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Abstract

MAGNETICALLY INDUCED LINEAR DICHROISM IN LIQUID SOLUTIONS

by

David Zelmanovic 

A dviser: P ro fe sso r Raymond L. Disch

We have developed an in strum en t capable o f m easuring 

d if fe re n c e s  in  ab so rp tio n  c o e f f ic ie n ts  as sm all as 10"^ o p t i c a l  

d e n s ity  u n i t s .  G rea tly  enhanced S/N i s  achieved by in c lu d in g  

th e  l i g h t  source  in  an o p to -e le c tro n ic  feedback netw ork. Ad­

d i t io n a l ly ,  use o f a tu n ab le  dye la s e r  in c re ases  l ig h t  in t e n s i ty  

and open-loop ga in  by two o rd e rs  o f magnitude r e l a t i v e  to  o th e r  

l i g h t  so u rces . This s t a b i l i z e s  c losed-loop  gain  by making i t  

more n e a r ly  independent o f changes in  open-loop ga in  p aram ete rs .

We have developed The Theory o f M agnetically  Induced L in ear 

D ichroism  (MLD) in  L iqu id  S o lu tio n s . The MLD i s  expressed  as a
I!

fu n c tio n  o f th e  ap p lied  s t a t i c  m agnetic f i e ld  te n s o r ,  H byot,II
expanding i t  in  a M aclaurin  s e r ie s  in  Ha . Included  are  th e  de-

| |  T V

pendences on Ha o f th e  l in e  shape fu n c tio n , S th e  o s c i l l a t o r
LKs tre n g th  te n s o r ,  and th e  p ro b a b il i ty  fu n c tio n , n. I t  i sU p

ii it
shown th a t  th e  c o e f f ic ie n t  o f  H H0 i s  the  f i r s t  nonzero term  inOL p
th e  expansion .

The g e n e ra l p re d ic tio n s  o f the  theory  are  o u tlin e d  and th e  

m ajor fe a tu re s  o f the  MLD sp e c tra  o f l iq u id  so lu tio n s  o f v a r io u s  

la n th a n id e  ions  and m etal po rphyrins a re  d iscussed  in  l i g h t  o f



th e se  p r e d ic t io n s . The spectrum  of horse h e a r t  ferrocytochrom e 

c i s  analyzed  in  d e ta i l  and the  r e s u l t s  compared w ith  r e s u l t s  

o b ta in ed  from M agnetic O p tica l R otatory  D ispersion  (MORD) s p e c tra . 

They a re  in  e x c e lle n t  agreem ent. Inform ation  concerning the  

a n iso tro p y  o f  th e  diam agnetic s u s c e p t ib i l i ty  o f the  MLD spectrum . 

This in fo rm atio n  i s  n o t o b ta in ab le  through MORD or o th e r  techn iques
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In tro d u c tio n

Consider a medium whose o p t ic  a x is  i s  p a r a l l e l  to  th e  lab 

y -a x is .  L in early  p o la r iz e d  l i g h t  \riiose p ropagation  v e c to r  i s  

in  the  z -d ir e c t io n  i s  in c id e n t  upon i t .  I f  the  x -p o la r iz e d  

l ig h t  i s  absorbed more (o r le s s )  than  th e  y -p o la r iz e d  l i g h t ,  

th e  medium i s  l in e a r ly  d ic h ro ic . U n iax ia l c ry s ta ls  a re  

n a tu ra l ly  l in e a r ly  d ic h ro ic . I s o t ro p ic  c ry s ta ls  can be made 

l in e a r ly  d ich ro ic  by com pression, th e  d ire c t io n  o f compression 

becoming the  o p tic  a x is .  They can a ls o  be made l in e a r ly  

d ic h ro ic  by a p p lic a tio n  o f a m agnetic f i e l d .  M acroscopic 

samples o f l iq u id s  and gases a re  no t n a tu r a l ly  l in e a r ly  

d ic h ro ic  even though in d iv id u a l  m olecules may be h ig h ly  

a n iso tro p ic  because therm al m otion makes a l l  m olecu lar 

o r ie n ta t io n s  eq u a lly  p ro b ab le . T here fo re , l ig h t  tra v e rs in g  a 

f lu id  w i l l  sample a l l  m olecu lar o r ie n ta t io n s  e q u a lly . F lu id s  

can a lso  be made l in e a r ly  d ic h ro ic  by applying a m agnetic f ie ld .

In  a macros cop i c a l l y  i s o t r o p ic  medium, odd rank  ten so rs  

d esc rib in g  m acroscopic p ro p e r t ie s  a re  equal to  ze ro . Tensors 

o f even rank have only one independent component. A n iso trop ic  

media, on the  o th e r  haiid, a re  d e sc rib ed  by te n so rs  having more 

than  one independent component [34], In  a l in e a r ly  d ic h ro ic  

medium fo r  example, th e  ab so rp tio n  c o e f f ic ie n t  i s  a 2nd rank 

te n so r aa g whose p r in c ip le  v a lu es  a re  n o t th e  same in  a l l  

d ire c tio n s  (by d e f in i t io n ) .  S ince , as  we s h a l l  s e e , M agnetic 

L inear Dichroism (MLD) i s  q u a d ra tic  i n  th e  f i e l d ,  measurements 

o f MLD y ie ld  in fo rm ation  about th e  an iso tro p y  o f  second rank 

ten so rs  such as xag* d iam agnetic s u s c e p t ib i l i ty  te n so r  and

(1)



second rank ten so rs  t h a t  a r i s e  as o u te r  p roducts o f  th e  f i r s t  

rank te n so r , such as mamg, th e  o u te r  p roduct o f th e  m agnetic 

moment ten so r w ith  i t s e l f .  M agnetic C irc u la r  Dichroism  (MCD) 

on the  o th e r  hand, i s  l in e a r  in  th e  a p p lie d  f i e l d  and as a 

r e s u l t  a measurement o f  MCD w i l l  g iv e  in fo rm atio n  on th e  

an iso tro p y  of f i r s t  rank  te n so rs  on ly .

To d a te , only  a few measurements o f  MLD have been made on 

so lid s  and only one measurement [1] has ever been re p o rte d  

fo r  l iq u id  so lu tio n s . MLD i s  much e a s ie r  to  measure in  so lid s  

than  in  l iq u id s  because ab so rp tio n  band w id ths a re  much 

narrow er in  so lid s  a t  low tem pera tu res so th a t  f i r s t  and 

second d e r iv a tiv e  MLD peaks a re  much la rg e r  in  s o l id s .  MLD 

i s  an extrem ely feeb le  e f f e c t  in  e i t h e r  case . In  s o l id s  th e  

f i e ld  i s  competing w ith  the l a t t i c e  energy and in  f a c t  the 

m ajor source o f  MLD in  s o lid s  is  due to  p e r tu rb a tio n  o f  the  

e le c tro n ic  s t a t e .  In  l iq u id s  the f i e l d  competes w ith  the 

therm al motion o f  the  l iq u id .

We have succeeded in  m easuring the  MLD o f  system s much 

le s s  amenable to  d e te c tio n  th an  th o se  p re v io u s ly  s tu d ie d .

Our innovation  i s  in  th e  a re a  of o p tim iz a tio n  o f s ig n a l  to  

n o ise  r a t i o  (S/N) and in v o lv es  th e  use o f  an o p to -e le c tro n ic  

feedback network which w i l l  be d e sc rib e d  in  th e  experim enta l 

s e c tio n  o f  th is  d i s s e r ta t io n .  Our techn ique  does n o t re q u ire  

the  use o f  cryogenic equipm ent and as such i s  r e la t iv e ly  

economical and sim ple to  c a r ry  o u t.

In  th e  follow ing s e c tio n s  we w i l l :

1. D escribe th e  p o la r ira e tr ic  sp ec tro d ich ro m ete r, in c lu d in g

(2 )



d e ta i ls  o f  i t s  c o n s tru c tio n , and compare i t s  p ro p e r t ie s  to  

those o f o th e r  d ich ro m eters .

2. Carry o u t the  Jones C alculus m a tr ix  a n a ly s is  o f  the  

d ichrom eter.

3. Develop th e  theory  o f  MLD in  f lu id s  in  d e ta i l  and give 

i l l u s t r a t i v e  examples o f  p re d ic tio n s  o f  th e  theo ry .

4. Analyze a c tu a l MLD s p e c tra  and p o in t  ou t the  k ind  o f 

in fo rm ation  o b ta in ab le  from th ese  m easurem ents.

5. D iscuss v a rio u s  a p p lic a tio n s  o f  th e  techn iq u es .

(3)



C hapter 1

The p o la r im e tr ic  method i s  b e s t  a p p re c ia te d  by c o n tra s tin g  

i t  to  o th e r  e x is t in g  m ethods.

The s im p les t way to  measure LD [2] i s  to  determ ine the  

abso rp tion  c o e f f ic ie n t  fo r  x -p o la r iz e d  l ig h t .a n d  then  fo r  y- 

p o la rize d  l i g h t  and to  tak e  t h e i r  d if fe re n c e .

A m o d ifica tio n  o f  th i s  method [3] invo lves in s e r t io n  of 

a d e p o la r iz e r  between p o la r iz e r  and sample (see f ig u re  #9). 

Measurements a re  made w ith  and w ith o u t th e  d e p o la r iz e r  and the 

d iffe re n c e  i s  r e la te d  to  a d ic h ro ic  r a t i o .

A double beam techn ique  e lim in a te s  problems a s so c ia te d  w ith  

d u p lic a tio n  o f l i g h t  source  in te n s i ty .

These two methods a re  only  u s e fu l  fo r  m easuring la rg e  

l in e a r  dichroism  s ig n a ls  such as th o se  in  a n is o tro p ic  so lid s  

o r s tre tc h e d  film s. Small s ig n a ls  a re  deeply b u rie d  in  

1 / f  n o ise .

An e leg an t way to  avo id  ta k in g  m u ltip le  sp e c tra  o r double 

beaming was devised  by J a f f e ,  J a f f e  and Rosenheck [4] and 

independently  by Rehovoth [5 ]. A th ic k  wave p la te  w ith  o p tic  

ax is  a t  45° to  th e  e l e c t r i c  v e c to r  o f  p o la r iz e d  l ig h t  i s  p laced  

between p o la r iz e r  and sample. The p la te  a c ts  as a l in e a r  

r e ta rd e r .  The r e l a t i v e  re ta rd a n c e  i s  r e la te d  to  wavelength 

according to  the  eq u a tio n :

0 (X) = 2 TrAn(X)T/X

(4)



where

0 i s  in  rad ians

An is  the  d if fe re n c e  in  r e f r a c t iv e  index along th e  two axes

T i s  th e  th ick n ess  o f  th e  p l a t e  in  cm

X i s  th e  w avelength in  cm

th e re fo re , when nT/ = 1 /2 , 3 /2 , 5 /2 , . . .

