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1. INTRODUCTION 

1 

NMR provides a dynamic and non-destructive probe of the chemical 
environment. In particular, in a solid or sem1-sol1d where anisotropic 
interactions such as the chemical shift are retained, many nuclei 
other than protons can give valuable information about the structiire 
and motion of molecules. However, the NMR signals from nuclei 
other than protons are extremely weak for a variety of reasons, 
including: 

i) low natural abundance 
ii) small gyrcmagnetic ratio 
i i) long spin-lattice relaxation times 
1v) in the solid state, the presence of large dipole-dipole 

interactions and the existence of a quadrapole interaction which may 
dominate the NMR spectrum and mask chemical shift information. 

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

i) use of large magnetic fields 
ii) improvement of rf hardware and signal averaging 
iii) for the case of dilute spins in solids, use of double 

resonance techniques, in particular, the proton enchanced nuclear 
induction spectroscopy (PENIS) experiment, in combination with 
decoupling techniques. 

A combination of the above three schemes is becoming more 
prevalent in the study of dilute spins in solids. In the Pi'NIS 
experiment an improvement in signal to noise is accomplished by 
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transf*. r ing the abundant proton polarization to the di lute 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 
13 of the dilute * C nuclei in the solid state. The idea was to create 

JH polarizations larger than Boltzmann and to use the PENIS cross 

polarization technique to then transfer this large polarization to the 
12 C 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 of .005%. 

In single crystals of fluorene doped with acridine, proton 

polarizations on the order of .1% have been reported [1 ,2 ] . Such 

polarizations are equivalent to the sample s i t t ing in a magnetic f ie ld 

of approximately 3 MGauss. Magnetic f ields strengths readily 

avaliable in the laboratory today are aproximately 65 kGauss. The 

polarization is approximately three orders of magnitude larger than 

could be conventionally obtained. Additionally, protons in fluorene 

could be polarized in a time much less than T,, the spin lat t ice 

relaxation time. The ONP polarization time is determined by the 

illumination t ine, which is on the order of 1 minute, rather than T,, 

which is on the order of 30 minutes. 

ONP of acridine-doped fluorene single crystals has been studied 

here. In addition, ONP of powdered samples of the acridine-doped 

fluorene has been studied. In general, many compounds do not 

crystal l ize easily or do not form large crystals suitable for NMR 

experiments. Powdered, amorphous and randomly dispersed samples are 
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generally far more readily avaliable than single crystals. One 

objective of this work has been to ( f i r s t ) create large 1H 

polarizations. Although large optical proton polarizations in single 

crystals have been reported previously [1 ,2 ] , optical ly generated 

polarizations in powdered samples have not been reported. For these 

reasons, ONP studies of powdered samples of the acridine-doped 

fluorene were also undertaken. 

Using ONP In combination with the PENIS experiment, large 1 3 C 

polarizations have been created in fluorene single crystals. These 

large C 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 's a description of the 

experimental set-up. Part 5 describes the data analysis for the 

determination of the chemical shielding tensors. Part 6 presents the 

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

shielding tensors determined. 
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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, 

13 n 
is transferred to a dilute spin system such as C, resulting in C 
magnetization greater than Boltzmann. The PENIS experiment has been 
described by many authors; for example, see Pines, Gibby, Waugh [3] 
and Mehring [4]. A general description is included here. 

2.1 Background 
The concept of spin temperature is important for an understanding 

of the PENIS experiment. It can be stated as follows: a spin system, 
I, isolated from the lattice and subjected to spin-spin interactions, 
proceeds toward a state of internal equilibrium such that the 
population of the spin energy levels is given by an exponential 
distribution N(E.j)«exp(-BE..). B = 1/kTs is the inverse spin 
temperature Ts of the system. If the population distribution is the 
Boltzmann distribution, Ts is the lattice temperature. 

The density matrix p of the spin system described by the 
Hamilt.onian H is defined as 

p = exp(-BH)/Tr(exp(-BH)) 2.1 

Generally, for T » 1 degree K, E 1 is less than kT for all energy 
levels of the spin system. Hence 0 can be well approximated by 

p = Z - 1 [ 1 - B H ] 2.2 
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where 
Z = TrQ_) = (21+1) 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 Haniltonian becomes 

H = -ThHo.I = -vhHoIz 2.3 

where T is the gyromagnetic rat io of the I spin and h is Planck's 

constant. 

The magnetization and energy of the system are 

Mi = 1/Z IrrTrfPli) = B C Ho 2.4 

E = - Tr(PH) = -B C Ho 2 2.5 

where 
2 2 C is the Curie constant equal to 1/3 N I(I+l)t lr 

N is, as stated previously, the number of I spins in the sample. 
The term C Ho 2 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 field, Ho. Let the Larmor resonance 
frequency of the I spins in the field be " O I=hTjHo, and the Larmor 
resonance frequency of the S spins, o> o S=hY sHo. Two strong rf fields 
of amplitude H^j and H l s are applied at the resonance frequencies 
"> , and " Qc of the I and S spin systems. The rf fieldr. are applied 
in the xy plane perpendicular to the constant field Ho. The full 
Hamiltonian is 
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H = H z + H d i i + H d i s + H r f z - 6 

where 

H 2 is the nuclear Zeeman interaction of both the I and S spins 
Hdl-.j is the dipolar interactions between I spins 
H d 1 s is the dipolar interactions between the I and S spins 
H p f is the interaction of the spin system with the rf fields 

(scalar couplings have been ignored since H s c a l a r « H d l - i , H d i s ) . 
For Ho//z 

H z = -h« O Ilz - h- o SSz 
Hdii = ^iS.jdi-Jjf 1- 3 cos^/r 3^) - 3I i z I j z ) 
Hdis= V s ' l ^ W 1 " 3 c o s 2 9 / r 3 i j ) - 3I i z S j z ) 
Hrf = "ll^x^^ol* + Iys,'r""oIt) + "lsfV^oS* + V'ns'J 

where 
8.. is the angle between the magnetic field vector and the vector 

joining the two spins i and j, and 
r.j- is the distance between the two pairwise coupled spins. 
In the doubly rotating frame, the effects of the large magnetic 

field, Ho, can be eliminated. The operator R which transforms the 
system from the stationary laboratory frame to this doubly rotating 
frame is given by 

R = exp[-iKijIzt - iusSzt] 2.7 

where », and <»- are the frequencies of the rotating frames. If "i^oi 
and "^(fos in this new frame the Hamiltonian becomes 

H p = -YjhHuIx - T shH l sSx + H ' d M + H'„ 1 s 
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' H1I + H1S + H'dii + H'dis 2* 8 

This is the Hamiltonian of the PENIS experiment which will be used 
later In this section. 

2.2 Description of PENIS experiment 
T*e PENIS experiment proceeds through 5 major steps: 
i) the I spins are polarized 
ii) the I spins a^e cooled 
iii) the I and S spins are brought 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) and (iv) are repeated until the I spin 

magnetization is depleted. 
in this experiment, the abundant I spins are the protons and the 

dilute S spins are the * C in fluorene. 

i) polarize I spins 
In most cross polarization experiments, the I spins are polarized 

by placing the sample in a large external magnetic fiold Ho and 
waiting a time > T^, the spin 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 

o = 1-B I H z 2.9 

Only H 7 enters the above equation because H z » H d i l- and H f = 0 . The 
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S spins are assumed to be unpolarized at t h i s stage, so tha t t h e i r 

inverse spin temperature i s 0 . When the I spins are placed in a large 

magnetic f i e l d Ho and are allowed to e q u i l i b r a t e , the spin temperature 

defined by the population d i f ference of the abundant spin system 

equals B j a * > the inverse l a t t i c e temperature, of the I spin system. 

The normal Boltzmann magnetization H , and enc-rgy E are 

«oI " B l a t C I H o 2 - 1 0 

E = - 8 ] a t Cj Ho2 2.11 

In the ONP experiment, the I spins are not in thermal equ i l ib r ium 

wi th the l a t t i c e and B o n D » the inverse spin temperature of the 

system, does not equal B i a t - An e f fec t i ve magnetic f i e l d H' can be 

defined as that magnetic f i e l d which would give r i se to the actual I 

spin po la r i za t ion at the l a t t i c e temperature. The actual 

magnetization in t h i s case is given by 

H I = 6 o n p c I H ° = B l a t c I H ' = » o I H ' / H ° 2 " 1 2 

In the ONP experiment, B Q n » 6 l a t and therefore Ho << H ' . 

i i ) 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 H,, in the rotating frame. (The remaining 

discussion is limited to this case.) This is accomplished by first 

applying a 90 degree pulse to rotate the magnetization into the xy 

plane, followed immediately by a long pulse phase shifted by 90 

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



9 

magnetic ordering along a ro ta t ing frame f i e l d much smaller than Ho. 

This resul ts 1n an e f f ec t i ve cooling of the I spins [ 5 ] . 

The Hamiltonian of the system is given by equation [ 2 . 8 ] , w i th 

H 1 I J > H d i i « H d i s " 

Let the inverse spin temperature of the system at t h i s point be 

B.. Neglecting Hr f i i» H His ' t h e d e n s ' t y m a t r i x , magnetization and 

energy in the ro ta t ing frame become 

P r = Z _ 1 ( l - S, H n ) 2.13 

" i • B o n P

 C I H ° = B l a t C I H ' = 5 i C I H U 2 - 1 4 

V 8 o n p • H ° / H 1 I a n d V 8 l a t • H ' /H„ 2-15 

E = - 6 i Cj H U

Z 2.16 

i i i ) bring I and S spins in to contact 

The S spins are brought i n to contact w i th the I spins by applying 

a second r f f i e l d at the S spins resonant frequency. Two cases ar ise 

for the amplitude of t h i s r f f i e l d : 

1) matched Hartman-Hahn condition [6]: 

T S H 1 S = Tj H n 2.17(a) 

i.e., the amplitude H l s of the S spin rf field is chosen such that in 

the rotating frame, the energy differance of the S spin system is 

equal to the energy difference of the I spin system 

or 

2) unmatched Hartman-Hahn condi t ion [ 3 ] : 

T S H1S = a T I H 1 I • a > > 1 2.17(b) 
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Only if the time constant of the energy transfer T j S < T l p , the 

rotating frame relaxation time, can the energy exchange be 

considerable. T J S is a function of the coupling between the I and S 

spins and the mismatch paramter, a; T.j increases with increasing 

values of a [3,4,7]. 

If the Hartman-Hahn condition is satisfied (a=l), 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, 
2 2 

C^H.P i s small and the heat capacity of the I sp ins, C jH , , , l a rge . 

Energy flows rap id ly from the S spin system to the I spin system 

u n t i l a common spin temperature i s establ ished. A cooling of the S 

spins occurs, at the expense of a small heating of the I sp ins. 

I f the Hartman-Hahn condi t ion is not sa t i s f i ed (a>> l ) , the heat 

capacity of the S spins is large (since H,c i s large) and a large 

cool ing of the S spins occurs, w i th a concomitant large heating of the 

I sp ins. However, T I S can become very long. I f T , s exceeds T j e , 

e f fec t i ve energy t ransfer is not poss ib le . 

The Hamiltonian, H , i s given by equation [ 2 . 8 ] . Let the f i n a l 

inverse spin temperature be B*. The densi ty matr ix and energy a f te r 

the spin temperatures have equalized are given by 

P f = 1 - 8 f [ H n + H 1 S ] 2.18 

E f - - « f [ C j H n

2

 + C s H 1 S

2 ] 2.19 

Assuming conservation of energy, Ê  = E f , and T S H , S = a YjH,] 

B i c i hi2 - B f Cci H n 2 + c s H i s 2 1 Z - 2 0 
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B f / S i = (1 + a Z ( Y I

2 / Y s

2 ) ( C J / C J ) ) " 1 

= (1 + a 2 [ N s S ( S + l ) ] / [ N i I ( I + l ) ] ) - 1 2.21 

Let c = [NsS(S+l)]/[NiI{I+l)3 
Therefore, after one contact, 

Ms " 8f C S H1S 
= » f C s a (Yj/Yj) H 1 X 

= Bi cs < W t a / ( 1 + a 2 e )3 H n 
= " lat CS ' W Ca/( l+a 2

E ) : H' 

= ( Y J / Y S ) [ a / ( l + a 2

E ) ] (H'/Ho) M o S 2.22 

M Q S i s the normal Boltzr.iann magnetization of the S sp ins . The gain in 

magnetization a f te r one contact 1s thus 

( T I / Y s ) [ a / ( l + a 2 = ) ] ( H ' / H o ) . 2.23(a) 

For C, S = 1/2 and fo r H, I = 1/2, the gain a f t e r a s ingle matched 

Hartman-Hahn contact ( e « l , a = l , [ a / ( l + a 2 e ) ] » 1) i s 

( T T / Y S ) ( H ' / H O ) « 4 (H ' /Ho) . 2.23(b) 

Under unmatched Hartman-Hahn condi t ions, the magnet izat ion, M s , i s 
-1/2 maximal when a= ( c ) ' and the gain a f t e r a s ing le shot i s 

1/2 (Y j /Y j ) ( 0 " 1 / Z H'/Ho - l / Z f Y ^ Y j ) ( N j / N s ) 1 / 2 (H'/Ho) 2.24(a) 

13 For C at natural abundance, (N./N s)=200 and equation 2.24a 
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becomes 

"30 (H7Ho) a 2.24(b) 

iv) detect S spins 

The Hj S field is turned off suddenly and the proton enhanced 

free induction decay cf the S spins is detected and recorded in the 

presence of the HJJ proton field. The H,, field now acts as a 
13 1 

decoupling f i e l d e f f e c t i v e l y removing the C- H d ipo la r i n te rac t i on 

by modulating the f l i p - f l o p rate of the I sp ins . For a more deta i led 

account of decoupling, see descr ipt ions By Mehring [ 4 ] and Abragham 

[ 8 ] . 

v) recontact 

I f the proton reservoir is not depleted, a second (or a t h i r d , 
13 e t c . ) contact can be made and the C s igna l (s ) added. This i s 

possible when T I S « T l 0 w i th the matched Hartman-Hahn cond i t i on , but 

general ly not possible wi th the unmatched Hartman-Hahn cond i t i on . 

With mu l t ip le contacts and the Hartman-Hahn condi t ion s a t i s f i e d , 

the S magnetization a f te r the kth contact is given by 

M V ( Y I / Y S 5 ( H 7 H o ) ^ / ( 1 + E ) 3 k « o S 2.25 

Therefore, the f i na l magnetization i s given by, 

V ( Y i / Y s ) ( H ' / H 0 ) MoS r k=l ,n [ 1 / < 1 + E > ] k 

" ( Y I / T s ) (H'/Ho) M o S * k . l f n ( l - O k 2.26 

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

nE = l, 
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I k . l . n < 1 " > k ' l'Z* 2.28 

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

w i th nc-1) i s 

1/2 (T I / Tf s )(n)- 1 / 2 ( l /E)H7Ho - 1/2 ( T J / T J H N J / N S J ^ H ' / H O ) 2 . 2 9 

That i s , the gain at the end of a mu l t i p l e contact , matched Hartman-

Hahn PENIS experiment i s approximately equal t o the gain of a one 

shot, unmatched Hartman-Hahn PENIS experiment. 
13 I dea l l y , large C po lar iza t ions (on the order 30 H'/Ho) can be 

obtained using e i ther mu l t i p le contact matched Hartman-Hahn condi t ions 

or one-shot, unmatched Hartman-Hahn cond i t ions . The acridine-doped 

f luorene system i s i dea l l y sui ted f o r e i ther case: T, i s very long 

[ 4 7 ] , on the order of a second. Approximately 1/2 of the t o ta l I -

proton spin po la r i za t ion can, in theory, be t ransfer red to the S-

carbon spins. For prac t ica l reasons (e.g. . , to avoid probe burn-out ) , 

a one-contact, matched Hartman-Hahn experiment was perfomed here. The 

gain in t h i s case i s (only) 4 H'/Ho; the dominant tferm fo r ga in , 

H'/Ho. Large S-carbon po la r i za t ion can s t i l l be obtained by making 

H ' / H O > > 1 . This was accomplished by f i r s t o p t i c a l l y po la r iz ing the 

protons (see next sec t ion) . I t fo l lows , however, wi th H ' / H o » l , tha t 

the gain for a mu l t ip le contact or a one-shot unmatched Hartman-Hahn 

experiment would be fa r l a rge r . 
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3. Optical Nuclear Polar izat ion 

Optical Nuclear Po lar iza t ion (ONP) i s the non-Boltzmann proton 

po la r iza t ion created by i l l um ina t ing the sample w i th l i g h t . ONP can be 

created via d i f f e r e n t mechanisms i n d i f f e r e n t systems. The mechanism 

pa r t i cu la r t o the acridine-dooed f luorene system is described here. 

