.

10 one-shots 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 outputxof~the 293 controlled

1H pulse lengths and phases and the ac relay:Which controlled the

the
shutter and the flow of N2 in the-PENIS experiment.

In both the PENIS and ONP  experiments, the phase of the
transmitter pd]se was controlled 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 1length of the transmitter

pulse by gating on ‘the appropriate rf phase gate of the quadripolar
Vphase 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‘]ock channel was designed by Alan Robertson and has been

described. - elsewhere [17]. The magnetic field was 1locked on the



47

deuterium signal from an externaT-sample of 020.

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 conditibn was satisfied using the
| fo1loﬁing tuné-up procedure. - The free induttion decays of 13¢ and W
in 70% 130 enriched methyl iodide were monitored; The 1lengths of the
180 degrees 1H and 13C pulses were made equal by adjusting the output
power levels of -the Bruker amplifier and/or the Vinput.to the (LBL
16x970) Iy amplifier. 13¢5 in adamantane were then cross polarized
and the rf levels and cdntact 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 y 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 illumination-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 Tos the time constant of the-
solid crystal (10 wus), protons wére detected using the (two-pulse)
solid state (dipolar) echo technique, which refocused the spins at: a
selected time T after the_app]icatioh 'of thé second pulse [23]. The

- basic pulse sequence is_90°(ﬂ/2)-1- 90%-t-[detect]. T = 20 us, the

dead time of the receiVer. Avsimple 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°-1_90° seduence (no phase shift) was monitored fo-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 in the orthorhombic space group
D;: (Pham), with 4 molecules per unit cell [24]. See fig 4.6. The
4 molecules in a unit cell are pairwise magnetically equivalent, since
each mémbér of a péir is re]atéd to ihe bther by a screw axis
rotation. The longv in-plane axisvof all 4 molecules is baralle] to -
the ¢ axis of the cr&sta]. The_mo]ecu]e posseses a mirror plane of

symmetry which is parallel to the ab crystal p]ane.' The planes of the

molecules are inclined +34.5 degrees from the crystal b axis.

4,5.2. Crysta] gfowth

_~ Synthesized fluorene was’generous]y donated‘by‘Herbert-Zimmerman._
“Acridine was zone . refined by Sydney Wol fe. F]uorené crysta1s doped
with 1000 ppm acridine were grown from the melt by Sydney Nd]fe using
the Bridgman technique [25]. | |
| Commercial fluorene, even aftér repeatéd zone refining, contained
vanthracene  and benz-f-indane and was unsuitable for ONP experiménts
[1,26]. Although éptically‘generated 4 signals could be produced and
detected, the timé constant: for the. optical polarization was
exteeding1y long (>>5 minutes). The. ONP signals measured during the
first 1-2 minutes of illumination time were two orders. of magnitude
lower in intensify»than thé‘ signals détected from pure synthesized:

fluorene.
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Figure 4.6 Top: molecular structure fluorene and acridine.
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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 Background
The magnetic shielding Hamiltonian of a nuclear spin S in an.

external magnetic field Ho is

Hg = YHo . o . S 5.01

where o is the second rank chemical shie1qing tensor representing the
interaction of the nuclear spin with the surrounding electrons. In a
single crystal the resonance frequency of the spin S fs a function of
the orientation of the external magnetic field with respeet to the
crystal. Since the eigenstates of the full Hamiltonian are S parallel
Ho ‘and S anti-para]leli,fo Ho, the NMR experiment detennines= only
certain elements of 9. | , | | .
Let fhe labobatory frame be defined by the coordinate axes. 1,2,3.

-~ Ho is in the 2-3 p]ane,eparallel to the 3 axis. See figure 5.1. Let
the - chemical Shift tensor in this 1aboratory_,frame,' %lab® be

' represented by the symmetricvmatrix

[ : . B
‘1 %12 13 N
21 °22 %23 S | 50z

31 %32 %33

Let R*f]—%Jab"be “the ‘rotationvvmatrix _which transforms the.
chemical shielding tensor in the crystal frame, o, ., to the laboratory

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

. | h N . l 3 -
c — - molecular frame
7y '
~
Q .

crystal

Figure 5.1
analysis.

frame

Orientation of various coordinate systems as used in data
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) -1
%1ab = Rxti—1ab * %xt1 * R xti—jab 5.03

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

rotation matrix R is given by,

R =] cos®cosBcosv-sinasin¥  sinacosBcosv+cosesiny -sinBcosy
-cos®cosBsinv-sinacos¥  -sinacosBsind+cosscost  sinBsiny

cosasinB sinasin8 cosB

where a is a rotation about the original z axis, B is about the new y
axis, and v is about the final 2z axfs.

The crystal is mounted in a particular orientation and rotated
about the laboratory 2 axis. The component of % ab which is parallel
to the magnetic field Ho, 01,'15 measured as a function of rotation
anglé u, i.e., since Ho // 3,_ | |

'a] =n . Ry . oy .'R'lz .n' : - S;OS(a)

where 91 ab is the symmetric matrix given above and

(0,0,1)

3
L]

Rp= Zos(u) 0 -sin(u{

0 1 0

Isin(u) 0 ~cos(u)

Therefore,

[+

1ab = A + Bcos(2u) + Csin(2u) 5.05(b)

‘where

I P
A= "1y (o1 + %33)



54

B

g (o33 - oyp)
C = 0'13 (°1J=0Ji)

.A curve, called a rotation plot, is fitted to equation 5.05 to
determine the coefficients A, B and C, and hence the elements
011,033,013 of 91.pe 9%¢y1 3t this point is underdetermined.

"The crystal is remounted and again rotated about the laboratory 2
axis. Let ijt]—-%ab be the (second) rbtation matrix which transforms

O ] to the laboratory frame, i.e.

- ] |“1
lab ~ R xtl—=slab ° “xt1 ° R xtl=>1lab ~ 5.06

o!

The chemical shift as- a function of rotation angle u is° again
measured.

The coefficients from the rotation plots from the j crystal

. mountings (orientations) can be written as,

Am) = Y, 5, Te1LR(M) RN 1 + R(n)pR(n)p]

B(n) =/ Ty TR RNy - R(n)gyR(n)py]  5.07
C(n) = l/z.zk] Uk][R(n)lkR(n)Z] + R(n)ZKR(n)ll]'

n=1,J

where the R(n)ijs are the elements of the nth rotatﬁon'matrix -R which
transforms o ., to the laboratory frame (i.e., elements of Ryt1—=iab.
and. R'y4q_.yap) @nd the ©,;s are the elements of o,.,, 0 in the
crystal frame.

The chemical shift measurements  are repeated,  and

correspondingly, the coefficients of the rotation plots determined,

until all elements °f‘°xt1 are determined. The tensor 1is 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 vérious

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 'Qith the cfysta]vmounted
in two separate orientations. (The 1laboratory frame Qas as described
above: Ho was parallel to the 3 axis; thé crystal was.fotated about

- the. axis perpendicular to Ho, the 2 axis;ithe 1 axis was perpendicular
to axes 2 and 3.) The orientations of the molecules in the unit cell
‘were known from x-ray diffraction.

ii) for each orientation of the crystal, the observed chemical
shift 01 as a fdnction of.rotation ang]e,'u,‘was fitted to eguation
5.05 by Teast squares analysis to determined the coefficients A,B,C;

_iii) by ‘Ieast squafes iana]ysis, the two sets of coefficients
(A(1),B(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 in the molecular
coofdinatefsystem, defined by the axes k,1,m. (See figure 5.1). 1In
this base, the Rijs are elements of the rotation matrices which make'
the laboratory coordinate system and the molecular coordinate system
coincident for the twd different orientations of the‘crysta1; o, are

J

the elements of ¢ in the molecular frame.v
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5.2.1 Determination of crystal orientation

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

In orientation 1, thé crystal ab plane was chosen to be
perpendicular to the. rotation aXis. This was called the ab plane
orientation. Since thewab plane - is the cleavage plane -of the crystal,
to reach this orientation, the crystal was first" mounted with the.
cleavage plane approximately . perpendicular to the rotstion axis.
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 orientation
was adjusted until the ONP signal was maximized and the intensity of
the signals 180° apart wés apbroximate]y 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 the 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 approxima'te]yilﬁo 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 0y as a 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 typica]rf]uorene carbon
spectrum can be calculated from the crystal structure of fluorene.
One line results from each carbon atom tensor on eacﬁ 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 p]ane'oriehtation, the two halves of the
molecule are magnetically equivalent. This reduces the number of
possible lines, and the correspdnding number of inconéruént chemical
shift tensors to 14: 1 methylene bridge carbqn tensor and 6 aromatic
carbon tensors fran each of the two mo]ecu]es.: |

In orientation 2, all 26 lines were possiblé, buf due to the
heavj overlap of peaks not all 26 §eparaté lines were observed._y

| vFor both orientations, least .squares fits were done to. -extract
the cbefficieﬁﬁs' A,B,C‘fran the rotation plots using IMSLS subroutine
ZXSSQ [28]. Coefficients from a fit were considered acceptﬁb]e if the
fit had a feduced chi-squared of Tless .than 2, i.e., X, < 2. In
orientation 1, 14 acceptable curves were found; in orientation 2 > 26
acceptable curves 'wefe found. All curves were kept at this stage of

the analysis.