0 = t t , t t 3 , t t 5 , . . .

and as a Jones A nalysis w i l l  show, l i g h t  th a t  was o r ig in a l ly  

x -p o la r iz e d  has become y -p o la r iz e d . For a r b i t r a r y  values o f  

nT/A x -p o la r iz e d  l i g h t  becomes e l l i p t i c a l l y  p o la r iz e d . A 

wavelength scan w i l l  cause a p e r io d ic  swing between x and y 

p o la r iz a tio n  s ta te s .  I f  th e  medium i s  d ic h ro ic  the  d iffe re n c e  

in  ab so rp tio n  c o e f f ic ie n t  w i l l  appear as a m odulation on an 

ab so rp tio n  spectrum  (see f ig u re  #10). This technique has th e  

added v ir tu e  o f d isp la y in g  th e  d ich ro ism  and ab so rp tio n  spectrum  

sim ultaneously . I t  i s  s t i l l  l im ite d  in  i t s  accuracy by low 

frequency (1 /f )  n o ise  even though th e  s ig n a l i s  n o t D.C. s in ce  

th e  m odulation i s  u s u a lly  below 20 Hz.

An im portant re fin em en t in  m easuring techn ique i s  the 

conversion* o f  D.C. (o r slow ly  v a ry in g  A.C.) s ig n a ls  to  A.C. 

s ig n a ls  o f a t  l e a s t  a few hundred Hz to  avoid  th e  e f f e c ts  o f  

1 / f  n o ise . A d d itio n a lly , an A. C. s ig n a l  can be sep ara ted  from 

much la rg e r  no ise  by comparing i t  to  a s u i ta b ly  chosen

(5)



re fe re n c e  s ig n a l o f th e  same frequency and phase. This process 

i s  c a lle d  a u to c o r re la t io n  o f  p h a s e -s e n s it iv e  d e te c tio n .

These techn iques a re  employed in  th e  M odified G rosjean- 

Legrand Dichrometer d e sc rib ed  by D isch and S v erd lik  [6] and 

Mandel and Holzwarth [7 ] . The G rosjean-Legrand C irc u la r  

Dichrometer (CD) i s  shown in  f ig u re  #3. L in ea rly  p o la r iz e d  

l i g h t  passes th rough a  Pockels M odulator whose f a s t  ax is  i s  a t  

45° to  the  p lan e  o f  p o la r iz a t io n  o f l i g h t .  For c i r c u la r  

d ichroism  (CD) m easurem ents, the  r e l a t i v e  re ta rd a n c e  s in u so id a lly  

changes from + to  - 90°, which r e s u l t s  in  a p e r io d ic  change o f 

the  p o la r iz a t io n  s t a t e  from r ig h t  to  l e f t  c i r c u la r i ty .  For 

LD measurements an achrom atic  q u a r te r  wave p la te ,  w ith  i t s  

o p tic  ax is  a t  45° to  t h a t  o f  the  o r ig in a l  p o la r iz a t io n  s t a t e  o f 

the  l i g h t ,  i s  in s e r te d  between th e  m odulator and sample c e l l .

This modulates th e  l i g h t  p e r io d ic a l ly  from x to  y p o la r iz a tio n  

s t a t e s .  C.D. to  L.D. conversion  can a ls o  be achieved by 

apply ing  a D.C. to  th e  Pockels C e ll t h a t  g ives a r e la t iv e  

re ta rd an ce  o f 90° o r by sim ply a llow ing  th e  r e la t i v e  re ta rd an ce  

to  go from + to  -180°. A l in e a r ly  d ic h ro ic  medium g enera tes  an 

in te n s i ty  m odulation a t  tw ice th e  frequency o f th e  Pockels C ell 

m odulation. The in te n s ity -m o d u la te d  beam i s  converted  to  

v o lta g e  which i s  se n t s im u ltaneously  to  two f i l t e r  netw orks.

One passes only th e  A.C. component through a b lock ing  c a p a c ito r . 

This A.C. i s  passed  to  a tuned  a m p lif ie r  and a p h a se -s e n s it iv e  

d e te c to r . The o th e r  netw ork i s  a low -pass f i l t e r .  The r e c t i f i e d  

A.C, and mean D.C. a re  then  passed  to  a d iv id e r  module whose 

o u tp u t v o ltag e  i s  p ro p o r tio n a l to  t h e i r  r a t i o .  The purpose

(6)



o f " ra t io in g "  i s  to  cance l e f f e c t s  o f  g radual changes such as 

those occuring in  l ig h t  source  in te n s i ty  during  a wavelength 

scan. In  p ra c t ic e  i t  i s  found th a t  th e  two f i l t e r i n g  networks 

do n o t respond in  th e  same way to  v a rio u s  forms o f  n o ise . 

Consequently, i t  i s  advantageous to  dev ise  a method o f 

d e te c tio n  th a t  e f f e c t iv e ly  reduces n o ise  bu t does no t re q u ire  

r a t io in g . The p o la r im e tr ic  sp ec tro d ich ro m eter does th is  by 

using  an o p to -e le c tro n ic  feedback mechanism whose p r in c ip le s  

o f o p e ra tio n  w i l l  now be ex p la in ed .

(7)



F igure 1 is  a r e p re s e n ta t io n  o f a p o la r im e tr ic  d ichrom eter. 

We w i l l  f i r s t  d esc rib e  each component s e p a ra te ly  and then th e  

o p e ra tio n  o f the  d ichrom eter as a  u n i t ,

The pump la s e r  i s  a S p ec tra  P hysics 164 Argon Ion L aser,

A ll s p e c tr a l  lin e s  were used  to  pump th e  Coherent Model 590 

Dye L aser, We used Rhodamine 6-G (565^635 nm) and Sodium 

F luo rosce in  (540-580 nm) as our dyes. The prism  monochromator 

i s  d riven  by a s tepp ing  m otor connected to  i t s  michrometer 

d ia l-w aveleng th  s e le c to r .

The p o la r iz e r ,  mounted w ith  i t s  f a s t  ax is  a t  a 45° angle 

to  the  lab  x -ax is  (a h o r iz o n ta l  a x i s ) , i s  o f th e  in te rn a l  

r e f le c t io n  type and i s  m anufactured by C arl Lambrecht, Inc ,

The sample c e l l  i s  mounted between th e  po le  faces of an 

Alpha S c ie n t i f ic  Model 4600 E lectrom agnet th a t  i s  capable of 

producing a maximum f i e l d  o f  22 k ilo -g a u s s  a t  the  po le  gap 

used (1 ,2  cm).

A s o f t - i r o n  (fe rrom agne tic ) box houses the  Faraday C e ll,

The box keeps any s t r a y  f lu x  from th e  e lec trom agnet from 

g en e ra tin g  an o p t ic a l  r o ta t io n  in  a d d itio n  to  th a t  o f the  

d e s ire d  Faraday E ffe c t .  The Faraday C e ll c o n s is ts  of 

approxim ately 45,000 tu rn s  o f 30-guage en am el-in su la ted  

copper w ire  wound around a hollow  b ra ss  bobbin whose o u te r 

d iam eter i s  20 mm. W ithin the  bobbin  i s  a c y l in d r ic a l  g la ss  slug  

whose o u te r  diam eter i s  18 mm, in n e r  d iam eter i s  17 mm and whose 

leng th  i s  18 cm, The s lu g  f i l l e d  w ith  carbon te t r a c h lo r id e .

In  o rder to  avoid problems a s so c ia te d  w ith  r e f l e c t io n  and 

b ire f r in g e n c e , the edges o f  the s lu g  were made p a r a l l e l  to
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each o th e r  using  th e  p o s i t io n  o f  r e f le c te d  la s e r  l ig h t  as an 

in d ic a to r  of p a r a l le l is m  (see f ig u re  #2) and th e  windows used 

were o f o p t ic a l ly  f l a t  fu sed  s i l i c a ,  which i s  tra n sp a re n t in to  

the  n ea r U ltra « V io le t ,

The an a ly zer i s  o f th e  same type as th e  p o la r iz e r  and i s  

crossed  w ith  re sp e c t  to  th e  p o la r iz e r ,

The p h o to m u ltip lie r  i s  an EMI Model 9558 ( t r i a l k i l i  

c a th o d e ),

The d e s ire d  s ig n a l  passes through a tuned amp (see f ig u re  

#4) and then  to  a p h a s e -s e n s i t iv e  d e te c to r  (see f ig u re  #5) 

where i t  i s  m u ltip l ie d  by th e  re fe re n c e  s ig n a l  from a 450 

cyc le  o s c i l l a to r  (see  f ig u re  # 6 ),

The p h a se -d e te c te d  ou tpu t then  goes to  a P h ilb r ic k  

Researches P66A Op-Amp which serves as p a r t  o f an opto­

e le c tro n ic  feedback loop whose o p e ra tio n  w i l l  be exp lained  

s h o r t ly ,  The o u tpu t o f th is  op-amp goes to  one end of the  

Faraday C ell and to  an in te g r a to r ,  which serves to  smooth th e  

D.C. s ig n a l  (see f ig u re  # 7 ), The o th e r  end o f th e  Faraday 

C e ll i s  connected to  a s ig n a l  from our 450 cycle  o s c i l l a to r  

th a t  has f i r s t  been am p lified  by a M cIntosh 40 Audio A m plifier 

and send through a 40/1  s tep -u p  tran sfo rm er.

N otice, in  f ig u re  #1, th e  way in  which th e  A,C, and D.C, 

a re  both  on th e  Faraday C e ll, The D.C, cannot be in p u t through 

the  tran sfo rm er, o f  co u rse . At th e  same tim e we want to  

e s ta b l is h  a pa th  to  ground fo r  th e  A,C, s ig n a l  (and we want to  

avoid feed ing  back our A.C. s ig n a l ) .  For th is  reason  a la rg e

(9)



capac itance  is  p laced  in  th e  feedback loop,

F in a l ly , th e  smoothed s ig n a l  i s  fed  to  th e  y-iaxis of a 

Houston Instrum ents Model 2000 X-Y R ecorder, The in p u t to  th e  

x -ax is  i s  a v o lta g e  l in e a r ly  r e la te d  to  th e  w avelength s e t t in g  

on th e  dye la s e r .

The e n t i r e  appara tus i s  mounted on m arble s lab s  which a re  

p laced  on s a n d - f i l l e d  ta b le s ,  to  minimize e f f e c ts  o f low 

frequency v ib r a t io n s .