Descript ions of t h i s mechanism can be also be found in papers by 

S teh l i k , Kausser, et al [ 1 ,9 ,10 ] and by V. Macho in his thes is [ 1 1 1 . 

The essential ingredients f o r ONP are : 

i ) an o p t i c a l l y induced non-Boltzmann population of the exci ted 

e lec t ron ic t r i p l e t state of the system 

i i ) a s t a t i c e lectron-nuclear hyperf ine i n t e r a c t i o n , which 

creates eigenstates which are mixtures o f the e lec t ron ic and nuclear 

basis states of the system 

i i i ) a se lec t ive e lec t ron ic decay scheme which produces d i f f e ren t 

decay rates from the various excited t r i p l e t substates to the ground 

s ing le t substates of the system. 

ONP occurs when the return rates from the exci ted t r i p l e t 

substates to the proton Zeeman ground a and B states d i f f e r 

(«=eigenstate para l le l to magnetic f i e l d ; B=eigenstate a n t i - p a r a l l e l 

to magnetic f i e l d ) . 

The ONP e f fec t can be understood by considering a s ingle proton 

nuclear sp in , 1=1/2, 2 e lec t ron , S=l , system. In a so l id a l l the 

proton nuclear spins are t i g h t l y coupled and rap id ly come to the same 

spin temperature. The only measurable quant i ty is the po la r i za t ion of 

the to ta l nuclear spin reservoir which can be described by considering 
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simply 1 proton. The simple 1 proton, 2 electron system considered 
here consists of the ground and excited electronic singlet (So and 
S, respectively) and triplet (Tx.Ty.Tz) states, each broken into 
doublets with the inclusion of the nuclear spin substates (°,8). 
figure 3.1 depicts the relevant transitions for this system in a 
Jablonski energy level diagram. 

A more detailed description of the ONP effect follows. Part 1 
describes the various rate equations which govern the growth of 
optical nuclear polarization; part 2 determines the population and 
decay rates of the various sublevels of the system which enter into 

s 

the ONP rate equations; part 3 b r i e f l y disusses the se lec t ive 

population and decay rates of the exci ted t r i p l e t s t a t e ; part 4 

discusses the mixing coe f f i c i en ts which are used to determine the 

population and decay rates of part 2 ; part 5 b r i e f l y discusses the 

level ant i -cross ing phenomenon which is responsible to the large non-

Boltzmann proton po lar iza t ions in . acridine-doped f luorene s ing le 

c r y s t a l s . 

3.1 Rate equations 

For a nuclear spin 1=1/2 i n a magnetic f i e l d Ho, the nuclear 

po la r i za t ion is defined as 

P = ( n c - n s ) / ( n a + n e ) 3.1 

where n x is the population of the xth nuclear sublevel of the 
electronic ground state {* = « o r B) The population n^ is governed by 
the rate equation, 
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Figure 3.1 Oablonski energy level diagram with relevant transitions. 
Energy level splittings not drawn to scale. 
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dn x /dt = - P x n x + k S \ N s l + Y \ N j 3.2 

where (see figure 3.1) 

Px is the optical pump rate out of nuclear sublevel * of the 

ground state 

k x s l is the decay rate out of the SI x excited state to the 

sublevel * of the ground state 

k J

x is the decay rate out of the j t h excited t r i p l e t state to 

sublevel A of the ground state 

Nj is the population of the j t h excited t r i p l e t state 

Here ?.na in later discussions, Greek letters refer to the nuclear spin 

states and the label j to an excited t r i p l e t eigenstate sublevel. 

Since the transitions into and out of the ground singlet and the 

exited singlet states are electronic dipole transitions* the nuclear 

quantum number \ is conserved and the pump rates PA and decay rates 

k J

x are independent of nuclear sublevel x— 

P a = PB 3.3 

* S \ - * S \ 3.4 

Assuming the nuclear spins are initially unpolarized, the final 

nuclear polarization is determined by the polarization created per 

triplet state and the number of triplet states. The polarization 

growth rate is governed by the rate equation 

dp/dt - d(n„-ne)/dt = ^ ( k ^ - kJ'B)Nj 3.5 

From eqn [3 .5 ] i t can be seen that i f kJ is not equal to k J for 
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each of the j t h t r i p le t levels, a nuclear polarization can develop. 

The relative populations Nj of the t r ip le t sublevels are governed 

by the rate equations, 

d N j / d t = V X

j n S 1 X - ( k J a + k J

B ) N j - I w i j t ( N 1 - N j ) - ( N 1 0 - N j 0 ) ] 3.6(a) 

where 

P - is the populating rate from the S, *th excited state 
s i n \ is the population of the Sj Hh excited state 

w..j, the spin lat t ice relaxation rate, is the transition rate 

from t r ip le t level i to t r ip le t level j 

NJQ is the Boltzmann population of the t r ip le t level . 

For a single created t r ip le t state, 

h * X / \ • P j ( n S 1

a • n S 1

B ) = Pj 3.6(b) 

and equation 3.6a becomes 

dNj/dt = P j - i k V ^ B J N j - ^ l j n ^ - N j J - C N ^ - N j o ) ] 3.6(c) 

Assuming the optical system is in a steady state, dN/dt = 0, and 

a large increase in the populations of al l the t r ip le t states (Nj » 

NJQ), the solution to the population equation 3.6c is 

p j • ( k V * V » j • ^ [ 1 1 , - N j ] 3.7 

which gives N.= as an implicit function of P̂  and w^j. The problem then 

reduces to determing the rate constants k \ , P; and w ^ . 

3.2 Population and decay rates Ns , k J

x s 

The transitions from L»e excited t r ip le t to the ground singlet 
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are strictly electronic transitions. In the absence of hyperfine 
interaction, the electronic triplet subievels 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,]® 
[o,B]). Since the decays from the triplet state to the ground state 
are electronic transitions, independent of nuclear quantum number, 
k J

o = k J . for all triplet substates j when the eigenstates are products 
of the pure states; nuclear polarization does not develop. However, 
the alectron-nuclear hypefine interaction ?"ixes the pure triplet 
subievels leading to eigenstates which are linear combinations of the 
pure T|,l=x,y,z. The admixture of ttie other states, parametarized by 
the mixing coefficients, c J, x, leads to the inequality k J

0 f k J
B and 

allows ONP to develop. 
The tota' Hamiltonian of the combined electron triplet, S=l, and 

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

H = H e + H„ • H h f 

where 
H ~ H + H e " zero zeeman 

= S.Dfi.S + bKo.g.S 
= D ( S Z

2 - 1/3 S Z) + E(S X
2 - S y

2 ) + bHo.g.S 
in the principal axis system of the tensor De 

H„ = Y„h Ho.I 
H h f = h I.A.S 

H is the dipole-dipole interaction between the 

3.8 

2 unpaired 
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electron spins Sj and Sg which make up the triplet state; S = Sj+S z. 
De is the dipolar interaction tensor; 
H „ „ 3 „ is the electron-magnetic field interaction 
H n Is the nuclear spin-magnetic field coupling; 
H.f 1s the coupling between the electron and the nuclear spin; A 
denotes the hyperfine coupling tensor. The orientation of the 
hyperfine tensor A need not be coincident with the zero field tensor. 
In this system, A is not coincident with the dipolar tensor D e [12]. 

The Hamiltonian is represented in matrix form in figure 3.2, with 
the zero field triplet states as the basis states, p, q, and r 
represent the direction cosines of the magnetic field with respect to 
the triplet axes defined by the orientation of the electron dipolar 
tensor 0 g. The six eigenstates of the system are determined by 
diagonal izing this Hamiltonian. 

3.2.1 Determination of k's 
After diagnolizing the Hamiltoniar., let the eigenstateslj^ be 

given by 

|j> = i c j , x 1^ *> l=x,y,z *=a,e 3.10 

where the c J . x are the n i x ing c o e f f i c i e n t s . 

I f V i s the coupling causing the t rans i t i ons from the excited 

t r i p l e t states to the ground state So, 

k\ = |<So| V | j > | 2 

= |<So| V | z c j

1 > x T, A> z 

" I | c J l . > | Z | < S ° l v l T l > | Z 3 - 1 1 



' " ^<> Tzo Tx/3 Ty0 tig 

D-E-1/2 W H -1(1/2 A ^ g ^ r H ) M 9 y / e q H * l / 2 A > 2 ) -1/2 9„/j)(p-1<)>H -1/2 A y i 1/2 A j 

D*E-l/2 9 ( ifl nrH -tg^pH 1/2 A y J -1/2 g^lp- iq jH -1/2 A, 
'xx 

" 2 Ayy «« \ x -W 9AtP-«")H 

D-E+l/2 g ^ H 1(1/2 A ^ - g ^ r H ) t ( g y y ^ H - l / 2 Ayi) 

O+E+l/2 gn#nrH -l9, x»,pH 

Figure 3.2 ONP spin Hamiltonian. The lower triangular part of the matrix can be 
found by the relation H J 4 ' = H,.,. See text for details. H,,' = H.,. See text for details 
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All dependence on nuclear quantum number * is contained in the mixing 

coefficients c J ] t ^ The factor |<So|V|Tj>| depends only on the 

electron quantum number, l=x,y,z and can be measured by optically 

detected magnetic resonance and/or estimated if not known. 

3.2.2 Determination Nj's 

The population N* is determined by equation [3.7], reproduced 

here for convenience. 

pd - (kVk j

B )Nj '• * « i j i : w 3 - 7 

I f Vo represents some in tersysten crossing operator between the 

exci ted s ing le t state S, and the t r i p l e t state T , , 

Pj =|<j | Vo| S x > | 2 

- l ^ e V x T , M Vo| S x>|2 

= s „ k | c J

u x | 2 | < T , | V o | S l > | 2 3.12 n 
Again, the f a c t o r ! ^ | Vo I Sj>J depends only upon the e lect ron 

quantum number and a l l the dependence on the nuclear quantum number, 

* , is contained in the mixing c o e f f i c i e n t s , c J j x . 

The w-j-j's, the t r i p l e t spin l a t t i c e re laxat ion rates can be 

determined as sums of the T,-dependent matr ix elements times * -

dependent mixing coe f f i c ien ts in a manner analogous to the method 

used to the determine k J

x and p.,. 

Given w ^ ' s , P j ' s , k J

x eqn 3.7 can then be solved fo r N j . In 

matr ix no ta t ion , 

P = (K+W)N or 
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N = (K+W)"1? 3.13 

where 

W is the 6X6 symmetric matrix with elements w ^ = 0, w ^ = w ^ 

K is the diagonal 6x6 matrix with elements k^j=k*1 + k J
B and k^=0 

P is the 6x1 matrix with elements Pj. 

3.3 Selective rates 

The total wave function of the electron, *, consists of an 

orbital part, • and a spin part, S or T-j (the orbital wave function 

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

*s = * s S *T1 = *T1 T l ' 1 = x'-y» z 3 - 1 4 

The fac tor | < * s l v | + T 1 > | 2 (cal led|<S | V | T ^ l 2 above) can be measured 

and/or est imated. 

V i s , of tent imes, the sp in -o rb i t coupling operator; i t i s the 

in te rac t ion of the magnetic moment of the spinning electron wi th the 

magnetic f i e l d produced by the r e l a t i ve motion of the electrons and 

nuc le i . Exact evaluat ion of the matr ix element i s complex, but f o r 

molecules having C 2 v symmetry, or h igher, predict ions fo r non-

vanishing matr ix elements can be made using purely group theore t i ca l 

agruments. For descr ipt ions of symmetry se lect ion rules and group 

theory, see, for example, Tinkham [13 ] and van der Waals and de Groot 

[ 1 4 ] . 

A l l molecular wave funct ions belong to one of the i r reduc ib le 

representat ions, r , of the molecular symmetry group. From group 

theory, |<+ | V I • T I > I i* 0 only when the funct ion being integrated is 



24 

symmetric, i.e., the direct product of the representations of * , V, 
and *-fl contains the totally symmetric irreducible representation, A. 

A* r

# s ® r

v ® r T l 3.15 

rV=spin orbit G A a n d r *s C A • f r o m t h e " 9 r e a t orthogonality 
theorem" [13] equation [3.15] reduces to 

r * s = r *Tl ® rT1 3-16 

With C, v symmetry, T, l=x,y,z each belongs to different (orthogonal) 
irreducible representations. Therefore,|<+ | vj * T^>| 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 Targe. The mixing coefficients are determined exactly by 
diagonalizing the Hamiltonian, but this gives little insight into 
their behavior as a function of the applied magnetic field Ho. 

From first order perturbation theory, the eigenstate j is given 
by 

|j> = T, * + i r x , c J
l l x , T r * ' 3.17 

The mixing coefficients are given by 

<T,,*'| H |T,*> 3.18 
c J 

c l'i' ~ 
Elx " El'x' 
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<T , i * ' [ Jit, | T ^ > are the off-diagonal elements of the Hamiltonian 

matr ix in f igure 3 .2 . The mixing coe f f i c i en ts w i l l be large when 

e i ther the hyperfine i n te rac t i on A is l a r g e , or when the energy 

separation between the s t r i c t l y e lec t ron ic basis s ta tes , «E, i s smal l . 

3.5 Level Ant i -crossing 

SE i s small when two of the t r i p l e t energy leve ls appear t o cross 

each other . When these levels are coupled by some perturbing 

i n t e r a c t i o n , they w i l l mix and the new eigenstates of the system are 

l i near combinations of the orignal s ta tes . This phenomenon i s known 

as level an t i - c ross ing . For a more extensive treatment of level a n t i -

crossing, see Stehl ik [10] and Veeman [ 15 ,16 ] . 

From the Hamiltonian in equation 3 .9 , i t can be seen that the 

eigenstates of the system depend upon the strength and or ien ta t ion o f 

the applied magnetic f i e l d Ho wi th respect to the t r i p l e t axes. 

Figures 3.3 and 3.4 i l l u s t r a t e the f i e l d dependence of the energy 

levels of He when Ho/Jy and Ho/ /z . Points labe l led Hy-i, and H z l a are 

points of level an t i -c ross ings . The top diagram in each f i gu re 

i l l u s t r a t e s the energy leve ls without the level ant i -c ross ing 

phenomena. The new states are seen in the lower diagrams. 

Figure 3.5 contains theore t ica l p lo ts of the ONP as a funct ion 

of f i e l d strength when the magnetic f i e l d is or iented along one of the 

zero f i e l d pr inc ipa l axes. The mixing c o e f f i c i e n t s , c ^ ' s , are large 

at Hy-, and Hz, . A charac te r i s t i c d i spers ion - l i ke curve due to leve l 

an t i -c rcss ing is observed when H//z at approximately 140 gauss. Large 

ONP signals are observed when the magnetic f i e l d is or iented along the 

y axis in a f i e l d of approximately 80 gauss, near the level a n t i -



26 

crossing region. 
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H (gauss) 

H (gauss) 

Figure 3.3 Triplet energy levels, H//y. Top diagram: level-crossing. 
Bottom Diagram: level anti-crossing. 
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H (gauss) 

H (gauss) 

Figure 3.4 Triplet energy levels, H//z. Top diagram: level-crossing. 
Bottom diagram: level anti-crossing. 
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oriented along a principal axis. The horizontal line 
denotes a polarization equal to the Boltzmann signal. 
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4. EXPERIMENTAL SET-UP 

A l l experiments were done using a two f i e l d technique. An 

i n i t i a l l y unpolarized crysta l was f ixed in o r ien ta t ion in a po la r iz ing 

f i e l d Hp of preset ampli tude. The crysta l was i r rad ia ted by broad

band unpolarized uv l i g h t fo r a t ime i t , a f t e r which the l i g h t was 

turned o f f . The crysta l was then adiabadical ly moved to a measuring 

f i e l d rtn and e i ther i ) the o p t i c a l l y generated proton po la r i za t ion was 
13 13 

measured, or i i ) the C spins were cross polar ized and the C 

spectrum was measured. 