5.2.3 'FuTl.tensor fit

Since data were taken for .only two orientations of the crystal,



Orientation 1

Orientation 2
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o
frequency V3¢ (ppm)
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Figure 5.2 .Typical spectra ' C. Top: ab.plane orientation

-~ Bottom: ‘".ac" plane orientation.
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the chemical shielding tensors in the crystal frame were
'underdetermined. The tensors of the carbons of the two molecules were
assummed to be identica]QI 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 aromatic - 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 rofationvp1ots of the two equivalent tensors on each molecule were
coincident. : A total of 6 rotation curves for ‘each. of the 6
incoﬁg}uént ‘aromatic - tensors was therefore possible. For the
metﬁylene carbon, a total of--22=4 rotation'curves'was possible: 2.
"~ orientations x 2 inequivalent moiecﬂ]es per ofientation. _

Rotation turves -produced by the 'same  tensor in ,differenf
orientations Weré vdetermined in the fo11o&ing 'Qay. The line of
intersection of the ' two orientation planes was - determined. The
spectrum taken here must be identical in both orientations. Those

“rotation curyés}from'the two. different 6rientations which gd through
‘the same peak at this line of interseétion be]ong'to the same tensor.

Rotatiqnvcurves of identical tensors on different molecules were
determined ' in the following way. Since the- ab;plane contains the

,mdlecu]ar . symmetry p]ané,- the  two halves vof the molecule are

magnetically equivalent when the magnetic field lies. in this plane.



60

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 (ii). IMSLS routine ZXSSQ was used to fit the sets
of coefficients from orientations 1 and 2 to equation 5.07.

Many of the rotation curves 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 ifor-the full tensor fit was less
than the number of possible rbtation plots. Due to the larger
statistical error in orientation 2, (see section 6.2.2.1) the number
of rotation plots used here for each tensor fit was 1less 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 1l and one rotation plot from the molecule 2 were used. This
minimized Xpe

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

One principal axis was assumedvtovbe perpendicular to the plane of the
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molecule (Umm). For case (i), 4 sets of coefficients (i.e. 12
equations) and for case (ii), 5 sets of coefficients (i.e.1l5
equations) were wused to fit 4 unknowns, the elements o,,, %y, 917>
vand' Omm_(the perpendicular to the molecular plane) of fhe chemical
shift tensor ih the molecular coordinate system. o, ,, 0,7 and- N
" were  -then used to determine the values of the other principal
elements and their orientations. The resuls of both fits (either
case i or ii)vweré identical.

The mefhy]ene tensor was also calculated with respect to the
molecular coordinate system. The calculations ﬁFre done - assuming
either: ;

i) one 'Qf,the principal axes was oriented in the C-C-C bond
~plane, bisecting both the-C-C-C bond ﬁhe the CH2 bond (along molecular
axis k); or: ' B

- ii) one pf ‘the principal axes was oriented perpendicular to‘thé
b]ane of the molecule (along axis m); or |

iii) oné of the principal‘axeS'was oriented perpendicular to the
CH, plane. |
| The results were as follows:

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

With assumption (i), the other principal axes were-.rotéted an
anle’of 50 + 120 away from the moleciar 1 and m axes (rotation about
~ ‘the molecular about the mo]écular k a*is).

With assﬁmption'(ii), the direction of the other principal axes:
vﬁere rotatéd 9° i 21° away from the molecular k and 1 axes (about .the .

molecular m axis).
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With assumption (iii), the other principal axes were rotated
119 £ 26° about the molecular 1 axis.

" X-ray diffraction studies have shown that the fluorene molecule
is planar and posseses C2 symmetry [24]. 1In addition, the proton-
proton vector of the methylene carbon has been shown to be
perpendich]ar to the molecular plane [2]. Therefore, considering the .
symmetry of the molecule, 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) were studied. -~ The 1largest
(positive) values for each of the aromatic tensor rotation curves
were found to be equal, within experimental error, to the calculated
va]ues.of 033; - Moreover, the maximum aromatic chemical shift should
be measured when the magnetic field is perpendicu]ar to the f]uorehe
molecular plane. From x-ray diffraction, the vector normal to fhe
fluorene molecular plane is in the ab plane, rotated 69° away from the
b axis. The largest (positive) va]ués for the rotation curves
produced by the aromatic carbon tensors were found to be at the
angle arctan(C/B) « 680139,. in agreement with the expectéd value.

+3° 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 po]afization generated at room
temperature in a 14.1.kGauss magnetic field.

Figure 6.1 plots the growth of proton polarization of the
fluorene single crystéi as a function of illumination time for a
particular Tlight intensity and orientation. = The growth is
exponential.

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

Figure 6.3 shows the intensity of the»dptical]y generated signal
over a restricted angular range where the ONP signal is maximal.

Thé qptica]]y generated polarization is of comparable magnitude
to the polarizations reported by Stehlik, et al [9], using a 1600
watt Xe lamp. The magnitude of the signal depends critically upon
the 1light -intensity; dp/dt depends 1linearly upon the 1light
intensity. The 1000 watt Xe-Hg bulb has an dintrinsically higher
luminosity 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, the condensing system used
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here is smaller than that used by Stehlik, et al [11,30] and therefore
less light is collected. The 1000 watt Xe-Hg lamp has a much larger
arc than the 100 watt Hg lamp and cannot be focused down to as small
an image size. Ih addition, the crystal may not have been optimally
oriented to produce thé maximum ONP signals; it may have been mis-
oriented by 3% (see section 5.2.3). (Care was'tqken to orient the
crystal 1in the ab plane.) More care could be_ taken to maximizé the
light intensity - illuminating the crystal--larger diameter
collecting,focusing lens, shorter light pipe, etc.
Note that the magnitude of.fhe polarization reported here'fs for

.the fully proionated ,fluorene/acridine'sysfem. The polarizations are
approximately an order "of magnitude smaller. than for the

fluorene,dahz-acridine,hg cystals reported by Stehlik, et al [1,2].
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Figure 6.1 dp/dt. Proton polarization growth as a function of time.
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6.1.2. Powder samples

In genéral, 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 Iarge

13

14 polarizations, - and hence, 13¢ polarizations, in a typical NMR |

system.

Optically- generated proton signals in powdered samples of
acridine-doped fluorene have beeﬁ detected.-Figure>6.4Ashows a typical
optically generated proton NMR powder spectrum. The intensity of -the
signal as a function of field strength 'OQer a restricted field
strength region where the ONP_is maximal- is shown in figure 6.5 The
powder ONP signals are approximately pf-the same amp]itudé'as the 14
kGauss"Boltzmann- generated ~ signals. This measured' intensity 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:functioﬁ of orientation of the crystal axes'withvrespect
to the magnetic field (for example, see figure 6.3). 3The’ single
crystal ONP is maximal when the magnetic field is oriented in the ab.
plane, 10° away from the a axis. - The . measured ONP about this
restrfcted angle is far greatér than at any pther 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
20° of the magnetic field direction. Furthermore, assuming a uniform

"ONP of 100 x. Boltzmann for the crystél]ites in such an orientation,
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the .ONP of the powdered sample should be'apprbiimétely fraction (1/10)
x polarization (100 x Boltzmann) = 10 x Boltzmann. | |
” ‘The measured ~intensity is 1owef than that ‘predicted probably
because of the large ambunt of light scattering broduced by the tiny
crystallites, reducing the effective i]luminatipn' of the sample, A
" powdered sample cannot  be illuminated as well as. a vc]eaved sing]e“
crystal. Since the polarization is dependent.-upon the-1ight-iﬁtensity,
the p0wderedvsamp]e3 with its reduced illumination, would not have as
large a polarization.

Attempts to' reduce the light scattering were unsuccessful.
Attembts to fuse the powder into a b]ear“wafer proYed unsuccessfu1.
Also, the solid material could not be refractive index-matched: it
dissolves quite well in various 0ils éhd solvents. o

A1though the optically generated signals of the powdered samples
are notblarge, they can be generated and'measured'in a time less than
o thathl, the proton- spin lattice re]éxatibn time in the dark. T, of
~the fluorene pfotons in the dark is >30 minufes @ 14 kGauss [31]. The
equi]ibbium'Bo]tzmann magnétizatibn @ 14 kGauss is generated‘is-a time
3-5 x Tl’ on the order of an hour. Optically generated magnetization
can: be measured in 10's of minutes, the time determined by the

il1lumination time of the sample.
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6.2 PENIS
ONP of protons in combination with the PENIS double resonance

13

experiment produces large ~°C signals in fluorene single crystals. The

13C - signal is estimated to be 400 times larger than the normal

13C signal generated at room temperature.ih a 14.1 kGauss

Boltzmann
magnetic field.

Figure 6.6 shows am13C l1-contact PENIS spectrum of the fluorene
single crystal, obtained byvfirst optically polarizing the protons.
Since attempts to measure the normal Boltzmann 13C signals directly

13

and attempts to cross polarize the C using the normaeroltzmann

proton reservoir were both unsuccessful, the estimate of the gain in
13C polarization is determined in the fo]Towing]wéy.' First, the 13C
signal 1is observed to be roughly directly proportional to the proton
1H signal. = - This linear dependence can benobserved‘by varying the
intensity of the light - illuminating the sample, hence, vvarying'thé
| protoh po]arization,' and measuringithe crdss _po]arized_lBC signal.
Second, cross polarized 13C signals in adamantane are observed to be
4 timeﬁvlarger than theif Boltzmann polarization when in contact with
"~ their normal Boltzmann proton‘ reservoir., Sincé the optica1ly
generated proton sigha] is approximately 100 times greater than the
normal- Boltzmann polarization, the resultant gain is approximately 4 x
100. This géin is roughly in actofdanée Qith expectations.

