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ABSTRACT

ENDOR AND ESEEM  STUDIES OF A CYANIDE ADDUCT OF
TRANSFERRIN

by

Penny A. S netsinger 
U niversity  of New H am psh ire , May, 1990

Inform ation  a b o u t th e  ligand env ironm en t of th e  iron  b ind ing  

sites in  a  cyanide a d d u c t of tran sfe rrin  w as ob tained  by an  analysis of 

pow der-type ENDOR a n d  ESEEM sp ec tra . T he low -spin cyanide 

a d d u c t of tran sfe rrin  is form ed only in  th e  C -term inal site  of th e  

p ro te in  a n d  is charac terized  by a  rhom bic  EPR spectrum . E arlier 

w ork d em o n stra ted  th a t  th ree  cyanide g roups a re  n ecessa ry  to  form 

th e  a d d u c t, b u t  i t  w a sn 't  c lear w h e th er th ese  g ro u p s w ere coordinated  

d irec tly  to  th e  m etal or to  cationic s ite s  on th e  pro tein . T he ENDOR 

sp e c tra  of the  13CN a d d u c t show ed one se t of 13C ENDOR resonances 

w hich  p robab ly  co rresp o n d s to only one or two of th e  CN g roups, the  

other(s) being  ENDOR silen t. S im ula tions of th e  ENDOR line  positions 

in d ica te  a  su b s ta n tia l isotropic coupling and  sm alle r d ipo lar couplings. 

From  a n  analy sis  of th e  o rien ta tion  dep en d en t d ipo lar te rm  it  is 

concluded  th a t  th e  ca rb o n  giving rise  to the  ENDOR signals lies along 

th e  gxx ax is of th e  g -tenso r. The iron -carbon  d is tan ce  w as calcu lated  

b ased  o n  a  po in t dipole m odel an d  a  m odel in  w h ich  th e  g ro u n d  sta te  

m e ta l-b a sed  dxy o rb ita l of the  e lectron  w as considered  explicitly. 

ESEEM  stu d ies  w ith  C 1SN ind icated  th a t  there  a re  a t  le a s t two
.f

equ iva len t CN g ro u p s coord inated  to  th e  iron  cen ter. The m axim um  

hyperfine  coupling  for th e  n itrogen  w as observed n e a r  gxx w hich  is 

c o n s is te n t w ith  th e  ENDOR re su lts  w hich  p laced  th e  carb o n  of the

xv



cyanide group on  the  gxx axis. T here is  a  su b s ta n tia l hyperfine 

co n trib u tio n  along gzz w hich  ind icates th a t th e  CN bond is  n o t aligned 

a long  the  gxx axis. The lack  of resolved couplings in  the  sp ec tru m  

a lo n g  gyy m ak es  it  im possib le  to de term ine  th e  n itrogen  position 

exactly . T he ESEEM  sp e c tra  of th e  C 14N a d d u c t were com plicated, 

p resu m ab ly  b ecau se  th e  Zeem an a n d  hyperfine te rm s did n o t cancel a t  

th e  sp ec tro m ete r frequencies used . The ESEEM  an d  ENDOR sp ec tra  

of th e  D2O solvent exchanged a d d u c t dem onstra ted  th a t w a te r  does 

n o t  coord inate  directly  to  th e  iron. The ESEEM of the  g '= 4 .3  signal 

w h ich  a rises  from  th e  h igh -sp in  N -term inal site  w as also s tu d ied  an d  

th e  observed ESEEM  reso n an ces w ere a ttr ib u te d  to h is tid in e  n itrogen .

xvi



CHAPTER 1

ESEEM  AND ENDOR SPECTROSCOPY 

In tro d u c tio n

E lectron  p a ram ag n e tic  reso n an ce  (EPR) spectroscopy  h a s  

lypically b een  th e  m ethod of choice w ith  w hich  to s tu d y  param agnetic  

cen te rs  of b iochem ical sy stem s. Since th e  EPR sp ec tru m  is 

de te rm ined  by  th e  n u m b er a n d  n a tu re  of ligating a to m s a n d  th e  

geom etry  of th e  ligand field, p rec ise  in form ation  a b o u t th e  geom etric 

an d  electronic env ironm en t of a  p aram agnetic  cen ter can  be obtained  

by  analyzing  its  EPR sp ec tru m . However, in  rigid m edia  th e  EPR lines 

a re  inhom ogeneously  b roadened  by th e  large n u m b er of nuc le i w hich 

in te ra c t w ith  the  u n p a ired  electron . C onsequently , ligand hyperfine 

couplings a re  often  n o t resolved in  th e  EPR display. M etalloproteins 

a re  u su a lly  stud ied  as solids (i.e., frozen solutions, g lasses, o r single 

crystals) so ligand in te rac tio n s  in  these  sy stem s a re  frequen tly  

o b scu red  w ith in  th e  inhom ogeneously  b roadened  EPR line.

E lec tron  sp in  echo (ESE), specifically  electron  sp in  echo

envelope m o d u la tio n  (ESEEM), a n d  e lec tron  n u c le a r  double  resonance

(ENDOR) have proven  to  be  pow erful m ethods in  resolving hyperfine

a n d  quad rupo le  in te rac tio n s  n o t  observable w ith  conven tional EPR

spectroscopy  [1,2], T here is  eno rm ous po ten tia l in  em ploying these

m eth o d s to  probe th e  coord ination  sp h e re  of m eta l ions in  biological

system s. B oth ESEEM  an d  ENDOR are  tech n iq u es w hich observe the

sam e tran s itio n , a  n u c lea r sp in  flip tran s itio n  (the "NMR" transition)

w ith in  a n  e lectron  sp in  m anifold. However, th e  experim en ta l
1
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m eth o d s by w h ich  th is  tran s itio n  is  observed differ considerably . 

C onsequently , ESEEM  a n d  ENDOR often provide com plem entary  

inform ation  a b o u t th e  param agnetic  center. By u sin g  b o th  techn iques 

to s tu d y  th e  sam e  system  one can  o b ta in  a  m ore com plete p ic tu re  of 

th e  m eta llop ro te in  th a n  w ould be possib le  w ith  EPR spectroscopy  

alone.

ESE Spectroscopy

In tro d u c tio n

H ahn  firs t observed NMR sp in  echoes in  1950 [3]. A lthough th e  

EPR equivalent, e lectron  sp in  echoes, were described  in  1965 [4], it 

h a s  on ly  been  recen tly  th a t  ESE spectroscopy  h a s  been  u se d  by  m ore 

th a n  a  few labs. C urrently , there  is considerab le  in te res t in  th e  

tech n iq u e  and  i ts  app lica tion  to biochem ical system s.

All sp in  echo  experim ents, w h e th e r in  NMR or EPR, require  th e  

u se  of a  pulse. Pulse techn iques have essen tia lly  replaced  con tinuous 

wave experim en ts in  NMR; however, th e  developm ent of p u lsed  EPR 

experim en ts h a s  been  m u ch  slower. The m ain  difference betw een 

p u lsed  EPR an d  p u lsed  NMR experim en ts is th e  tim e scale . For 

in s tan ce , the  free ind u ctio n  decay signal for a  typical EPR line of 1 

G a u ss  would com pletely d isap p ea r in  less th a n  100 n an o seco n d s [5], 

R ecen t im provem ents In m icrowave p u lse  technology an d  high  speed 

d e tec to rs  have a ided  th e  developm ent of ESE spectroscopy  an d  

consequently , p u lse d  EPR is becom ing m ore available, a lth o u g h  it is 

still b y  no  m ean s com m on. Com m ercially bu ilt pu lsed  EPR 

spec trom eters  have  only b een  p roduced  in  th e  p a s t  few y ears .

In  general, th e re  a re  two pu lse  sequences u sed  in  ESE 

experim ents. T he so p h istica ted  p u lse  sequences w hich  a re  s ta n d a rd
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in  pu lsed  NMR are s till rarely app lied  in ESE. T here have b een  a  few 

recen t d isc u ss io n s  of th e  po ten tia l o f some com plicated sequences in  

ESE, b u t  th e se  seq u en ces  are still considered novel and  have  only 

been a p p lied  experim entally  to  m odel system s (6,7], T he two 

sequences s tan d ard ly  u se d  are th e  tw o-pulse o r  H ahn  sequence  and 

the  th ree -p u lse  or s tim u la te d  echo  sequence.

Tw o-pulse Sequence

In th e  two p u lse  experim ent a  param agnetic  sp in  sy s tem  in a  

c o n stan t m agnetic  field  Ho is a c te d  on by a  se rie s  of two microwave 

pulses o f a  m agnetic field H i w h ich  is perpend icu lar to Ho- One 

studies th e  sp o n tan eo u s em ission of the  system , its  echo signal. A 

pictorial descrip tion  o f th e  ESE experim ent is  provided b y  analyzing 

the  m otion  of the sa m p le  m agnetization  vector u n d e r th e  ac tio n  of th e  

m agnetic field  pulse.