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

The experimental apparatus consisted of 

i ) the po lar iz ing magnetic f i e l d 

i i ) the opt ica l system and 

i i i ) a home-built double resonance spectrometer. 

In order to create a larger working area above the probe, the 

14 kGauss Varian magnet which provided the measuring f i e l d was rotated 

45 degrees, as described by Kohler [17] and shown in f i gu re 4 . 1 . The 

opt ica l setup was placed above the Varian magnet. The sample could be 

moved smoothly in and out of both the po la r iz ing f i e l d and the 

measuring f i e l d . 
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uv light source 

Figure 4.1 Experimental set-up: physical layout two field technique. 
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uv light source 

•'. 'l H,0 filter / ^ 
focusing lens 

shutter 

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 polarizing field Hp was 
the residual 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 Khi. A list of field 
strength vs. distance from the center of the magnet is shown in Table 
4.1. 

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

The crystal was positioned at various points along the quartz 
tube, depending upon the polarizing field which was needed, by means 
of a controlled flow of N 2 through the quartz tube. When the N 2 was 
turned on, the NMR tube holder and tube containing the crystal would 
rise as far as a stopper positioned to place the crystal at the chosen 
polarizing field. When the N 2 was turned off, the crystal would drop 
into the center of the magnet and into the probe. The NMR tube 
holder was grooved to fit into a guide in the quartz tube which 
prevented the NMR tube from rotating within the quartz tube. The 
quartz tube could be rotated about an axis perpendicular to both Hp 
and Hm to change the orientation of the crystal with respect to Hp 
and Hm. 

The orientation of the crystal with respect to the magnetic 
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fields was determined by noting the angle the guide of the quartz tube 
made with a fixed circle marked in polar coordinates mounted above the 
center of the magnet. 

4.:.2 PENIS experiments 
13 In the C experiments, the polarizing field Hp was produced by a 

pair of small magnetic plates held 10.5 cm apart to give a field 
strength of 80 gauss in the gap between them. The magnetic plates were 
positioned high above the center of the magnet. The residual field 
was <5 gauss. Its effects could essentially be ignored. 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 NHR tube could be rotated to change the orientation 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. In this way the maximum 
ONP could always be generated. 



Table 4.1 

Distance from center of magnet (cm) llp (gauss) 

12 4000 

13 3400 

14 2900 

15 2520 

16 2150 

17 1900 

18 1600 

19 1300 

20 1180 

21 1050 

22 940 
23 820 
24 715 
25 615 
26 530 
27 460 
28 390 
29 330 
30 290 
31 250 
32 210 
33 180 
34 150 
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Table 4.1 (continued 

Distance from center of magnet (cm) H p (gauss) 
35 130 
36 110 
37 95 
38 80 
39 65 
40 55 
41 45 
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4.2 op t i ca l system 

The samples were i l luminated wi th an Osram 1000 Watt Hg-Xe lamp 

contained in a C-60-50 Oriel housing and powered by a Schoeffel power 

supply LPS 255HR, The housing contained a 2" condensor t o c o l l i n a t e 

the l i g h t . IR wavelengths were f i l t e r e d out w i th a 2" continuous 

f low water f i l t e r , Oriel #6123. Since f luorene absorbs at wavelengths 

shorter than 300 nm, ac r id ine , the guest molecule in the c r y s t a l , was 

se lec t i ve l y exci ted by using a Corning band pass 1-64 f i l t e r which cut 

o f f wavelengths < 320 nm. The f i l t e r was necessary t o prevent 

decomposition of the c r y s t a l . I l l umina t ion without the f i l t e r caused 

a "burning" of the top layer of the c rys ta l and s i gn i f i c an t s ignal 

loss a f te r an hour of continuous i l l u m i n a t i o n . 

The uv l i g h t was focussed wi th a 5 cm diameter 15 cm focal length 

quartz lens onto the top of a quartz rod, which acted as a l i g h t p ipe. 

The rod was hald in place in the NHR tube and posit ioned wi th the end 

< 1mm from the c r y s t a l . The top of the rod was f la red wi th a cor.e 

angle of 20 degrees such that the diameter of the rod at the top of 

the cone was 1-1/2 times the diameter of the rest of the rod. The 

NMR tube and quartz rod were moved as a un i t in and out of the 

po la r i z ing and measuring f i e l d s . 

L ight and dark cycles were cont ro l led by a shut ter operating in 

the bulb mode. The shutter release was attached to a solenoid which 

was cont ro l led by gating an attached ac switching re lay . 
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4.3 spectrometer 
All 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 
ii) the associated rf hardware which generated the rf transmitter 

pulses and detected the signal 
iii) the transient recorder and signal averager/computer 
iv) the lock channel. 

Figure 4.3 and 4.4 contain a block diagram of the spectrometer 
including the probe and the associated rf hardware for the ONP and 
PENIS experiments. 

4.3.1 probe 
Various probe designs were considered [ 1 8 ] . The f i n a l probe 

c i r c u i t was a double-tuned resonance c i r c u i t based on a design by 

Waugh and co-workers [ 1 9 ] . The probe c i r c u i t diagram is shown in 

f igure 4 .5 , along wi th the two equivalent resonance c i r c u i t s which 

compose the probe. The associated x/4 cables which protect the 

preampl i f iers and the V 2 cables which block the signal from the 

t ransmi t te r ampl i f ie rs are also shown. 
1 O 

The coil was tuned to the two Larmor resonant frequencies of C 
and H necessary for 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 1 C and H (transmitter mode) and used to detect the C signals 
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Transmitter *H Transmitter l^c 

i>l 
C4 

Hf 
* / 4 @60 C3 

~ C5 

R L Cl |X/2@15 

X/4 @60 

T 

Pre-amp *H 

t 

X/4015 

H>-
Pre-amp * 3C 

C4 

C3 

"L 
1H 60 Mhz 
equivalent circuit 

CI 

C2 T 
13 C 15 Mhz 

equ iva lent c i r c u i t 

Figure 4.5 Probe c i rcu i t . 
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(receive mode). In the ONP experiments, only the 1 H resonant circuit 
was used; it provided the necessary transmitter pulses and detection 
of the signal. 

The double 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) experiments. 
13 The probe Q @ 15 MHz was 30. The C field produced by the coil 

was 48 gauss with 500 watts of power. The H field was 12 gauss 
with 50 watts. 

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

13 The C side of the probe circuit consisted of fixed ATC ceramic 
capacitors CI and C2, the coil L and the shorted */4 6 60 MHz cable. 
CI tuned the coil to 15.1 MHz; C2 impedance-matched the tuned 
resonant ciruit to the 50 ohm impedance of the rest of the system. 
The shorted */4 @ 60 MHz provided the return to ground for the 15 MHz 
side. To compensate for the large inductance of the shorted */4 @ 
60 MHz cable at 15.1 MHz large value capacitors were added before the 
return to ground. 

The H side of the probe circuit consisted of capacitors C3 and 
C4, the coil, L, and the open x/4 0 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 */4 0 60 MHz 
cable provided an effective ground. The effects of the shorted */4 
g 60 MHz could essentially be ignored. 

4.3.2 Associated rf hardware 

4.3.2.1 PENIS 
1 3C:transmit 

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

HP 5100A frequency synthesizer provided both the 45.1 MHz and the 
fixed 30 MHz. The 30 MHz went inmediately to the quadripolar phase 
splitter (LBL 16x627) which was gated to put out the appropriate 
sequence of the four quardrature phases, (0,90,180,270). The 
transmitter rf phases followed the standard 4 pulse Stejskal-
Schaefer, add/subtract quadrature phase sequence [20]. The selected 
output phase was mixed with the 45.1 MHz with an HP 10514A mixer, then 
low pass filtered through a 30 MHz low pass Cir-q-tel filter 20-30-
9/50 to form 15.1 MHz of the correct phase. This was then amplified 
by a Bruker high power amplifier then sent to the probe. 
11 C:receive 

The signal from the probe was fed through a low noise 
preamplifier designed by W.C.Shih [21]. A series of shorted 1/4 ? 
15 MHz cables preceeded the the preamplifier to protect it from rf 
transmitter pulses. A Cir-q-tel 30 MHz low pass filter formed part of 
the >/4 line to prevent 60 MHz from saturating the 15.1 MHz 
preampl 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. 
H:transmit 

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

4.3.2.2 0NP 
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 sequence of quadrature phases. The output of 
the splitter was combined with the second 30 MHz output, of the 
synthesizer to form the protci Larmor 60 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 frwquency 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 preamplifier 
designed by B.Leskovar [22]. The preamplifier was preceeded by a 
series of shorted x/4 8 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 pulses and data aquisition. A Nicolet 2090 with a 
201 plug-in first recorded the solid echo or free induction deay, then 
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transferred the data to the Nic-80 computer. The 2090/201 was needed 
to record the solid echo because of the Nic-80's limited digitizing 
rate of 10 MS. NTCFT version #1002 was modified to run with the 2090. 
An overlay, UD1080 provided by Nicolet, allowed sorting (unshuffling) 
of overlapping quadrature data as obtained from the 2090. Additional 
changes to NTCFT are listed in Appendix 2. 

10 one-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 0NP pulse 
sequences are shown in Appendix 1. The output of the 293 controlled 
the H pulse lengths and phases and the ac relay which controlled the 
shutter and the flow of N„ in the PENIS experiment. 

In both the PENIS and 0NP experiments, the phase of the 
transmitter pulse 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 tine, logic pulses were sent 
out 4 separate gate lines. In the 0NP experiment, these 4 outputs of 
the sorter went to the 4 pulse generator (LBL 16x608) which contained 
4 separate pulse length controls. The 4 outputs of the 4 pulse 
generator controlled the output phase and length of the transmitter 
pulse by gating on the appropriate rf phase gate of the quadripolar 
phase splitter. In th PENIS experiment, the 4 outputs of the pulse 
sorter went directly to the quadripolar phase splitter. 

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

described elsewhere [17]. The magnetic field was locked on the 
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deuterium signal from an external sample of DgO. 

4.4 Detection and Tune-up 

4.4.1 PENIS 
1 3 C was detected at 15.1 MHz using the PENIS technique of Pines, 

et al [ 3 ] , The Hartman-Hahn condition was satisfied using the 
13 1 

following tune-up procedure. The free induction decays of " C and *H 
13 in 70% C enriched methyl iodide were monitored. The lengths of the 

1 13 
180 degrees H and C pulses were made equal by adjusting the output 

power levels of the Bruker amplifier and/or the input to the (LBL 

16x970) H amplif ier. " C ' s in adamantane were then cross polarized 

and the rf levels and contact time adjusted unti l the maximum signal 

intensity was detected. In general, the Hartman-Hahn condition was 
13 satisfied with a rotating f i e ld strength of 48 gauss for J"JC and 12 

gauss for H and a contact time of 5 ms was used. 

Ordinarily, for fluorene, 100-200 spectra were signal averaged. 

The repi t i t ion rate was on the order of 1 minute and was limited by 

the illumination-optical polarization time of the crystal . 

4.4.2 0NP 

Since the dead time of the receiver system (^Ous) was greater 

than Tj, the time constant of the lH free induction decay in the 

solid crystal (J'10 vs), protons were detected using the (two-pulse) 

solid state (dipolar) echo technique, which refocused the spins at a 

selected time T after the application of the second pulse [23]. The 

basic pulse sequence is 90°(»/2)-T- 90°-t-[detect]. T = 20 MS, the 

dead time of the receiver. A simple description of the echo is given 
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in Appendix 0. Rf transmitter pulse phases were initially checked with 
an HP vector voltmeter. The 180° pulse length of each phase was 
determined by monitoring the on-resonance free induction decay of 
protons in methyl iodide. In general, the 90° pulse time was 2 us 
(J-30 gauss protons) with an input of 500 watts. The signal after a 
90°-T-90° sequence (no phase shift) was monitored to check whether 
the signal -intensity was at a minimum. The echo sequence was first 
used to detect protons in gypsum, CaS0 4.2H 20, as a check of rf phases 
and pulse lengths. 
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4.5 Fluorene 

4 .5 .1 Crystal structure 

Fluorene crystall izes in the orthorhombic space group 

D 1 (Pnam), with 4 molecules per unit cel l [ 2 4 ] . ??e f i g 4 .6 . The 
2h 

4 molecules in a unit cell are pairwise magnetically equivalent, since 

each member of a pair is related to the other by a screw axis 

rotat ion. The long in-plane axis of a l l 4 molscules is paral lel to 

the c axis of the crystal . The molecule posseses a mirror plane of 

symmetry which is parallel to the ab crystal plane. The planes of the 

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

4 .5 .2 . Crystal growth 

Synthesized fluorine was generously donated by Herbert Zimmerman. 

Acridine was zone refined by Sydney Wolfe. Fluorene crystals doped 

with 1000 ppm acridine were grown from the melt by Sydney Wolfe using 

the Bridgman technique [25 ] . 

Commercial fluorene, even after repeated zone ref ining, contained 

anthracene and benz-f-indane and was unsuitable for ONP experiments 

[ 1 , 2 6 ] . Although optically generated H signals could be produced and 

detected, the time constant for the optical polarization was 

exceedingly long ( » 5 minutes). The ONP signals measured during the 

f i r s t 1-2 minutes of illumination time were two orders of magnitude 

lower in intensity than the signals detected from pure synthesized 

fluorene. 
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fluorene 

acridine 

•• b 

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

5.1 Background 
The magnetic shielding Hamiltonian of a nuclear spin S in an 

external magnetic field Ho is 

H s = THO . ° . S 5.01 

where » i s the second rank chemical sh ie ld ing tensor representing the 

i n te rac t i on of the nuclear spin wi th the surrounding e lec t rons . In a 

s ingle crysta l the resonance frequency of the spin S is a funct ion of 

the o r ien ta t ion of the external magnetic f i e l d wi th respect to the 

c r y s t a l . Since the eigenstates of the f u l l Hamiltonian are S pa ra l l e l 

Ho and S a n t i - p a r a l l e l to Ho, the NMR experiment determines only 

cer ta in elements of ° . 

Let the laboratory frame be defined by the coordinate axes 1,2,3. 

Ho is in the 2-3 plane, para l le l to the 3 ax i s . See f i gu re 5 . 1 . Let 

the chemical s h i f t tensor in t h i s laboratory frame, ff-iak, be 

represented by the symmetric matr ix 

11 12 13 
3 o a 

21 22 23 
j a a 

31 32 33 

5.02 

L e t Rxtl—»-lab ke the ro ta t ion matrix which transforms the 

chemical shie ld iny tensor in the crysta l frame, ° ^ to the laboratory 

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

w 
laboratory f r a m e 

m o l e c u l a r f rame 

c r y s t a l f r ame 

Figure 5.1 Or ienta t ion of various coordinate systems as used in data 
ana lys is . 
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" lab " R xt l -—lab • " x t l * R x t l - H a b 5.03 

Expressed in terms of the standard Euler angles ", B and +, a 

ro ta t ion matr ix R is given by, 

R = f cos°cosBcos+-sini>sin* sinocosBcost+cosasin* -sinBcos* 

•cosacosBsin*-sin<»cos* -sin°cosBsin*+cos<»cos* s inBsin* 

cos<*sinB sin»sinB cosB 

where a is a ro ta t ion about the or ig ina l z a x i s , B i s about the new y 

a x i s , and • i s about the f i n a l z ax i s . 

The crysta l is mounted in a pa r t i cu la r o r ien ta t ion and rotated 

abcj t the laboratory 2 a x i s . The component of o, , which i s pa ra l l e l 

to the magnetic f i e l d Ho, o , , i s measured as a funct ion of ro ta t ion 

angle u, i . e . , since Ho / / 3 , 

" l = n • R 2 • ° lab • R 2 • n 

where o. . is the symmetric matr ix given above and 

5.05(a) 

R2= 

n = (0,0,1) 

cos(u) 0 -s in (u) 

0 1 0 

s in(u) 0 cos(u) 

Therefore, 

" lab = A + Bcos(2u) + Csin(2u) 5.05(b) 

where 

A " >2 I ' l l + °33> 
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8 = 1'Z <°33 " all> 
C = o 1 3 C u - j i ) 

A curve, called a rotation plot, is fitted to equation 5.05 to 
determine the coefficients A, B and C, and hence the elements 

°11*°33,B13 o f "lab* "xtl a t t h l s P o l n + H s underdetermined. 
The crystal is remounted and again rotated about the laboratory 2 

axis. Let R'xtl—«-lab b e t n e ( s e c o n d) rotation matrix which transforms 
axtl t 0 t'le Moratory frame, i.e. 