ATthdugh the proton polarization is large 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 cdnditions were not generally done because the high rf

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

Attempts to cross polarize the carbons using simply the proton
Bo]tzmann}population proved unsuccessful for two reasons:

i)the'proton Boltzmann spin temperature.is 100 times smaller than
- the optically polarized spin temperature;

ii)the spin lattice relaxation timg, Ty» of the fluorene protons
in the dark is > 30.minutes @-14 kGauss [31].

“Optical po]ariiationJOf’the protonsfiS'necessary to short circuit
the long T1 and to build up the proton reservoir. More important,
maximum proton polarization 1is needed to produce a measurable carbon
"signal. As can be seen in figure 6.3, rotating the crystal
approximately 20 degrees away from one of the maximum ONP positions
décfeéses the proton signal-- and in effect, the proton reserQoir--by
a factor of three. It would take an order of magnitude Tlonger to
accumulate the same spectrum without the maximum optical proton
polarization, Since an 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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Figure 6.6 Optically enhanced cross polarized ]3C spectrum: single crystél. acridine-doped fluorene o



84

6.3. Chemical shift tensors:
6.3.1 Tensors

A schematic representation of the seven incongruent 13Cvsh’ift
tensors is shown in figure 6.7. Table 6.1 lists the actual values of
the principal elements and their orientation in the molecular plane.
Table 6.2 lists the diréctions cosineé of thé principal axes with
respect to to crystal axes.

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

i) aromatic carbons bonded to hydrogen

ii) fused aromatic carbons, i.e. aromatic carbons bonded to
another carbon rather than hydrogen |

iii) methylene carbon.

A11 elements of all of the tensors were ca]cu]ated using the
_ methods outlined in the data analysis section. Values for the
principal elements of- thé fensors could not be obtained from the
powder spectra since attempts to -cross polarize powder samples were.
.unsuccessful,

Tenéof aSSignments were made following “common sensé" arguments:
‘the orientation of the tensors would be generally ' consistent with
those determined by others; for each tensor, o would be, within

experimental error, equal to 5.

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+o33), ~agrees within

experimental error with. the.measured isotropic chemical shift 9,
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c5 C6 c7 CI c2 c3 C4

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 Tiquid
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 being the mest downfield compenent
of the tensor. Labels are as used in text.

Top: orientation of tensors in molecular plane

Bottom: orientation of tenaors in plane perpendicular to molecular
plane. Molecule rotated 90~ from top diagram.



Table 6.1

| * Co+

carbon o1 O22 O33 | o o{ e

c1 76 (3) C 90 (3) 102 (4) 89 (2) 91 *x

c2 -99 (9) -47 (9) 119 (5) -9 (5) -14 -35% (5)

c3 -84 (8) .12 (5) 97 (3) 13 4 17° (6)

c4 -92 (5) -14 (6) 114 (4) 3 (3) 2 80° 6)

c5 -102 (10) =10 (9) S5 (5) 1 (5) 2 -41° (3)

C6 -83 (7) 17 (7) 116 (5) 5 (4) 9 ~16° (6)

c7 | -71 (6) -27 (8) 93 (2) -2 (3) -12 -70° (9)

A11 shifts relative to neat liquid benzene. Errors given in parenthesis.

*ref 48 solvent is either CDC'I3 or DMSO-d6
rotat1on angle about molecu]ar M axis. to make molecu]ar axis coordinate system and principal axis
system coincident (see figures 5.1, 6.7)

- _

011 coincident with molecular M axis;o,, with K axis;os; with L axis (see figures 5.1, 6.7)

98



Table 6.2

carbon -~ direction cosines - ~principal value (ppm)
: (relative to crystal axes) '

o -0.566 0.0  -0.824 | 75
- 0.824 0.0 -0.566 - 89

0.0 -1.0 0.0 B 103

c2 | -0.464  0.324 -0.824 ) .99
0.675 -0.472 -0.566 - 47

-0.574 -0.819 0.0 . 19

c3 | -0.542 --0.166 -0.824 | - 84
0.788  0.241 -0.566 - 12

0.292 -0.956 0.0 | 97

4 | -0.010 -0.558 -0.824 | 2 - 92
' 0.143  0.812 -0.566 - 14

0.984 -0.174 0.0 14

c5 - -0.427 0.372 -0.824 | - -100
- . 0.622 -0.541 -0.566 - - 10
-0.656 -0.754 0.0 | 15

c6 - -0.544 -0.156 - -0.824 - 82
| 0.792 . 0.227 -0.566 .18
0.276 -0.91 0.0 - 16

a7 | -0.194  0.532 -0.824 72

0.282 -0.774 -0.566 - 28

-0.949 -0.342 0.0 | 92

L8
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measured in the liquid state.

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

A11 of the H-bonded carbon tensors which have been determined
here are similar to those detgrmined by others [32-37]. A1l tensors
have their most shielded component 933 perpendicular to the plane of
the molecule: %1 bisects the hexad angle and is parallel to the C-
H bond. 999 is tangent to the ring and orthogonal to the other two
axes, The magnitude of a3 of these tensors follows the general
trend tﬁat 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
033 of the tensors of C3,C4,C5,C6, which in turn are less than 034 of
the benzene carbon tensor. In addition, ¢4, of the tensors of C4,C5,
and C6 are "all approximately equal to 933 of the H-bonded carbon
tensors of p-xylene [35].

Although C3 and C6 are both adjacent (ortho) to fused aromatic
carbons, 943 Of their respeqtive tensors are quité different; their
in-plane components; however, are essentially the same. Since 33 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 C3 is perturbed to a greater extent that that around C6.

6.3.1.2 fused (non-H bonded) aromatic carbons (C2,C7)
3 of C2 equals the measured 1liquid Oy The orientation of this

tensor is consistent with other non-H bonded aromatic carbons tensors
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[32-37]: 033 is. perpendicular to the plane of the molecule, %, is
parallel to the carbon-substituent bond and 9yp is tangent to the
. ring of the molecule.

o for C7 is 3 standard deviations greater than o The

i
orientation of>°22 is turned away.approximaté1y 10 degrees from the
C4-C7 bond, and is closer to being parallel to the- bisector of the
hexad angle,

As-has been observed previously, S9n for non-H bonded aromatic
~carbon tensors are quite different from H-bonded aromatic carbon
tensors.. %99 for -~ C2 énd C7 tensors are -47 ppm and -27 ppm '
réspective]y, in comparison to -12 ppm to -18 ppm for the H-bonded
carbon tensors. | |

The values of the pfincipal elements of the two tensors are quite
different from one another. C7 = is bonded to,an.afomafic_ring;‘CZ is
bohded to the methj]ehe carbon. ~ The orientations of the substituent
bonds with _.respect to their respective bisectdr'of the hexad angles
are also duite different. van Dongen' Torman {371, has observed that
the substituted carbon .. tensor ih' acetophenone was similar to those
tensors. on carbohs bonded to-methy] groups. If substituent tybe.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 methy]ene<c5rbon (C1)

'As has been generally the case here, the the trace of the
chemical shift of the. methylene carbon tensor eduals. the isotrépic
shift. The methylene tengor-has a much smaller anisotropy than the

aromatic - tensors.  The 1east'~Shie1déd tensor element, °11v is
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perpendicular to the plane of the molecule; %50 bisects the H-C-H bond
and lies in the plane containing the CH2 group; 933 is in the plane
of the molecule, orthogonal to the other'two directions and lies
"along" the C-C-C bond direction. '

The assignments of 011,022,' and o33 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 resbectiVe
orientations of this methylene tensor are approximately equal to the
methylene tensor determined for "interior methylene" carbons on the
long chain molecule eicosane [38]. It is symmetrically located
between two identical functional groups, in thié case, two benzene
rings. On the other hand, relative to the values of the principal
elements of thé methylene carbons on ethyl benzene (c11=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
anisotroby. The ethyl benzene methylene .carbon is, however, not
symmetrically 1océted between two identical substituents, but rather
. between 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 in 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. vIn orientatioh}l, the
errors are approximately * 1 unit for the constant term (A) and + 2
to 3 units for the cosine (B)and sine terms (C). In orientation 2,
the errors are-consistentiy larger: *.2 units for the constant term,
* 3 to 4 units for the cosine and sine térms. 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 océur if the crystal were mounted such
that the mégneticvfield:were in some symmetry plane of the érysta],
e.g. the ac plane, and causing various 13C tensors to become
vmagnétically equivalent. The number of inequivalenf‘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 ﬁhen*be
réduted -and  the errors of thé coefficients .of the .rotation plots
could become compafable to those in orientation 1. ,.,.

For both orientations, a larger magnetic field would help to

simplify the spectra by increasing the separation of the peaks.

6.3.2.2 systematic errors
Two systematic errors are possible:
1) an error in- the location of the chemical shift reference 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 1liquid benzene [42].
Methyl iodide was assumed to resonate 149 ppm from neat 1liquid
behzene [42]. Reference positions were recorded before and generally

4 13C spectra were taken. An error in the

after a set of about .
reference zero would esséntialTy chahge 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 giVeﬁ nucleus in a molecule
depends upon the shape of the macroscopic sample through its bulk
susceptibility [43]. Following the method of Vaughn [44], the crystal
shape was approximated by an ellipsoid. The bulk volume
susceptibility x, as well as its anisotropy, &x are .94 x-lO'-6 and .5
X 10'6 respectively [45]. Osing:the demagnetizing factors of Osborn
- [46], the shift in peak positioﬁs was calculated as a function of a
few rotatioh 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 ilOOppm and
small in comparison to the methylene carbon anisotropy of *15ppm. To
approximate the bulk susceptibility effect on the methylene 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) eého sequence refocusés dipolar-
coupled spins a time t after the application of the second pulse. The
basic bulse»sequence is: | | -

90% - © - 90% - 1 - detect - A0l
- The dipolar echo of a simple two spin sygtem can be described exactly
"and is given here.