In  co n sid e rin g  th e  o p e ra tio n  o f  th e  d ichrom eter, imagine 

th a t th e  medium i s  n o t made d ic h ro ic  by th e  ap p lied  f i e ld ,

L ight o f frequency v, l in e a r ly  p o la r iz e d  a t  45° to  th e  lab 

x -a x is , passes through the  absorb ing  sample w ith  i t s  x  and y 

components eq u a lly  a t te n u a te d , The p lane  o f p o la r iz a tio n  is  

th e re fo re  unchanged and th e  l ig h t  has i t s  p lane  o f p o la r iz a tio n  

a t  450 Hz about i t s  45° a x is ,  This m odulation r e s u l t s  in  a 

900 Hz in te n s i ty -m odulated beam e x i t t in g  th e  an a ly ze r, which 

is  a t  -45° to  th e  lab  x -a x is  (see f ig u re  #8 fo r  e x p lan a tio n ), 

Since th e  a m p lif ie r  i s  tuned to  450 Hz, no s ig n a l  appears on 

th e  r e c o rd e r ,

I f  th e  medium i s  made d ic h ro ic  the  x - and y -p o la r iz e d  

components a re  no lo n g er absorbed to  th e  same ex te n t and l ig h t  

e x i t t in g  th e  sample c e l l  has had i t s  p lan e  o f p o la r iz a tio n  

ro ta te d  from i t s  o r ig in a l  45° o r ie n ta t io n ,  This ro ta t io n ,  

when coupled w ith  th e  Faraday C e ll m odulation r e s u l t s  in  a 

450 Hz in te n s i ty  m odulation  o f l ig h t  e x i t t in g  the  ana lyzer 

(see Jones A n a ly s is ) , The 450 Hz s ig n a l  i s  a d i r e c t  measure 

of o p t ic a l  r o ta t io n  induced by th e  MLD, This s ig n a l i s
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transduced  by th e  p h o to m u ltip lie r , se n t through a timed

a m p lif ie r  and p h a s e -s e n s it iv e  d e te c te d  (and r e c t i f i e d ) ,

So f a r ,  we have p ro cessed  our s ig n a l  in  the  same way as

Mandel and Holzworth, except th a t  we d id  n o t need a d e p o la r iz e r ,

s in ce  th e  an a ly zer passed  only one p o la r iz a t io n  s t a t e ,  a lb e i t

of p e r io d ic a lly  v a ry in g  in t e n s i ty ,  We now feed  back a f r a c t io n
••

of th e  r e c t i f i e d  s ig n a l  n e g a tiv e ly  to  th e  Faraday C e ll, The 

c u rre n t through th e  l a t t e r  causes a r o ta t io n  o f the  l ig h t  in  

a d ire c tio n  o p p o site  to  th a t  due to  th e  d ichro ism , This 

neg a tiv e-feed b ack  loop makes th e  o v e ra ll  "c lo sed -lo o p ” 

gain  of th e  s ig n a l ,  th a t  i s  th e  a m p lif ic a tio n  o f the  s ig n a l ,  

dependent only on th e  feedback r a t i o ,  which i s  the  f r a c t io n  

o f s ig n a l fed  back from o u tp u t to  in p u t as i l l u s t r a t e d  in  

f ig u re  #1 and independent o f th e  a c tu a l  open loop gain  

param eters, i f  th e  open loop ga in  i s  la rg e  enough, In  our 

apparatus th e  m ajor g a in  fa c to r s  in c lu d e  th e  l ig h t  source 

in te n s i ty ,  p h o to m u ltip lie r , in d u c tio n  in  th e  p h o to m u ltip lie r  

op-amp, and feedback op-amp. This i s  a w e ll known p r in c ip le  

in  o p e ra tio n a l-a m p lif ie r  e le c tro n ic s  [16, 17], M athem atically :

Ac , l . "
1+ B A  T0. L .

where

Aq k “ c lo sed -lo o p  ga in  

Aq ^ = open-loop gain

B = feedback r a t i o

(11)



V^n = input voltage 
Vout = output voltage

When An _ >>1 th e  equ a tio n  reduces to  A„ T “ 1 /3 . The
v  i L  » L# f Li ,

in n o v a tiv e  use o f th is  p r in c ip le  i s  th e  in c lu s io n  of th e  l ig h t  

source in  th e  open loop g a in , Under cond itions o f la rg e  open 

loop g a in , g re a t ly  enhanced w ith  la s e r  so u rces , o v e ra ll  s ig n a l 

a m p lif ic a tio n  i s  e f f e c t iv e ly  independent o f changes in  source 

in te n s i ty  due to  frequency changes o r plasma f lu c tu a tio n s  in  

th e  gas la s e r .  In  p r a c t ic e ,  th is  n eg a tiv e  feedback allow s 

d e te c tio n  o f ro ta t io n s  as sm all as 0 ,0005°,

Before u sin g  th e  p o la r im e tr ic  method, we t r i e d  two v e rs io n s  

o f an a l te r n a t iv e  d e te c tio n  scheme which a lso  use op to­

e le c tro n ic  feedback. This scheme is  c lo se ly  r e la te d  to  th a t  

of Disch and S v erd lik  [6 ] , In  th e  f i r s t  v e rs io n , h o r iz o n ta l ly  

p o la r iz e d  l ig h t  goes through a Pockels C e ll o rie n te d  w ith  i t s  

f a s t  ax is a t  45° to  th e  h o r iz o n ta l  a x is ,  I t s  r e la t iv e  r e t a r d a t ­

ion  i s  v a r ie d  p e r io d ic a l ly  a t  (450 Hz) from -180° to  +180°.

This causes i n i t i a l l y  h o r iz o n ta l ly  p o la r iz e d  l ig h t  to  become 

e l l i p t i c a l l y  p o la r iz e d  and, in  th e  extreme + o r - 180° 

r e la t i v e  r e ta r d a t io n ,  to  become v e r t i c a l l y  p o la r iz e d , As 

b e fo re , im agine th a t  th e  medium i s  n o t d ic h ro ic . The 

p o la r iz a t io n -m odulated beam e n te rs  an ana lyzer whose tran sm iss io n  

ax is  i s  o r ie n te d  a t  45° to  th e  tran sm iss io n  ax is  of th e  

(h o r iz o n ta l)  p o la r iz e r .  As the  Jones an a ly s is  shows, th e  

e x i t t in g  l ig h t  i s  n o t i n t e n s i ty -m odulated , s in c e  the  ana ly zer
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"sees"  th e  same in te n s i ty  o f  l ig h t  along i t s  tran sm iss io n  axis 

a t  a l l  tim es, I f  th e  medium is  d ic h ro ic , l ig h t  e x i t t in g  the  

sample c e l l  is  i n t e n s i ty r-modulated a t  900 Hz, tw ice the  

m odulation frequency (see  Jones A n a ly s is ) , The ana lyzer would 

be superfluous in  th i s  case i f  we d id  n o t in tro d u ce  n eg a tiv e  

feedback. We do, of. cou rse , and a D.C, c u rre n t p ro p o rtio n a l 

to  the  d ichroism  i s  fe d  back to  th e  Faraday C ell (which no 

longer needs an A.C, m odulation  i s  a lread y  taken  care  o f by 

th e  Pockels C e l l ) . This c u rre n t causes an o p t ic a l  ro ta t io n  

which opposes changes in  p o la r iz a t io n  s t a t e  due to  the  l in e a r  

dichroism . The e f f e c t  i s  to  r o t a t e  the  l ig h t  so th a t  the  an­

a ly z e r  sees the same in te n s i ty  o f l ig h t  along i t s  tran sm issio n  

ax is  a t  a l l  t im e s ,

In p r in c ip le  th i s  method should  succeed. In  p ra c t ic e ,  

however, Pockels M odulators a re  found to  crack  too re a d ily  

under th e  s t r a in  o f th e  im pressed e l e c t r i c  f i e l d ,  (We broke 

two o f th ese  expensive c e l l s  in  th is  m anner,) This may be due 

in  p a r t  to  th e  f a c t  t h a t  we re q u ire  a r e l a t i v e  re ta rd an ce  of 

+180° which re q u ire s  a h ig h e r v o lta g e , f o r  a given w avelength, 

than  does a r e l a t i v e  re ta rd a n c e  o f +90°,

In  a v a r ia t io n  o f th e  above scheme, a Morvue E le c tro n ic  

Systems P h o to e la s tic  M odulator modulated th e  p lane of p o la r iz e d  

l ig h t  a t  50 KHz, This a ttem p t to  measure MLD was unsuccessfu l 

because we were unab le to  e lim in a te  a la rg e  spurious 100 KHz 

s ig n a l  th a t  was n e a r ly  90° out o f phase w ith  the  d e s ire d  s ig n a l ,  

While we. a re  unaware o f th e  n a tu re  o f th is  spurious s ig n a l  we 

have determ ined th a t  i t  o r ig in a te s  a t  th e  ph o to aco u stic
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m odulator and in c re a se s  ra p id ly  w ith  the  tem peratu re o f the  

l a t t e r .

When d ea lin g  w ith  p o la r iz e d  l ig h t  i t  i s  necessary  to  

minimize undesired  e f f e c ts  o f s t r a y  r e f l e c t io n ,  b ire f r in g e n c e  

and o p t ic a l  components, I f  the f ro n t  and back faces o f th e  

sample c e l l  o r of th e  Faraday C ell a re  no t p a r a l l e l ,  th e  x- 

p o la r iz e d  component o f th e  l i g h t  w i l l  be r e f le c te d  to  a 

d i f f e r e n t  ex te n t than  th e  y -p o la r iz e d  component, r e s u l t in g  

in  a spurious d ichroism .

The e f f e c ts  o f  b ire f r in g e n c e  d i f f e r  according to  th e  

d e te c tio n  scheme used . For convenience we c a l l  the  p o la r im e tr ic  

method "#1M and th e  o th e r  method "#2 ."  In  #1 b ire f r in g e n c e  

due to  s t r a i n  in  th e  g la s s  serves in  th e  f i r s t  approxim ation 

to  degrade S/N by reducing  th e  a b i l i t y  to  determ ine th e  m ajor 

ax is o r ie n ta t io n , s in c e  some l ig h t  e x i ts  th e  an a ly zer a t  a l l  

tim e s . This reduces th e  f r a c t io n  o f l ig h t  in c id e n t on the  

p h o to m u ltip lie r  cathode s o le ly  due to  m odulation,

In  #2 b ire f r in g e n c e  due to  th e  g la ss  adds to  th a t  from 

the  m odulators, e f f e c t iv e ly  causing  a m odulation o f 180° +0,

Since th is  b ire f r in g e n c e  i s ,  o f cou rse , w avelength dependent 

i t  i s  n o t co n s tan t du ring  th e  course o f a w avelength scan,

O p tica l r o ta t io n  has th e  same e f f e c t  upon bo th  methods, 

th a t  i t  produces a spu rious s ig n a l .  In  #1 th e  p o la rim e te r  has 

no way of d is t in g u is h in g  between a r o ta t io n  due to  any o th e r  

fa c to r .