As p ic tu red  in  F igu re  1.1 b) in  an  ex ternal m agnetic field Ho a  

sam ple w ith  p aram agnetic  pa rtic les acquires a  m agnetic m o m en t Mo 

which is para lle l to Ho u n d er th e rm a l equilibrium . It is  convenien t to 

analyze th e  evolution o f  th is  sp in  system  in a  coordinate  sy stem  

rotating a b o u t  Ho w ith  a  frequency vo , the  frequency  of th e  field 

oscillation. In the field H i, the  m agnetization  Mo ro ta tes  a b o u t the  x* 

axis in th e  y 'z plane a n d  tu rn s  th ro u g h  the angle

0 = ye Hi t p (1 .1)

w ithin th e  tim e of th e  m icrowave p u lse  d u ra tio n  tp . Pulse sequences 

are  typ ically  described in  term s o f  degrees, refe rring  to th e  n u m b er of 

degrees th e  sam ple m agnetiza tion  vector is  tip p ed  by th e



(a)
"Echo"

180°,

(c)

y «-

(!)

Fcho'

Figure 1.1 V ector d iagram  of th e  form ation of a  sp in  echo by  the  
H ah n  (90°, 180°) pu lse  sequence , (a) th e  p u lse  sequence (b) A t t=0, 
th e  sam ple m agnetiza tion , Mq, is aligned w ith  th e  m agnetic  field Ho 
along the + z ax is, (c) T he m agnetization  im m ediately  a fte r th e  90° 
p u lse  is a ligned  along th e  y' ax is (d) T he indiv idual sp in  p ack e ts  
sp read  o u t a fte r  a  tim e x. (e) The m agnetization  after the  180° pulse, 
(f) After tim e x, th e  m agnetization  vectors have refocussed  a long  the  y' 
ax is  to form th e  echo.
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app lica tion  of th e  strong  m icrowave pu lse . The field pu lse  is  a  9 0  

degree pulse  if 0=ji/ 2. It is  evident from  E quation  1.1 th a t th e  angle of 

th e  pu lse  c a n  be  controlled by  e ith e r th e  field H i o r the  tim e of th e  

p u lse  t p. For experim ental reasons, it is  u sua lly  th e  du ra tion  of th e  

p u lse  w hich is  varied in  o rd er to change  the  angle.

U nder th e  action of a  90  degree pu lse  th e  m agnetization  

becom es d irec ted  along y' ax is a s  show n  in F igure 1.1 c). S ince th e  

E PR  line is inhom ogeneously  b roadened  by v a rio u s m agnetic 

in te rac tions , individual sp in  p ackets w ith in  th is  b u lk  m agnetization  

v ec to r experience slightly  different en v ironm en ts  an d  consequen tly  

p re c e ss  a t  d ifferen t frequencies relative to th e  frequency  of th e  

ro ta tin g  fram e axis. This effect c au se s  a  "fanning out" of the  

m agnetization  a fte r tim e x a s  show n in  Figure 1.1 d), w ith som e sp in  

p a c k e ts  m oving slower (s) an d  o th e rs  m oving fa s te r  (fl relative to  the  

ro ta tin g  axis system . T he resu lting  signal decay is  the  free-induction  

d ecay  (FID) signal.

A second  pu lse  of 180 degrees ro ta te s  every m agnetization  

vecto r th ro u g h  180 degrees abou t th e  x ’ axis. T he  "fan" of 

m agnetiza tion  is  still in  th e  x'y' p lane , b u t  now th e  m agnetization  due  

to  sp in s  p a c k e ts  traveling fas te r th a n  th e  ro ta tin g  fram e recom bines 

w ith  th a t  d u e  to  m agnetization  vectors traveling m ore slowly, th u s  

form ing  th e  echo  and th e  re tu rn  of a  detectab le  signal a fter a  tim e x 

(F igure 1.1 fi).

In an  E S E  experim ent th is  se rie s  of p u lses  is  repeated  w ith  

d ifferen t tim es x betw een th e  first a n d  second p u lse , allowing th e  

m agnetiza tion  vectors to  fan  ou t for different p e rio d s of tim e. The 

echo  is  de tec ted  and  reco rded  for each  tim e x. F igure 1.2 sh o w s the



90° 180°
"Echo Envelope

i— i  i— i— i— i— r

Figure 1.2 The echo envelope as a result of the two pulse spin echo 
experiment as the time between the first and second pulse, t, is 
varied.
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re s u lta n t echo envelope of a n  ESE experim ent a s  x is varied. The tim e 

over w h ich  th is  experim ent can  be  perform ed is lim ited by  th e  "phase 

m em ory time", Tm of a  system  [81. T his tim e is exactly  analogous to T2 

(the sp in -sp in  re laxa tion  time) in  NMR. At tim es x longer th a n  Tm no 

echo will be observed. A lthough th e  two pu lse  experim en t h a s  been  

described  in  te rm s  of a  9 0  a n d  180 degree pu lse , it  is  im p o rtan t to 

note th a t  any  com bination  of two p u lse s  will c rea te  a n  echo. For 

in s tan ce , H ahn  sa w  h is  original sp in  echoes w ith  two approxim ately  90  

degree p u lse s  [31.

T h ree -p u lse  S equence

T he o ther com m only u sed  p u lse  sequence is th e  th ree  p u lse  o r 

s tim u la ted  echo sequence. T his sequence  co n sis ts  of th ree  p u lse s  of 

90  degrees. The firs t pu lse  b rings th e  bu lk  m agnetization . Mo, down 

to y’ ax is  w here th e  sp in  p ack e ts  d ep h ase  for a  tim e x a s  in  th e  two 

pu lse  experim en t. The second  90  degree p u lse  b rings th e  "fan" of 

m agnetization  dow n to th e  -z ax is (in a  d irection  opposite  th e  field Ho) 

w here i t  rem ain s for a  tim e T. Finally, th e  th ird  p u lse  b rings th e  sp in s 

u p  to th e  x'y’ p lan e  again  an d  a s  in  two pu lse  a fte r tim e ta u  th e  echo is 

observed. As th e  sp in  echo experim ent is  repea ted , th e  tim e betw een 

the  second  an d  th ird  pu lses, T, is stepped . F igure 1.3 illu s tra te s  the  

resu ltin g  envelope a s  T  is varied.

A n im p o rtan t difference betw een  th e  two a n d  th ree  p u lse  

experim en ts is  th e  tim e over w hich  a  signal c an  be  detected . The 

th ree  p u lse  experim ent ta k e s  place over a  longer tim e scale  th a n  th e  

two p u lse  experim en t since it is lim ited by  a n  e lectron  re laxa tion  tim e 

T ie w h ich  is  an a lo g u o u s to  T i t th e  sp in  lattice  re laxation  in  NMR. This



Figure 1.3 The echo envelope of a three pulse stimulated echo 
experiment. The time, x, between the first and second pulse is held 
constant as the time, T, between the second and third pulse is varied.
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tim e Is longer th a n  o r equal to th e  p h a se  m em ory tim e T2 w h ich  

lim its a  tw o-pulse  experim ent.

M odulation

A long w ith  th e  discovery of th e  sp in -echo  phenom enon  in  NMR, 

H ahn observed th a t  in  certa in  case s  a  periodic oscillating com ponen t 

is  superim posed  u p o n  th e  decay of th e  echo am p litude  w ith  increasing  

pu lse  se p a ra tio n  [3]. T h is so-called echo envelope m odu la tion  w as 

a ttr ib u ted  to  coupling to  o th er n o n -re so n an t n u c le a r  sp in s. The effect 

can, in  princip le , be u se d  to  ob tain  inform ation ab o u t th e  n o n -re so n an t 

nuclei, b u t  in  practice th e  am plitude of the  m odula tion  te n d s  to be 

sm all in  NMR.

However, in  th e  equ ivalent EPR  experim ent, an y  n u c le u s  hav ing  

sufficiently  stro n g  hyperfine  coupling  to th e  param ag n e tic  cen ters  c a n  

cause  th e  effect. T hus, con tra ry  to  th e  s itu a tio n  in  NMR, m odulation  

of the echo  envelope in  pu lsed  EPR is  a lm ost alw ays observed and  is  

often significant. T he re s u lt  of th is  effect is show n in  th e  echo 

envelopes in  Figures 1.2 an d  1.3 w here th e  decay is n o t m onotonic, 

b u t  m odu la ted  w ith a  clearly  defined periodicity.