"'lab = R'xtl-»lab • Jxtl • R' xtl—lab 5 - 0 6 

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, 

A(n) = % * k l "^ClKnJmRfnJ^ + R(n) 2 kR(n) z l] 
B(n) = l/2 i k l « k l[R(n) l kR(n) a l - R(n) 2 | lR(n) 2 1] 5.0? 
C(n) = 1/2 r u ° k lCR(n) l kR(n) z l + R(n) 2 kR(n) n] 
n=l,j 

where the R ( n ) ^ s are the elements of the nth ro ta t ion matrix R which 

transforms <* +•. to the laboratory frame ( i . e . , elements of " X 4 - - | „ ^ a D 

and R'xtl—»lab' a n d t n e °kl s a r e t n e e l e m e n ' t - s o f ° x t l ' a i r l t n e 

crysta l frame. 

The chemical s h i f t measurements are repeated, and 

correspondingly, the coe f f i c ien ts of the ro ta t ion p lots determined, 

u n t i l a l l elements of " ^ are determined. The tensor is then 
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diagonalized to yield the values of the principal elements and the 
orientation of the principal axes. Figure 5.1 depicts the various 
coordinate systems used in this text. 

5.2 Analysis 
The data were analyzed by methods outlined by Mehring [27]. The 

data analysis fell into three parts: 
i) the orientations of the crystal a,b,c axes with respect to the 

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

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

iii) by least squares analysis, 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 
coordinate system, defined by the axes k,l,m. (See figure 5.1). In 
this case, the R^s are elements of the rotation matrices which make 
the laboratory coordinate system and the molecular coordinate system 
coincident for the two different orientations of the crystal; o^.s are 
the elements of » in the molecular frame. 
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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 crystal was 
determined differently. 

In orientation 1, the crystal ab plane was chosen to be 
perpendicular to the rotation axis. This was called the ab plane 
orientation. Since the ab plane is the cleavage plane of the crystal, 
to reach this orientation, the crystal was first mounted with the 
cleavage plane approximately perpendicular to the rotation 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 was approximately equal. 

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

5.2.2 Rotation plots 
For each of the two approximately orthogonal crystal orientations 

described above, rotation plots of the chemical shift "j as a function 
13 of rotation angle u were made. To make the rotation plots, C 

spectra were taken and the positions of peaks recorded at 
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approximately 10° intervals over a 180° range. Typical spectra from 
orientations 1 and 2 are shown in figure 5.2. 

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

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

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

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

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

5.2.3 Full tensor fit 
Since data were taken for only two orientations of the crystal, 
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frequency C Ippm 

Orientation 2 

frequency C (ppm) 

13 Figure 5.2 Typical spectra C. Top: ab plane o r ien ta t i on 
Bottom: "-ac" plane o r i e n t a t i o n . 
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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 identical. Rotation plots from these carbon tensors 
were combined for the least squares fit of equation 5.07, In 
addition, for the aromatic carbon tensors, the orientation of one of 
the principal axes was assumed to be perpendicular to the plane of the 
molecule. The methylene carbon tensor was also calculated with the 
orientation of one principal axis pre-determined. 

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

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

Rotation curves of identical tensors on different molecules were 
determined in the following way. Since the ab plane contains the 
molecular symmetry plane, the two halves of the molecule are 
magnetically equivalent when the magnetic field lies in this plane. 
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Moreover, in this orientation, the two inequivalent molecules are 

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

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

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

Aromatic tensor components were calculated with respect to the 
molecular coordinate system, defined by axes k,l ,m. See figure 5.1. 
One principal axis was assumed to be perpendicular to the plane of the 
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molecule {"m)- For case (i), 4 sets of coefficients (i.e. 12 
equations) and for case (ii), 5 sets of coefficients (i.e.15 
equations) were used to fit 4 unknowns, the elements a ^ , a ^ , o ^ , 
and " m (the perpendicular to the molecular plane) of tte chemical 
shift tensor in the molecular coordinate system. °kk, ok- and o ^ 
were then used to determine the values of the other principal 
elements and their orientations. The -esrls of both fits (either 
case i or 1i) were identical. 

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

i) one of the principal axes was oriented in the C-C-C bond 
plane, bisecting both the C-C-C bond the the CH 2 bond (alone molecular 
axis k); or 

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

iii) one 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 each 

assumption. 
With assumption (i), the other principal axes were rotated an 

angle of 5° ± 12° away from the moleclar 1 and m axes (rotation about 
the molecular jDout the molecular k axis). 

With assumption (ii), the direction of the other principal axes 
were rotated 9° * 21° away from the molecular k and 1 axes (about the 
molecular m axis). 
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With assumption ( i i i ) , the other principal axes were rotated 

11° ± 26° about the molecular 1 axis. 

X-ray diffraction studies have shown that the fluorene molecule 

is planar and ncsseses C2 symmetry [24] . In addition, the proton-

proton vector of the methylene carbon has been shown to be 

perpendicular v.o 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 f i r s t order, roughly coincident 

with the molecular coordinate system. 

As a check of the fu l l tensor calculations, the rotation plots 

from the ab plane (orientation 1) were studied. The largest 

(positive) values for each of the aromatic tensor rotation curves 

were found to be equal, within experimental error, to the calculated 

values of ° „ . Moreover, the maximum aromatic chemical shift should 

be measured when the magnetic f ie ld is perpendicular to the fluorene 

molecular plane. From x-ray di f f ract ion, the vector normal to the 

fluorene molecular plane is in the ab plane, rotated 69° away from the 

b axis. The largest (positive) values for the rotation curves 

produced by the aromatic - bon tensors were found to be at the 

angle arctan[C/B) * 68°±3°, in agreement with the expected value. 

±3 represents the error in orienting the crystal in the ab plane. 
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ORIENTATION 1 

ORIENTATION 2 

Figure 5.6 Rotation curves, C2 
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-Figure 5.7 Rotation curves, C3 
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Figure 5.8 Rotation curves C4 
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Figure 5.9 Rotation curves, C5 
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Figure 5."10 Rotation curves, C6 
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6. RESULTS 

6.1 ONP 

6 . 1 . 1 . Single crysta l 

For selected or ienta t ions of the acridine-doped f luorene s ingle 

c r y s t a l , the o p t i c a l l y generated proton po la r iza t ion i s approximately 

100 times greater than the Boltzmann po la r i za t ion generated at room 

temperature in a 14.1 kGauss magnetic f i e l d . 

Figure 6.1 p lo ts the growth of proton po la r iza t ion of the 

f luorene s ingle crysta l a", a funct ion of i l l um ina t ion t imr fo r a 

pa r t i cu la r l i g h t i n tens i t y and o r i e n t a t i o n . The growth i s 

exponent ia l . 

Figure 6.2 shows a typ ica l proton NMR spectrum of the f luorene 

single c r y s t a l . The cry ta l i s or iented wi th respect to the i iagnetic 

f i e l d to y i e l d the maximum ONP s i gna l . The i l l um ina t ion time here i s 

approximately one minute. The l i n e width is 35 khz, 9 gauss. 

Figure 6.3 shows the i n tens i t y of the o p t i c a l l y generated signal 

over a res t r i c ted angular range where the ONP signal i s maximal. 

The o p t i c a l l y generated po la r i za t ion i s of comparable magnitude 

to the po lar izat ions reported by S teh l i k , et al [ 9 ] , using a 1600 

watt Xe lamp. The magnitude of the signal depends c r i t i c a l l y upon 

the l i g h t i n t e n s i t y ; dp/dt depends l i n e a r l y upon the l i g h t 

i n t e n s i t y . The 1000 watt Xe-Hg bulb has an i n t r i n s i c a l l y higher 

luminosi ty at uv wavelengths than the 1600 Xe or the 100 watt Hg lamps 

used by Steh l i k , et al [29] and one might expect that larger 

po lar izat ions 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 l ight is collected. The 1000 watt *e-Hg lamp has a much larger 

arc than the 100 watt Hg lamp and cannot be focused down to as small 

an image size. In addition, the crystal may not have been optimally 

oriented to produce the maximum 0NP signals; i t may have been mis-

oriented by ± '3° (see section 5 .2 .3 ) . (Care was taken to orient the 

crystal in the ab plane.) More care could be taken to maximize the 

l ight intensity illuminating the crystal—larger diameter 

collecting,focusing lens, shorter l ight pipe, etc. 

Note that the magnitude of the polarization reported here is for 

the ful ly protonated fluorene/acridine system. The polarizations are 

approximately an order of magnitude smaller than for the 

fluorene,dgh 2-acridine,hQ 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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Figure 6.2 Typical spectrum proton ONP: single crystal, acridlne-doped fluorene 
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Figure 6.3 Proton ONP as a function of field orientation in 
ab plane, near maximum ONP signal. Hp = 80 gauss. 
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6 .1 .2 . Powder samples 

In general, many compounds do not crystal l ize easily or do not 

form large crystals suitable for NHR experiments. Powdered and 

randomly dispersed samples are generally far more readily avaliable 

than single crystals. Studies of powdered samples of acridine-doped 

fluorene appeared to be the next step in the attempt to create large 

*H polarizations, and hence, " c polarizations, in a typical NHR 

system. 

Optically generated proton signals in powdered samples of 

acridine-doped fluorene have been detected. Figure 6.4 shows a typical 

optical ly generated proton NHR powder spectrum. The intensity of the 

signal as a function of f ie ld strength over a restricted f i e ld 

strength region where the ONP is maximal is shown in figure 6.5 The 

powder ONP signals are approximately of the same amplitude as the 14 

kGauss Boltzmann generated signals. This measured intensity is 

approximately 10 times smaller than what is expected. 

In a f ie ld of 80 gauss, the proton ONP of a single crystal can be 

measured as a function of orientation of the crystal axes with respect 

to the magnetic f ie ld (for example, see figure 6 . 3 ) . The single 

crystal ONP is maximal when the magnetic f i e ld is oriented in the ab 

plane, 10° away from the a axis. The measured ONP .bout this 

restricted angle is far greater than at any other orientation of the 

crysta l . 

To f i r s t 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 f ie ld direction. Furthermore, assuming a uniform 

ONP of 100 x Boltzmann for the crystal l i tes in such an orientation, 
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the ONP of the powdered sample should be approximately fraction (1/10) 
x polarization (100 x Boltzmann) = 10 x Boltzmann. 

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

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

Although the optically generated signals of the powdered samples 
are not large, they can be generated and measured in a time less than 
than Tj, the proton spin lattice relaxation time in the dark. T. of 
the fluorene protons in the dark is >30 minutes @ 14 kGauss [31]. The 
equilibrium Boltzmann magnetization @ 14 kGauss is generated is a time 
3-5 x Tj, on the order of an hour. Optically generated magnetization 
can be measured in 10's of minutes, the time determined by the 
illumination time of the sample. 
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Figure 6.4 Optically polarized H: powder, acridine-doped fluorene 
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Figure 6.5 Proton ONP as a function of polarization field: powder, 
acridine-doped fluorene 
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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 
C signal is estimated to be 400 times larger than the normal 

13 Boltzmann C signal generated at room temperature in a 14.1 kGauss 
magnetic field. 

13 Figure 6.6 shows a C 1-contact PENIS spectrum of the fluorene 
single crystal, obtained by first optically polarizing the protons. 

13 Since attempts to measure the normal Boltzmann C signals directly 
13 and attempts to cross polarize the i J C using the normal Boltzmann 

proton reservoir were both unsuccessful, the estimate of the gain in 
13 13 
C polarization is determined in the following way. First, the C 

signal is observed to be roughly directly proportional to the proton 
H signal. This linear dependence can be observed by varying the 

intensity of the light illuminating the sample, hence, varying the 
13 proton polarization, and measuring the cross polarized C signal. 

13 Second, cross polarized C signals in adamantane are observed to be 
4 times larger than their Boltzmann polarization when in contact with 
their normal Boltzmann proton reservoir. Since the optically 
generated proton signal is approximately 100 times greater than the 
normal Boltzmann polarization, the resultant gain is approximately 4 x 
100. This gain is roughly in accordance with expectations. 

Although the proton polarization is large and is not depleted 
1 3 

after one contact with 1 J c , multiple contacts under matched Hartman-
Hahn conditions and one-shot PENIS experiments under unmatched 
Hartman-Hahn conditions 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. 

At^ripts to cross polarize the carbons using simply the proton 

Boltzmaun population proved unsuccessful for two reasons: 

i)the proton Boltzmann spin temperature is 100 times smaller than 

the optically polarized spin temperature; 

i i ) the spin lat t ice relaxation time, T,, of the fluorene protons 

in the dark is > 30 minutes @ 14 kGauss [31]. 

Optical polarization of the protons is necessary to short c ircui t 

the long T, and to build up the proton reservoir. More important, 

maximum proton polarization is needed to produce a measurable carbon 

signal. As can be seen in figure 6.3, rotating the crystal 

approximately 20 degrees away from one of the maximum ONP positions 

decreases the proton signal— and in effect, the proton reservoir~by 

a factor of three. I t would take an order of magnitude longer 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 d i f f i cu l t . 



-100 
frequency (ppm) '3c 

Figure 6.6 Optically enhanced cross polarized 1 3 f s^ctrum: single crystal, acridine-doped fluorene 
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6.3. Chemical s h i f t tensors 

6.3.1 Tensors 

A schtwiatic representat ion of the seven incongruent 1 3 C s h i f t 

tensors is shown in f i gu re 6 .7 . Table 6.1 l i s t s the actual values of 

the pr inc ipa l elements and t h e i r o r ien ta t ion in the molecular plane. 

Table 6.2 l i s t s the d i rec t ions cosinei of the pr inc ipa l axes wi th 

respect to to c rys ta l axes. 

There are three d i f f e r e n t types of carbons, each wi th 

c h a r a c t e r i s t i c a l l y d i f f e r e n t tensors: 

i ) aromatic -*rbons bonded to hydrogen 

i i ) fused aroma^c carbons, i . e . aromatic carbons bonded to 

another carbon rather than hydrogen 

i i i ) methylene carbon. 

A l l elements of a l l of the tensors were calculated using the 

methods out l ined in the data analysis sect ion. Values for the 

pr inc ipa l elements of the tensors could not be obtained from the 

powder spectra since attempts to cross polar ize powder samples were 

unsuccessful. 

Tensor assignments were made fo l lowing "common sense" arguments: 

the o r ien ta t ion of the tensors would be general ly consistent wi th 

those determined by others; f o r each tensor, ~ would be, w i th in 

experimental e r ro r , equal to o^ . 

6 .3 .1 .1 H-bonded aromatic carbon (C3,C4,C5,C6) 

For a l l of the H-bonded aromatic carbon tensors, the mean value 

of the pr inc ipa l elements, ~ = l / 3 ( C T i i + ° 2 2 + a 3 3 ) > agrees wi th in 

experimental er ror wi th the measured iso t rop ic chemical s h i f t a 
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Figure 6.7 Schematic representation of the incongruent carbon 
shielding tensors of fluorene. The reference 0 for the aromatic tensors 
is taken to be 120 ppm downfield from the resonance of neat liquid 
benzene; reference 0 for the methylene carbon is taken to be the 
resonance of neat liquid benzene. Tensors ?re represented by 
ellipsoids, with the shortest axis be1! ~g the most downfield conpenent 
of the tensor. Labels are as ured in text. 
Top: orientation of tensors in molecular plane 
Bottom: orientation of tensors in plane perpendicular to molecular 
plane. Molecule rotated 90 from top diagram. 