In  #2 a r o ta t io n  has the  e f f e c t  o f changing th e  45° r e la t i v e

(14)



o r ie n ta t io n  of the  p o la r iz e r* a n a ly z e r  p a i r ,  although i t  does 

so in  a d i f f e r e n t  manner from th e  dichroism ,

Id e a l ly ,  we would e lim in a te  a l l  o p t ic a l  su rfaces  which 

se rv e  only  to  ho ld  samples in  p la c e s , We considered  having 

the  sample j e t  across th e  p a th  o f th e  l ig h t  beam in s te a d  of 

p la c in g  i t  in  a cuvet (1cm x 1cm x 5cm) b u t th is  would make i t  

d i f f i c u l t  to  keep th e  sample pa th  len g th  uniform  and could  

in tro d u ce  stream ing  d ichro ism , We a lso  considered  b u ild in g  our 

own sample c e l l s ,  thereby  e lim in a tin g  s t r a in  caused by fu s io n  

o f g la ss  su rfa ce s  b u t found th a t  i t  would be d i f f i c u l t  to  assu re  

th a t  th e  two p a ir s  of faces  would be p a r a l l e l ,  We were fo rced  

to  use commerical cuvets which were designed w ith  p a r a l l e l  faces 

b u t n o t w ith  se rio u s  re g a rd  to  s t r a i n  b ire f r in g e n c e  or o p t ic a l  

r o ta t io n .  We te s te d  a la rg e  number o f c e l ls  (720) b e fo re  we 

found one th a t  was s u i ta b le .

As we s ta te d ,  our Faraday C e ll has a g lass  tube f i l l e d  w ith  

CCl^, n o t th e  co n v e n tia l c y l in d r ic a l  g la ss  ro d , The g la s s  rod  

would cause a la rg e  r e l a t i v e  r e ta rd a t io n  due to  th e  long pa th  

le n g th . We have a lread y  d esc rib ed  how we p a r a l le l iz e d  th e  ends 

o f th e  tube .
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Chapter 2

The x and y components o f the  e l e c t r i c  v e c to r  o f a p lane  

l i g h t  wave t r a v e l l in g  in  th e  z - d ir e c t io n  a re  [18],

Ex = R(Eoxex p (i (wt n Cw/c)nx z)>)

Ey = R(Eoyex p (i (wt - ( w / c ) n y Z ) ) )

where

EQ = am plitude o f  e l e c t r i c  f i e l d  (V/cm) 

w = angu lar frequency ( s " l)  

t  = time

z  = d is ta n c e  t r a v e l le d  through medium (cm) 

fi = n - ik  = complex r e f r a c t iv e  index 

n = c /u  = r e a l  p a r t  o f r e f r a c t iv e  index 

k = e x t in c t io n  c o e f f ic ie n t  cnT^ (not th e  same as th e  

o rd in ary  e x t in c t io n  c o e f f ic ie n t)  

c = v e lo c i ty  o f l ig h t  in  vacuo = 299 x 10'' -̂® cm/s

u = phase v e lo c i ty  o f e l e c t r i c  v e c to r  (cm/s)

i  = /T f -

Expanding fl in  th e  above equations g iv e s :

Ex « R(Eoxex p (i (wt - (w/c)nx z ))e x p (-(w /c )k xz ))

Ey » R(Eoyex p (i (wt - (w /c)nyz ))ex p (-(w /c )k y z ))

(25)



These equations show th a t  the  e f f e c t  o f a b i r e f r in g e n t  medium 

(nx^riy) re p re se n tin g  th e  e l e c t r i c  v e c to r  o f l i g h t  in c id e n t on 

th e  medium which i s  re p re se n te d  by th e  column v e c to r

Eoxexp (iex )

Eoyexp(iey )

i s  g iven by th e  2 x 2 m atrix :

exp(iA) 0

0 exp(-iA )

where

A = 7rz/X (rad ian s)

X = vacuum w avelength o f r a d ia t io n  

ex, ey = phase angles (rad ian s)

These equations a lso  show th a t  th e  e f f e c t  o f a d ic h ro ic  medium 

on th e  same e l e c t r i c  v e c to r  i s  g iven  by:

exp(-Kxz) 0

0 exp(-KyZ)

We w i l l  now ca rry  ou t a Jones A nalysis [8 ,19] on methods

#1 and #2 and d iscu ss  th e  r e s u l t s  o f each a n a ly s is ,

(26)



G lossary  o f Terms fo r  Both Methods
, , ■ , I -F f .  1 I |  r 'TT 'T ' l  I » I I » H I ■ » ■ I I ■ II

Eqx = am plitude o f e l e c t r i c  v e c to r  o f l i g h t  (V/cm)

A = 60sinw t = r e l a t i v e  r e ta rd a t io n  (rad ian )

S0 = it (rad ian )

ex = phase angle (rad ian )

I Q = in te n s i ty  o f l i g h t  e n te r in g  sample c e l l  (W)

I  = in te n s i ty  o f l i g h t  e x i t t in g  sample c e l l  (W)

Kx *z, Ky*z = e x t in c t io n  c o e f f ic ie n ts  

z = d is ta n c e  (cm) = len g th  o f sample c e l l  

c f ,  s f  = c o s f , s in f

f  = t o t a l  Faraday C e ll r o ta t io n  (method #1)

= g (s in w t) th  (rad ian )

g = peak am plitude o f p e r io d ic  Faraday C e ll a l te r n a t in g  h a l f ­

shade r o ta t io n  (rad ian ) 

oj = frequency o f h a l f  shade r o ta t io n  = 450 Hz

h = d .c .  Faraday C e ll r o ta t io n  (method #1) (rad ian )

f^  = Faraday C ell r o ta t io n  (method #2) (rad ian )

= frequency o f  Pockels C e ll m odulation = 450 Hz

Method #1

O p tica l Devices

1. P o la r iz e r ,  w ith  tran sm iss io n  ax is  a t  45° to  h o r iz o n ta l  ax is

%
1

1

1

1

(27)



2. Linearly Dichroic Medium

expC-I^z) 0

0 expC-KyZ)

3. Faraday R o ta to r

c f

s f

- s f

c f

4. A nalyzer, c ro ssed  w ith  re sp e c t to  p o la r iz e r

1

-1

-1

1

These o p t ic a l  devices o p e ra te  on h o r iz o n ta l ly  p o la r iz e d  l ig h t  

g iven by th e  column v e c to r

ex p (iex ) 

0

1 -1 c f - s f

-1 1 s f c f

expC-I^z) 0 

0 exp(-Ky.z)

1 1 exp ( ie x )
%

1 1 0

(28)



The resultant column vector is

% Eoxex p (iex ) exp(Kx z )* c f  exp(-^KyZ).sf 

-expC-K^z) «sf -  exp(-Ky.z)tcf

exp(«Ky,z) t s f  - expCf-I^z) * c f  

exp(-Ky.z) *cf + exp(-Kxz ) ' s f

The i n t e n s i ty  of th e  r e s u l t a n t  l i g h t  i s

I  = 1/16 (Eox) c f • (exp(-Kxz - exp(-KyZ)) 

- s f  • (expC-I^z) + exp(-KyZ)) 

+
c f  • (expC-I^z) + exp(Ky.z)) 

- c f  • (expC-I^z) - exp(Ky.z))

1 = 1 / 8  (Eqx) (expC-I^z) - exp(-Ky.z))cf 

- (exp(-Kxz) + exp(-K yZ))sf

S ince f<<l <f=*l and s f * f  

Therefore

I  = 1/8  (E ) ' ox (expC-I^z) - exp(-KyZ)) 

-(exp(-K xz) + exp(-Ky.z)*f

(29)



We can re w r ite  exp O -^z) - exp(-Ky.z) 

as

e x p O ^ z )  (.1"expO ^z) exp(-KyZ)) 

+expC"Ky.z) (exp(KyZ) ex p C -I^z )- !))

o r as

expC-K^z) (1-exp ( - 6) 

+

exp(-KyZ) (exp(+6) -1)

where

{ -  z o v  -  V

Since 6 << 1

exp(6) 1 + 6

T herefo re expC-K^z) (1-ex p ( - 6) 

+exp(-Ky.z) (exp (6) -1

6/2  (exp(-Kxz) + exp(-K ^z))

S u b s ti tu t in g  th i s  r e s u l t  in  th e  ex p ress io n  fo r  I  g iv es :

I  = 1 /8  (Eox) 2 ((exp(exp(-K xz)+exp(-Kyz ) ) ( ( 6 / 2 ) - f ) ) 2

(30)



C onsider th e  fo llow ing  c a s e s »

1. No l in e a r  d ichro ism  p re se n t

expC-I^z) = exp(-KyZ) 

and 6/2  = h (not f ! )  = 0  

th e re fo re  I  = %(EQX)^ exp(-2Kxz) (gsinajt)^

This ex p ressio n  con ta in s  terms in  2ca, n o t ca

s in c e  sin^w t = % (l-co2wt)

and n o t 450 Hz s ig n a l  w i l l  be d e te c te d ,

2. L inear d ichroism  p re se n t

6 /2  opposes h and th e  ex p ressio n  fo r  I  does c o n ta in  a term  

in  a) s in c e

f^  = (gs incat + h )^

= g^sin^ t +2ghs incat

The maximum Faraday r o ta t io n  p o s s ib le  in  our appara tu s i s  

+ ,0 4 5 ° /5 7 ,3 ° /ra d ia n  = + 7,86 x 10"^ rad ian s



As we s h a l l  see  when we analyze MLD s p e c tr a ,  th e  minimum

d e te c ta b le  s ig n a l  i s  < .̂2% o f th e  maximum a t  a 1 second tim e
£

co n s tan t o r +1.57 x 10 ra d ia n , Our in te n s i ty  ex p ress io n  shows 

th a t  / 6/  = 2 /h / when n eg a tiv e  feedback i s  a p p lie d , The minimum 

6 d e te c ta b le  i s  thus 3 ,14  x 10"®, Since

I / I Q = exp(-2Kz) and A = lo g ^ 10/ 1 = 2Kiz/ 2 . 303 a ' z

6 = 3 ,14  x 10"® corresponds to  a d if fe re n c e  o f  2,73 x 10"® 

O p tic a l D ensity  U nits (0 ,D .)