A qualita tive  exp lanation  of th e  m odu la tion  effect c an  be 

provided b y  considering  a  n u c leu s  n e a r  th e  param agnetic  cen ter. T he 

H am ilton ian  describ ing su c h  a  system  is:

H=pei t  • 1? • ^  + gNpN^ • " £ + $ •  ^  t  (1.2)

The la rg est te rm  is lis te d  first. T h is is  th e  electronic Z eem an term  

describ ing  th e  in te rac tio n  of th e  u n p a ire d  e lec tron  sp in , S , w ith th e  

m agnetic field, H. T he second te rm  describes th e  n u c le a r  Zeem an
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te rm  w hich is  th e  analogous in te rac tion  of the n u c le a r  sp in  w ith  the  

m agnetic  field. The final te rm  is th e  e lec tro n -n u clear hyperflne 

in te rac tio n  a n d  describes th e  coupling  betw een th e  electron a n d  

n u c le a r  sp in . If one considers a  sim ple  case in  w h ich  an  u n p a ire d  

e lectron  (S = l/2 )  w ith a n  isotropic g -fac to r in te ra c ts  w ith  a  n u c le u s  of 

1=1/2  w ith  iso trop ic  coupling  th en  th e  re su lta n t energy d iag ram  is 

show n in F igure  1.4.

B etw een th e  u p p e r  a n d  lower e lec tron  sp in  m anifolds th e re  m ay 

occu r four E PR  tran s itio n s  induced b y  microwave p u lse s  a t a  

reso n an ce  frequency. T he probability  o f a  tran s itio n  occurring  is 

de te rm ined  b y  th e  va lues o f the  co rrespond ing  m a trix  e lem ents. Two 

of th ese  tran s itio n s , th e  solid bold lin e s  in  Figure 1.4, occur w ithou t 

chang ing  th e  n u c lea r sp in  and  are allow ed EPR tran s itio n s . T he two 

tran s itio n s  show n  with d ash ed  lines a re  accom panied  by a  change  in 

th e  nu c lear sp in  and a re  th u s  forbidden tran s itio n s. In solids, 

an iso trop ic  in te rac tio n s  re su lt  in off diagonal e lem en ts  of th e  

hyperfine te n s o r  and  th e se  tran s itio n s  becom e sem i-allow ed. For 

in s tan c e , th e  energy difference be tw een  the  allow ed tran s itio n  from  

level 1 to 3  a n d  the  "forbidden" tran s itio n  from level 2 to 3 is  given by

•n PnH  + h A /2  (1 .3 )

a n d  is equal to  th e  energy of the  NMR transition . If the  m icrow ave 

p u lse  h as  sufficien t w id th  su c h  th a t i t  causes b o th  allowed a n d  

"forbidden" tran s itio n s , th e n  the  two excited tra n s itio n s  will co n ta in  

frequencies differing by th e  NMR frequency  given in  E quation  1.3.

T he  resu ltin g  in te rference  p a tte rn  m an ife s ts  itse lf a s  a  va ria tion  in  the
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Figure  1.4 T he energy level diagram  for an  S = l /2 ,  1=1/2 system  as 
described  by th e  H am iltonian  given in E quation  1.2. The g-value and 
hyperflne coup ling  are a ssu m ed  to be  isotropic. The bold lines show 
th e  allowed EPR tran s itio n , the  solid lin es  show  th e  NMR (ENDOR, 
ESEEM) tra n s itio n s , an d  th e  dashed  lin e s  show  th e  EPR "forbidden" 
tran s itio n s , (b) The EPR spectrum  th a t  would be observed from  this 
energy  d iag ram , (c) the  ENDOR (NMR) sp ec tru m  observed for th is  
case.
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echo am plitude , and  th u s  causes th e  observed m odu la tion  p a tte rn  in  

th e  echo envelope. A lthough th is  descrip tion  is  useful fo r 

u n d e rs ta n d in g  the  c au se  of the m odula tion  effect, it is insuffic ien t fo r a  

detailed  an a ly sis  of experim ental d a ta .

T he rigorous q u a n tu m  m echan ica l m odel o f the echo  signal a n d  

its  m odu la tion  w as developed by M im s [9,10]. T he detailed  analysis 

involves a  d ensity  m a trix  calculation . This ca lcu la tion  a n d  th e  re su lts  

a re  d isc u sse d  in  detail in  several p laces  and so  only the  re s u lts  are  

briefly sum m arized  h e re  [11,12], F o r the s im p le s t case, a n  electron 

a n d  p ro to n  (S = l/2 , 1=1/2), which is  an  axial system , th e  m odu la tion  

for th e  H a h n  echo seq u en ce  is [91:

V  m o d (2 x ,1 = 1 /2 ) =  1 -2  k sin2 (coax/2) s in 2 (t0b*/2) ( 1 . 4 )

w here k  = (coiB/o)aG)b)2, 

coa = [(A/2 + ©i)2 + (B /2)2] !/2 

cob = [(A/2 - toi)2 + (B /2)2J !/2 

A = F (3cos26 -l)  +2ita 

B  = F (3cos0 sin0)

F =  g e  g n  P e P n / ^ h

coi is  th e  free p recessiona l frequency for the n u c le u s  a t  th e  applied 

m agnetic  field. 0 is th e  angle be tw een  the m agne tic  field a n d  the  

e lec tro n -n u c lea r axis. o)a and  a re  the  n u c le a r  tran s itio n  frequencies 

in  th e  u p p e r  an d  lower electron m anifolds. T h e  m odu la tion  can  also 

be w ritten  in  a n  equ iva len t form:
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Vmod(2x, 1=1/2) = 1 - 1 /4  k  [2 - 2cos(coax) - 2 cos((0bx) (1.5)

+ cos((Ba-£Ob)'c + cos(o)a+a>b)x]

w hich  clearly  show s th a t  in  addition  to  th e  n u c le a r frequencies coa an d  

o>b, th e  two p u lse  m odula tion  p a tte rn  inc ludes th e  su m  a n d  difference 

of th e se  frequencies.

The p a ram ete r, k , de te rm ines th e  d ep th  of th e  m odu la tion  an d  

is p roportional to  th e  sq u a re  of th e  m agn itude  of B. B is the  

an iso trop ic  te rm  of th e  d ipo lar coupling. T h is is  im p o rtan t in  th a t  

ESEEM  can  only be observed w ith  a n  an iso trop ic  hyperfine in te rac tion  

betw een  a n  electron  an d  a  n uc leus. T his m ea n s  the  system  m u s t be 

s tu d ied  a s  a  solid and  m u s t  have appreciable  an iso tropy  before 

m odu la tion  will be  observed.

U sing th e  sam e s itu a tio n  (S= 1/2,1= 1 /2 ) a s  described  for th e  two 

p u lse  case, th e  equation  for stim u la ted  echo m odula tion  can  be  w ritten  

a s  [9]:

Vmod(2x+T, 1=1/2) = 1- k[sin2 (coax/2) s in 2 (tDb (x+T)/2) (1 .6)

+sin2(o>bX/2) sin2(coa (x+T)/2)]

T h is red u ces  to  th e  eq u atio n  for th e  tw o-pulse  m odu la tion  if T=0. In 

c o n tra s t  w ith  th e  eq u atio n  for th e  tw o-pulse  m odu la tion  (1.5), th is  one 

co n ta in s  only th e  n u c lea r frequencies <na and  o>b. n o t th e  su m s and  

d ifferences.

A n u m b e r of a ssu m p tio n s  w ere m ade in  th e  derivation of th ese  

equations. It w as a ssu m ed  th a t  th e  electron sp in  w as quan tized  along
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the  m agnetic  field d irection , th u s  allowing th e  S *  and S y  te rm s to b e  

dropped from  the  H am iltonian . T he equations are w ritten  assum ing  

a n  iso tropic g-value. C onsiderations n ecessa ry  for sy stem s w ith an 

an iso trop ic  g -tenso r will be d iscu ssed  in  C h a p te r  2. H ie  expressions 

for th e  d ipo lar p a r t  o f th e  an iso trop ic  hyperfine coupling (term s A a n d  

B in  (E quation  1.5)) a re  based  on  a  point dipole approxim ation . The 

valid ity  o f th is  approx im ation  for th e  p a rticu la r  case s tu d ie d  here will 

be a d d re ssed  later.