Let I, and Ié "be the two spins- coupled. via the - dipolar

interaction; i.e. in the rotating frame, the Hamiltonian . is given by-

where A is equal to ((711712h)/2r3) (3cos?e-1) and o is the angle
between the magnetic field Ho and the Qector connecfing I4 ahd 12.
‘This Hamiltonian cén be easily represented as a matrix:
1> [t |1 IT>
FQ o o o
A/2 10 -1 .0 = 0]
o o 2, of | A0.3

with basis vectors

[S> = 142 (| +-> - | -+>)
|T+> = |+
1T> = 120 |+-> + [-+)

IT> = [|--
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From this point on |S> is ignored.

The density matrix p satisfiesvthe'equation
dp/dt = -i[H,p] Ab.4
which has the formal so1ution when H is time. independent,
() = 1Mt (o) efHE A0.5

where p(0) is the density matrix at time t=0.
The 'normalized x-component of the free induction decay in the

rotating frame, assuming no relaxation, is given by
<Ix> = Tr[pr(t)]/Tr[pr(0+)] _ A0.6

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

<Ix> at various points in the dipolar echo sequence.

0
y

magnetization along the rotating frame x axis; i.e.

p(0) = -I,. The net effect of the first 90 pulse is to bring the

p(0+)-= e-in'n/Z Iz e'in'rr/Z _ AO.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 A0.6, p(t) is given by

o(t) = 142 e 1At 4 101 elAt
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a . -

0 e'i3At/2 0
. 1 etz g o-i38t/2| 20.8
0 e'i3At/2 : 0
s <
Substituting for o(t) in. equation A0.6
I = cos(3At/2) | A0.9

The system is unperturbed for a' time t, after which a second,
90°x pulse is applied. Immeediately after this pulse the density

matrix p(t,) is given by
o(t,) = e 1 IX1/2 54 ollxn/2 - A0.10°

0 oi3At/2 g

1//7 o13At/2 '0 o13At/2
0 o-13At/2 0

o(t,)

where

-

| 12 -i/2  -172
SRR PRV, S iz | A0.11
12 -iNZT 12

That is, immediately after the second 90° pulse
o(t,) = o(-t) | | B | AO.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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p(t+1) = e-iHT p(t+) eiHT ’
i JM(t-1)2 4 ]

0
= 1M2Z e-iBA(t-t)/Z 0 efi3A(t—1)/2 AO.13
0 eiBA(t-T)/z 0

“o(t+r) has the same form as p(t) before the 90°x pulse is
“applied, with (t-t) substituted to t. Therefore, theimagnetization is
given by

<1,> = cos(3A(t-1)/2) | ~ A0.14

For times z=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.1 and Al.3. The patch panel connections are essentially
the same for the two experiments: the ONP'experiﬁent contains one
additional input to the OR gate which goes to the pulse sorter. The
timers - are 'connected,to diffehent,outputs in the two experiments.
Figure Al.2 and Al.4 depict the resultant pulse seqﬁences. Typical
times are also listed. f

The figures follow the convention of preceeding connections in
patch panel ‘A wfth the Tletter A; connections in panel B are not
preceeded with thev]etter'B. Timer outputs are located at AAl through
AA10. Output connections are 1abe11éd for the two experiments.

Niné’ invertiﬁg 1bdffers are located on panel A; inputs are
located at AH1 through AH9; outputs, AGl through AG9.  Ten one shots
are aTSO'located on panel A; inputs'are- located at AFl through AF10§

outputs at ‘AIl through AI10. The first seven one shots trigger on the;
rising edge of the trigger pulse; the last three one shots trigger on

the falling edge.



AAY (D
A2 (D3
A3 (D2)
ARG (P4)
AAB (D4
AA0(D4

ANy
ENGH-ANS

' ) ino
".‘. - ARG S-ARY, : r.m
w
oM | w | ING-1NT
. -y
e ™ |
Awt [9.1%
S THAER CONMEL TIONG oot Smsriers G QATES emmasiamsaiond Smvrmney (DG, meemtreensd “’:.ka?' ﬁﬁb'khio,
' AR Aue AW -ARdy
MGl -ARS A6 B-ARY nes-AH?
AGY-AR G ALY -ARY
pet-_L
o oo < “‘h—' A 53 | meja iy oy
TIMER | i TIMER ¢ TIMER 8 TIMER ¢
| F 1 " Pl e F W L) . L] )
AF3-AlS A 1 ’
L - TN BODWLES A

pulse sorter
‘ight off relay
]H relcom switch
H g shift
receiver gate off
trigger 2090

31,¢,3 J4,5,0.

; [;;::] .[:EE%] ' | ::ggztncttb

a2 [ X mm} L

@m@wu LeveLs
(=] (=] 2] @) (=] (=] romssans sty
commcr  cionunes

GENERAL PURPOSE CONTROLLER
PATCH PANEL OIAGRAM
NICOLET 293

86



99

D3 | | . | 1light off

P4 | | 1y 900(n/2)
b2 | . . 'IH'Qn
D1 - . . : - ‘ 13¢ contact .

. L , _
D4 o - _ | " receiver gate
_ _ o
acquisition

P4 = 4.5 us

D2 = 400 ms | |

D1 = 5 ms typical times PENIS experiment
D4 = 5 ms + 200 us.

D3 (light off) 5 s
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light off
D2 . o - 1y 900(m2)
|
D1 | 14 on
P2 : . | ORd output
P1 | | T Won
D3 - v ' . "~ receiver gate
acquisition.
D1, P1 = 2.5 us
D2 = 2.5 us :
P2 = 20 us typical times ONP experiment
D3 = 45 us : B

light off 5s
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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 following
page. Program changes were vaccomp1ished 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

iii)changes to allow data acquistion‘<20 us after start of rf
pulses.
The 1PLS 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 measdre mode

before it is triggered.



*| 0A NTCCON 5
*RUN HIBUG

615170000026 ----> 0100026°

7600G

*STO NTCCON 5620-7577;7600:P

* 0A NTCEXC
*RUN HIBUG

637/0005001
134/3103427
76006

*STO NTCEXC 0-1777:

*LOA NTCDIN 2
*RUN HIBUG

 4133/0111777
5470/0000000

1 4041/0111776
5471 /0000000

-4721/2505543
4724 /2505544
4735/2125544
5472/0000000
5473/0000000
5474 /0000000
5475/0000000
5065/0005001
5272/3111562

4244 /2111733
4452/3001451
4463/3001452
5314/0110304

- 7600G

640

————D
———=>

000

———=>

)

e

-——=D

———d
———sd
———d
———
————)
———-d

————D

oD
———D

-——==>

———)>

———)
_—->

0005000
136

2111470
101777

2111471

101776

2125543
2125544
1472
2125544
2125544
2125543
736
5000
1272

347

453

464
1272

*STO. NTCDIN 2000-5617;7600
*L0A NTCDIN 110000-113617;7600:P
*STO NTCDIN 110000-113617;7600:P

103

/set cword (bit 15 high)

interface to transient recorder

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

/MPOM POINT1
/MPOM POINT2 -
/IMP 5472

to acquire data <20us
after start of rf pulses
/JIMP- to 4736

/JMP to 5272

/JMP to 347
/JMP-to 453
/JMP to 464
JIMP 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 experiment can be dividediinto
three parts:

i) create new command=NC

ii) initialize for counting number of contacts

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

on the Nicolet 293 patch panel retriggers the contact/mix PENIS pulse.



- *LOA NTCDIN
*RUN HIBUG

2776/2707066
2777/ 1003
300073111005
3001 /2405006
~ 3002/1001007
3003/ 4204
-3004/1001010

3005/ 6151 -

3006/ 0

3007/ 4406

3010/ 4541

3011/ 0

3012/3111005
3013/2405006
3014/1001011

4124 /3000126
4125/ 133
4126/ 3011
.~ 5017/1001465
5075/ 0
5076,/3001447
5077/ 6152
5520/316303

7600G

/MMOMZ
JJMP (to 4003)

/MEMA @ PNCON .

/ACCM NCODO
/JMP @ PGOR1

/PPO4 |
~JJMP @ PGOR4

/PNCON
/NCDO

/PGOR1

/PGOR4

/INT
/MEMA @ PNCON

- /ACCM NCODO

JOMP @ INI

JIMS @ FLG

JIMP (to 4133)
/FLG

/JMP @ BADSET

“/NC
~JIMS @ YFIN
~/YFIN

/(n=316,¢c=303)

~ *STO NTCDIN 2000-5617§7600

*_ 0A NTCDIN 110000-113617;7600:P
*STO NTCDIN 110000-113617;7600:P
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A2.3 Patch for second variable timer

Table A2.3 lists 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 wés necéssary when varying the
contact/mix time in the PENIS experiment. NTCFT has only on variable
timer (D1) which‘was used to vary ‘the contact/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 list is terminated with the entry 0.



* 0A NTCDIN 2000
*RUN HIBUG -

4215/ 1 |
4217/2405728  /ACCM YD3
4220/3001457 /IMS @ TWIO04
4221/ 5213 /YD3 .

4222/ 346 /IMP 346
76006

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

*STO NTCDIN 110000-113617;7600:P

- *L0A NTCPAR
*RUN HIBUG

4154 /3025204 /ONEM @ UFLAG4
- 4155/ 156 /IMP 156
4161/3001206 ~/IMS @ TWIO4
4164/ 545160  /EXCT POAC
4170/3024162 /ONEM @ POINTC
7600G

*STO NTCPAR 2000-5617;7600
% OA 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 stofage of data on magnetic tape.

i1) for efficient plotting of all fourier transformed files

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

Data was transferred to the VAX using the command 'U2'. The

necessary program changes to NTCFT #1002 are shown in Table A3.1.
The 'U2' command can be used 1in the standard Nicolet 1link ('LI'
command), A fortran program is simul;aneous]y 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 vja an .R5232 bqs.