O p tic a l Devices

1, Pockels M odulator o r ie n te d  w ith  o p tic  axis- a t  45° to  th e  

h o r iz o n ta l  a x i s :

V / z  - V / z exp(iA) 0 1//Z 1/ / 2 cosA is inA

1//Z  1/ / 2 0 exp(iA) - 1 / / 2 1/ / 2 is inA  cosA

2. L in e a r ly  D ich ro ic  Medium: 

expC-I^z) 0

0 exp(-KyZ)

(32)



3, Faraday Rotation:

cfi r'Sf i

s f i cfi

4. A nalyzer having a z in u ith  o f i t s  tran sm iss io n  ax is  o r ie n te d  

a t  45° to  th e  h o r iz o n ta l  a x is :

These dev ices o p e ra te  on h o r iz o n ta l ly  p o la r iz e d  l ig h t :

1 1 cf-^ -s f  2 expC-I^z) 0 cos A isinA Eoxexp(iEx)

1 1 sf-^ cf-^ 0 exp(-KyZ) isinA  cosA 0

The r e s u l t a n t  column v e c to r  i s :

%Eox

exp (-Kxz) cosexcosA (cf i+ s f  -exp (-Ky.z) s in e xsin A (cf i - s f ^ )

+ i (exp ( -K j^ s in ^ c o sA C c f  i+ s f  p - e x p  (~Ky.z) cosexsin A (cf  ̂ - s f  i )  )

It

IV

VI

II

(33)



The light intensity is obtained as E»E*j

I  -  CEox)2 /2 exp C^K^z) cos^C cf-j+ sf^)^  

+

exp C-2Ky.z)sin2A (c f^ -s f^ )^

I  = (Eox) 2/2 exp (^ B ^ z) (l+ 2f^ )

+

sin^A (exp (-2Ky.z)-exp(-2Kxz)

-2 f  (exp ("2Kxz)+exp («2Ky.z) )

s in c e  << 1

u sin g  th e  same arguments as in  th e  prev ious a n a ly s is  we a r r iv e  

a t  th e .fo llo w in g :

I  = (Eox) 2/2 (6 -2f^) (exp(~2Kxz)+exp(-2K y.z))sin A 

+

exp (^K ^z) (1 + Zf j )

C onsider th e  fo llow ing  c a s e s :

1. No l in e a r  d ichro ism  p re se n t 

th en  S=2f=0

1 = V 2/ 2 * « p (-2 K acz)

I D -  ( E 0 X >2

(34)



and I / I 0 = exp (n 21^2 ) / 2

The f a c to r  o f % r e s u l t s  from th e  45° r e l a t i v e  o r ie n ta t io n  o f 

p o la r iz e r  and an a ly z e r,

2. L in ear D ichroism  p re se n tj

In  th i s  case 6 and 2 f oppose each o th e r  and I  con ta in s a 

term  in  s in 2A as w e ll as in  exp( - 21̂ 2) ,  Note th a t :

s in c e  A = y s in u ^ t

sin^A = (sinC Y ^in to^ t))

is  a s e r ie s  o f B essel F unctions o f in te g e r  o rd e r [20],

( s in (y 0s in  i t ) ) 2 = 2J i(Y 0)sinw ^ t + 2J3 (Y0)sin3u)^t)

+2J 5 (Y0)sin5u)^t +

(sin(Y  sina>.,t))2 = 2 (J ? ( y ) s in ^  -,t+J?(Y )sin^3oi t+  , , , )
O l  J- O J  o  1

■*■4 (J ^ ^ s incuts inSui^t*. ’ * —

J^CYq) = .5668 

J 3 (Y0) = -0691 

j 5 <Y0) = -0022

= ,0392

J ^ ( yo) « .3213

(35)



o
I t  i s  obvious t h a t  we need only co ns ider terms in  J^Cyo) and

J!(Y 0) and J j.(y 0) J 3 (Y0)

Now

s i n ^ ^ t  = % (l-cos2u ^ t)

sinw-^t sin3o)^t = % (cos2a)^t-cos4u^t)

We save only  th e  2w^t term s. Thuss 

(sin(Y Qs i n u ) ^ t ) = (cos2wt) ( ,6426)+(cos2a)^t) ( , 1568)

« - .486 cos2w^t

F i n a l l y :

1 " <EoX) 2 /2 (6~2f ) (ex p (-2Kxz)+ exp (-2KyZ)) ( - . 486(052w1t)

+ exp (-2K z ) ( l + 2f , )A JL

(36)



C hapter 3

The most a p p ro p ria te  trea tm en t o f l iq u id  s o lu tio n s  a t  room 

tem peratu re  i s  a s e m ic la s s ic a l  one {9J j R o ta tio n a l s ta te s  a re  

assumed to  be a c l a s s i c a l  continuum w h ile  v ib ra t io n a l  and 

e le c tro n ic  s t a t e s  a re  considered  to  be d is c re te  and a re  

t r e a te d  quantum m echan ica lly .

The m o lecu lar h am ilto n ian  H is  th e  sum of th re e  p a r ts ;

HQ, H^, and H£. HQ i s  th e  h am ilto n ian  o f th e  m olecule 

unpertu rbed  by magneto s t a t i c  f i e l d  o r r a d ia t io n  f i e l d  [21] ,

Ho = J QsplJ  (-hVi 2) + V = |  • c2) (s • (VVxp^))

+ i< j ( e ^ j / m ^ c 2) ( ^ - S j / r ^ j J - S C ^ - r ^ )  (s j . r ^ ) / ^ ? ) )  

where

Summations a re  over e le c tro n s  and n u c le i i  except fo r  sp in -  

dependent terms which a re  only over e le c t r o n s .

m  ̂ = mass o f i t h  p a r t i c l e
A

= L ap lac ian  o p e ra to r  o f  i t h  p a r t i c l e  

V = p o te n t ia l  energy o f in te r a c t io n  o f p a r t i c le s  i  and j  ( in  

p a i r s )  = Z e ^ e ^ / r ^  

e^ = coulombic charge on i t h  p a r t i c l e  

r ^  = d is ta n c e  between p a r t i c l e s  i  and j  

c = v e lo c i ty  o f l i g h t

PjL = l in e a r  momentum o p e ra to r  o f i t h  p a r t i c l e  

s^ = sp in  o p e ra to r  o f i t h  p a r t i c l e

(37)



The f i r s t  and second term s a re  th e  k in e t ic  and p o te n t ia l  

energy o p e ra to r s , The th i r d  term  i s  th e  s p in ^ o rb it  coupling 

o p e ra to r  and th e  fo u r th  term  th e  sp in ^ sp in  coupling  o p e ra to r , 

A p p lica tio n  o f a s t a t i c  m agnetic f i e l d  p e rp en d icu la r to  

th e  d i r e c to r  o f p ro p ag a tio n  o f l ig h t  (Zeeman e f f e c t )  is  

re p re se n te d  by th e  p e r tu rb a t io n  IL ,

=  (M^)  C(e±/c)  ■ ( A i i ’ P ^ )  +  ( e ±/ c ) 2

£  +  (e /m±c)  ( s j / V j x A ^ )

+ (%mi 2c2) ( s ^  (Vi V x(-ei /c)A l i ))

where

A.^ = v e c to r  p o te n t ia l  a t  p a r t i c l e  i  o f  th e  s t a t i c  m agnetic f i e ld ,

The f i r s t  term  leads to  th e  f i r s t  o rd e r o r b i t a l  Zeeman e f f e c t ,

The second term  loads to  th e  Larmor p a r t  o f th e  Zeeman energy, 

q u a d ra tic  in  th e  s t a t i c  m agnetic f i e l d .  The th i r d  term  

re p re se n ts  th e  in te r a c t io n  between sp in  a n d ^ .  The fo u rth  

term  re p re se n ts  p e r tu rb a t io n  o f th e  s p in -o rb i t  coupling  b y ^ ,  

F in a l ly , th e  system  HQ+H^, i s  p e r tu rb ed  by l i g h t ,

H2 = 2 (e^^/ZmiC) (A2i ,p i ) " ( e i /mi c) (s i «VxA2 i )

+ (e i /2m2c3) ( s i (Vi VxA2i ) ) - ( e i /mi c) (A-^’A ^ )

(38)



where

A2£ = v e c to r  p o te n t ia l  o f th e  e lec tro m ag n e tic  r a d ia t io n  a t  

p a r t i c l e  i ,

The f i r s t  term  leads to  th e  prim ary  in te r a c t io n  o f th e  

p e r io d ic  e lec tro m ag n e tic  f i e l d  w ith  th e  e le c tro n ic  charge 

d i s t r ib u t io n .  The second term  re p re se n ts  in te r a c t io n  o f sp in  

w ith  th e  p e r io d ic  f i e l d .  The th i r d  term  re p re se n ts  p e r tu rb a tio n  

o f  th e  s p in -o rb i t  coupling  by th e  p e r io d ic  f i e l d  and th e  fo u rth  

term  th e  in te r a c t io n  o f  the  s t a t i c  and p e r io d ic  f ie ld s  through 

th e  e le c tro n ic  charge d i s t r ib u t io n .  The o v e ra l l  h am ilto n ian  

i s  H = Hq + Hx + H2

The t o t a l  h am ilto n ian  H is  o f th e  same form as th e  one 

given by P .J .  Stephens [10] on MCD, except th a t  we must in c lu d e  

terms q u a d ra tic  in ? /^ ,  in  th e  p e r tu rb a tio n  development in  o rd e r 

to  account fo r  MLD, The s t a t i c  m agnetic f i e l d  p e r tu rb a tio n  

con ta in s  a term  q u a d ra tic  i n ^ .  As a r e s u l t ,  we must in c lu d e , 

to  second o rd e r , p e r tu rb a t io n  terms th a t  a re  l in e a r  in?V^, The 

f i r s t  o rd e r term  i s :

Cei /2mi c2)Al i  • A1± = (%) (V ^ x r .^  •

(39)



where

rji = p o s i t io n  o f p a r t i c l e  i  

Using th e  v e c to r  id e n t i ty ;

(AxB) • (AxB) = (A-A) (B-B) - (A-B) (A-B) 

we have;

( e i / S m i C 2 )  C W l i  I 2 1 1 2  ^  ^ i ’^ i i )  t f i ’^ l i ) )

o r, in  c a r te s ia n  te n so r  n o ta t io n  [22] rep ea ted  Greek su b sc r ip ts  

denote summation)

ê i / 8mi c2) (WliotVl i a r 3r g - V ^ ^ ^ r ^ )

The second-o rder (Van Vleck) term  i s ;

k£l  < ^okIh1 I^ o l> <^okIh 1 I^ o l>* / ( eo l  " e0K>

where

^OK'^OL “ e ig en fu n c tio n s  o f Hq (K and L la b e l l in g  s ta te s )  

h 1  =  ( e ^ n ^ c )  H l i a  • C ^ x p i  +  2 ^ )  a

EOL'EOK = eigenvalues o f  H0L^0L, HQ̂ 0K

(40)



As Stephens [10] p o in ts  o u t, i t  i s  n ecessary  to  in c lu d e  

terms re p re se n tin g  p e r tu rb a tio n  o f  th e  sp in -^orb it coupling 

in  o rd e r to  o b ta in  th e  c o r re c t  ex p ress io n  fo r  H2 , This allow s 

us to  transfo rm  m a trix  elem ents o f  th e  g e n e ra liz e d  momentum 

in to  e l e c t r i c  d ip o le  m a trix  elem ents by equa tin g  u to  th e  

(Hq+H-l , p ) commutator,

u =  ( i /h c )  (((Hq+H-l) , p ))

th e re fo re

<V U/ K = ^ wK l/c) K ^ /^ L  

where

U = ^ (e 1/mi c) (pt  + (%mi c^)s^xV £V -(e^/c)A-[^) 

h = h/27r

A
m « e^ r. 

i 1 1

WKL = WK " “L

1=8 e iS enf u n c ti ° ns

(41)



C onsider a l iq u id  s o lu t io n  through which l in e a r ly  p o la r iz e d  

l ig h t  p a sse s , In  g en e ra l th e  m olar e x t in c t io n  c o e f f ic ie n t  o f the  

sample, a , i s  independent o f th e  p o la r iz a t io n  s t a t e  o f th e  l i g h t .  