An im p o rtan t a ssu m p tio n  is  th a t  H i, th e  microwave m agnetic 

field am plitude , is m u c h  larger th a n  the  n u c le a r  Zeem an a n d  hyperfine 

in te rac tio n s  and  is large  enough to excite b o th  th e  allowed a s  well a s  

th e  fo rb idden  EPR tran s itio n s . T h is  so called "branching" o r 

s im u ltan eo u s excitation  is essen tia l and  req u ire s  th a t all th e  

tran s itio n s  a re  b rack e ted  by th e  microwave m agnetic field H i [11]. In  

o ther w ords, th e  frequency  sp read  of H i m u s t  be  as large a s  the 

la rgest sp littin g  be tw een  the  mi energy  levels in  an  ms m anifo ld  or

Ye H i / 2 tc £ Av (1 .7 )

w here ye is  th e  m agnetogyric ra tio  for the e lec tron  and Av i s  the 

frequency  sp read  of th e  hyperfine sp litting  levels. E xperim ental 

confirm ation  of th is  req u irem en t h a s  been ob ta ined  [13].

ESEEM  is a  tim e  dom ain experim ent. A s is a p p a re n t from 

E q u a tio n s  (1.5) an d  (1.6), the  F o u rie r tran sfo rm  of the t im e  series d a ta  

shou ld  give th e  n u c le a r  frequencies, and  th e ir  su m s a n d  differences in  

th e  case  o f  th e  H ah n  echo experim ent. D ue to  experim ental 

com plica tions, ro u tin e  Fourier tran sfo rm  of th e  echo envelope is ra re ly
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possib le . The p rob lem s w ith transfo rm ing  tim e dom ain E SE  d a ta  in to  

a  frequency  sp ec tru m  will be d iscussed  in  C h ap te r 2.

T w o-pulse  V ersus T h ree-pu lse

A lthough b o th  p u lse  sequences described  above ostensib ly  give 

th e  sam e  inform ation , i.e. the  NMR frequencies oja and cot,, there  a re  

d is tin c tio n s  betw een  th e  two experim en ts. As can  be  s e e n  from 

eq u atio n  (1.5), th e  m odu la tion  from  a  two p u lse  experim ent, in 

add ition  to  the  n u c le a r  frequencies, also involves the  s u m s  and  

d ifferences. T his is  rare ly  a  com plication w h en  the  type o f n uc leus 

giving rise  to th e  m odu la tion  is know n, b u t  c a n  becom e a  problem  

w hen dealing  w ith  a n  unknow n  n u c leu s o r w ith  several nuc le i w hich 

will o ften  have overlapping su m s  a n d  differences th a t  com plicate  th e  

ap p ea ra n c e  of th e  spectrum .

As m entioned  before, an y  com bination  of two p u lse s  gives an  

echo. T h is re su lt c a n  com plicate a  th ree  p u lse  m odula tion  envelope.

In F igu re  1.5 all th e  echoes c rea ted  in  a  th re e  pulse  experim en t a re  

illu s tra ted . In add ition  to th e  stim u la ted  echo  a t  tim e x a fte r  the  th ird  

pu lse , echoes a re  c rea ted  by th e  com bination  of pulse o n e  an d  th ree  

(the echo  a t  tim e T  + x), pu lse  two and  th re e  (the echo a t  tim e T), a n d  

the  tw o p u lse  echo a t  tim e x w h ich  ac ts  a s  in  com bination  w ith  the  

th ird  p u lse  giving rise  to  the  echo a t T  - x. Overlap of th e se  echoes 

w ith th e  s tim u la ted  echo  occu rs w hen  T=x a n d  T=2x a n d  th ese  two- 

pu lse  s igna ls  m ay  b e  superim posed  on th e  th ree -p u lse  m odula tion  

p a tte rn .

F or a  p a rticu la r  frequency to  be de tec ted  several p e rio d s of 

m odu la tion  m u st be  observed in  th e  signal. S ince the p h a se  m em ory 

tim e o f biological sam p les  is very short, on  th e  order o f 0 . 1-2 (is,



Figure 1.5 Detailed p icture  of a  th ree  pulse  experim ent show ing all 
two pu lse  echoes.



17

ESEGM Is u su a lly  ru n  a t liquid  helium  tem p era tu re s . The tim e 

lim iting a  th ree  p u lse  experim ent is u su a lly  longer th a n  th e  p h ase  

m em ory tim e lim iting  th e  observation  of a  two p u lse  echo so  a  th ree  

p u lse  experim ent h a s  th e  advan tage  of a  longer d a ta  acqu isition  tim e. 

C onsequently , w eaker in te rac tio n s  w hich die off slow ly in  th e  

m odu la tion  p a tte rn  are  b e s t s tu d ied  w ith a  th ree  p u lse  experim ent. In 

co n tra s t, th e  tw o pu lse  seq u en ce  is b e tte r  for s tudy ing  sh o rt range 

strong ly  coupled in te rac tio n s w hich  ten d  to  decay  quickly  in  th e  

m odula tion  p a tte rn .

It is a p p a re n t from e q u a tio n  (1.6) for th e  th ree  p u lse  

experim ent th a t  if t  is se t eq u a l to  an  app rop ria te  n u m b e r of cycles of 

th e  frequency  ci)a , th en  the  s in 2 (coax /2 ) te rm  will equal zero and  

eq u a tio n  (1.6 ) will reduce to:

Vm0d(2T+T, 1=1/2) = 1- k[sin2(tobT/2) sin2(o,a (x+T)/2)J (1.8)

Since T  is th e  experim ental tim e  variable, only th e  o)a m odu la tion  will 

a p p e a r  in  th e  envelope. A lthough  equation  (1.6) w as developed for a  

p a rticu la rly  sim ple  case  and  is  ra re ly  s tric tly  true, th is  " tau  

suppression" effect is  u sua lly  observed to  som e degree [14], T his can  

be experim entally  usefu l in e lim inating  m odu la tions d u e  to  nuclei su c h  

a s  p ro to n s  w hich a re  n u m ero u s an d  m ay m ask  m odu la tions due  to 

o th er nuclei. T a u  supp ress io n  can , in  som e cases, ac tu a lly  com plicate 

a  frequency  sp e c tru m  since it m ay  cause  one  broad  line  to  ap p ea r a s  

two d is tin c t lin es if a  frequency in  the  m iddle is su p p re sse d  [15]. In 

genera l th e  choice of a  two o r th re e  pu lse  experim en t is governed by  

th e  p a rticu la r  sy s tem  being s tu d ie d  and  th e  specific in form ation  w hich
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is sought. Ideally, o n e  u ses  b o th  pu lse  sequences to ob tain  inform ation 

about b o th  weakly a n d  more strongly  coupled  nuclei. Any inform ation 

which is  dup lica ted  b y  the two experim en ts is  u se fu l in  verifying an  

analysis.

ENDOR Spectroscopy

In c o n tra s t  w ith  ESEEM, ENDOR spectroscopy  is a  well 

e s tab lish ed  technique; consequently , th e re  a re  de ta iled  d iscu ssio n s  of 

the theo ry  an d  in s tru m e n t available so  on ly  a  b rief su m m ary  is 

included h e re  [16,17]. The eno rm ous po ten tia l of ENDOR a s  a  

s tru c tu ra l probe in  m eta llop ro te ins w as firs t d em o n stra ted  in  hem e 

proteins b y  Feher a n d  cow orkers in th e  early  1970s [18,19]. T he 

resu lts  h a v e  con tribu ted  to a n  enhanced  u n d e rs ta n d in g  of m eta l 

coord ination  in p ro te in s  and  have  frequen tly  clarified the  n a tu re  of the 

ligands.

T he m ain  im p a c t of ENDOR spectroscopy  a s  com pared  to  

conven tiona l EPR com es from  th e  en h an ced  spec tra l reso lu tion  

ob tainab le . ENDOR essen tia lly  h a s  th e  linew idth  of th e  hom ogeneous 

sp in  p a c k e ts  and c a n  reduce  o rien ta tion  broaden ing . T his in c rease  in  

reso lu tion  is  of the  o rd e r  of a  th o u sa n d  o r m ore [16]. An add itional 

e n h an c em en t of reso lu tio n  com e from th e  decrease  in  spec tra l density  

by hyperfine  coupling of equivalen t nuclei w hich is additive in  ENDOR 

b u t in c re a se s  the n u m b e r  of lines m ultiplicatively in  EPR [201. T h is is 

due  to th e  different selection  ru le s  w hich  govern th e  two 

spectroscop ies. For allowed tran s itio n s  in  EPR, Ams = l ,  Ami=0 while 

for ENDOR Ams=0, Ami= 1. O th e r  advan tages of ENDOR come from  

th e  p o ssib ility  of d ire c t de term ination  of th e  in te rac tin g  n u c le u s  via 

the  n u c le a r  g-factor. f irs t-o rder con tribu tion  of n u c le a r  quad rupo le
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in te rac tion  to  the  sp e c tra  w hich allows for analysis of quadrupo le  

splitting, a n d  the  possib ility  of evaluation  of th e  relative signs of 

hyperfine a n d  q u ad ru p o la r in teraction . ENDOR th u s  provides for a  

detailed  analy sis  of sp in  density  d is trib u tio n  in  the tra n s itio n  m etal- 

ligand com plex.