Table 6.1 

rbon Oil o22 03 3 0 °i e 
CI 76 (3) 90 (3) 102 (4) 89 (2) 91 ** 
C2 -99 (9) -47 (9) 119 (5) -9 (5) -14 -35° (5) 
C3 -84 (8) -12 (5) 97 (3) 1 (3) 4 17° (6) 
C4 -92 (5) -14 (6) 114 (4) 3 (3) 2 80° 6) 
C5 -102 (10) -10 (9) 115 (5) 1 (5) 2 -41° (3) 
C6 -83 (7) -17 (7) 116 (E) 5 (4) 9 16° (6) 
C7 -71 (6) -27 (8) 93 (2) -2 (3) -12 -70° (9) 

All shifts relative to neat liquid benzene. Errors given in parenthesis. 
*ref 48 solvent is either CDC1, or DMSO-d, 
rotation angle about molecular M axis to make molecular axis coordinate system and principal axis 
system coincident (see figures 5.1, 6.7) 
on coincident with molecular H axis;o22 with K axis;o33 with L axis (see figures- 5.1, 6.7) 

co 
CI 
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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. Thin is consistent with 
their measured Isotropic shifts being equal. 

All of the K-bonded carbon tensors which have been determined 
here are similar to those determined by others [32-37]. All tensors 
have their most shielded component a 3 3 perpendicular to the plane of 
the molecule, a., bisects the hexad angle and is parallel to the C-
H bond. "„n i s tangent to the ring and orthogonal to the other two 
axes. The magnitude of ° 3 3 of these tensors follows the general 
trend that the value of the most shielded component of the tensor 
decreases with increasing substitution on the aromatic ring; i.e., 
° 3 3 of the H-bonded carbon tensor of pentamethyl benzene is less than 
"_, of the tensors of C3,C4,C5,C6, which in turn are less than 0,3 of 
the benzene carbon tensor. In addition, 0,, of the tensors of C4.C5, 
and C6 are all approximately equal to 0^ of tl, H-bonded carbon 
tensors of p-xylene [35]. 

Although C3 and C6 are both adjacent (ortho) to fused aromatic 
carbons, "^ of their respective tensors are quite different; their 
in-plane components, however, are essentially the same. Since a 3 3 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 CS is perturbed to a greater extent that that aroi'id C6. 

6.3.1.2 fused (non-H bonded) aromatic carbons (C2.C7) 
0 of C2 equals the measured liquid "^. The orientation of this 

tensor is consistent with other non-H bonded aromatic carbons tensors 
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[32-37]: " 3 3 is perpendicular to the plane of the molecule, o ^ is 
parallel to the carbon-substituent bond and o,. is tangent to the 
ring of the molecule. 

"B for C7 Is 3 standard deviations greater than o^. The 
orientation of o ^ 1s turned away approximately 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, » 2 , for non-H bonded aromatic 
carbon tensors are quite different from H-bonded aromatic carbon 
tensors. ° 2 2 for C2 and C7 tensors are -47 ppm and -27 ppm 
respectively, in comparison to -12 ppm to -18 ppm for the H-bonded 
carbon tensors. 

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

tensers on carbons bonded to methyl groups. If substituent type does 
13 not alter the C shift tensor, then the difference in the two tensors 

must come from the different orientations of the substituent bonds. 

6.3.1.3 methylene carbon (CI) 
As has been generally the case here, the the trace of the 

chemical shift of the methylene carbon tensoi equals the isotropic 
shift. The methylene tensor has a much smaller anisotropy than the 
aromatic tensors. The least shielded tensor element, a,, is 
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perpendicular to the plane of the molecule; <»2Z bisects the H-C-H bond 
and lies in the plane containing the CH 2 group; 033 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 °ii»°22» a n ( l "33 a r e consistent with other 
methylene tensors. The most shielded direction is in the plane 
approximately "along" the C-C-C bond and the least shielded is 
approximately perpendicular to the plane of the C-C-C bond (in this 
case, the perpendicular to the plane of the molecule) for eicosane 
[38], ammonium hydrogen malonate [39] and malonic acid [40]. 

The values of the principal elements and their respective 
orientations of this methylene tenser 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 ic .ntical functional groups, in this case, two benzene 
rings. On the other hand, relative to the values of the principal 
elements of the methylene carbons on ethyl benzene ("^=100, a 2 2=103, 
° 33=121), the values of the principal elements of the methylene carbon 
tensor here are all shifted down-field and have a slightly greater 
anisotropy. The ethyl benzene methylene carbon is, however, not 
symmetrically located 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. In orientation 1, the 
errors are approximately ± 1 unit for the constant term (A) and ± 2 
to 3 units for the cosine (B)and sine terms (C). In on station 2, 
the errors are consistently larger: * 2 units for the constant term, 
* 3 to 4 units for the cosine and sine terms. The larger error in 
orientation 2 is due to the large error in measured peak positions 
due to the heavy overlap of peaks. A large simplification of the 
spectra in orientation 2 would occur if the crystal were mounted such 
that the magnetic field were in some symmetry plane of the crystal, 

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

For both orientations, a larger magnetic field would help to 
simplify the spectra by increasing th; separation of the peaks-

6.3.2.2 systematic errors 
Two systematic en ors are possible: 
i) an error in the location of the chemical shift reference and 
ii) a shift in 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 l iquid benzene [42 ] . 

Methyl iodide was assumed to resonate 149 ppm from neat l iquid 

benzene [ 4 2 ] . Reference positions were recorded before and generally 
13 after a set ov about 4 C spectra were taken. An error in the 

reference zero would essentially change the constant term of the 

rotation plots, shifting the the resultant principal axes values by 

the same amount. 

i i ) bulk susceptibil ity 

The measured resonant frequency of a given nucleus in a molecule 

depends upon the shape of the macroscopic sample through i ts bulk 

susceptibil ity [ 4 3 ] . Following the method of Vaughn [ 4 4 ] , the crystal 

shape was approximated oy an e l l ipsoid. The bulk volume 

susceptibil ity x , as well as i t s anisotropy, *x are .94 r. 10 and .5 

x 10 respectively [ 45 ] . Using the demagnetizing factors of Osborn 

[ 4 6 ] , the shi f t in peak positions was calculated as a function of a 

few rotation angles. The peaks shift by approximately +.5 to +1.5 

ppm, depending upon the crystal orientation. This shi f t is very small 

in comparison to the large aromatic carbon anisotropy of ±100ppm and 

small in comparison to the methylene carbon anisotropy of ±15ppm. To 

approximate the bulk susceptibil i ty effect on the methylene carbon 

tensor, the measured peak positions were al l increased a uniform 1 

ppm and the tensor was recalculated. Within stat ist ical errors, the 

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

The two-pulse solid (dipolar) echo sequence refocuses dipolar-
coupled spins a time T aftar the application of the second pulse. The 
basic pulse sequence is: 

90°y - T - 90°x - T - detect A0.1 
The dipolar echo of a simple two spin system can be described exactly 
and is given here. 

Let I, and I 2 be the two spins coupled via the dipolar 
interaction; i.e. in the rotating frame, the Hamilton!an is given by 

H = A(I rI 2-3 I l z I 2 z ) A0.2 

3 2 where A is equal to ((TjjTjjhJ/Zr ) (3cos'a-l) and e is the angle 
between the magnetic field Ho and the vector connecting Ij and I 2. 

This Hamiltonian can be easily represented as a matrix: 

ls> K> I V |T_> 

A/2 
A0.3 

with basis vectors 

jS> = 1//2 (| +-> - | -+» 

I V = |++> 
JTQ> = 1/^2 ( | + - > + | - + » 

|T_>= | - -> 

I 
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From this point on IS> is ignored. 

The density matrix P satisfies the equation 

dp/dt = -i[H,p] A0.4 

which has the formal solution when H is time Independent, 

P ( t ) - e - 1 H t

 P ( 0 ) e i ! r t 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 

<I X > = T r [ I x p ( t ) ] / T r [ I x p ( 0 + ) ] A0.6 

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

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

p(0) » I z . The net effect of the f i r s t 90° pulse is to bring the 

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

P ( 0 + ) = e - i I v * / 2 I z e i I y , / 2 A0.7 

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 

p(t) = \/Jl 

"eiAt/2 0 Q 0 1 0 

e-iAt „ 1 0 1 

e 1At/2 0 1 0 

-iAt/2 

„iAt 

-iAt/2 



1/2 

0 ei3At/2 

e-i3At/2 0 

n „i3At/2 

0 
e-13At/2 

0 

Substituting for o(t) in equation A0.6 
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A0.8 

<I X > = cos{3At/2) A0.9 

The system is unperturbed for a time t , after which a second, 

90° x pulse is applied. Immediately after this pulse the density 

matrix p ( t + ) is given by 

p ( t + ) -iIx»/2 p(t) e iIxi/2 A0.10 

where 

p ( t + ) = 1//2 

0 
,13At/2 

• i3At/2 

B i3At /2 

Q-T3At/2 

- i I x» /2 
1/2 - i / 2 -1/2 

-\/JZ 0 - i / /2 
-1/2 -M-Jl 1/2 

That i s , immediately after the second 90° pulse 

p ( t + ) = p ( - t ) 

A0.11 

A0.12 

I f the system is unpertubed for a time T , i t again evolves under 

the influence of the interaction term, H. 



p(t +x) = e - i H T

 p ( t + ) e i H T 

= \lJz 

Bi3A(t-x)/2 

e - i3A(t-x) /2 0 e - i3A(t-x) /2 

„ ei3A(t-x)/2 Q 
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A0.13 

p(t+x) has the same form as p(t) before the 90 pulse is 

applied, with (t-x) substituted to t . Therefore, the magnetization is 

given by 

<IX> = cos(3A(t-x)/2) A0.14 

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

The Nicolet 293 timer patch panel connections are shown 1n 
figures Al.l and A1.3. The patch panel connections are essentially 
the same for the two experiments: the ONP experiment contains one 
additional input to the OR gate which goes to the pulse sorter. The 
timers are connected to different outputs in the two experiments. 
Figure A1.2 and A1.4 depict the resultant pulse sequences. Typical 
times are also listed. 

The figures follow the convention of preceeding connections in 
patch panel A with the letter A; connections in panel B are not 
preceeded with the letter B. Timer outputs are located at AAl through 
AA10. Output connections are labelled for the two experiments. 

Nine inverting buffers are located on panel A; inputs are 
located at AH1 through AH9; outputs, AG1 through AG9. Ten one shots 
are also located on panel A; inputs are located at AF1 through AF10; 
outputs at All through AIIO. The first seven one shots trigger on the 
rising edge of the trigger pulse; the last three one shots trigger on 
the falling edge. 
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l ight off 

D2 

Dl 

P2 

PI 

n lH 9 0 ° ( T I / 2 

n. *H on 

i L ORd output 

n J 
i 
lH on 

receiver gate 

acquisition 

Dl, PI = 2.5 us 
D2 = 2.5 us 
P2 = 20 us 
D3 = 45 us 

t y p i c a l t i m e s ONP e x p e r i m e n t 

l ight of f 5 s 
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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 accomplished 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 
iijchanges to -sake 2090/201 and Nic-80 data collection compatible 
iii)changes to allow data acquistion <20 tis 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 measure mode 
before it is triggered. 
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*L0A NTCCON 5640 
*RUN HJBUG 

6151/0000026 > 0100026 
7600G 

/set cword (bit 15 high) 

*ST0 NTCCON 5620-7577;7600:P 

*LOA NTCEXC 
*RUN HI BUG 

637/0005001 > 0005000 
134/3103427 > 136 

7600G 

interface to transient recorder 

*ST0 NTCEXC 0-1777:P 

*L0A NTCDIN 2000 
*RUN HIBUG 

4133/0111777 
5470/0000000 

4041/0111776 
5471/0000000 

-> 2111470 
-> 101777 

-> 2111471 
-> 101776 

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

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 

2125543 
2125544 

1472 
2125544 
2125544 
2125543 

736 
5000 
1272 

347 
453 
464 
1272 

/HPOH P0INT1 
/HPOH P0INT2 
/JMP 5472 

to acquire data <20us 
after start of rf pulses 

/JMP to 4736 

/JMP to 5272 

/JMP to 347 
/JMP to 453 
/JMP to 464 
/JMP to 5272 (JMP TO <RUNSTEM) 

*ST0 NTCDIN 2000-5617;7600 
*L0A NTCDIN 110000-113617;7600:P 
*ST0 NTCDIN 11000C-113617;7600:P 
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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 divided into 
three parts: 

i) create new command=NC 
ii) initialize for counting number of contacts 
iii) determine number contacts left to do, retrigcer rf pulses if 

not equal to zero. 
The number of contacts are entered using the command 'NC. E7 (PP04) 
on the Nicolet 293 patch panel retriggers the contact/mix PENIS pulse. 



*L0A NTCDIN 
*RUN HI3UG 

2776/2707066 /MMOMZ 
2777/ 1003 /JMP (to 4003) 
3000/3111005 /HEMA ? PNCON 
3001/2405006 /ACCM NCODO 
3002/1001007 /JMP 9 PG0R1 
3003/ 4204 /PP04 
3004/1001010 /JHP @ PG0R4 
3005/ 6151 /PNCON 
3006/ 0 /too 3007/ 4406 /PG0R1 
3010/ 4541 /PG0R4 

3011/ 0 /INI 
3012/3111005 /HEMA G PNCON 
3013/2405006 /ACCM NCODO 
3014/1001011 /JMP @ INI 

4124/3000126 /JHS @ FLG 
4125/ 133 /JMP (to 4133) 
4126/ 3011 /FLG 

5017/1001465 /JHP 0 BADSET 

5075/ 0 /NC 
5076/3001447 /JMS @ YFIN 
5077/ 6152 /YFIN 

5520/316303 /(n=316,c=303) 

7600G 

*ST0 NTCDIN 2000-5617;7600 
*L0A NTCDIN 110000-113617;7600:P 

*ST0 NTCDIN U0000-113617;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 was necessary when varying the 
contact/mix time in the PENIS experiment. NTCFT has only on variable 
timer (Dl) which was used to vary the contact/mix pulse. The second 
timer was used as the receiver gate=contact/m1x + 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. 



*LOA NTCDIN 20U0 
*RUN HIBUG 
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4215/ 1 
4217/2405728 
4220/3001457 
4221/ 5273 
4222/ 346 
76006 

/ACCH YD3 
/JHS 9 TWI04 
/Y03 
/JHP 346 

*ST0 NTCDIN 2000-5617;7600 
*L0A NTCDIN 110000-113617;7600 
*ST0 NTCDIN 110000-113617;7600:P 

*L0A NTCPAR 
*RUN HIBUG 
4154/3025204 
4155/ 156 
4161/3001206 
4164/ 545160 
4170/3024162 
7600G 

/ONEM @ UFLAG4 
/JMP 156 
/JMS @ TWI04 
/EXCT POAC 
/ONEM 0 POINTC 

*STO NTCPAR 2000-5617;7600 
*LOA NTCPAR 104000-107617;7600 
*ST0 NTCPAR 104000-107617;7600:P 
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Appendix 3. DATA TRANSFER FROM NIC-80 TO VAX/VMS 11/780 

Data collected on the Nic-80 was transferred to the VAX/VMS 

11/780. The purpose of the data transfer was 

i ) for archival storage of data on magnetic tape. 

i i ) for ef f ic ient plotting of al l fourier transformed f i l e s 

i i i ) for e f f ic ient determination of peak position in C spectra. 

Data was transferred to the VAX using the command '112'. The 

necessary program changes to NTCFT #1002 are shown in Table A3.1. 

The 'U2' command can be used in the standard Nicolet l ink ( ' L I 1 

command). A fortran program is simultaneously run on the VAX and 

l isted on the succeeding pages. Both programs are based on programs 

by W.Shih[21J and J.McCracken. 

The Nic-80 is connected to the VAX via an RS232 bus. 