Communication lines 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
5204 /2001220
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
5525/ 1221
5526/1001220

5527/ 0
- 5230/2405305
5231/2001250
5232/2111305
5233/ 405025
5234/2001250
5235/2111305
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 .

/VAXOUT
/IMS XMIT
/JMS RXON
/ZERM START

/IMS STATRD

/JdMS RXON
/MEMA @ TEMP
/JMS XMIT
/MEMA @ TEMP
/A+MM START
/MPOM TEMP
/MMONZ SIZE
/JMP -LOOP1
/JIMS RXON

- /MEMA START

/IMS XMIT
/JMS. LOOPO

/RXON
/RSINF
/JMP -LOOP2
/RSIN
/A-MAZ (021
/JMP LOOP2

/JMP @ RXON

/XMIT

LOOPO

LOOP1 -

LOOP2

/ACCM CHECKSUM

/IMS RSXMIT

/MEMA CHECKSUM

/RISH 25

~ /JIMS RSXMIT

/MEMA CHECKSUM

/RISH 32

. /IMS RSXMIT"

/MEMA CHECKSUM

JRISH 37
JJIMS RSXMIT
JMEMA (015

. /RSOUTF-

/JMP LOOP3
/RSOUT
JJMP @ XMIT

JRSXMIT
JAND (37
/TACMQ
/MEMA - (40
JOR

(CARRIAGE RETURN)
LOOP3



5255/ 6574
5256/ 1255
5257/ 4573
5260/1001250

5261/ 0
5262/ 44034

" 5263/ 5012

5264/2011300
5265/2511277
5266/2405304
5267/ 44034
5270/ 5046
5271/ 210000
5272/2013300
5273/ 162000
5274/2111301
5275/2405302
5276/1001261

5277/ 100000
5300/ 36000
5301/ 40000

5302/ 0
5303/ 0
5304/ -0
5305/ 0
5306/ 0
5307/ 110026
5310/2001227
5311/1001306
5523/ 5176
7600G

/RSOUTF LoOP4
/IMP LOOP4

/RSOUT

/JMP @ RSXMIT

/STATRD
/STATUS
/LASH 12
/ANDA MASK1
/A+MA DSTART
/ACCM START
/STATUS
JLLSH 6 . -
/ACPA

/ANDAZ MASK1

~ /ZERZ

/MEMA K16K

- . /ACCM SIZE

/JMP @ STATRD
/DSTART

~ /MASK1

/K16K
/SIZE

/ TEMP
/START
/CHECKSUM

/XON-

/MEMA (026
JIMS XMIT
JIMS @ XON

/VAXOUT

*STO NTCUSR 2000-5617:P
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2d¢1
AdN2
dde d
Y PL
2265
T
607
Adec
PYTR-)
2212
- 6211
2212

9213
2214

4£15
215
2817
nels
431>

JazgA
A2¢c1

/e

QOO0 D000 2000 ICONE INEG 0N

Do

Thig routire =gs2jvag 1&ta from the nic=-=v via rsecdz. nic
1212 22 %it word trarsnitter as a strip, of & tits,ovyte, ¢
cytvs/d0rd felloe2d by & carriage return. form:st 4olxzxix
whore xIxtx are Sigrificat bits., £¢) ipsures ro cvcntrol
cnaracters., prograt 10 be used with u2 commnena of rntefi 1ed2.
u? car be used in link (31). strictly d4ata transferrei, rot
paravoter table. paranters ecterel at terninal;

nutput file is title 1:4 + no.; e.g. for title “peris’ output
files (1f i+ 1ink) sre penivl.datg,penidz.aat,etc.

pasic unpackires routine by «#.3h:ih.

(=) DATA POINT ARRAT
CHECIsnY RONNI“S CHECKSU™ CALCULATL% DUaiING LAT&E RiCrlvVe
TITLE A52 HEADER BLOCK wRITIZN-Ov OUTF01 PILR
faanel title 1:4 (used for output fi.e bamne)
»ASKi 22311111 mMASK USED TO SELERCT 5 ISb OF LACH »YTH
wAS{2 1131131211311321132111311 ™MASK USED TJ 5:eLECT
22 1S3s OF -EACH 32 BIT wOal' CN VAX
i« SET TC OCTAL 21 FOF CTRL-Q TO INITiAllL
DATA TRANSMISSION
k1l v fromn nic-5¢ to start receiving icta
nns total rumoer of Spevira to Le sent
1P NUMBFR 2F DATA POINTS : '
1J(%) VECTOR USED FCR DATA RRAL-IN, 4 wOHLS LOANG,
ONE BYT} PER LOCATION
15U RINNINS SU™ USED IN PACKINS DATA

PIVENSION A(15736),5T{(2),1J(4),TATE(22)
INTESER A C3ECKSNYM, ANS,DATR,PAivp,ifatten
PPEL %A ,ME,DT -

CHARACTER ST

character®qs framel

CHARACTLR®6 fnamne

CAARACTEP=€2 TITLE

LO3I2AL CONTIN,COUNT,TYFE,LOS

irteeer®q OTP3SCVT_L _TI,5Y¥S5G2TMSS
chavTactes® sysTsg®li2

int2z2r%2 bduf

character®2 shi

CPEN (TNIT=21,NA%E="FOR¢Y1°,TYPE="0LL")
OPEN (IINIT=22 ,NAME="FOR¢¢2°,TYPL="Nie’,
TFIRV="UNFORYATTED ")
CONTIN = ,TRUE.
COUNT = _FALSE.
TIPF = .FALSF,
103 = FRISE,
“AXLIv = 122
SUPPEESS FEROR “E33A3FS Fa0v INTESER OVLKFLCW
CADSED BY CHECLS0v CALCULATION
CALT BRRSYT(?78,CCNTIN,COUNT,TYPE,IC3,¥AYLIY)
vAS{y = 37
vhSE? = "3777777
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023
¢22%
nacs
22¢S
ez27
8222
vlce3
2232
2031
9232
8233
825%

CY3E -

8o3%

8257

0933
2039

ouvel
2241

2¥e2
2243

924¢

4345

4045
2247
3243
IZY
2252
23351

9952

2053
2254
22ck
2255

2257
8252
8252
0¢sl
2261

3352
2253
0at4
2265
2255

1

-1 O

912
321

18p
122
A3

404
130

8¢ .

593

0

8§91

632

99.

112

£ = 721

vrite (€,921)

fornat(’$snter nunoer of spectra ‘)
reai(%,%)nns

_WRITE (6,1123)

TORMAT(“$ENTER POINTS PER FILE )
READ(E,®) 1P

YRITE(S,¢03)

FORYAT(“SENTER THE DATE(10al1) °)
READ(5,424)DATE

: ranwn?(leal)

JBIrE(S.SEz)
FORvVAT( @’r232uncy width, THE # OF PASS5LS,
spec frel, alamartare

- ¢eeqs (order 3,2)FPORMAT(£5.2,15,3f14.5)°

READ(E®,*)FP,PA,5f,adam] ,adam2
IOF“AT(?5.2.15;3f16.5)

JRITE(5,532)

FORYAT( @ENTER vp or 289¢ and if attep--
fornat(215)°)

READ(5,®)ivp., 1fatten

FOR'AT(ZI5)

SET TITLE AND OPEV FILE

VRITE(6,819)

FORMAT( OENTER TITLE(AG60),FILENAME IS
FIPST 4 COAR ircremented °)
READ(5,811)TITLE

FORMAT(ASQ)

YRITE(6,620) _

FORMAT(“2vHEN READY TO RECEIVE TYPE GO ON TEE VAX®)
READ(5,525)5T '

FORMAT (241)

IF(ST(1).1Q. g )co T0 630

33 15 s11

CONTINOE

start of 40 loop to transnit nas spectra

10 339 jmit=1,rns

fc=ynit .

ISTAT=0TSSCYY L *I(1C,CHI,AVAL(2))
Jnes=SYSSGET5CTIVAL(ISTAT),
VSILEN,STSWSS, . EvAL{-1),)

xr(xsrAr NE.1)dRITE(S, sa)srsnsc(i HSGLEN)
FORVAT(1X,4)

fnansl=title(lse)

frane=fnamel//chi

open(unit=@3,pame=fpame, type="nev’,
carriagecontrol="1ist’ ).