The in form ation  ob tained  w ith  ENDOR can  frequen tly  extend 

beyond th e  directly coordinated  ligands by  analysis of p u re ly  dipolar 

in te rac tio n s  of nucle i in  th e  im m ediate  env ironm ent o f th e  complex. 

T his coord ination  sp h ere  can  have a  rad iu s  of 4-6  A  w ith  a  spatial 

reso lu tion  of abou t 0 .5  A  [21]. ENDOR spectroscopy h a s  th e  po ten tial 

of being a  very pow erful s tru c tu ra l probe of m eta l coordination  in  

m etallo  p ro te in s .

Like ESEEM, ENDOR observes a  n u c le a r  sp in  flip tran s itio n  

w ith in  a n  electron sp in  m anifold: however, it  is  achieved in  a  very 

different m an n e r. C onsider th e  energy d iag ram  of an  S = l /2 ,  1=1/2 

system  a s  d iscussed  for th e  ESEEM . This w as illu stra ted  in  Figure 1.4. 

In  the  p e rm a n e n t m agnetic  field th ere  is  a  sm all sp in  popu lation  

difference betw een levels 2 a n d  4  since th e  lower m anifo ld  rep re se n ts  

a  less energetic  s ta te . If th e  EPR tran s itio n  is th en  s a tu ra te d  w ith a  

m icrow ave frequency, th e  sp in  popu la tions of th e  two s ta te s  are 

equalized. O ne observes an  EPR abso rp tion  signal only u n til  the sp in  

pop u la tio n s are  equalized. W hile m ain ta in ing  th is  sa tu ra tio n , in a n  

ENDOR experim ent, a  second  frequency  (rf) is  swept. W hen  th is 

frequency  m a tch es  th a t  of th e  NMR tran s itio n  betw een levels 3 a n d  4, 

th e  p opu la tions of levels 2 and  4 a re  no longer equal a n d  th e  ne t re s u lt  

is  to p ro d u ce  an  inequality  in  th e  sp in  p opu la tions of th e  two energy  

levels co rrespond ing  to  th e  EPR tran sitio n . C onsequently , one
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observes a n  EPR absorp tion  a g a in . Thus ENDOR is rea lly  a n  EPR 

detected  NMR experim ent. T he  ENDOR lin e sh a p e  an d  am plitude is  

affected b y  com plicated re laxa tion  m echan ism s. For com plex  sy s tem s 

su ch  a s  p ro te ins knowledge o f th e se  m ech an ism s is a t  b e s t  em pirical 

and , consequently , th e  p rincipal inform ation obtained fro m  such a n  

experim en t is in th e  ENDOR frequencies, n o t  in  lin e sh ap e  or 

am plitude .

As described above ENDOR requires sa tu ra tio n  of b o th  the NMR 

an d  EPR lines. T he req u irem en ts  for s a tu ra tio n  are [221:

w here H i is the  m icrow ave m ag n e tic  field a n d  H2 is th e  r f  field. T i 

an d  T2 a re  the sp in -la ttice  an d  sp in -sp in  re lax a tio n  tim e s  and 7 is th e  

gyrom agnetic ratio. B oth se ts  o f  p a ram eters  a re  strongly  tem pera tu re  

d ep en d en t. In tra n s it io n  m eta l com plexes th e  relaxation  tim es are 

veiy  s h o r t  a t  room  tem p era tu re  s o  the ENDOR is typically  ru n  below 

30 K in  o rder to see  a  signal. F o r  nuclei of low  m agnetic m om ent (e.g. 

13C, 2D, 14N) the condition  d escribed  in e q u a tio n  1.10 is  h a rd  to 

achieve. However, th e  effective r f  field a t th e  nuc leus is  often  

e n ch an ced  significantly  for n u c le i  which a re  strongly co u p led  to th e  

e lectron  sp in  [221. C onsequen tly , ENDOR s p e c tra  of n u c le i with low 

m agnetic  m om ents c a n  frequen tly  be o b ta in ed .

T h ere  are  sev era l ad v an tag es of ENDOR over EPR. A s 

m entioned , in  EPR th e  nu m b er o f  lines in c re a s e  m ultiplicatively w ith  

non-equ ivalen t nuc le i. This re la tio n sh ip  is  o n ly  additive i n  ENDOR.

7e2H i2T ieT2e S I  

T n 2 H 2 2 T i „ T 2 n 2 1

(1.9)

(1 . 10)
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Also in  EPR quadrupo le  tran s itio n s  are  second order a n d  a re  

consequen tly  h a rd  to  observe. Inform ation on  nuc lear quadrupo le  

in te rac tio n s  is norm ally  ob tained  from  NQR spectroscopy. In 

p a ram ag n e tic  com pounds however, th is  spectroscopy  su ffers from th e  

sh o rt re laxation  tim es an d  from  poor sensitiv ity  [23]. T h u s  ENDOR 

rep re se n ts  a n  a lternative  and  very  sensitive m ethod  to  s tu d y  

quad rupo le  coupling of ligands in  p aram agnetic  tran s itio n  m etal 

com plexes.

The Lim iting C ases 

The firs t o rd er equations for ENDOR (and ESEEM) sp ec tra  a re  

typically given for two lim iting cases, one in  w hich vn>A /2 , the  o th e r 

vn<A /2. In  th e  firs t case, the  sp ec tru m  observed is two lines 

sep a ra ted  by  A an d  cen tered  a ro u n d  vn . T h is situa tion  is  th a t  typically 

observed for nuclei su c h  a s  p ro to n s  and  o th e rs  w ith w eak  hyperfine 

couplings a n d  large n u c lea r p recessional frequencies. T he  ENDOR 

sp e c tru m  for th e  second  case  is  p ic tu red  in  Figure 1.6 c). The two 

lines a p p e a r a t A /2  ± vn . Nuclei th a t  often fall in  th is  category  are 13C 

a n d 15N. M ost ENDOR experim ents have b een  perform ed a t  X -band 

(9.5 GHz) a n d  th ese  two cases a re  u su a lly  sufficient to describe  them .

If one considers a  hypo thetica l experim ent in  w hich  A /2  is  m ade 

larger a n d  larger th e n  one w ould observe a  two line sp e c tru m  in  w hich  

th e  lower frequency  line  m oves closer a n d  c loser to  zero frequency. 

E ven tually  A /2  w ould becom e equal to vn . T h is is know n a s  "exact 

cancellation" (24] a n d  w ould re s u lt  in  th e  energy  d iag ram  show n in  

F igure 1.7 b) w ith  th e  correspond ing  single line sp ec tru m  a s  show n in  

Figure 1.6 b). If one considers m ak ing  A /2  still larger, a  tw o peak 

sp ec tru m  cen tered  a ro u n d  vn w ould re su lt w ith  the  low frequency vn-
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(a)

v „  + A /2

Cb)

0

(c)

n v n + A /2  
(2 v n )

vn - A / 2 A /2 -  v,n

n  A /2
vn + A /2

Figure 1.6 T he th ree  ENDOR (ESEEM) frequency  sp ec tra  for the  
energy d iag ram s in  F igure 1.7.
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A /2  p e ak  a t  som e negative frequency a s  show n a s  a  do tted  line  in 

Figure 1.6 c). The position  of th is  "negative" peak  is A /2  - vn . By 

looking a t  th e  energy  d iagram  in  Figure 1.7 c) one can  see th a t  a t  th is  

po in t th e  energy levels co rrespond ing  to  level 3  a n d  4 have  crossed , 

th u s  th e  "negative" frequency peak  is actually  observed a t  th e  positive 

frequency  A /2  - vn . The h igh  frequency peak  will con tinue  to  appear 

a t  A /2  + vn . T his s itu a tio n  co rresponds to  the  o th e r  lim iting case  of 

vn<A /2 w ith  th e  tw o lines sep a ra ted  b y  twice th e  n u c le a r  frequency 

and  cen tered  a ro u n d  A /2 . The u n d e rs tan d in g  of c ase s  n o t falling 

w ith in  one of th e  two trad itio n a l lim its is  becom ing increasing ly  

im p o rtan t w ith th e  adven t of ESE a n d  ENDOR sp ec tro m ete rs  

opera ting  a t  frequencies o th e r th a n  X -band. S ince vn is d ep en d en t on 

sp ec tro m eter frequency, by  varying frequency one can  essen tia lly  

choose th e  case, vn>A /2, vn<A /2, o r exac t cancella tion , u n d e r  w hich 

th e  sy stem  will be  stud ied . T his d iscussion  h a s  b een  lim ited to  the  

very sim ple  case  of a n  isotropic system  w ith  one n u c le u s  of 1=1/2. In 

m ore com plicated  s itu a tio n s  w hich re s u lt  in m u ltip le  lines, th e  choice 

of sp ec tro m eter frequency  can  be exploited to c a u se  exact cancella tion  

of c e rta in  lines.