However, i f  a s t a t i c  m agnetic f i e l d  is  a p p lie d  across th e  

s o lu t io n  in  th e  lab z ^ d ire c tio n , a becomes a fu n c tio n  o f  the  

p o la r iz a t io n  s t a t e  o f th e  l i g h t ,  In  p a r t i c u la r ,  i f  th e  

l ig h t  is  in c id e n t on th e  sample in  a d i r e c t io n  tra n sv e rse  to  

th e  a p p lied  m agnetic f i e l d  and i s  x -p o la r iz e d , th e  sample may 

absorb a d i f f e r e n t  amount o f l i g h t  than  i f  th e  l ig h t  were y - 

p o la r iz e d . I f  i t  does, i t  i s  d isp la y in g  m agnetic l in e a r  

d ichro ism  (MLD),

The g en e ra l exp ression  fo r  a i s  [24 ,25 ,261:

a = (A/Q Z /  exp (-U (x)/kT)dx) e ^
K, L ^

where

Q = p a r t i t i o n  fu n c tio n  = E /exp(-U ^(x)/kT)dx
K

A = (8Tr%v/h c  x 10^)

N = Avogadro's number = 6,02 x 1 0 ^
- 2 7h = P la n c k 's  co n s tan t = 6,63 x 10 ' e rg .s  

c = v e lo c i ty  o f l i g h t  = 2.99 x 10^® cm/s 

v = frequency o f e lec tro m ag n e tic  r a d ia t io n  (S"-*-)

K,L = i n i t i a l ,  f in a l  v ib ro n ic  s t a te s  

SLK = l in e  shape fu n c tio n

= o s c i l l a t o r  s tre n g th  te n so r  -  <K|y|L><K|y|L>*(debye^)

(42)



'   ̂ in
= e r  t e *=* e le c tro n ic  charge ^ 4 ,8  x  10"xuesu  

r^  = p o s it io n  te n so r

* = complex con jugation
tr

U = energy o f  s t a t e  K (ergs)

= p o s i t io n  and o r ie n ta t io n  v a r ia b le  

ea = u n i t  te n so r

k = Boltzman co n stan t = 1,38 x lCT-^erg K"^

T = tem pera tu re  (°K)

a i s  a fu n c tio n  o f ftRdx is  th e  p ro b a b il i ty  th a t  a m olecule 

i s  in  a quantum s t a t e  K w ith  o r ie n ta t io n  t  and energy U (x)

ftir = exp(-U ^(x)/kT )/2  /exp (-U ^(t) / kT)dx
K t

LKS is  th e  l in e  shape fu n c tio n . I t  accounts fo r  th e  f a c t  th a t  

th e  e le c tro n ic  t r a n s i t io n s  a re  n o t i n f i n i t e ly  sh a rp . In  th is  

th e s is  we use th e  r i g i d - s h i f t  approxim ation whereby th e  Zeeman 

e f f e c t  serves sim ply to  s h i f t  th e  c e n te r  frequency of the  

t r a n s i t io n  w ithou t changing th e  form o f th e  l in e  shape 

fu n c tio n . We use the  L o ren tz ian  l in e  shape fu n c tio n  which i s  

o f th e  form [11]:

SLK -  Nb/(Av2 (H) + b 2)

(43)



where

b = h a lfw id th  a t  h a l f  h e ig h t  (s~^)

Av = v - vQ (s “^)

vQ = (U^ - U^)/h = AU^/h = c e n te r  frequency 

N = norm aliz ing  co n s tan t

ya0 i s  a 2nd rank te n s o r  (see Appendix V) r e l a t e d  to  the  

p r o b a b i l i ty  o f  an e l e c t r i c  d ipo le  t r a n s i t i o n  s t a t e  K to  s t a t e  L.

We now d e f in e  A, the  molar MLD:

A = <A/SLK(H) pag (H) exp (-Uk (t , H) /kT) dx/Qt , (H) ) e ^ e g -e je j

(The b a r  s i g n i f i e s  an average)

where

ea ,e a = un^t  ten so rs  in  the d i re c t io n s  p a r a l l e l  and perpen­

d ic u la r ,  r e s p e c t iv e ly ,  to  the  s t a t i c  magnetic f i e l d  

d i r e c t io n .

Note t h a t  S ^ ,  yag and a re  e x p l i c i t  fun c tio n s  o f H. We
K LKnow expand A, yag, U and S in  power s e r ie s  in  H about H = 0

(Mclaurin S e r ie s )  [23]:

^ -  « s “ S S > „  + He;

+ %(32SLKMoB/3HY3Hs ) oH2e ;e^  + . . . )  •

(44)



V  = »Se + ( 3Mae/ 3HY) oHeY + + •••

U = U° + OU/3Ha ) 0He” + %Oi!U/3HaHg)0H2e^e|J' + . . .

“ U°  -  maHea " %Xo6Heae 6 +

S L K  =  g O L K  +  ( a s L K / a H a ) o H e ^  +  % ( 3 2 S L K / S H a 3 H B ) 0 e ^ e g  +  . . .

where

H” = He” = s t a t i c  m agn itic  f i e l d  te n so r  in  the  " d i r e c t io n ,  

m„ = magnetic d ip o le  moment ten so r
(X

Xag = diam agnetic s u s c e p t i b i l i t y  ten so r

Now, (sL^ a e ^ o ^ eae 3 ~eae3  ̂ *-s z e ro » course , s in c e  the
medium behaves i s o t r o p ic a l ly  in  the  absence o f  Ha * 3 (S^^yap/

3Hy)0Hey • (e”ejjj -e^eg) = 0 as w e l l .  To show th i s  we may

consider  the  molecules to  be f ix e d  in  space and average over

a l l  d i r e c t io n s  e^, e£. We f in d  [9] t h a t  (e^e’g -e*ep)ey = 0,
o

T herefo re  th e  lead ing  term in  A i s  in  H . (and only th i s  

term  i s  considered  in  th i s  work) To ev a lu a te  t h i s  term  we 

aga in  f i x  the  molecules in  space and average over a l l  p o s s ib le  

d i r e c t io n s .  The r e s u l t  i s  [9]:

• S 1 W  -  <1 / 1 5 > < V y « +  V B 4 V

• S W  -  d / 30) - *«B4M - Sc.6 V

(45)



where
6ag « th e  Kronecker D elta , a second rank te n so r  which = 

1 f o r  a =3 and « 0 f o r  a ^3,

t h u s ;

(%)(92SLKpa6/3HY3H6) 0 • (e^eg - £ae0>(eYeS>

(S ° A /6 0 )

( 3 0 2ya 3/3Ha 3H3) 0 + 3 (32ya 3/3H33Ha ) 0 -  2<32ya a /3H33H3) 0

+ ( l /k T ) (3 v ° oBXas + 3p°o8X6tt -  2y0 aoxB6)

+ (2 /k T )(3 0 i ictf5/3Hct) 0mfS + 3<3MaB/3HB) 0ma - 2 0 p aa/3H)0mB

+ ( l /k T ) 2 (3|i°ctBmc>mB + 3 U°aBmBma - 2 M°oainBm6)

+

(s ' a /60)

LK LKV
( 1 /h ) ( 3y°a3Axa 3 + 3 y°a3^X3a - 2 y aaAx33) 

+ (2 /h ) (3 (3 p c,B/3Ha) 0^ K + 3 (3ua 6/3HB) oamLK - 2 <3na a /2He),

.LK LKv

( S 1'a / 6 0 )

+(2/kTH) (3y°a3maAm̂ K + 3 y ^ n ^ A m ^  - 2 Vuaam3A inp  

3 'jO a B i m a K im 0 K m 6K  +  3  *J° a B i m BK  * 2

(see  appendix f o r  d e t a i l s )

(46)



where

s ' ,  s" = 3SLK/ 3v, 32SLK/ 3v

-  J -  K-  ma - ma

-  v L  v  KXa3

ma» Xqc3 -  v Kma» X a 3

This ex p ress io n  has th e  form:

S°(A0 + (B0 + C0)/T  + D0/T2) + S (A, + B, + C,/T) + S(A2)

We b r i e f l y  o u t l in e  the  genera l p re d ic t io n s  o f  th e  theo ry .

For nondegenerate ground s t a t e s  CQ, D0 , and Ct a re  zero s in c e

they invo lve  ma . I f  K and L a re  both  nondegenerate Bf and A2

a re  a lso  ze ro . I f  th e  MLD curve has the  same shape as th e

a b so rp tio n  curve, we must dea l only w ith  the  c o e f f i c ie n t s  o f

S°. I f  th e  ground s t a t e  i s  nondegenerate, the  tem pera tu re-

dependence ( o r i e n ta t io n  e f f e c t )  i s  due e n t i r e ly  to  BQ,

Measurement o f  A a t  two d i f f e r e n t  tem peratures determines

AQ and B0 . I f  th e  MLD curve has the  shape o f th e  f i r s t

d e r iv a t iv e  o f th e  a b so rp tio n  curve, we must dea l only w ith

th e  c o e f f i c ie n t s  o f s ' , I f  K and L a re  nondegenerate A i s
LKdue to  At and i t s  measurement y ie ld s  in fo rm ation  about Axag .