FILL IN PARAMETER TABLE
WRITE(3,911)fprame

JRITE(S,42¢)DATE - .
VRITE(9,425)ISPEC,IP
SRITE(Y,591)ivp, ifatter
dRITE(5,551)FP,PA, 5P, adamn]  adam2
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2067 ¢85  TFORmMAT(215)
¢
c
C NO¥W LOOP OYER THE NUMBER OF POINTS, RECLIVING AND
c PACLINS TREY ONE AT & TIME. BACY TIME TBE VAX IS
c REATY FOR A NEV WORD A CONTROL-Q COMMAND IS 1SSULD T0
c TEE ¥1C-20. OPON RICEIVING
c A CONTRL=Q I2E NIC OUTPOTS ONE dORD
c vrite q to start trapsnission
c vait for “v from picBd to signal ready to serd ata
s ¢
e8| 982 read (1,893) o, (13(1) 1e31,n)
2053 988 forﬂst(q <r>51)
2372 - isuvs? ,
2071 do 355 1=4,1,-3
‘2272 13(1)=1ana(13(1) naskl)
2273 1snift=(1-1)*5
L7 9%5 tsun=ior{isun,ishfe(15(1:,1snife))
2375 klsfand(isun, mask2)
©875 vrit-(:.asS)rl
2077 966 format(“srezeived ki=",020)
3372 1 (Sl.eq. 25) then
2473 erite (2) KX
2352 chesrsun=9
321 - write(5,577) "
2282 977 fornat{“sreceived k1, sent 21°)
" F.13) else
2254 P00 to 902
025 epi ¢ ]
. M-
C FOR FACH FILE, 1OOP THROUGE IP TI¥ES TO RECCNSTRUCT
C -1f 4DRDS FPRO™ IP®¢ BYTES. A 20 BIT JORD IS5 RECEIVED
C 1IN TEE FOLLOGINS BYTE SLEQUANC:: .
¢ ,
c AC¢=2,AC3-5,AC14-12,AC15-15 <(CRY
C ‘ .
c RFCONSTROCTION (PACKING) OCCORS 3Y APPAOPRIATE
C - LYPT-SIIFTINS AND ICQ3ICAL OR-ING C¥ TRz FCUR
¢ BYTES SIORED IN [J(*)
. c j
- Pe3s ' IPP=]P+}
‘¢23? D0 220, £=1,1P
2252 VRITE (2) (x '
- 3233 142 READ (1,1422) N, (IJ(I) 1=31,N)
0299 1040 FOR%AT (9,4NDAY)
eavl I1SOv = @
2252 D) 122 L=¢,1,-1
2093 _ 1J(L) = IAND(IJ(L),MASK]1)
2394 ISEIFT = (L-1)%5
2255 123° . ISU% = TOR(I530,ISEPT(1J(L),LSHIFT))
¥ElyS - CRECKSOM = CEECEKSUM + ISUM
2297 A(K) = ISOM

2453 /248  CONTINUE v
C NO# RECEIVE AND RECONSTROUCT ThE CHRCESOM
c SALCULATED BY THE 1194,
¢ AND SOYPARE T ISE LOCALLY CALCOLATED oui.
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YRITE (2) KX
READ(1,1203) N,(1J(1),1=1,N)
I1SUv = ¢
DO 222, l=e,1,-1
IJ(L) = IAND(IJ(L),“ASEL)
ISHEIFT = (L-1)%8
22¢ I1SOv = IOR(ISOM ISBFT(IJ(L),LSEIFT))
CIESESOM = IAND(CT2CXSUV,MASE2)
I1SUM = TAND(1S0m™,9ASK2)
_ YRITE(6,10212) fnane,CHECESOM,ISOM :
1010 FORVAT(“ATILE =°,25/°8CALCOLATED CZECLSUM =°,09/
1 “PRECEIVED CHECKSO™ «°,Cy) ‘
c CHECY FOR NESATIVL VUMBERS
KIC=" 2082020
DO 21 I=1,1P
a(1)=a(1)= 37277277
21 CONTINOE -
¢ NJ9 O0TPOT-NOVBERS
sRITE(5,2003)(A(1),1=1,1P)
2039 FORvAT (2112)

999 continue
vrite(5,305)

928 tornat(“Sanother set of files? (y/n,”")
reai(5,598€)ans

965 fornat(al)

1f(ans.23.°y )eo to 312
IND
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PROSRAM SECTIONS

Name Bytes Attridutes
© $C0D: 1713  PIC CON REL ICL  SER EXE  RD NOWRT 1ONG
1 SPPATA 555 PIC SN REL LCL S8R NOEX:  RL NO4RT LONS

¢ SLOCAL - 67¢35 PIC SON REL LCL NOSER NOLXe  RD  #RT LONG

ENTRY POINTS

Address Type Nane

0=00824010 IMITESMAIN
JARIABLIES
Aliress Tyvoes Navwe Adiress Type Name

2-2001¢5D028  R*¢ ADAM] ’ 2-00P10EDC R®™4 ADAM2
2-24010532 1%4¢ CHFCYSUv T 2=Mo2165£4  CHAR (HI
-4 0106A4 R®a2 TT7T 2-90¢105BE  CHAR INAML
2-2201¢EFC I*¢ ] ) 2-4¢¥146ks 1%¢ IC
2=-20P14712 1%4 1PP . 2=-0¢Al185F4 1®4¢ ISPLC
2-2201%634 [*4 VP v 2-4CI1¢6EC 1%4 JMLES
2-0081236Ca J*a (X 2-01rd13712 J*& KKK
2-08014544 L¥¢ L33 2-v0 412705 1%¢ LSHIFT
2-Y20155C3 1%4  wpsX2 2-0991¢632 J*¢ MATLIM
2=3201.6F I%e ¥ 2=-90:¢186C2 1®4 NNS
2=24P10522 C3IAR 3Y3VvS3 2-004125C4¢  CEAR TITL:
“411ress  Type Nane Address Type Name
2=-2801253C 1%a ANS : ) 2-900106PS %2 . o(CF .
2=240176A5 L®q4 CTONTIN 2=-04¢185AC L¥4¢ COONT
2-P2012584 CHAR FVAvEl 2-0¢v1v6De R¥e¢ FP
2=-40081"532 1%*& IFATTIN. 2-404125CC 1I%*4¢ 1P
€=¢¢C1¢FES  I¥4 ISTAT ) 2-7¢4147¢ . 1%¢ 1SUv
2-200126E2 I*a.  JuIT 2-0¢¢14714 I®a [
2=28217273C 1%¢ CL 2-04n187v4 1%¢ L
2=CJ21:°63C. P¥4¢ wp 2-2221453C 1%4¢ M™MASK]

- 2-=82010265A2 R®e ¥ 2-40v1¢¥6F0 1®4¢ tSGLEN
2-250117533 1%4¢ PBp 2-4008125D¢ R*4¢ " SF

2-2291¢622 1%4 TYPE

ARRAYS
:Aaaress Type Vane _ Bytes Dimwensions
2-AL02¢200 1%¢ A 65944 (15735)
2-22014599 I%a DATE 40 - (10)
2-40912523 1%¢. 1) 16 (¢)

2-90148B2  CHAR ST 2 (2)
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Appendix 4. ONP calculation programs

This appendix contains a Tisting 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 1is a routine which plots: the output of’
ONPOL. It is based on a subroutine by D.Goodin and is not

- reproduced here. Subroutines VCVTCH,EIGCH,LINVIF,and VMULFF are all
IMSL subroutines which (respectivefy), converts a Hermitian matrix to
a full complex storége. 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.

gama=ybas given~ih equation 3.8_15 the gyromagneticvbatio of the

. proton spin. |

A is the hyperfine interaction tensor. .

Pp M=X,Y¥,2 is the relative populatidn rate into the mth triplet

state (normalized to one triplet state).

: km m=x,y,z is -the relative decay rate from the mth triplte state

(normalized to one triplet).

~ ¥m,n
mth and nth triplet states.

m,n = X,y,zis the spin lattice relaxation rate between the

Typical'values:

D = 395 MHz, E = 15.3 MHz
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gama = 4.257E-07

Acx = -29 MHZ,Ayy

ky = ky =k, = .333

Py = +9: Py = .05, p, = .05

= -9.2 MHz,A,, = -19.0 MHz -



NEWONP

input: d,e,gama
e,P.k,w

fixed field
or
fixad orientation=—=

input: field
orientaticn nlane
[

fnput: orientation
Hmin, delta, Hmax
|

.

e C3 11 ONPOL

call PLONP

ONPOL

create Namiltonian U
diagqonalize U

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

calculate polarization

118

PLONP
plot polarization

[rs



2201

8202

€dc¢3

22304

088
2245
0387
¢os
VY.FF)
@14
2211

2212

2213
221%
4212
2215
2217
2213

2212
0dce
0221
2422
2223
822%
045
2225
2227
oles
g2y
2332
2231

2232
2233

4034
3335

¢35

2237
03z
3239

2242

C

393

Lt 0D 4

" format(” d4e=z3y ani populetion ratess=

119

. program™ newdnp

real xo(192),¥p(123, %2,y k2

connor/cnst/i,e,nama,
/rates/kx,ky, k2,pX,Py¥,P2,
/hypar/ax,ay,az,
/relax/vxy wxz ,wy2

apen(uprit=3,stetus="nev’,name="eivec”)
call erstrt{¢214,2)
spen{unit=8,5tatus="0ld ", pame="{rputl’ .re-iorty)
real(s ')1.-.gsna _
reai(s,*)xx,xy,k2,pPx,pPy. P2
reai(8 ')ax.sy.az
rpai(s ')vry,vxz.wyz
lose(unitts status="keep ‘)

contirue

write(6,1¢3) X

wRITL (6,*%) KX . KY,XZ,®X.,?Y,P2Z

vritel(s, 203)

forﬂst(/ hyperfine copstelns erd relazctior rates”)
VRITE (6,%) AX AY,AZ,VYY , WXZ,412

vrit!(S.EEE)

fornat{’ change 2,p=1,k=2, a=3 wy=s”)

reai(5,%)icn

i (fen.E2.1) tbpn
rpsi( gx.Py.p:

else 31f (icn. IO 2) then
real(5.,® kv Xy, k2

else i1f (1cn.ED.3) ther
re21(5,%)ax.ay,az

else 12 (ien F0.2) then
reai(5,%)vry,viz, ,vyz

else

: cortinne
erd §f

- - continue

L IVR

urite(s 501)

forwat(' f1x23 fi=14=1 sr fixed orientationse?

real (5,120

if (ifa JE9. 2) then
writ=(5,323" :
fornat(’ erter theta, pni.. ¢, ther v=1°/,
° §3.90 thepr y=17/,

2,2 then 2=1°/,

1y plane is w2, argle ‘e

.yt plane {s. angle g8/,

T2 plare 1s eangle,0”)

L )

A

4

resi(5,%)theta,phi



2241
8242
4343
224%
3243
4245

2847
P2
UYL
2222
vesl
8252
8253
¢S4
2255
2255
CIE?
3253
2352
el
2251
2852
2203
22z4
8255
w205
22¢€7
2452
éét
2272
2271
U1 'ar ¥
3273
227%
o478
2275
2477
8972
2279
r Y. EY

0321

02c2
033
£0z1%
2085
22:5
4¢z?
22c2
22:5
vizd
"F.ED
22:2
2¢93
224
82:=5

[ 3

444
77?