ESEEM  V ersus ENDOR 

A lthough from  th e  d iscussion  so  fa r th e re  a p p ea rs  to b e  little 

difference in  th e  in form ation  ob tained  from  ESEEM  an d  ENDOR the 

experim en ta l d ifferences give rise  to d istinc tions . O ccasionally  

inform ation  is  dup licated , b u t  u sua lly  th e  two tech n iq u es a re  

com plem entary . ENDOR is b e tte r  su ited  for s tu d y in g  p ro ton  

in te rac tio n s . As described  in  th e  section  on  ESEEM , observation  of 

m odu la tion  d ep en d s on  th e  ability  to  excite b o th  allowed a n d
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"forbidden" tran s itio n s  w ith  th e  pu lse . Since th e  n u c lea r p recessional 

frequency  is large for a  p ro ton  it is n o t often possible to c a u se  th is 

s im u ltan eo u s excitation  in  ESE an d  consequen tly  resolved pro ton  

in te rac tio n s  in  ESE a re  rare ly  observed. Likewise, in a  com plex w ith 

large hyperfine coupling, th e  energy levels a re  fa r a p a r t a n d  

s im u ltan eo u s excitation is  difficult. ENDOR is b e tte r su ited  for 

s tu d y in g  large hyperfine in te rac tions.

ESEEM  is th e  b e tte r  techn ique  a t  low frequencies a n d  w ith 

w eaker couplings since th e  sa tu ra tio n  requ irem en t of ENDOR is 

difficult to  m eet u n d e r su c h  c ircum stances. As will be explained in  

th e  n ex t ch ap ter, in theory , ESEEM c an  be u sed  to ob tain  quan tita tive  

inform ation  a b o u t th e  n u m b e r of nucle i con tribu ting  to a  signal for 

w hile ENDOR, d u e  to th e  com plex re laxation  m ech an ism s controlling 

lin esh ap e  a n d  in tensity , c a n  not. Additionally, ESEEM c an  provide 

inform ation a b o u t the  a n g u la r  d istribu tion  of nuclei. By u sin g  a  

com bination  of two an d  th re e  pu lse  ESEEM  in  con junction  w ith  

ENDOR one o b ta in s  a  de ta iled  p ic tu re  o f th e  coord ination  env ironm ent 

of th e  p a ram ag n e tic  cen ter.

Q uadrupole

T he d iscu ssio n  of ENDOR an d  ESEEM  above w as lim ited  to th e  

sim ple case  of S = l /2 ,  1=1/2. This describes nucle i su c h  a s  15N, ^  

31P a n d  13C, b u t  no t o th e rs . A m ore com plete H am iltonian  is 

n ecessa ry  to describe a  n u c le u s  w ith  IS1 w hich  h a s  a  quadrupo le  

in te rac tion . In addition  to  th e  te rm s in  equation  1.2 th is  H am iltonian 

for a n  axial c ase  includes th e  term :



2 6

A  a
hQ'{ T z - t / 3 )  (1.11)

w here  Q’ = e2q Q /(4 I(2 I-l)) .

The p a ra m e te r  e re p re se n ts  the  e lectron ic  charge , eq is  th e  electric 

field g ra d ie n t a t the n u c le u s  ( eq= Vzz =82V /8z2 , w here V is th e  

e lec tro sta tic  potential), a n d  eQ is th e  nuclear q u ad rupo le  m om ent. 

T he energy level d iag ram  for th is H am ilton ian  is  show n in  F igure 1.8. 

The allowed tran s itio n s  a re  shown a s  the  bold solid  lines. T he 

forbidden tran s itio n s  a re  show n a s  do tted  lines. O ne w ould expect to 

observe fo u r  lines in th e  ESEEM o r ENDOR of su c h  as system . These 

would o c c u r  a t

v=A/2 + vn ± Q 'a n d  (1 .12)

V=A/2 - vn ± Q'.

T hese fo u r lines are o ften  not observed  experim entally . A detailed  

d iscu ssio n  o f  the effect o f  quadrupo le  on ESEEM  sp ec tra  will be  left 

un til C h a p te r  4.

T ra n s fe rr in

The sy stem  s tu d ie d  here by ESEEM  and ENDOR is a  cyanide 

a d d u c t of tran sfe rrin . T ransferrin  is  a n  iron p ro te in  of approxim ately  

8 0 ,000  m o lecu la r w e ig h t which reversib ly  b in d s  iron  in th e  +3 

oxidation s ta te  [25J. S e ru m  tra n s fe rr in  is e ssen tia l in th e  tra n s p o rt  of 

iron  from s i te s  of s to ra g e  and  a b so rp tio n  in v e rte b ra te s  w hile o ther 

tra n s fe rr in s  serve a  fu n c tio n  in th e  defense a g a in s t system ic infection 

b y  m aking i t  difficult fo r m icroorganism s to o b ta in  iron.
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T ransferrin  co n sis ts  o f two lobes, N -term inal a n d  C -term inal, 

w h ich  are essen tia lly  in d ep en d en t in n a tu re . E ach lobe con ta in s one 

s ite  w hich  b in d s  iron  or o th e r  m etals. Iron(III) b in d s  to  tran sfe rrin  

w ith  a n  approxim ately  oc tah ed ra l c rysta l field of six  coord inating  

ligands. The x -ray  s tru c tu re  of lactoferrin  h a s  recen tly  been  p u b lish ed  

a n d  th e  ligands a re  know n to be two ty rosines, one h istid ine , an d  one 

a s p a r ta te  [26,271. The rem ain ing  two positions are  filled by 

(bi)carbonate. T ransfe rrin  d isp lays a n  EPR  signal a t  g’=4.3 w hich is 

ch a rac te ris tic  of h igh  sp in  Fe(III) in a  ligand  env ironm ent of low 

sym m etry .

A lthough th e  iron exchange m ech an ism  of se ru m  tran sfe rrin  is  

n o t  well u n d ers to o d , the  role of an ions is  im portan t. F o r in stance , 

(b i)carbonate is  requ ired  for m eta l b ind ing  [28]. O ther an ions su c h  a s  

ch lo ride  and  p e rch lo ra te  a re  know n to  affect the  k in e tic s  of iron 

exchange a s  w ell a s  th e  therm odynam ic  stab ility  of th e  protein  

[29,30,31,32]. T here  a re  q u estio n s  a b o u t th e  accessib ility  of 

exogenous an io n s  to the  m eta l center.

Since cyan ide  an ion  is  k inetically  in e r t  and p ro d u ce s  

spec tro scop ica lly  d is tin c t low -sp in  com plexes u p o n  in te rac tio n  w ith  

th e  h igh  sp in  m eta l cen ters, it  is a  p a rticu la rly  usefu l p robe  of th e  

accessib ility  to  exogenous ligands of th e  coordination  s ite s  in m eta l- 

p ro te in  com plexes. Its sm all size, the  fa c t th a t  it is a  good ligand for 

iron(III), and  th e  possib ility  o f isotopic su b s titu tio n  o f 13CN and C 15N 

for m agnetic reso n an ce  s tu d ie s  are  also advantages.

A lthough su c h  low -spin cyanide com plexes have  b een  extensively  

investigated  w ith  hem oglobins and  ferrihem es [33,34], i t  is  only 

recen tly  th a t a  n u m b e r of low -spin  a d d u c ts  of non-hem e iron p ro te in s
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have been  s tu d ied . In  addition  to th e  transferrin -cyan ide  adduct, 

p ro to ca te ch u a te  3 ,4  dioxygenase [35,36] an d  a  n u m b er o f m odel 

com pounds w hich  m im ic th e  specific iron b in d in g  site  o f tran sfe rrin  

have been  show n  to form  low -spin cyano com plexes [37,38,39]. T h ese  

com plexes all d isp lay  d istinctive low -spin  rhom bic  EPR sp e c tra  in th e  

g=2 region. In  tran sfe rrin , th e  b ind ing  of cyanide form s a  low-spin 

a d d u c t a t  only  th e  C -term inal iron  b ind ing  site . The charac te ristic  

g '=4.3 EPR signa l is converted to a  low -spin rhom bic sp ec tru m . 