I f  the  MLD curve has th e  shape of th e  second d e r iv a t iv e  o f  the

a b so rp tio n  curve, then  a t  l e a s t  one of th e  two v ib ro n ic  le v e ls

i s  degenera te . As we s h a l l  see  in  the  nex t s e c t io n ,  th e  MLD
1 11curve can be a convo lu tion  o f S°, S , and S curves,

(47)



Chapter 4

We have recorded  the  MLD s p e c tr a  o f  th e  fo llow ing  

lan th a n id e  ions [27 ,28 ,29 ]:

Nd3+, P r3+, Er3+, Ho3+

We have a lso  recorded  th e  MLD s p e c t r a  o f  th e  fo llow ing  porphyrins 

[1 5 ,3 0 ,3 1 ,3 2 ,3 3 ] :  ferrocytochrom e c (horse h e a r t ) , p y r id in e

haemochrome, im idazole haemochrome. The a c tu a l  s p e c t r a  and the  

b a s e l in e - c o r r e c te d  s p e c t r a  a re  shown in  the  fo llow ing  f i g u r e s ,

In  the  case o f ferrocytochrom e c the  deconvoluted spectrum  i s  

a lso  shown. The lan th an id es  were ob ta ined  as c h lo r id e s  from 

P ro fe sso r  Harry G. B r i t t a i n  o f Seton H all U n iv e rs ity  and the  

porphyrins were o b ta ined  from Dr. Thomas S trekas  o f  Queens 

C ollege, C.U.N.Y, The lan than ides  were each d is so lv ed  in  

H2O in  th e  p resence  o f ,1M HCIO^ (to  p reven t oxide form ation) 

and were between .5g/ml and lg /m l in  c o n c en tra t io n . 

Ferrocytochrome c was p repared  by reducing  Ferrocytochrome c 

in  th e  p resence  o f  d i t h io n i t e .  The haemochromes were p repared  

by r e a c t in g  hemin w ith  p y r id in e  and im idazo le , r e s p e c t iv e ly ,  

in  the  presence  o f  d i t h io n i t e .  The porphyrins were in  the  

10”6 - 10"3 molar c o n c en tra t io n  range.

The lan th an id e  s p e c tr a  w i l l  be d iscu ssed  q u a l i t a t i v e l y  

on ly . The MLD spectrum  o f  ho rse  h e a r t  ferrocytochrom e c w i l l  

be d iscu ssed  in  d e t a i l  and only th e  most g en e ra l f e a tu re s  of 

th e  two haemochromogen s p e c tr a  w i l l  be p o in ted  o u t.

The lan th an id es  were chosen f o r  MLD an a ly s is  because o f  

t h e i r  r e l a t i v e l y  la rg e  permanent magnetic moments and because 

o f  th e  sharpness o f t h e i r  ab so rp tio n  b an d s , To the  e x te n t



th a t  the  e le c t r o n ic  o r b i t a l  magnetic moment i s  quenched by 

the  l ig an d  f i e l d  o f  th e  so lv e n t ,  th e  magnetic moment m^ 

i s  due to  e le c t r o n ic  sp in .  The band sharpness enhances terms
It f Q

in  S and S r e l a t i v e  to  S s in ce  the bandwidth appears in  

S°, s ' ,  s" to  th e  -1 ,  -2 , -3 powers r e s p e c t iv e ly ,
V

In  each o f  th e  lan th an id es  analyzed the  spectrum appears 

to  be dominated by s '  curves (Note a lso  the  s '  curve a t  

622,5 nm in  Nd^+) . However, as f ig u re  16 shows, the  sum o f  

s '  and s" curves o f s im i la r  magnitudes i s  a curve t h a t  looks 

s im i la r  to  an s '  curve. The major d if fe re n c e  between s '  and
i it

S + S i s  the  f a c t  t h a t  th e  node appears a t  th e  c e n te r

frequency in  S’ and h ig h e r  than  the  cen te r  frequency in  S 1 +

s" .  Assuming an s '  curve, we expect B, to  be sm all compared

to  C s in c e  the  c o n tr ib u t io n  from th e  mixing o f  s t a t e s  i s

expected to  be sm all compared to  the  c o n tr ib u t io n  from ma ,

A, i s  a lso  considered  to  be small compared to  C» s in c e  in

g e n e ra l ,  the  c o n tr ib u t io n  to  the  t o t a l  magnetic s u s c e p t i b i l i t y

from xap i s  n e g l ig ib le  in  systems w ith  permanent magnetic
LK

moments [12], A la rg e  va lue  o f C, im plies t h a t  Am i s  no t01
sm all .  However, th e  absence o f  s" c h a ra c te r  in d ic a te s  th a t  

i t  i s  no t very  la rg e ,  e i t h e r ,

In  ana lyz ing  th e  MLD spectrum o f horse  h e a r t  cytochrome 

c (and th e  s p e c tr a  o f  th e  o th e r  two haemochromes) we i n i t i a l l y  

assume th a t  th e  m olecule obeys D^h symmetry, even though i t  

con ta ins  a very  la rg e  p ro te in  p o r t io n ,  s in ce  we know the  

ir + ir * t r a n s i t i o n  to  be lo c a l iz e d  in  the  r in g  system, We 

s h a l l  r e tu r n  to  th i s  p o in t  s h o r t ly .  We th e re fo re  consider

(49)



only  th e  p la n a r  m eta lloporphyrin  p a r t  o f  the  m olecule, The 

18-c e n te r  conjugated tt system 13 spans th e  fo llow ing  

i r r e d u c ib le  r e p re s e n ta t io n s  * .

2 a ,u + 4a£u + 3bIU + 3b2u + 6eg 

The Q-bands a t  550.3 nm and 524 nm a re  each due to  &2u^eg 

one e le c t r o n  t r a n s i t i o n s  and th e  Sovet band a t  413 nm to  

an a ,u-»-eg e le c t r o n ic  t r a n s i t i o n .  The m olecular symmetry o f 

th e  ground s t a t e  i s  A,g , o f  th e  Q-bands i s  a2u x eg = Ê j and

o f  th e  S band i s  a , u x  eg = Eu . We assume th a t  th e se  a re  the

only s t a t e s  t h a t  c o n tr ib u te  [14]. The a c tu a l  MLD spectrum and

th e  deconvoluted spectrum in d ic a te  t h a t :

A = A/60 ((Aq + B0/T)S° + (A, + B , ) s '  + A2s")

We proceed w ith  th e  te n so r  c o n tra c t io n .  The z -ax is  i s  

taken  as th e  unique a x is .  Therefore [35], th e  only nonzero 

m a tr ix  elements inv o lv ing  ma a re  in  the  z - d i r e c t io n .  A dd ition ­

a l l y ,  use o f a m o lecu le -f ixed  ax is  system re q u ire s  th a t  

Xag(a^3) = 0. Also, xx = yy Tinder symmetry. We choose 

th e  complex b a s i s ,  x + iy ,  - ( x - i y ) ,  z s in c e  th i s  b a s is  s e t  

d iag o n a lizes  mz . The r e s u l t  i s :

Ao -  - 4 (3yxx/aH2) o

Bo -  y xx (Xxx " ^zz^

A, -  (8 /h )(3yxx/3Hz ) 0m^

B ,  =  ( 4 / h )  „  Ax L K }

A2 = - ( 4 / h ) 2y°xx(mz) 2

(50)



»»
As the  computer p lo t s  in d ic a te ,  th e  S term  dominates,

A(s") (545nm) = "2,51 x lO^® (cm2/mol Gauss2) (see appendix) 

s"(545nm) -  1,70 x 10"39 (S3)

A/60 = 6 ,8  x 1051 (s ,erg .cm ) 

y°xx = 1.40 x 10"3® (Debye3)

m  ̂ (erg/Gauss) = ±(2,51 x 10”^3/4  x 1 ,7  x lO"39 x 2.27

x 1052 x 6 .8  x 1051 x 1 .4  x 10"36) %

nr = 1.418

This v a lue  compares w e ll  w ith  th e  va lue  o f  1.496 ob ta ined  using  

Magnetic O p tica l R otatory  D ispers ion  techniques (MORD), (see 

appendix)
o "The S term is  sm a lle r  than  th e  S term:

ACS°)(550nm) = 2.51 x 10 (cm2/mol Gauss2)

S°(550nm) = 8.5 x 10"14 (S)

y°xx(413nm) « 7.5 x 10"3  ̂ (Debye2)

' uQ - Us 5 AUQ~S = -1 .2  x 10"12(erg)

T =* 293 (°K)

<EuQ|mz |EuS> = b ^2 = 1.49 x 10 erg/Gauss (see  appendix) 

(S°A/60)Ao = 5.57 x 10"12 (cm2/mol Gauss2) « A (S °)

T h ere fo re , th e  S° term i s  due almost e n t i r e l y  to  BQ:

xw  " K r  = "3 *13 x 10"2? (erg/G2)
We cannot a t t r i b u t e  t h i s  r e s u l t  to  th e  conjugated  r in g  system

s in c e ,  in  i t  | x „ J » l x vJ  and xvv  -X„„ i s  a p o s i t iv e  quan ity
Z Z  X X  X X  z z

s in ce  x i s  n e g a t iv e ,  whereas an a ly s is  o f  the  spectrum shows zz
i t  to  be a n eg a tiv e  q u an ity . T herefo re , we conclude th a t  Bq 

i s  a s so c ia te d  w ith  th e  very  la rg e  p ro te in  moiety and th a t



This conclusion  i s  f u r th e r  supported  by n o tin g  t h a t  th e  

MLD s p e c tr a  o f  the  p y r id in e  and im idazole haemochromes show 

l i t t l e ,  i f  any, S° c h a ra c te r .  This i s  in  keeping w ith  the  

f a c t  th a t  th ese  molecules have no a t tach ed  p ro te in  m oiety. 

Under t h i s  new assum ption, th e  m olecular t r a n s i t i o n  i s  s t i l l  

l o c a l i z e d ,  bu t xag no longer has D^h symmetry. R eevaluating  B

bq = ( e / w p o ^ x , . , .  - xz z >

where

X t r  -  d / 3 )  ( x ^  +  Xy y  +  X z z > 

y°xx = 2 , 8  x  1 0 ~ 3 6  <Debye2>
and

(X ^  - X „J  = -4 .04  x 10"14 x 2 .51 x lO"10/ ^ ^  x 10"14 x 
UjT z z

6 .8  x 1051 x 3 x 2 .8  x 10"36 

= 2 .08 x 10"2^(erg /G auss3)

Note ' th a t  in  the  above e v a lu a t io n ,  we a re  using  th e  r e a l  b a s is  

x , y , z ,  in s te a d  o f th e  complex b a s is  s in ce  y°ag(a ^ 8) = 0 in  

th e  r e a l  b a s is  and t h i s  r e s u l t  s im p li f ie s  the  a n a ly s i s .  This 

seemingly a r b i t r a r y  choice i s  le g i t im a te  s ince  th e  r e s u l t a n t  

MLD i s  independent o f b a s is  s e t .

The s '  term is  th e  sm a lle s t  term:

A ( s ’) (547 nm) s 7 .5  x 1 0 " ^  (cm3/mol Gauss3)

S ' (547 nm) = 1.11 x 10"26(S3) 

i f  (A/60) (B, S ' )  -  A S '(547 nm) 

then  (Axt? - Ax*£) = 7.32 x 10"33erg/G auss3
U i  Z Z

and i f  (A /60 )(A ,s ')  = AS'(547 nm)

then b -̂ 2 = 1.17 x 10"2® erg/Gauss = 1,263

b u t MORD an a ly s is  (see appendix) in d ic a te s  th a t  b ^  ~ 1.603.