722

else 1°?

writea’5,10¢9)

FCRV‘ (' ENTER NOMBER OF FIEID POSITIONS
eoa? & & )¥ILD

u'itets.la)

FOR¥aAT(° ENTZIR SMIN,DRITR)
reai (s s )H¥IN TELTA

DO 11K =3,NFLD
t = avin ¢ deltexiik
vrite(¥,%)n v
cell onpolitheta,pui.n,.pol}
rp{iix) = pol
zp{iir) = h
ent 490
arite(5,4¢4)
format(’ new Plot?’)
reai(5,777)an2
formatfal) :
1?2 (ar2.£3.°y°) then
iopt = 1
elsge
- iopt = ¢
end 1€
czll pleap(xp.yp.nfld,iopt)
(1?0.E2.1) taer

~write(35,7292)

fornat(° esnter field’)
resi(5,%'n
write(5,741:

120

fornat(’ erier 12 xy plan==1.y plsne=sz,v? plere-=3")

real{5,*)ipln
{m=3
12 (ipln.EQ.2) ther
S phi = =g,
d0 iixk==:4,0,5
insin+}
theta = {ik
cell onpollzneta,pni,.h,pol}
yp (in)=pel
xp{im)=theta
erd do
phi = 2u.,
do iik=5.9¢,8
in={n=]
theta = iik
call orpol(taeta,pni,h,pol)
yp(im)=pol
xplin)=theta
" erd do
vrite(6,444)
re3d (5,777 )ar2
1¢ (an2.20.°y") then
fopt =1
el se
iopt = ¥
end 12

te



22395
A2:7
0dd92
32y
21¢9
J1¢l
ele2
8123
¢ivd
145
2105
€127
2143
212
6114
2131
4112

911%

411s
2115
¢115
2117
81132
€113
4122
w121
41c2
2123
2124
Y1zt
v12%
0127
€les
2125
2132

- €131 -

21352
2133
2134%
2135
2135
6137
2132
21379
4142
2141

pl4e

€143
2143

214°%
7145
€147

2143
© 814z
4152
2151
€l1te

2153
#15%
©185

555

call plorp(xp,yp.37,i9pt)

else 1f(ipln.EC.1) then

theta = gyJ,

10 {ik=-59,52,5

jn=in+l
phi = 1ik

csll onpol(tneta.pni n.pol)

ypiin)=pol
rp(in)-phi
end do

write(6,244)
recdi(5,777)an2

1¢ (ar2.£9.°y°) ther
fopt = 1

else

fopt = ¥

end if

call plorp(xp.yp.37.40pt)

else $¢ (iplr.£9.3) ther

phi = 2.0

do 11k*~pd,2,5
theta = {ix

in=im+l

call onpol(theta,phai,n,pol)

yp(im)=pol

xpiin)= theta

end 30
phi=182,

do i{ir=5,99,5
theta = {ik

in={m+1

¢all onpol(theta,phi,.b,pol)

yp(in)=pel

xp(inm)= theta

end do

vrite(5,<4¢)
re24(&,777)1ar2

vrite(S.ESS)

format(® cortirue ot new oriertatior. field=1 /.
° cogtinue witn rew constaatssz )

reai(&,%)1an
1f (18an.EQ0.1) then

go to =59

else if (iar.ED.2) taer
g9 tn 338

else
continue

end it

call erstop
clos-(unitsa.stazus= keep”’
eri

}

17 (an2.:9.°y"t trecz
iopt = 1
else
) iopt = ¢
enpd {°?
call plorp(zp,yp,37.10pt)
erd §? .
. else®
g0 to SY9
end §°¢
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VARIA3LES
Ai1dress

2-02¢¥2¢348
3-02000000
2=0L80v340
222121324
2=PV¥dV3I50
2-000Lv¢332
¢-00020012
6=-02003044

address

S=YVYVVYYL
I=gbovbvivs

2’.”‘"[:‘358 .

29354
4-vlLdveve
20344
2-00VVV3Ze

ARRAYS
"Address

2-82000000
2-42080132

Type

R®4
R*4
R*4
1*¢
1*4
15
R*4
R*4

Type
R®e
R®a
1%

1%4

R=4
i*q
R¥¢

Type

R¥¢
Re®g

Name
aN2
17D
IPIN
NFLD
X2

Name
AY
1AN
kY

POL
THETA

Namne

Ip
| § 2

adiress

5-¥031n3YY
2-00VVV23E
2-00I0¥334
2=-U040433C
4=-00VIVVVVY
2-633¢u32C
$-PoAndV14
6-8v¢LYYpe

Address

5-p0DM P26

‘=L dve
2-000de329

2= d4C
4=-PVP0L Ve
a—¢doIer ol

S5=0YP0122Y

Eytes

&0
400

Type

R®4
R®¢
R=4q
1%
R*4
H*e
R*¢
R*q

Type -

R*q
R*4
14
I1*4
k=g
Rh¥g
Fxgq

122

Name

A2
GArA
1CH

10°7

K2
P)
1 DY

Dimnensiors

(1v2)
(100 .

iy



22v1
8222

2223

da0%

vees
2225
22207
22
2229
817
dril
0212
2213
2214
2215

¥215
2o17
221¢
0419

2823
edzl
2222
IAL3
2224
2822

T ra
e227

Y I

2223
2232
231
2232
2233

¥23¢ .

22332
i35
2347
2433
22339
0242

4241

(g Xz N o]

[: Iz Xl

TEIS PRORAM FOR RONNING ON VAXSFIRLD DRPENDENCE ONP
subroutire INPCL(tneta,phi,n,pol)

connon/crst/d,p,.8ama
1 /rates/kx,ky,X2,0%,pPY P2
2 /hyper/ax,ay,az
3 /relax/wxy . vxz,vys

character arl ap2
4inension #%X1 (1222),41JIN (5,5)
COMPLEX 2(5,5),EVeC(6),¥R(27¢9)
4inensior T0TX(6,2),57MX(S)},DIFK(S),CALK(6),22(%,6,
ainepgion SOVZ2(5),SKOR%(5),3(5)
4inersior AA{S,5),4AA(6,8)
COMPLEX 10(5,5),532,2ENN2
R¥aL £1,%7,%2
REAL E(S)
co~PlEX O(5,5)
4imensior S(5)
4i~epsion ¥{5,5

) W1J(6.6),CALV(6.,5)
d{nespsion TIIP(6),P

+2(6),CALP(5)

BETA = 1.4

GXX = 2.0003
31T = 2.0023
GZZ = 2.£2u3

conv = 2.0%3,1415/358.
rtheta = thets ¥ conv
rohl = phi ®conv

t = ¢ir(rtheta)®cos{rphl "
q = sir{rtheta)*sir(rpat)
r = cos{riaeta)

FX = TeH
BY = 9 = §
27 = R * %

267 = 377 = BITA ® RZ
23X = 31X * BETA * 28X
7231 = 317 ® BETA * HY
CZENTY = .5 ® Savp ® HZ _ v
ZINO2 = .5 * AvA * (HX-(2.2,1.8)%R8Y)

TR = -5¢.0 ®* 3.1416/18.9
TRCIS = COS{IR)

TRSIN = SIN(IR)

AXX = AX o

ATY = AT®((TRCOS)®**2)+ AZ®((TRSIN)®®2)
AZZ = AT-® ((TRSIN)®=22) + AZ = {(TRCCS)®®¢)
AZY = (AZ-AY)*TRCO3®TRSIN

'ENTER MATRIX FEMILTONIAN
0{1,1) = 9 - E = ZEN01
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2242
2443
4244
9245
e85
die?
042
445
¢¢bo
8251
2252
vdE3
335%
A335
4285
3257
@853
€dt3
2262
4851
<452
2ecs
2354

€Ygs -

J2€5
8357

2265

2959
2872
8271
2372
2273
274
4375
22375
2477
b P Ad
2272
c2z¢
d2¢1
20:2
2233
¢acs
@2:5
vdss
0257
323
d2z3
2222
3221
332
4293
322%

9895
3253
2<a7?