A lthough  th e  N -term inal site  does n o t convert to  low -spin, there  a re  

ind ica tions th a t  th is  cen ter is p e rtu rb ed  by th e  p resence of cyanide a s  

well [40]. T he earlie r w ork  found th a t  th e  reaction  for th e  form ation 

of th e  cyanide a d d u c t in  th e  C -term inal site  is:

Fe-Tf-COg + 3CN ...........— > Fe-Tf-tCNJg'1 + CC§

w here  the  (bi) ca rb o n a te  is  d isp laced  from th e  firs t coord ination  

sp h e re  of th e  Fe(III) by cyanide. T h u s  th ree  cyan ides a re  necessary  to  

form  th e  s tab le  low -spin adduct. T he s tru c tu re  show n in  Figure 1.9 

w as proposed  for th e  cyanide a d d u c t a lthough  conclusive 

d e te rm in a tio n  of th e  s tru c tu re  w as n o t possib le. Here th e  cyanide 

a d d u c t of se ru m  tran sfe rrin  w as investigated  by  ENDOR a n d  ESEEM 

spectroscopy  to  ob tain  add itional inform ation  a b o u t th e  ligand  

env iro n m en t o f iron.
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CHAPTER 2

COMPUTER ANALYSIS AND SIMULATION 

In tro d u c tion

One is  rare ly  able  to  analyze a n  ESEEM o r  ENDOR sp ec tru m  

w ith  th e  f irs t o rder eq u a tio n s given in  C hap ter 1. C om puter 

sim u la tion  u s in g  e ither h igher o rder p e rtu rb a tio n  equations o r  a  full 

m atrix  calcu lation  is u su a lly  a  n ecessa ry  step in  u n d e rs tan d in g  the 

sp e c tru m  a n d  eliciting s tru c tu ra l inform ation . T he general p rocedure  

is to  analyze th e  d a ta  in  te rm s of a  geom etric m odel with th e  ligand 

nuc le i positioned  a t a  specific loca tions relative to  the u n p a ire d  

electron . O verlap of th e  electron w avefunction  w ith  these  nuc le i 

p roduces a n  isotropic hyperfine coupling. A co m p u ter s im u la tio n  is 

ob tained  by  su b s titu tin g  th e  geom etric and  coup ling  p a ra m e te rs  into 

th e  ap p ro p ria te  eq uations . The p rim ary  d a ta  fo r ESEEM is  in  the tim e 

dom ain  a n d  s im u la tio n s c a n  be ca lcu la ted  e ith e r  in  the tim e  dom ain o r 

in  th e  frequency  dom ain. E ach  h a s  d is tin c t advantages, a s  w ell as 

d isadvan tages, so it is  u se fu l to  m ake  u se  of b o th  frequency an d  time 

s im u la tions w henever possib le .

ESEEM Analysis

B ackground D ecay

The b ack g ro u n d  in  a n  ESEEM  sp ectrum  is  th e  exponentially  

decaying envelope on w hich  the  m odu la tion  p a tte rn  is superim posed . 

U sually  one is  in te res ted  only in th e  m odu la tion  pa ttern . B ackground  

rem oval tec h n iq u e s  are  n ecessa ry  s in ce  the  decay , in genera l, is

3 1
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com plex a n d  unknow n  [41, 42], T he tim e dependence  o f th e  echo 

sequence  c a n  be w ritten  a s  a  com bination  of th e  signal decay  and  th e  

m odu la tion  re su ltin g  from  m agnetic  in te rac tio n s  [41]:

In  th e  ab sen ce  of in te rac tio n  betw een  u n p a ired  e lectrons a n d  

ne ighboring  nuclei w ith  m agnetic  m om ents, th e  varia tion  o f the  echo 

am p litu d e  V^ecay Is expected from  th e  Bloch eq u atio n s to  be a  sim ple 

exponen tia l decay

w h ere  Tm is th e  p h ase  m em ory tim e [41]. More th a n  one  exponential 

frequency  com ponen t is  u su a lly  requ ired  to s im u la te  th e  decay  

fu nc tion  s in ce  th e  ring-dow n of th e  p u lse  in  th e  cavity a n d  o ther 

effects co n trib u te  to th e  background  decay. B ecause  of th is  fact, in  

m o s t cases, one chooses n o t to sim u la te  the  decay  signal explicitly, b u t  

in s tea d  to t r e a t  it a s  a n  em pirical background . T he a ssu m p tio n  th a t all 

o f th e  re laxation  effects a re  found in  Vdecay is u se d  in all s im ula tions 

described  in  th is  work. Therefore an y  a p p a re n t decay in  Vmod is 

a ssu m e d  to  re su lt from  destructive  in te rference  betw een th e  

m o d u la tio n s p roduced  b y  indiv idual single c ry sta l o rien ta tions. M ost 

o f th e  effort in  ESEEM sim ula tion  h a s  been  focussed  on  th e  

m odu la tion  function.

The p rog ram  PREPARE is designed  to  rem ove th e  backg round  

decay  from a  d a ta  set. It u se s  a  le a s t sq u a res p rocedure  to  fit a

V e c h o ( t ) — V d e c a y ( t )  * V m o d ( t ) (2 . 1)

V d ecay (t)=  V 0  exp ( - t /T m ) (2.2)
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polynom ial o f a rb itrary  o rd e r  (specified by user) to  th e  d a ta  p o in ts  a s 

show n  by  th e  line in F igu re  2 .1. T he experim ental d a ta  are  th e n  

divided by th e  resu lting  background  curve leaving j u s t  the  m odu la tion  

p a tte rn  (Figure 2.1 (b)). Selected frequencies w ith in  th is  p a tte rn  can  

b e  isolated b y  averaging p o in ts  as sh o w n  in F igure 2.1 (c). T he lower 

cu rve  show th e  resu lt of a  ten  po in t m oving average. The h ig h e r 

frequency  p ro to n  m odu la tion  has b e e n  removed b y  th is  p rocedure . If, 

o n  th e  o th er h a n d , the  p ro to n  m odu la tion  is th e  m odu la tion  of 

in te re s t, th e n  th e  top cu rv e  can be divided by th e  bo ttom  one, leaving 

j u s t  the  p ro to n  m odula tion . This averaging  p ro ced u re  works w ell w hen 

th e  m odu la tion  p a tte rn  is  com prised of several frequencies w h ich  are  

m a n y  m egahertz  apart.

Lin e t a l. proposed u s in g  the t a u  supp ress ion  effect to  c rea te  a  

th re e  pu lse  seq u en ce  sp e c tru m  w h ere  the  envelope is no t m odu la ted  

[431. By d iv id ing  the m odu la ted  envelope by th e  u n m o d u la ted  one, the 

m odu la tion  p a tte rn  can  th e n  be iso la ted . The m a in  draw back  w ith  th is  

techn ique  is t h a t  "tau suppression" o n ly  su p p re sses  a  single frequency. 

In  som e c a se s  a  single n u c le u s  m ay give rise to sev era l frequencies and  

in  spectra  w h e re  the m odula tion  is d u e  to more th a n  one n u c le u s  

th e re  are u su a lly  m any frequencies. In  these c a se s  it  is im possib le  to 

choose  a  ta u  t h a t  will su p p re s s  all th e  frequencies sim ultaneously . 

C onsequently , th is  ap p ro ach  has fo u n d  only lim ited  application, m ainly 

in  stud ies o f w eakly coup led  "matrix" nuclei.

M ultip le  N uclei

If th e  m odula tion  function  is d u e  to coupling w ith  n  nuc le i, th en

V m o d  =  ( V m o d l )  (V m o d 2 ) (Ymod3)* ■ • ( V m o d n ) . (2.3)
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i.e. th e  overall m odu la tion  function  is th e  p ro d u c t of th e  m odula tion  

functions for each  n u c le u s  considered  sep ara te ly  [9]. The averaged 

ESEEM p a tte rn  from a  polycrystalline or g lassy  sam ple  is given by  the 

an g u la r in teg ra tion  of th is  m odu la tion  function  w ith respec t to  th e  

ex ternal m agnetic  field

<v(t)>= i ! (n vmod .i (e,<t>)) s in e  de d(j> (2.4)

w here th e ta  an d  ph i a re  th e  po lar an d  az im u tha l ang les describ ing  th e  

o rien ta tio n  of th e  ex te rn a l m agnetic  field w ith  re sp ec t to the  

m olecu lar coord inate  system  a n d  (n Vmo(j j  (0,<») is  th e  p ro d u c t of the  

individual m odu la tion  functions a s  in  E quations 1.4 a n d  1.6 [41]. Mims 