This im plies  t h a t  B» opposes At and th a t  i t ' s  a c tu a l  va lue  i s
-28 2approxim ately  -1 .5  x 10 (erg/Gauss ) ,  S ince we have assumed 

th e  m olecu lar t r a n s i t i o n  to  be lo c a l iz e d  in  th e  r in g ,  we can 

ass ign  th i s  va lu e  to  th e  change in  x„„ of th e  r in g  system due2  Z

to  th e  t r a n s i t i o n .

As n o ted , th e  MLD s p e c tr a  o f  th e  p y r id in e  and im idazole 

haemochromes show predom inantly  s"  behav io r , w ith  v i r t u a l l y  

no S° c o n t r ib u t io n .  The im idazole haemochrome appears to  have 

a l a r g e r  S ? term  than  th e  p y r id in e  haemochrome.

In  summary, MLD s p e c t r a ,  e s p e c ia l ly  in  con junction  w ith  

MORD o f MCD (Magnetic C irc u la r  Dichroism) s p e c tr a ,  when ac ­

companied by a comprehensive th e o r e t i c a l  development y i e ld  i n ­

form ation  about ground and e x c i te d  magnetic moments and d ia ­

m agnetic s u s c e p t i b i l i t i e s ,  m ix ing-in  of o th e r  s t a t e s  due to  

th e  Zeeman p e r tu rb a t io n  and p o la r iz a t io n  o f t r a n s i t i o n  moments.

(53)
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APPENDIX

( 3 2 ( S ^ y  a3e - U/ k t /Q) /  3H2 )

( 82 ( A ( x ) . B < x ) . C ( x ) ) / 3X2 ) o

(ABC" +  Ab"c +  AnBC +  2AB V  + 2 a V c  + 2 a ' b c ' ) o

where

a ' ,b ' , c '  = 3/3x (A,B,C)
tl ll »l o  o  o

A ,B ,C = 32/3 2X2 (AfB,C,)

A = SLK = Nb/(Av2 (H) + b2) 

where

b = h a lfw id th  a t  h a l f  h e ig h t  (S~^)

Av = v-vQ (S"1)

v q  = (UL - U ^ /h  = AULK/h

N = norm aliz ing  co n s tan t

(3SLK/3H) = -2NAvb/(Av2 + b2) 2 (3Av/3H)

(32SLK/3H) = N 8Av2b/(Av2 + b2) 3 - 2b/(Av2 + b2) 2 (3Av/3H) 2

,-2AVb/(AV2 + b2) 2 ( 32AV/3H2)

3AV/3H « -3 vq/ 3H = -(1/h)(3AULK/3H)

32Av/3H2 » -32vq/3H2 = - ( 1 /h ) ( 32AULK/3H2)

AULK = Al£K + ( 3AU^/ 3H)qH + (1/2) (32AULK/3H2) qH2 .

= AULK - AmLK»H - (1/2)AxLKH2 + . . .

(3SLK/3v) = -2NAvb/(Av2 + b2) 2 = S ?

(32SLK/3v2) -  N [8Av2b/(Av2 + b2) 3 - 2b/(Av2 + b2) 2] = s"
o«liC _ n ' , _ L K / t



( l / h ) 2S,f (AmLK) 2 

+ ( l /h )s 'A x LK

B = ya3 = <K(H)|ya |L(H)><K(H)|y3 |LH>*

K(Ha) = *0K + ( Z ( < ^ K I * ! ^ 4D“ » o Ha +

We choose, as an example, th e  Aig Eu^ t r a n s i t i o n  in  

ferrocytochrom e c. We use a b a s is  s e t  t h a t  d iag o n a lizes  - 

Mz ; t h a t  i s ,  we use (1//Z )  (x + iy )  , - ( 1/ /Z )  (x - iy )  , 

z(+, - ,  o) we assume t h a t  the  only wavefunctions mixed a re  

Eu^ and Eu ^ [ 1 4 ] ,  Note t h a t  under D^h only mz m a tr ix  

elements a re  nonzero. Also, although yyX a re  nonzero

in  th i s  b a s i s ,  t h e i r  sum i s  zero  and as such they  do n o t 

c o n tr ib u te  to  th e  o s c i l l a t o r  s t r e n g t h t 

(Aig has th e  symmetry p ro p e r t ie s  o f  z2 in  D^h

<z2 |x |E u+Q><z2 |y |E u+^>* = f z2x (x  + iy )d x iz 2y (x  « iy )dx
x x

= -i-fz2 X2dT/z2y 2dx s in c e  /xydx ~ 0
x

b u t  z2 |y |E 1j+Q><z2 |x |E u+Q>= i / z 2x2dx/z2y 2dx
X X

= - z2 |x |E u+Qx z 2 |y |E u+Q>*

A d d it io n a l ly ,  th e  c o n tr ib u t io n s  o f  y ^ ,  to  3ya33Ha 

cancel s in c e  ( in  t h i s  b a s i s ) :

<Eu + s / L z / E u+Q> =  +mK 

T herefore  we need only  ev a lu a te  

( ( 3y x x  ^ V y y )  /  O :

(64)



= 2 ( ^ xx/ s h z) 0

= 4<Aig IxjEy+xAtg IxlEu+xEy+lLj. I e J^ A u Q "8

O 2yoe/ 8H 3H6) 0 = 2(32 xx/3 H2) 0 

"  ^°KXS (b l2>2/< AuQ‘ S) 2

Note t h a t  we have n e g le c te d  the  second-order c o r re c t io n  to  

th e  w avefunction .

C » exp(-U(x,H)/kT)/Q  -  X/Q

where x = exp(-U(x,H)/kT)

3C/ H = (x 'q  - q 'x ) /Q 2

= x '/Q  - Q'x/Q2 = x '/Q

32C/3H2 = (Qx" - Qfx ') /Q 2 - ( (Q2 (Q' x) 1 - (Q x)Q2) ' /Q 4)

=  X " / Q

Note t h a t  th e  rem aining terms each equal zero  [9J ,

x'0 = (3 exp<-U(T ,H)/kT)/3H) 0 = (l/kT)m

x” = ( l /k T )2m2 + (l/kT)X

( 6 5 )



I I . D eterm ination  o f O s c i l l a to r  S treng th

A. /a (v )d v  = 8 Nv
3hc x 10

j  EI<K|y|L>

» - 1
+ >~

<A g EQ> 2 7.68 x 1017 x 9 x 1013 x 6.63 x lO"27^
u  »  ---------------------------------------T*--------------------------------- TT,-------------D_

8 x 3 1 x 6 x l 0 x  5,454 x 10

-  5.62 x 10"36 D2

B. 2.77 x 10^ x 2.303 (cm2/mol) 8 3 Nv
DQSc

3hc x 10

S°(550nm) = 2.77 x 104 x 2.303 x 9 x 1013 x 6.63 x 10"27
------------------------ 23--------------------- ITf------------------- Z3F (S)
8 x 31 x 6 x 10 x 5.454 x 10 x 5,62 x 10

S°(550nm) = 8.52 x 10 -14 (S)

S° i s  o f  the  form 2 b / [ (Av2 + b 2)]

b = 5 x 1012 S" 1

S° = 1.27 x 10“13 S o
SQ = S °/1 .49  S

Note t h a t  in  A. /S °(v )dv  = 1 and i s  th e re fo re  no t 

inc luded  in  th e  c a lc u la t io n .
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Ill Calculation of A

A/cm -  A-hQcm"!)
c (mol/L)H^(Gaus s )

h(550nm) = ( 7 .85xl0,'^cm "^/in . c h a r t  paper) *,21 in  = 1.65x10 cm" ̂

c = 5.42 x 10"**(mol/L)

H = 2 .2  x 104 (G)

A = 2.51 x 10"10 (cm2/mol G2)

QThe observed h i s  due to  two degenerate  t r a n s i t io n s  A,g Eu+ 

and equals 5 .02 x 1 0 "^ (cm 2/mol G2) .
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IV MORD CALCULATIONS [14,15]

0m(degcm3/decim ol) * -(24NH/hc) (Af,) + (B + C/kT)f2

The A term a r i s e s  from Zeeman s p l i t t i n g  o f  th e  K-L 

t r a n s i t i o n ,  the  B term  from mixing o f s t a t e s  in to  K and

L by H, and the  C term  from the  change in  p o p u la tio n  of

th e  component s t a t e s  of ground s t a t e  K as a r e s u l t  o f  

Zeeman s p l i t t i n g ,  C = 0 f o r  nondegenerate ground s t a t e s ,  

f» ,  f 2 a re  l i n e  shape fu n c t io n s .

For the  cytochrome c A g Eu^   ̂ t r a n s i t i o n :

4n£K = = 2A/D = ( 1 ,49b2hto/6vNHD)0m s50nm = 1.49ft

where

D = 22 I <A g |p x |E ^ > |2 «= 5,62 x lO"2  ̂ (D eb y e ^ )+ , -  u

LH = 10 Gauss

0m 550nm = l i9 3  x 105 (deg cm2/decim ol) [14,15] 

b 12 « (B/D)(AUQ-S) D(S)/ED(Q,)"% = 1,600 

where

D(S) = D o f  the  S o re t  band « 3 x lO"2'* (Debye2)

DC550nm) + D(524nm)

ED(Q)= « 10"35(Debye2)

B = (1,49 x 4 bhc/24NHv)0m(546nm)

Note t h a t  s in c e  th e  r o t a t i o n  due to  B i s  so much sm alle r  than 

t h a t  due to  A, th e  ass igned  va lue  i s  only an approxim ation.
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Tensor Notation [22]

Repeated s u f f ix e s  imply summation: 

e .g .  Pag®a®g (a, 3 = x ,y ,z )

^xx1”!

+y m ^
yy y

+vz zmz 2

+>lxymxmy

+>Ixzmxnlz

+W x

^ y z ^ z  

+u mm
ZX  Z  X

■*'zymzay

Note t h a t  y „ r does n o t  n e c e s s a r i ly  equal y w as was demon-xy yx
s t r a t e d  in  appendix I ,  where i t  was shown t h a t  y = "V,,vxy yx
( in  th e  complex b a s i s ) . Those f a m i l ia r  w ith  ten so rs  w i l l  

a lso  n o te  t h a t  a l l  th e  ten so rs  in  t h i s  work a re  subsc r ip te d  

re g a rd le s s  o f whether they a re  co v a r ian t  o r  c o n t r a v a r ia n t , 

This i s  a le g i t im a te  p r a c t ic e  in  s tan d a rd  th re e -s p a c e ,  in  

which such d i s t in c t io n s  a re  m eaningless,
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