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 

/VAXOUT 
/JMS XMIT 
/JMS RXON LOOPO 
/ZERM START 
/JMS STATRD 
/OHS RXON L00P1 
/HEMA 9 TEMP 
/OMS XMIT 
/MEMA @ TEMP 
/A+i*l START 
/won TEMP 
/MMONZ SIZE 
/JMP L00P1 
/JMS RXON 
/MEMA START 
/JMS XMIT 
/JMS LOOPO 

5220/ 0 
5221/ 6554 
5222/ 1221 
5223/ 44563 
5224/ 472021 
5525/ 1221 
5526/1001220 

/RXON 
/RSINF 
/JMP L00P2 
/RSIN 
/A-MAZ (021 
/JMP L00P2 
/JMP 6 RXON 

L00P2 

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 

/XMIT 
/ACCM CHECKSUM 
/JMS RSXMIT 
/MEMA CHECKSUM 
/RISH 25 
/JMS RSXMIT 
/MEMA CHECKSUM 
/RISH 32 
/JMS RSXMIT 
/MEMA CHECKSUM 
/RISH 37 
/JMS RSXMIT 
/MEMA (015 (CARR 
/RSOUTF L00P3 
/JMP L00P3 
/RSOUT 
/JMP $ XMIT 

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

/RSXMIT 
/AND (37 
/TACMQ 
/MEMA (40 
/OR 



5255/ 6574 /RSOUTF 1 
5256/ 1255 /OMP L00P4 
5257/ '573 /RSOUT 
5260/10,\' 250 /JMP 9 RSXHIT 

5261/ 0 /STATRD 
5262/ 44034 /STATUS 

' 5263/ 5012 /LASH 12 
5264/2011300 /ANDA MASK1 
5265/2511277 /A+MA DSTART 
5266/2405304 /ACCH START 
5267/ 44034 /STATUS 
5270/ 5046 /LLSH 6 
5271/ 210000 /ACPA 
5272/2013300 /ANDAZ MASK1 
5273/ 162000 /ZERZ 
5274/2111301 /MEMA K16K 
5275/2405302 /ACCH SIZE 
5276/1001261 /OHP a STATRD 
5277/ 100000 /DSTART 
5300/ 36000 /MASK1 
5301/ 40000 /K16K 
5302/ 0 /SIZE 
5303/ 0 /TEHP 
5304/ 0 /START 
5305/ 0 /CHECKSUM 

5306/ 0 /XON 
5307/ 110026 /MEMA (026 
5310/2001227 /JMS XMIT 
5311/1J01306 /JMS @ XON 

5523/ 5176 /VAXOUT 

7600G 

*STO MTCUSR 2000-5617:P 



in 

C t+'.s r o u t l r ? - e c s i v s s l a t a fron toe nic-=>' v ia rscir. n l r 
u i s t s 23 s i t >«rl i r a r s i i i t t e r as a s i r l r t . of f> t l t s . o y t e , 4 
c c / t ' s ' r / o r l f e l l 9 < ; l by e c a r r i a g e r e t u r n , formri »t\tt-ti 
r where l i x i r are s l g r l f l u a t b i t s . 2 e i i n s u r e s ro ccs - tro l 
v i -ntra i - ters . s r o ; r a n to be used » i t i u s t o m a n a of c t u f t i m . 
r a? ra* be u*;j In l i n k ( 1 1 ) . s t r i c t l y dat» t r a n s f e r r e d , co t 
c parjTotfr n b l * . para-nters e t t e r e i at t e m l n a l i 
i; nutiiut f i l e I s t i t l e 1:1 • n o . ; e . j . f o e t i t l e ' p e e l s ' output 
i- r i l e s ( i f 1-: l i n k ) art - e n l i d l . a a t . p e n l d z . a a t . e i c . 
-.- oas t c unpac*lr» r o u t i n e by * . » n l l i . 
r 
C .«(») 0*r« P3IKT AJiifif 
C • CHIC5SI1- RUXMxS CHECKSUM CUCDLATI."; Ir'JiilVI. UT« tl.Ci.IVt 
C TITLl A53 HEADER DLOCI »RITIiN On Ol'I?Jl f i l l 
c 'na-nel t i t l e 1*4 (used f o r output f i l e cane) 
C t»AS(Cl 32311111 MASK US13 10 SE11C1 5 I S ! OF U.CB MT1 
C -ILE<E 11111111111111111111 «1ASK USED TO ilLtCT 
C ?Z tS-ls Or EACH 3? BIT tfOitl CN VAX 
C i f SET TO OCTAL 81 FOB CTRL-V TO 1NITJAU 
r, DAT* TRAMS1ISSI0N 
c kl "v fron nle-r( - to s t a r t r t c e l v l n g l e t a 
c ens t**-tal ruitoer of s p e c t r a t c t,e s en t 
C IP V01BFR Or DATA POINTS 
C IJ(->) fKTOR USED FCR DATA RIAl-IN, 4 kOKLS LDNJ, 
C ONE Bm PER I0CAT10N 
C I5U"< RJNNIN"; SD1 USED IN PACiflK} DATA 
C 

ttil n«FNS10«l A ( l S 7 3 6 ) , S T ( 2 ) , I J ( 4 ) . r A T i : ( 1 3 ) 
St MS I1TE5FR A , : 3 E : j S n i . » N S , D A l l . P A . l v p . l f a t t e D 
iiJr.3 PFAl 1A.1F.DT 
2dili CHARACTJR ST 
AZcb rnarae ter** fr***iel 
M~S fHHRACTlR'S fna*» 
33.)? CBARACTIP»63 TITLE 
*»ti WJICAt COini,CODM.TTrE,I.O; 
« . 9 i r t e / « r » 4 0T3SCVT.I.TI.SISSGiTMSI 
2313 L'-aract"" s y s f S g » l J 2 
tJ3H 1nt?5-"-»2 buf 
331? c i a r a c i e r " 2 s h l 

c 
r 

J J l f OPEN (HiiIT«31,NArj;-'rOR/-31'.TTPE»'Oir'l 
331} OPEN (ni«IT>SZ,Nl>iI'''rOllltl!Z' lTTFl«'Nia', 

3FDS«»'D>IF0R ,«ATnD') 
tilt COMTlN « .TRUE. 
i ) i l 5 COONT • .FALSE. 
><I17 ?r?F - .FALSE. 
: -m ic ; • .FALSE. 
4315 "AXLI-! • 103 

C Sl)'''"=5SS FHROR "E33AJF3 F.-lC I M L U l O l t m O 
C CAI'flT ST CHEC-IiUI CALCULATION 

Jii2/ PALI lRR31T(7a,CCNTlN.COUNT,TYPE,IB,•Alii'") 
ild\ "'.'•'.1 « "37 
i/i* »k*iV « "3777777 

http://tl.Ci.IVt
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02£3 
B32* 

33i5 
8*27 
3325 
tfi.% 
3833 
71651 

aiiz 
3333 
•SI Si 

Mi? 
01)39 
dun 

3«*2 
3343 

434* 
a 34 5 

i)»45 
3347 
3 3 4 : 
3«!4:) 
3B53 
3351 
3052 

3353 

3355 
3355 

335? 
3355 

3361 

3362 
33=3 
0361 
3365 
2355 

It » 21 
»13 «rltf (6,Ml) 
931 for«lt('}»Blef Hunger of spectra ') 

r»il(!,»)»BS 
1P-H dRITE (6.11)1) 

113? FORiDTCtiNin POINTS PER r u t ' ) 
REAIIff.'UP 
»Rirl(5,t33) 

l»3 F3R*«T(';mER TSt DATE(lBAl) ' ) 
REAl:<5,434)BATli 

434 I3R1AT(1M1) 
is» iRirr(s.s£3) 
S9«i TaRIATCef Misuser « i«tb . THE * or PASSiS, 

1 spec fre*, i la iaetare 
Z fre;s (oMsr 3.2)rOR>1«T(fS.Z.15.3fl».5)') 

RtRli'f,")rP.P»,»f,adail,aaam2 
5P1 rOR<»?(r5.2,15,3fXD.S) 

MIIE(3,593> 
593 FORMAT!'MNIER Tp op seae acd If atten— 

1 formt(215)'> 
R»AD(f,»)l»p.lfatter 

S91 F3R«*r(2IS) 
5 511 TITLE AID OPE* Pill 
195 VRITC(6.9ie) 
313 IOR11T('0E1TER TITLE<16»).TUiNA1E IS 

1 FIRST 4 CtRR ipcrementei ') 
REAr(5.911)riIlI 

911 roR.-»T{ise) 
611 «9ITt(6,623) 
623 F0R1AT('3*liEN BEADT 10 RICEITI TI?I CO ON IE! 711' 

REAt(5.S25>3r 
525 P0R1AT(2A1) 

i r ( S I ( l ) . E 3 . ' ; ' ) C 3 TO 630 
33 13 511 

633 COHTINtlE 

S t a r t of l o loop t o t r a n s m i t aos s p e c t r a 

l o M 9 J " l t - l , r a s 
l c j u l t 
lSTAT-OTS$CfT I TI(1C,CBI,*TAL(2)) 
Jnes«STS$5IT-5sTtTA.l( ISTAT), 

i ^ s u r N . S T s ^ j . m u - D . ) 
IF( ISTAT. NX. l)«-RITi(6,»»)STSnSS(l:1Si:LIN) 

IV fORIAT(H.A) 
f » s i 5 1 - t l t l e ( l : « ) 
f r a i t e « f n a m e l / / c n l 
openfuDl i a 39«Da^e«fDaf f ie , type* 'ne» ' . 

1 c a r r l a 5 i c o n t r o l " ' l l s t ' ) 
EIll . IN PARAMETER TABLE 
*BITI(3 ,911)fra-ne 
* R I T E O . t 3 t ) D i r E 
• •R irEf9 ,4« ) ISPEC,IP 
* R I I I ( 9 . 5 9 1 ) 1 T P . l f a t t e c 
«Rm(9,5Sl )FP.PA,sf ,a<la-nl ,a<U!i l2 
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t e s I0R«AT(21S) 

3B5a 
3373 
M7\ 
8372 
3373 
*i!7t 
3375 
HS375 
337? 
337 = 
OTi 
33 = 3 
33=1 
335? 
B3S3 
3 3 : i 
<I3?5 

P355 
•1337 
335? 
33=3 
«!3i<a 
earn 
33S2 
33*3 
33<lt 
33S5 
alias 
e3rf7 
335 = 

982 
S9B 

NDK LOOP OTtB TBI N0H1IR 01 POINTS, K C H H H S M S 
PtCIINS I H 1 3 « IT 1 T i l t . I ACS T l - t TSX TAX 13 
MA:T FOB k HE* nous A COHTIUU-D COMMAND is ISSUID to 
TBI 1 I C - ? e . 0P3N 1ICEITIN8 
A :3«m-it m HI: OOTPOTS ONE JORD 
nrltf ~q to Hirt transilssloo 
••It for ~T fro* sicee to slgsal reaay to seel lata 
r e a l (1 .B93) n . ( l j ( l J , 1 - l . o j 
f o r n i t ( < j , < r > s l ) 
l s a « a 3 
do » f S 1 - 4 , 1 . - 1 
l j ( l l - l a n i d J d J . T i i S l r l ! 
l s c l f t - ( l - l ) » 5 
i s u n - l or ( l s a * . l » h f t ( l j ( i : M s a l f t l ) 
* l « l a n i ( i s u » , « a s t 2 ) 
» r l t ? ( 5 . S S 5 ) K l 
r o r m t C s r e s e i r e d * ! • 
I f ( I I . e q . " S 3 i then 

< r l t » ( 2 ) I I 
cherlf£iiii*B 
« r l t e < 5 , 9 7 7 ) 
f o r i u t l ' S r e c e l i e d « 1 , s e n t 2 1 ' ) 

' ,o?8) 

e l » p 
ro to oez 

1«3 

123 

FOB FACB F i l l , IO0P THBOHOE IP TI - I3 TO BiCCNSTROCT 
IP rfDRDS FRO" IP»t B i l l s . A 2» 811 a"0R0 I5 ?ECHV13 
IS TH£ rOUOrflW BIT! S U U A N C I : 

AC*-3,AC3-5,A<:iA-liS.ACli-15 <CR.> 

RFCC1STRUCTI0N (PKIIN'S) OCCORS 3T APPSOPSUTl 
Ltn-SHIFTI NJ AVD IP5ICAI OB-IKS OF THi FCUB 
BTTIS SIORiD IS IJ(«> 

IPP-IP»1 
EC 2 3 0 , t - l . I P 
V R i n ( 2 ) [ t 
m o (l.maai H , ( I J ( I ) , I - I . N > 
rOR^AT < 3 . < ! I > A 1 I 
iso1" • a 
DO 123 l - i . 1 , - 1 
Wit) • lANDUJUI.MASIU 
ISBIFT • ( I - l )»5 
iso" • i o R ( i 5 D i . i s a m u i i i . i . s a i r T ) ) 
CBECISOM - CEF.CESOM • 1SUM 
A([) - I SOU 
CONIIVDt 

NO* HECEITE ANP RtCONSTHOCT Thi CHi-CISOM 
:ALCOIAIED BT IBF. H?», 
AND 33«P»RF 13 M l LSCALLf CALCDLATED 3«i. 

2!"» 
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«*ITi ( 2 ) 15 
REtO(l . l i )J3) N . t t J ( I ) . I - l . N ) 
I5IM • B 
13 2 2 » , I « * , l , - 1 
IJ (L) • I » N D ( I J ( t ) . 1 i S E l l 
i s n i r r • a - i ) ' S 

22» I S B " • i o i i ( i s i 7 M . i s m ( i j r i ) , i s i i i r T ) > 
c ; t : t s o » • n N D C j t c i s B i . i i s i E ) 
IS0«1 . IiHB(15f><.1ASI2) 
<R!TE(6.1013) fmne.CHiCISlJH.ISOM 

1M1» tOfkt('»ml "'.SS/'HCALCnillED C2EWS0M « ' . 0 9 / 
1 ' t t t Z t l l t t CHICESOH • \ 0 s # ) 

C CBICf TOJ N I J l T i n lUMIIliS 

DO 21 I - l . I P 
I f ( t ( I ) . i r . K I ) G O TO 21 
l ( I ) - » ( D - 5777777 

21 CONTINUE 
C 10» ODTPIJT «IJ"J£RS 

• H I I F ( S , 2 D i l 3 ) ( t ( I l . I ' l . I P ) 
wit n m » r O i i 3 ) 
»»M COI>tl"UP 

»rli"(5.9«!51 
VIZ foriiTCsanotber s»t of f i l e s? {j/ri') rp3i(5.aee)in5 
9PS f o r i s l ( » l > 

I f ( s o s . s q . ' r ' l t o to 31? 
END 
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pium* SECTIONS 
Ni»p Bytes Attributes 

B SCDDt 1713 PIC CON Bit LCI SBR ill III NO»RT IONS 
1 SPMTA 355 PIC COM. BEL LCI SSS NOEXI RE NOJST LOW 
a SIOCAL 67E8S PIC CON SIL ICL NOSER NOWl 8I> M 7 LOKS 

IMIRI POINTS 
Allress Ttve Nile 

»-BaB*Vl»BB XMITtSHlIN 

*«pi«SLrs 

A j i r e s s T y p * Na»* A d i r e s s Type M i e 

2 - Z a B l l S S 3 9 » ' 4 M A r i 2-BBfllBeBC R»4 A D A « 
z-a<)iaiMD== 1*4 strcssi)* 2-t>a!'la5S4 CSAR cat 
2 - 4 . ' B l i ) 6 A 4 R»4 r i 2-aa^ieJBE CHAR fNAMi 
2 - Z a « l v » e F C I " * i 2-Bfc»>lB6U I»4 IC 
2 - 3 J ( " l « 7 1 » I » 4 IPP a-»Kv»ia5F4 I » t ISPIC 
2 - r £ 4 1 . < 6 r f 4 I « 4 U P 2-je<>iiJ6K I»4 J1ES 
2 - 0 i ! 0 1 3 6 C » !•* t i 2-BBB1371S !•* KICIC 
2 - f > a B l ' « 5 3 4 L»4 to: Z-»».»l»7»>5 I » 4 i s a i f i 
2-;'aBlv5CJ !•* » K £ 2 2-BBB1B639 1 * 4 f A T i i r 
z-zzeusr? I » « V 2-J3«:lB6C3 I » 4 DNS 
<!-aaS«l«5*2 C1AR S I 3 - S 3 2-<jaaiasc4 CSAR TIILi 

A i i r r s s Type Ma-»e Adlres s Type Nape 
Z->t\llvS=Z I « 4 AN5 2-BBB1B695 I » 2 *cr •i-tmx «6A5 L « 4 C3KTIN 2-a»<!li!SAC L » 4 MOST 
2-PaB145BA CHAR r i A « n 2-BBBlU6I!i« R » 4 it 
j - B a a i ^ s i ? !•« UfTIFN 2-WB3185CC I » 4 IP 
•ftlt\fKt& I " 4 I5TAT •i-ftf\»7i • 1">4 ISB«! 
2-aB»iasia !•» JIIT 2 - B B t ! l B 7 U I " » I 
s-wi»7ac !•* El 2 - « i t » l e 7 H 4 !•» L 
u - . - j i i : - s ^ c P - 4 XA 2-jBaiawc !•* n i S i l 
Z-BJOU'SAa R»4 <T Z-B&151B6P0 I » 4 i-StilEN 
2-naHl»533 1*4 P> 2 - > < a a l 3 3 D 4 R « 4 5F 
2-Z2Bl.*6»? I " 4 rrp£ 

IRRAT3 

A l l r e s s ryoe » ! 1 \ e i y t e s S i i i e n s l O Q S 

i:-<VB;:e«e3 i»* A 
2-aaBi»5au i»4 PATS 
2-tftlMil 1*4 IJ 
2-i'<;ai.-SB9 CH.'.R ST 

65*144 (IS73SJ 
4tt ( IB) 
l o (4> 

2 ( 2 ) 
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Appendix 4 . ONP ca lcu la t ion programs 

This appendix contains a l i s t i n g of the computer program used to 

ca lcu la te the theore t ica l curves of f i gu re 3.5. The f low 

chart of f i gu re A4.1 describes both the control program, NEWONP, and 

the program which does the actual In tens i t y vs f i e l d strength 

c a l c u l a t i o n , ONPOL. PLQNP i s a rout ine which p lo ts the output of 

ONPOL. I t 1s based on a subroutine by D.Goodin and i s not 

reproduced here. Subroutines VCVTCH.EIGCH.UNVlF.and VMULFF are a l l 

IHSL subroutines which ( respec t i ve l y ) , converts a Hermitian matr ix t o 

a f u l l complex storage mode mat r i x , diagonalizes a Hermitian ma t r i x , 

inver ts a ma t r i x , m u l t i p l i e s two mat r ices . 