[&]

21
1

“(2.0,1.0)%(2.5%477 +252)

mni1,2) =
U(1,3) = (2.2,1.2)%(23Y + .5%227!
0(1,4) = =2ENO2
U(1,5) = -@.5%22Y
U(1,5) = .5 ® AYY
0({z.2) = Def - 2ENC1
0(2,3) = =(2.2,1.2)%2GX
U(2.¢) = 2.5%22Y
U(2,5) = - ZENT2
0(2,5) = =(p.2,1.28)*%(2.5*aXX)
U(3,3) = =ZENDL
" 0(3,4) = - (.5 ® AYY)
0(3,5) = (2.2,1.2)%(0.5%AXX)
0(3,5) ==ZEND2
0(4,4) = L=E ¢ ZENT]
4,5) = (2.2,1.2)%(0.5%222 =2G62)
v(-.. = DeF ¢ ZENOL.
17(5,8) = -(0.2,1.2) =2GX
0(5.5) = ZENOL
"TO 111 = 1.5
IC21J =1,5
IF(I.3E.J) 30 10 21
n(J,1) = CONJS(O(I, 3
CNTINNE
CONTINGT _
12 = § '
CALL VCVTCE(9,5,5,7)

A1
42¢

444
433

496
¢AS

CALL EI5C2 (U.:.l ¥vfC,2,12, 4R, IER)

IV 81=1,
0 5 J=1,6
22(1.J) =

‘CONTINCE

CONTINCE
DO ¢22
sSOv2 (1)
D0 ¢21

SUvz(1)sS

CONTINDE
. DY ¢22
SNOR%(1

CONTINDE
DO ¢23
D) s2e

201, =2(

CCVTI\UE
10 J3=1,
write(9

erd 1o
DO ¢25
TJ ¢25
22(1,J)=C
CONTINDE

P(1) = PY

5
CABS(Z(I.J')“Z

Ig1.5

=@,

J=1,5
U“?(I“?Z(I J)

I=1,5
‘t:QR’(SU*Z(I))

I1=1,5
J=1,5 . ‘
I, J)/:NDR%(I)‘

5
(1, AR 1‘1 6

I=1,5
J.l's
ABS(Z(I,J))==2

P(2) = PY -

P(3) = P2
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& -

2222
9223
@lud
121
¢le2
8103
2121
d1ct
21945
0197
e1e2
2103
2112
4111
2112
2113
114
2115
MNis
4117
2113
o113
wleg2
0121
8122

4123
Clecé
2125
2125
127
2123
2127
J134

2131

0152

213

¢13%
2135
2135
0137

a13:3
- #1393

2142
2141
Ylae2

2143

vlat
2145

" 2145

€147
2142

LB Ba- B
[} ﬁ‘l:"N"QN

AN SE WY
> o~

‘2¢ CONTINOE

12 CONTINUE
T0 30 J= 1

‘g -
S~
-y
~—
4 9
Q o~~~
[ K]
[

e~

(3

6

T0TP(J) = .5 * TOTP(J)

32 CONTINDE

K(1) = g%

x(2) = kY

X(3) = X2

K(a) = K

() = kY

1(s5) = %2

SOR = 3Q3RT(1.2 + R)
o€ 52 J= 1,6
TOTI(J,1)=0.

T0 621 = 1,3

N = [+3

CALZ(1) = (1) ® (CABS(Z(I,J)*
1(>0R/>3R*(2 2))1+2(N,J, ™

1{(1-(2.0,

D)‘Q)/(SOR‘SOB*(Z @))))==2)

To74¢(J, 1) = CALI(I) « TOTE(J,1)

€3 CONTINCE

- 53 CONTINME
00 72 J=1,5

r072(J,2) = 0.

20 22 1=1,3

N = 13

CALE(I) = X(I) ® (CAB5(~Z2(1,J)*
1(7+4(2.2,1.2)%3)/(SCRT(2.¢)®S0R
1+ Z2(N,J'®5QR/3QRT(2,0))==2)

ToTE{J,2) = TOTK(J,2* + CALK(I)

22 CONTINDE
?2d CONTINQE,

.10 32 I=1,5

somg(1) = TOTS([,1) < TOT'(Y’Z)
DIFI(I) = POTZ(I.1: - TOTE(I,2)

97 CONTINCE

30 1=1,5

. do A=1,6
vii,y) =
- epd 10
. erl 1o

4(1,2)
v(1,3)
v(2,3)
4(4,5)
¥(4&,5)
v(5,5).

¢.2

Xy
-dX2Z
112
ax1
a2
vY?
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vy
X2
wyz
vy
vxz
vye

DC 122 I=1,5

wM=T+]

1O 133 J=vv,5
'IJ(IoJ) = ¢,
IO 122 X =1,3

. N=ZT+}

12@

14¢

162
151

151
153

92
91

302

1

D0 122 L= 1,3
wale3
1J(1,3) = vIJ(1,3) =~

(CABSI(CONI3{2{xK 1)) )=2(L, J)
+ (COVIG(ZIN, 1)))‘2(”.J)))"2

CONTINDE

CONTINCE

LD 152 11,5
d1J(1,11=0,

TO 142 1=1,5

N=]+]

DY 142 J=N.5 _
viJ{(J,1) = 41J(1,d)
DO 151 I=1,6

DO 152 J=1.5
AMA(T,]) = =413(1,J)
CONTINDE

CONTINTE

IO 1583 I=1, 6

G(I) =2.

pO 151 L=1,5

v(I, = J(I)*'IJ‘I L)
CONTINDE

AAA(T,I) = SOWE(I) + 3(1)

0 31 I=1,5

DC 92 J=1,6 °
AL(T,T)=aAA(1,T)
CCNTINDE
CONTINOE

d(gx,1)

CALL LINV1F (AAAL,5.5,¥YIJIN,.¢,¥31,1ER1)

CALL Y9OLFF(4I1JIN,TOTP,5,5+1,6,6,5,5,1EF2)

POL = 2.
DO 32¢ J=1,5

POL = POL *IIFK(J)'S(J)

CONTINDE

return
FND
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TARIABLES
Address Tyove Nane Adaress Type Name
2-p20056D8 CHAR ANl : 2-209¢56DY CHAR ANZ
5~-#284v034¢ R®%¢ AY 2=M0Ae5744¢ R®4¢ AYY
2-000857¢8 R®e¢ 422 2-000¢56Fv R*4 BiTA
3-2£000044 R®4 E I-20Yvd8 R*4 GAMA
2-22B455FC R*¢ 322 AP=0822204C0 R*¢ B
2=p2095724 BR*s 82 2-290085750 1%¢ I
2-¢ovps77e 14 1ER2 2-90vv5755 1%¢ 12
4-2200000% R®¢ (X 4-02202004 FR%*s KY
2-00005772 I®%4 M 2-pP035764 1%¢ MM
AP-v200v012s R®¢ POL 4-0202020C Rvs PX
2-p2025712 R*¢ § ' 2-000¥5714 Ree¢ R
2-CLOVS6ER C*S5 SOR 2-000¢57¢C R*4¢ T
2-20025732 R*4¢ TRCOS 2-0200573C R*4 TRSIN
6-0200000F  R®4a oY2Z 2=-90098573Y¥° R¥*¢ Z2INUL
2-0000572C R®4 23Y° 2-029v35724 R¥¢ 2312
Adaress JType AName Agdress Type Name
S, 000000  A*4  4)  2-c¢OCiET48 R®4 AYY
5-40VnBvVE Kk®: A2 2=-nPon574C F*4¢ AZY
2-000570¢ R®4 (ONV 3-veV0ovLd . P¥4 I
2-voVuS56F4 R*¢ GXX 2-¢bu’E6FE  R¥¢ . GTY
2-p2vY5718 R®¢ uX : 2-V0nres571C  Reg HY
2-2000575C 1%¢ IR - 2-00¢25774 I®4 IpHl
2-¢vot?54 1% ) . 2-o¥c 28768 I¥¢ KK
4-01LYIVVBE R%¢ 82 2-p0ve575C I®¢ 1
2~JY0v5750 I%4¢ A AP-pupv oot P*q¢ Pil
4-0¢vvolld R¥4 PY : 4-PV0nAn1e Re¢  PZ
2-0¢015708 R®4 RPHI ’ 2-002V57¥4 R®4¢ RThLT.
AP=OU VLS04 A% ThRTA T 2=éPo¥S573¢ R¥4 TR
6=Povodvd R*: XY . 65-0009vave P4 9XZ
2-0PYHELE  C¥&  Z2IND2 - . 2=9YeP5728 P*s 26X
ARRAY3
Address Type Nane . Bytes Dimensiors
2-pUYVB5390 R¥4 AA 142 (6, 6)
2-20005420 R*4 AKA _ ; 14¢ (5, §)
2-0¢¥052408 R*&  CAlLK 24 (8)
2-020056C2 R%e CALP - 24 (8)
2-22005583 PR*4¢ ChLld 144 (5, 5)
¢=-200052828 R*4 IIFK o 24 (5)
2-02002122 C*2 EVLIC 4B (6)
2-20P905372 R*s 3 2¢  (5)
2-0U¢0e¢54B2 R¥e ¥ 24 (8)
2-200¢5EAS R®2 P 24 (5)
2-0¥o¥v5428 R*4 3 - - 24 5
2-220¢5368 R®4 SNOR™ 2¢ (b)
2=28005278 PR%®4 SO 2¢ (3)
¢-V<¢VLE34e  H4  SUv2Z 2¢ Is)
“2=pcvr5243 R¥e TI37X 4€ (6, 2)
2-30005552 R®4¢ DIOIP 24 (3)
2-30UV4dFA C¥8 0 22 (s, 6)
2-Povvl3¥FDy C*t 00 2¢e (56, 6)
2-280054F0 BR%4¢ 4 144 (5, %)
2-p2VVES?3 R%¢ d1J 144 (6, 6)
2-20005188  R®e JI1JIN - v o 144 (6, 6)
2-281024210 R*¢ 4X1 €009 (12842)
2-0¢0Lo15¢ (=t ¥R 160008 (zvv0)
2-2Pvveosd  C*8 27 208 (6, 6)

2-20025288 R*4¢ 21 - 14e (3, 5)



01.

02.

03.

04.

05.

06.
07.

08.

09.

10.
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