De f i n i t i on of input values: 

D,E as defined by equation 3.8 are elements of the e lectron 

d ipo lar in te rac t ion tensor. 

gama=Y as given in equation 3.8 i s the gyromagnetic ra t i o of the 

proton sp in . 

A i s the hyperf ine in te rac t ion tensor. 

p m=x,y,z i s the re la t i ve population rate in to the mth t r i p l e t 

state (normalized to one t r i p l e t s t a t e ) . 

km m = x » y > z i s t h e r e la t i ve decay rate from the mth t r i p l t e state 

(normalized to one t r i p l e t ) . 

wm n m,n = x . y . z i s the spin l a t t i c e re laxat ion rate between the 

mth and nth t r i p l e t s ta tes. 

Typical values: 

D = 395 MHz, E = 15.3 MHz 
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garca = 4 . 2 5 7 E - 0 7 

A x x = -29 MHz.A^, = - 9 . 2 MHz,A z z = - 1 9 . 0 MHz 

kx * ky* kz* # 3 3 3 

p x = '9> Py = - 0 5 - P z = - 0 5 
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HEHONP 

Input: d,e,gama 
a.p.k.K 

— fixed field 
or 

fixed orientation-

Input : t 
field 
orientation plane 

o r i e n t a t i c:.i 
llmin, delta L l 

caJl PLONP-caJl PLONP-

• • 

ONPOL 
create Hamiltonlan U 
ciagonalize U 
quantize along magnetic field 
calculate p,*,w,N 
ca leu Tate polarization 

PLONP 
plot pc lariyation 
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22«1 proajran tienano 

rttl 

an 
4345 
3307 

«?14 
2211 

z a u 

a e u 
s a i l 
4Z15 
2315 
? a i 7 
2815 

aai = 
1)321 
3322 
3323 
3 3 * i 

Z323 
33 i i7 

IZZd 
3333 
*331 
2S.S2 

B333 

JtH 
3 3 3 5 
3 « 5 
3 3 3 7 
«J23 = 
3 3 3 J 

r e e l Z B d M l . j r p d W ' . t z . i t y . z z 
c oiiiio p / e n s t / i , e , * a m a . 

1 / r « t ; s / * i , * j r , m , p i , P 7 , p i , 
2 / B 7 p s r / a T . a 7 . a z . 
3 / r e l a i / » Z 7 , » i t , « y i 

c 
• > p e n C o E i t » 3 , s t e t u s » ' B e » ' . a * n e " ' e i » e i ; ' ) 
c a l l r - s t r t ( * 3 1 4 , ? l 
w e n (u»l t » B , s t a t u s - ' o l d ' , n t n e « ' i r . p u t l ' , r e s i o r 17) 
r - j l ( = . » ) l . ; , r . i i a 
r e a l ( S , * ) * x , K 7 . t z , p z . p 7 , p z 
• t a J O . ' t a i . a y . a z 
reai(r,*)t*T7,ifT7.if3rT 
c l o s e t u n i t " 3 , s t a t u s - ' k e e p ' ) 

v 
993 c o n t i n u e 
c 

n r l t e t S . l M ) 
1I»J r o m a t C S S S ; T anl c o n v i c t i o n r a t e s " ' ; 

«3iri IB.*) «.itr,&\z.?x.?r.pz 
w r l t e ( 5 . 2 « ) ' 

203 for-ni t t / ' fcrDsrf lr .e constfctns t n l r e l a x d l o r r = i e s ' > 
KSIir (6,»)AI.fT.A2,«r.irIZ.a'IZ 

c 
vrit«(5.===l 

533 fomatC elanee Z,p-l.lr-2,a-3.»-i'J 
real(5.«)lcn 
if (lch.IS.il then 

resi(5.- 'pi,p7.pr 
Use If (lea.13.2) then 

reai!5,» »'rlt7.r: Use If den.IS.?) tfcer 
Tssai5,«)ai.«7.as 

els; !f dm.la.4) then 
real(5»- )v7j,vzit*yt 

S99 

3U3 

else 
continue 

continue 
»rlte(6,S81) 
fornatC flzsl flsll-1 or fizel orlematloc-2?' j 
real(5,*!Ifo 
If Ufa .£3. 2) tnen 

«rltf(5.333' 
fornatC enter theta, 
' n.Ht tser y-1'/. 
' 2,3 men t-lV. 
' Z7 plane Is W0,angle'/, 
' 7Z olane Is angle.St'/ , 
' zz plane Is *n*le,0'J 
r e e l t S . ' l t h e t a . p h l 

ph i : s»n,d men » » ! ' / , 
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C 
2 2 t l •rif's. iee) 
tiiZ 1?5 f e » » £ : C IHTFS MD»fXS Or FJEIB P05I 
IZll P M S i f . " i m a 
a?«» « r u e ( « . i a > 
aav5 15 rOB-KTC ENTIR S>ISI .DJLIT»*J 
4£4S r e t ! ! * , * ) H " I N , m U 

3247 u DO IIC -l .t iTLD 
***5 h • t i - in • d e l t a " ! ! * 
eitj • r l t s l i i , ' ) * 
?ata c e l l o n p o l l i ' i e t a . p s l . n . p o l l 
i.-l!6J TP( l l l t ) • pol 
32-32 x p ( l l l ' ) - b 
32-53 e M io 
iltt « r l t s f 5 , * 4 4 ) 
3355 444 f o r i a i l ' r e « p l o t ? ' ) 
3255 r e » l ( 5 . 7 7 7 i a n 2 
<JE7 777 f o r m t ' a l J 
3253 I f < s r 2 . M . ' y ' ) " e n 
3353 l o p t " 1 
^i'B^ e l s : 
2251 l o p t • 6 
3232 end i f 
22s3 c e l l p l o h o f i p . r p . n f l l . i o p t ) 
22=4 e l s e I f U » o . E 3 . 1 ) t s e p 
aass • r i t e ( 5 , 7 3 2 ) 
^ t > 5 7 ? i f o m s t l ' e n t e r f i e l d ' ) 
sae? r e s K S , * ' ! ! 
343 = « « i ; ( 5 . 7 a i . 
iiifca 7.11 f o p ^ a t C e r t e r I f xj p l a n s * i , y : r p l = t 
aa7? r e a l ( 5 . » ) l p l n 
J371 I'n-S 
je72 Jf ( l p l n . t a . 2 ) thee 
a z 7 j p t ; « -s>!. 
aa?» do l l l r « - ; » . J . 5 
227E i n « m * i 
a273 t h e t a " 11 it 
aa77 c e l l o n p s l l t h e t a . p t i i . h , p o i ! 
437= y p ' m l - p c l 
237=( rp( im)"t i i e td 
aasa e e l do 
aaei pM » ?:). 
aas? 40 l l l t -S .SK.E 
B 2 i l 1 I I « 1 I I - 1 

an the ta • I l k 
28B5 v a i l o E p o l t t s e i a . p h l . B , p o l ) 
aa:5 yp l lM)»oo l 
aeS7 T p l n j - t a e t a 
32S5 e r i do 
23:3 n r l t e ( 6 , 4 4 4 > 
u<!«a r e a d ( 5 , 7 7 7 ) a n 2 
ea=/i If ( a o 2 . l 0 . > ' ) tner. 
3352 l o p t • 1 
Z£»J e l s e 
aa>« l o p t • a 
33J5 eod I f 



?2J5 M i l p l o p p ( I S , T p , 3 7 , l o p t ) 
32=7 e l s e i f ( i p l a . K . l ) m e n 
WJi t h e t a • Hid. 
83»J 10 i l k - - W , i « , S 
»1»2 l n - l - n ' l 
J l i l phi - I l k 
e l s e c a l l o c p o K l i e t j . p n l , n , p o l ) 
a l a s r p t l n l - p o l 
e i v t Tpf in)"phl 
3125 e e l do 
81125 « r l t e ( 6 , 4 4 4 ) 
*1^7 r e i i ( 5 , 7 7 7 ) « r 2 
au= i f ( i r z . W . ' r * ) t i ter 
212= l o p t • 1 
2112 e l s e 
2 1 i l l op* • tf 
twz e e l i f 
<)113 c a l l p l o c p { x p . 7 p . 3 7 . i o p c ) 
S i l t e l s e I f ( l p l r - M . 3 ) t iter 
3115 phi • 2 .B 
i l l S 40 l i k " - f c 2 . 3 . 5 
0117 t n e t a - l i t 
mis lH»l l l* l 
< i i 4 c a l l o u p o l ( t f c e t a . p a : . o . p o l j 
2122 Tpll-nJ'Pol 
0121 x p ; i i l - t h e i a 
21*2 e n l 30 
2123 s h l - l S a . 
2 m 49 l i » - 5 . H 2 , 5 
if l iS theta » I l k 
2126 l l l»11*l 
3127 c a l l o o p o l { t n e t a . p e l ( b , p o l ) 
< l i r y p ( l i ) « p c l 
2129 x p f l n ) " t b e i a 
a i 3 3 en4 Go 
.1131 » T l t e ( 5 . - t * 4 i 
n&z r e ! J ( f . 7 7 7 i a t 2 
2135 i f ( « » 2 . i 9 . ' y ' ' t r e e 
ii.il i o p t • 1 
VlSb e l s e 
a i i 3 l o p t - £ 
4137 eo.4 i f 
213= c a l l p l o p p ( i p , y p t 3 7 f l o p t ) 
2133 e r l i f 
*14J e l s ; 
2141 *o to B » 9 
0143 

c 
*143 

eo i i I f 0143 
c 

*143 HTltl ? t s ,E£f) 
214* 555 f o r i a t l ' c o r t l r u e «t r e * o r l e r t a t i o c f l e l d ' l 

1 ' c o g t l o t i : > l u pen c o n s i a c t s - 2 ' ) 
2145 r e a l l : 5 . » > l s n 
?145 I f t i an . £ 0 . 1 1 then 
21*7 t;o t3 =5= 
a n ; • l s e I f ( l i t . E0 .2) tijer 
a l t ; «;o to 31$ 
t i n e l s ; 
M S I cont inue 
B i t ? 

c 
» l b 3 

ea l l r B i t ? 
c 

» l b 3 c a l l r r s t o p 
B15J c l o s  (upl l - S . s t a t u s - ' l t e e p ' l 
£155 e r ! 
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i l d r e s s type «<i*e 

2-0ai07i£348 K»4 »« 
3-BBBaB»0B »»4 B 
a-Mjet.stti »»4 E 
Z-»3Ha»3Z« I » t iro 2-B0t)lii935B I»4 IPIN 
2-0<>t!i^332l I»4 NFID 
4-»«a3»l»ia »»4 PI 
s-fdeuwn «»4 «IZ 

i a a r e s s Type Name 

5-B»»BBBi»i B»4 f.l 
3-£t}ir00tild4 fl»4 I 
Z-.'.|«»ii;t35e I"* IAN 
Z-ODIML'^54 I»4 I t 
4- u ewuisi>4 S»4 it 
i - * f u t 3 M d»4 POl 
2-l1U»Ui)3Ze B«4 IBET* 

AfiRAlS 

Ailress lypp Naif 

Idlress Type Hame 

5-iWi>H3e»B R«4 AX 
2-BBB0B33S B*4 r u n 2-0BJRB334 B"4 IttiN 
Z-HBl)ttJ3.3C !•« I I ! 
4-BU JUB BtfB B»4 U 
2-K>93ISt)3Zt H»4 SHI 
4-HBitHBB14 B»4 ?7 
G-0UBB0BBS H»4 hi 2 

i .ddrpss Type Name 

5-e»Bt««P»6 F»4 AZ 
3-ISB0r)l>0l»e B'-i CAKA 
2-»0a3t32t i I»4 ICB 
2-BHMJ034C I»4 J;,5J 
4-ai)uft«Bee B»4 t i " *-i.'i>*M*t<iC B*4 P I 
s-BBi«(»i"a:<«i F»4 »xr 

ly i^s I'liienslors 

Z-SJZBddBBB B*4 IP 
z-*aa0iii3a R»4 IP 

404 (103) 
4019 (1X4 
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c 
c rsu rssz»f.K ton MHMHS ON IIHTHID BIPIMMCI O»P 
c 

22i)l s u e r o u l l r f DNPDt( t r . e ta ,ph l , t i ,po l ) 
v 

i /rit's/n.tr.ti,pi,pr.pt 
Z / M p : r / « i , « j , « « 
3 / r e l > i / « i r < « z > i * / t 

c 
22B3 c t iar sc tvr « r l t 9 t 2 
anal ilnsnsion « i (iaa?).iUlN (s.s) 
•>8<:5 COIPtH Z(S.S).r»l!C(6!,VK(2Sl>B> 
22*5 i l - n e n s l o r T 0 T I ( 6 . 2 ) , 5 ! T I « ( S ) . D m ( 5 ) . C A l X < 6 ) , Z Z ( S , 6 , 
aaar sin-rsJon so*z<5>,5Mir(5).s(5) 
2?-= d l T - r s i o r AA<5.5),AAA(6,S> 
2*2=1 C01PUX 50(5 .S ) ,S3S ,ZINTZ 
!I213 RIAL 5 I . I I . J 2 
t e l l REAL Z(S> 
K21? C0"PIII 0 ( 5 , S ) 
2213 iinenslor S(5) 
2*14 11-trjlon <(6.5),*IJ(6.6l,Cil»t6.5) 
221S dln-rslon TOTP (6 ), P(6) .CiLP(5) 

c 
2215 IITA » 1.4 
?tn? cxx • z.ueaa 
2 2 1 ; 5TT - 2.BH23 
0<ri=( GZZ - 2.(«i>3 

c 
222J COIIT • 2 . B » 3 . m s / J S a . 
*2i:i »tneti • thets • con* 
22*2 TD«1 - o s l «COIIT 
»'2S t • s i r ( r t b » t s l » c o s ( r » h l 
322* q • s l r ( r t h p t a l " s l r ( r p » i ) 
ntdi r • e o s ( r t s s i a ) 

c 
B225 EI - I»E 
8827 BT - 5 • H 
3225 »Z » R • '1 

c 
222=< 7Sr • 5?7 » M M • HZ 
2333 Z3X • i l X • BEIA » BX 
tax » r • irr • sen • HT 
3232 ZS171 = .5 • SA»A * HZ 
2233 ziNijz • .5 • JAIA » < H i - ( a . a . i . B ) » B r i 

c 
223* IB • - 5 » . B • 3 . 1 * 1 6 / 1 6 . B 
2235 TRC3S • COSITRI 
<i235 TRSIN - SIH(rR) 
2237 AZZ > AX 
223= »rr • At«((IRC0S)»»2)» AZ«((TBSI>1I»«2) 
rnv A2Z • Ar » <(rR5m i«*2) •> AZ » ( ( r a c e s !•»<:) 
82*3 AZr • (AZ-Ar)«TRCS5«TBSIN 

c 
C MTER MATRIX Hi>fH,TONHN 
c 

33*1 0 ( 1 . 1 ) - » - t - ZIN01 
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324? n ( 1 . 2 ) • - ( 3 . e . l . B ) » ( Z . S » A 7 Z • ZSZ) 
3343 0 ( 1 . J ) - ( 3 . 3 , 1 . 3 ) » ( Z 3 r • .5«AZT! 
2S44 0 ( 1 , 4 ) • - Z M 0 2 
3345 0 ( 1 , 5 ) • -f>.5»4ZT 
ess 5 0 ( 1 , 5 ) - . 5 • »TI 
2<-*7 0 ( 2 . 2 ) « D*i - ZM01 
e<»4° 0 ( 2 , 3 ) - - ( 3 . 3 , 1 . B ) » Z G I 
mi 0 ( 2 , 4 ) - &.5-4ZT 
i i « 8 0 ( 2 , S ) • - ZM02 
32S1 l!(Z,S) - - ( l « . 3 . 1 . a ) " ( a . 5 « i l l ) 
2362 0 ( 3 . 3 ) - -ZIH31 
, 3 S 3 0 ( 3 . 4 ) • - ( . 5 • 4TT) 
3354 0 ( 3 , 5 ) - ( 3 . 2 , 1 . 3 ) » ( a . 5 ' H I ) 
3355 0 ( 3 , S ) —ZEN02 
22S5 0 ( 4 , 4 ) - l-t • ZENB1 
tin 0 ( 4 . 5 ) • ( 3 . 3 , 1 . 3 ) » ( » . 5 » £ Z Z -ZGZ) 
U»5= 0 ( 4 . 5 ) • ( 2 . 3 . 1 . 3 ) » ( 2 3 r - ».5»AZr) 
i!3E3 l ' ( £ , 5 ) - f t * Z1NH1 
3253 1 ( 5 . 5 ) - - ( « . « . 1 . 3 ) »ZBI 
•lasi 0 ( 3 . 5 ) » ZIN01 
*252 13 11 I - l . S 
aee3 rc 2i J - i . s 
3354 T n i . 3 t . J l 53 TO 21 
ems: n ( J , I ) • C C N j K P d . J • i 
aaes 21 CCNTWl 
33=? 11 cotmor 
asei IZ • 5 
335J C4LI T L U C H C J . S . S . ' J ) 
3373 c i u n ; c » < o , 5 . i . m c . z . i z . « . i s . B > 
2*71 ro s i - i , 5 
2372 M 5 J - 1 , 6 
2873 Z Z d . J l •> C»B5(Z(I ,J ) " 2 
^274 S CONTISPE 
aa?5 5 CONTIVPE 
3375 BO 123 1 - 1 , 5 
an s c z m - c 327 = SO 131 J - 1 . 5 
337 = in S0"Z(I1-S0"?Ct W Z i I . J ) 
.)2;<' in CCNTINI'l 
2 3 t l SO 432 1 - 1 , 5 
2 2 i 2 SVO«"(!'-33RT(Sn>1Z(I)) 
« = 3 422 CONTI^Ot 
0254 DO 433 1 - 1 . 5 
P3-S 00 434 J - 1 , 5 
tliiS 4D4 Z ' I , J ) - Z ( I . J ) / 3 N 0 B 1 ( 1 ) 
33s? 133 COVTINOI 
32=5 10 J - 1 , 5 
22§=> « r l t - ( » , » ) ( i ( l , j 1 . 1 - 1 , 6 / 
az»3 e r i l o 
2331 SO 435 1 - 1 . 5 
i 2 » 2 TO 435 J - l . S 
22M3 436 Z Z ( l , J ) - C U S ( Z ( I , J ) ) — 2 
33 = 1 4 i"- csNiivor 
22*5 ? ( 1 ) - P7 
333 5 P(2) • PT 
ttjl P(3) - PZ 
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223 = 
2?»4 
eiui> 
2121 
21«Z 
2123 
itai 
2 U S 
2125 
2127 
ilt! 
212J 
2119 
£111 
3112 
2113 
m < ans 
3113 
mi 
2113 
ills 
("liZ 
«lil 
4122 
2125 
/lit 
2125 
•tin 
ilU? 
212° 
312 = 
<)132 

^131 
21i2 
J1J! 
2134 
2135 
2135 
213? 

? ( * ) • PI 
»(«) - pr 
P ( 6 ) • ?Z 
DO 12 J - 1 . 3 
TOTP(J) • 2 . 
ID 22 1 - 1 . 5 
C»'-.P(I> - 7 Z U . J ) • ? ( I ) 
?S?P(J) - C A l P ' l ) - I 0 I ? ( J ) 

2* CDNTIlHi 
12 C3NII10I 

TO 32 J» 1 ,6 
TOTP(J) - . 5 • TOT?(J) 

32 C3WVBE 
K(l> • IX 
1 ( 2 ) - ST 
1 ( 3 ) • !Z 
< ( 4 ) « I I 
Kb) - IT 
1 ( 5 ) " 5Z 
SOU » S3RTI1.2 • RJ 
3C 52 J - 1 . 6 
T 3 T S ( J . l > - 2 . 
10 63 I - 1 .3 
« - 1*3 
CH1KI) - 1 ( 1 ) • C f t S S ( Z l I . J ) * 

l ( 3 3 R / 3 3 » T ( 2 . 2 ) ) » 2 ( ' ( . J i • 
l ( ( t - ( 2 . ( M . e ) » 3 ) / ( S 3 8 « S 0 B T I 2 . B ) ) ) ) « 2 ) 

T 3 K I J . 1 ) « C i L I l I ) - l O I S U . l l 
6? CONTIIBli 
52 COKTIVrti 

03 72 J - 1 , 5 
T 0 I ! f J , 2 ) • o . 
50 =2 1 - 1 , 3 
>. - 1*3 
C»LI(I) - KU> • ' C i 3 3 ( - Z ( I . J > » 

l ( I - ' ( 2 . 2 . 1 . e ) » 3 ) / ( S 0 R T ( Z . ^ ) - S 0 R j 
1 - Z(^.J l»33R/33RT(i ' . 'M)»»2) 

T0TE(J,2) . T 3r K(J ,2 ' * CALC(I) 
S2 CONTIMPi 

1-0 S2 1 - 1 . S 
S(TM<(I) - TOTS(I . l ) - T 0 T M I . 2 ) 
D I f l l l ) - T O P H I . l : - T0TI1I .2 ) 

9.' CON'TIICE 

213r 
*lli 
2142 
21 41 
21*2 

2143 
an 
2145 
2113 
*14? 
314° 

so i «1 .5 
ti » .1 - 1 .6 
V ( 1 , i) - 2 . 2 
• 1 ?1 10 
erl 10 

* ( 1 , ,2) . » H 
«<1. .3) - 41.1 
» ( 2 , , 3 ) • «IZ 
< ( * , ,5) a <xr 
Hi ,5) m rfTZ 
« ( 5 , ,6) - *T» 
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ei*9 
2153 
»15l 
!>152 
31=3 
aisi 
«E5 
eiss 
U15S 
3153 
*153 
tl^l 
3162 
M S 3 

2151 
*ief 
eios 
J>157 
iltii 
215J 
ai?3 
/171 
,(172 
»173 
«7t 
ai7s 
3175 
^177 
017? 
H173 
tiat 
81E1 
31 = 2 
Ms3 
eirt 
al:5 
41=5 
eiB7 
ai=5 _. . . . . . . . _ . 
al5S CALL riOI.f'F(<IJIN,.T3TP.S,S,l,6,S,S,5.Ii;Pi;) 
2i»a poi • a. 
3131 DO lit J-1.5 
1)1*2 POL - POL •Iiri(J)»S(J) 
2i^: sea CONTINUE 

c 
•11*4 return 

• ( 2 , 1 ) • «r » ( S . l ) • VIZ 
« < 3 . J ) - »n ¥<f ,*> - K t f 
«<5,»> » * i i 
» ( 5 . 5 ) - » y i 

EC 193 1-1 
".—1*1 

. 5 

PS 133 J - T ' . 5 
M J U . J 1 • *. IS 122 I I < 
1 -EI -3 

• 1 , 3 

TO 123 L- 1 ,3 
«I-I»3 
iUil.Sl - » I J ( I . J 1 -

i (C*BSUC9NJ:(Z(K .nn-zu.j) 1 • (C3SJG(7(N,I) ) )»ZI [ « , J ) J J « 2 • V ( K . I ) 
121 COSIISOf 
tffl C0NIINC1 

CO 152 1-1 ,6 
153 < I J ( I , I ) - D . 

TO U3 J - l , 
« - I * l 

t 5 

BO U S J«N. ,5 
14? ¥ I J ( J . I ) • J I J 1 I . J ) 

BO 1S1 1-1 , ,6 
00 152 J - l . 5 
AAA(I.J) - - « j ( i . j ) 

162 CONTINUE 
151 C3UINJE 

ro us i-i, 
G(I> '1. 

, 6 

BO 151 t - 1 . 5 
5 ( 1 ) - 5(11 i*<nd,L) 

151 coNTixtrr 153 A t A ( I . I ) -
ro si I -I .E 
DC 32 3-1.f 

SD1I (H * S ( l ) 

A * f I . l ) * A A A ( I , J ) 
M2 CCNT1NOF. 
91 CONTISOE 

CALL LINTlf ' ( « A » , 5 . 5 , » I J I N . * . * £ 1 . I I R 1 ) 



UHIABLIS 

i l l r e s s Tjroe Han* Ad a res s Type Name 

2 - 0 0 0 0 5 6 D 6 CHAB • VI 
5 - 0 0 0 0 0 0 0 4 R ' 4 ir 
2 - e n e i t 5 7 4 e « " 4 »zz 
3 - 0 S 1 0 0 0 0 0 4 R ' 4 i 
8 - a » B i s 5 s r c M 4 szz 2 - 0 0 0 0 5 7 2 0 H ' 4 BZ 
2 - 0 0 0 0 5 7 7 8 I « 4 I I R 2 
4 - 0 * 0 0 0 0 0 0 R ' 4 [ I 
2 - 0 0 0 0 5 7 7 0 I « 4 n 

A P - B B 0 0 0 0 1 0 3 R*4 P 3 1 
2 - 0 1 0 0 5 7 1 0 R ' 4 9 
2 - 0 * 0 0 5 6 E 0 C ' S S9R 
2 - 0 0 0 0 5 7 3 6 R ' 4 IRC OS 
6 - 0 Z 0 0 0 0 0 P R ' 4 <rz 
2 - 0 0 0 0 5 7 2 C R M ZJT 

i s a r e s s T y p e Kane 

£ — . 0 0 0 0 0 0 0 l i ' 4 AJ 
5 - . » 0 0 0 0 0 B O R ' 4 »z 
2 - 0 f c 0 B 5 7 0 0 R ' 4 CDNV 
2 - 1 « 0 0 « . 5 S l ' 4 R « 4 M X 
2 - B 0 0 0 3 7 1 8 K ' 4 HI 
2 - . J 0 0 0 5 7 5 C 3 » 4 I*K 
2 - i ! t < l o t 7 5 4 I M J 
4 - U 0 0 0 0 0 0 6 B ' » 1 2 
2 - 0 0 0 0 S 7 S 0 I " « (v 
t - i U f g t f f l e ' S"4 PJ 
2 - 0 0 0 0 5 7 0 B R»4 R P M 

A?- .>0<;0«041« « ~ 4 T b l l i 
b - i ' 0 0 0 0 0 0 0 E ' 4 . 1 1 
2 - i )B^ i )b fc i e C ' £ Z I N 0 2 

2-0BB!"S6I)» CHIP 1 N 2 
2-<«0 0 0 5 7 4 4 R ' 4 » I f 
2 - 0 0 3 i ' 5 6 F 0 R » 4 BIT A 
3 - 0 0 0 0 0 0 0 8 « ' 4 O i l * 

* P - 0 0 0 0 0 0 0 C 9 R ' 4 E 
2 - 0 0 0 0 ! J 7 S B I ' 4 I 
2 - 0 0 0 0 S 7 S S I ' 4 IZ 
4 - 0 0 0 0 0 0 0 4 H ' 4 I I 
2 - 0 0 0 3 5 7 6 4 I " 4 MM 
4 - 0 0 0 i " 0 Z 0 C R « 4 PX 
Z - 0 0 0 0 5 7 1 4 R»4 R 
2 - 0 i ) B i - 5 7 B C R ' 4 T 
2 - 0 3 0 0 5 7 3 C » » 4 I R S I N 
2 - 0 0 0 0 5 7 3 0 R » 4 Z i N U l 
2 - 0 0 0 0 5 7 2 4 » » 4 ZSZ 

A a l r e s s T y p e Name 

2 - * 0 0 » S 7 4 0 S ' 4 AZZ 
2 - 0 0 0 0 5 7 4 C (••4 AZI 
3 - 0 0 0 0 0 0 0 0 P ' 4 i> 
2 - * 0 » ' ' ? t > ? 5 R»4 H I 
2 - 0 B B 0 5 7 1 C R ' 4 B I 
2 - 0 B B 0 5 7 7 4 I ' 4 nui 
2 - 0 0 t i > f 7 6 3 I " 4 £K 
2 - 0 0 0 0 S 7 5 C I ' 4 I 

AP-000B000EI.* P ' 4 PKI 
4 - 0 0BB1» 1*14 H»4 PZ 
2 - i ) 0 0 0 5 7 B 4 R ' 4 R T h l T . 
2 - . J 0 0 0 5 7 3 4 R»4 TH 
G - B 0 0 0 U 0 0 4 5 « 4 •zz 
2 - t ) u e a b 7 2 £ P » 4 ZGI 

•REITi 

A i l r e s s i r p e S S T t . B y t e s D l t i e c s i o r s 

2-000053J0 R ' 4 i t 1 4 4 ( 6 . 6 ) 
S-300054Z0 R ' 4 • Hi 1 4 4 (*. 5 ) 
2-B^0052A0 R ' 4 c m 2 4 ( 6 ) 
Z-000056C0 R ' » C1LP 2 4 ( 6 ) 
2-03005S0J R ' 4 : i i i 1 4 4 I S . S ) 
2-Z>!00523? R ' 4 n n 2 4 ( 5 ) 
2-0^000120 C»o I I I ! 4 B ( 6 ) 
2-00005379 R ' 4 ; 2 4 ( S ) 
2-0^.054B0 R»4 r. 2 4 ' <e) 
2-000056*5 R ' 4 p 2 4 ( 5 ) 
2-00005%:S S ' 4 5 2 1 i S ' 
2-000>:5360 R ' 4 S I OR" 2 4 <t>) 
2-0<W05270 P ' 4 s r j -< 2 4 ( 5 1 
2-lV0,!?349 W* Sl'rZ a <*> 2-0<:0£5240 R»4 T3T5 *e ( 6 , 2 ) 
i - i i m i S i t R ' 4 l o r ? 2 4 ( 5 ) 
2 - 0 * i V 4 0 F 0 C«? 0 ass <s. 6 1 
2 - 0 0 0 0 3 r S 0 C'E DU 2FE ( G . 6 ) 
Z - 0 0 0 4 5 4 r 0 R ' 4 t 1 4 4 Is, B) 
2 - 0 0 0 i < E 5 7 0 R ' 4 < I J 1 4 4 ( 6 . 6 ) 
2 - 0 0 0 U S 1 B 0 R ' « * I J 1 N 1 4 4 ( 6 . 6 ) 
2 - 0 0 0 0 4 2 1 H R ' 4 « 1 4 4 0 0 ( 1 0 0 0 ) 
2 - ^ 0 0 i , J l S 0 C « KB 1 6 0 0 0 U 0 0 0 J 
2 - e 0 0 H B 0 0 0 C « z 2 S 9 ( 6 , 6 ) 
Z - 0 0 0 2 5 2 B S R ' 4 ZZ 1 4 4 ( 3 . 5 ) 
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