[9], Kevan [41,44], a n d  o thers have  Justified a n  approx im ation  to  

E quation  2 .4  w hich essen tia lly  reverses th e  o rder of th e  in teg ra tion  

an d  p ro d u c t opera tions . In th e  app rox im ation  one firs t in teg ra te s  over 

th e  m agnetic  field for each  ind iv idual m odula tion  function  Vm0d j  (0,<f>) 

and  th e n  ta k e s  the  p ro d u c t of th e  averaged m odu la tion  p a tte rn  for all 

th e  nuclei. T h is m odel is  know n a s  the  spherica l approx im ation  and  

w orks rea so n ab ly  well in  cases w here  the  e lec tro n -n u clear d is tan c e  is 

g rea ter th a n  4  A. F rom  th is  m odel it is possib le  to calcu late  a n  

effective in te rac tio n  d is tan ce  for th e  c losest shell of nucle i. T he 

p rogram s w hich  perfo rm  th is  k in d  of calcu lation  a re  ANDYI for nuclei 

of 1=1/2, ANDYI 1 for nuc le i w ith  1=1 and  TPANDYI w h ich  c a lcu la te s  a  

two pu lse  m odu la tion  function  [45]. All versions em ploy the  spherica l 

app rox im ation  and  a s su m e  iso trop ic  g-values. ESEEM  spectroscopy  

typically observes w eakly  in te rac tin g  nuclei so  th e  spherica l 

approx im ation  is often valid. T he spherica l approx im ation  h a s  been
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u se d  extensively and  successfu lly  in  estim ating  n u m b e rs  o f w eakly 

in te rac tin g  m atrix  nuclei [46-50], b u t  canno t b e  applied  in  c a se s  

w here  th e  in te rac tio n  d is tan ce  is le ss  th a n  4 A [51]. To perform  th e  

in teg ra tion  in  case s  w ith  a  sm all in te rac tion  d is tan ce  it  is  n ecessa ry  to 

tran sfo rm  th e  local coord inate  fram e for each  n u c le u s  in to  a  com m on 

labo ra to ry  ax is  system  before calcu lating  th e  m odu la tion  functions and  

tak in g  th e ir  p ro d u c t .

F o u rie r T ran sfo rm atio n  of th e  Incom plete Time W aveform

From  th e  form  of th e  theo re tica l exp ressions for ESEEM  

m odu la tion  (E quations 1.4 and  1.6) it would a p p e a r th a t  th e  ENDOR 

frequencies m igh t be ob tained  stra igh tforw ard ly  b y  m aking  a  F ourier 

tran sfo rm  of th e  tim e series d a ta . Som e m inor prob lem s could  a rise  a t  

very  low frequency  on  acco u n t of th e  p h ase  m em ory  decay, b u t  these  

cou ld  be d ea lt w ith  easily  by  rem oving th e  low frequency  com ponen ts 

before th e  d a ta  a re  transfo rm ed . T he m ain  difficulty however, is  th a t 

th e  tim e w aveform  is incom plete a t  th e  low tim e end . A fter sw itching  

off th e  exciting pu lse  In a  real spectrom eter, th e  cavity  ring ing  is 

u su a lly  so  g rea t th a t  th e  receiver is  overloaded for a  certa in  period  of 

tim e an d  c a n n o t de tec t th e  w eak echo  signal. T he cavity Q m u s t  be 

k ep t sm all enough  for indiv idual m icrowave p u lse s  to  decay  before th e  

e lectron  echo h a s  com pletely decayed, b u t  th is  m u s t  be b a lan ced  

a g a in s t th e  need  to m axim ize th e  signal-to -no ise  ra tio  w hich is  b est 

w h en  Q is  m axim ized. In th e  two p u lse  case, th e  m issing  po rtion  of 

th e  d a ta  co rre sp o n d s to  th e  tim e d u rin g  w hich  th e  m icrow ave 

tra n s m itte r  s ignal a fte r th e  second p u lse  decays to  th e  noise  level.

T h is  so-called  "dead tim e" of th e  sp ec tro m eter c a n  am o u n t to  100- 

2 0 0  nsec  w hich  is su b s ta n tia l in a  typical m odu la tion  sp ec tru m  lasting
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only a  few jisec. In  th e  stim u la ted  echo ca se  the  p rob lem  is worse 

since T, th e  tim e betw een  the  second  and  th ird  pulse, c an n o t be le s s  

th a n  zero [52J. P u lses two and  th ree  m u st b e  far enough  ap a rt so th a t  

they  a re  d iscerned  by  the  e lectron  sp in  p a ck e ts  as two separa te  

pu lses. T h u s th e  dead  tim e of th e  three p u lse  sequence includes th e  

en tire  tim e  betw een th e  second pu lse  and  observation  o f  the  echo (T + 

t ).

T here  a re  several possible ap p ro ach es to  the p rob lem  of 

tran sfo rm ing  th e  incom plete tim e waveform. Since, b y  th e  n a tu re  of 

th e  F o u rie r tran sfo rm , any  po in t in  the  tim e dom ain a ffec ts  all 

frequencies, any  m iss in g  tim e d a ta  poin ts w ill necessa rily  con tam ina te  

the  tran sfo rm . O ne could  sim ply choose to  ignore th e  m issing  p o in ts  

an d  F o u rie r tran sfo rm  th e  d a ta  w ithou t a n y  p relim inary  processing. 

U nfortunately , th e  exponential decay  re su lts  in  a large p e a k  w ith s id e  

lobes n e a r  zero frequency. The am plitudes of th is p e a k  an d  the  s ide  

lobes u su a lly  exceed th a t  of th e  resonance  lin es  and consequen tly  m ay  

hide lin e s  w ith real ESEEM frequencies a n d  sm all am p litu d es. In 

addition , th is  m ethod  u n d e re s tim a te s  the  am plitude  o f  th e  ESEEM 

peaks w h ich  m akes it  in ad eq u ate  for quan tita tive  work. O ne way to  

lessen  th e se  p roblem s is to sm oo th  over th e  d iscon tinu ity  a t  the  s ta r t  

of the  d a ta  by  m ean s of a  function  and  a n o th e r  is to a tte m p t to 

re c o n s tru c t th e  m issing  portion  o f th e  d a ta . There is m u c h  to be  

gained b y  reco n stru c tin g  the  waveform  in  th e  dead tim e  interval, 

provided th a t  th is  c a n  be done w ithou t genera ting  sp e c tra l  artifac ts 

w orse th a n  those  genera ted  by u s in g  a lterna tive  p rocedures .

Q uestions a s  to  w hether all of the  sp e c tra l fea tu res  appearing  in  

th e  tran sfo rm  of th e  rec o n s tru c te d  curve a re  implicit in  th e  d a ta  o r
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w h e th e r certa in  of th e m  have b e en  in troduced  b y  th e  reco n stru c tio n  

p ro ced u re  need  to be  considered  carefully. M im s [53] developed an  

a lgorithm  for a  reco n stru c tio n  p rocedu re  w hich  h a s  been  w ritten  in to  

th e  p rogram  FTBILL [54], One in itially  c rea tes a  sm ooth ing  function  

for th e  m issing  d a ta  a s  show n in F igure 2.2 a) a n d  th en  th is  function  

a n d  th e  d a ta  a re  transfo rm ed . A lthough th e re  a re  still som e artifac ts 

a s  show n in  Figure 2 .2  b) d istinc t frequencies a re  evident. T hese 

frequencies a re  u se d  to  recreate  th e  m issing  p o rtio n  of th e  m odu la tion  

function  a s  show n in  F igure 2.2 c) an d  th en  th is  piece in  com bination  

w ith  th e  d a ta  are  transfo rm ed  b ack  to  the  frequency  dom ain. The final 

re su lt in  show n in  F igure  2.2 d). U nfortunately , it  is possib le  to 

"create" p eak s  m erely b y  th e  add ition  of th is  p relim inary  function .

O ne m u s t be  very carefu l to check  th a t  the  frequencies sure really  

p re se n t in  th e  d a ta  a n d  have no t b een  created  b y  th e  choice of 

frequencies in  the  reco n stru c ted  d e ad  tim e. T here  are  severa l ways to 

do th is . O ne can  tak e  a  few p o in ts  off th e  beg inn ing  of th e  tim e 

sp e c tru m  a n d  rep ea t th e  tran sfo rm ation  or one c an  choose a  different 

sm oo th ing  function  a n d  com pare th e  resu lts . T he b e s t check , 

a lth o u g h  it  is  th e  h a rd e s t  to im plem ent, is a  com parison  of th e  tim e 

dom ain  s im u la tion  w ith  the  experim ental da ta .

R ecently  th e re  h a s  been considerab le  in te re s t in  several least 

sq u a re s  m ethods for analyzing ESEEM  data . T hey  a re  grouped  u n d er 

th e  genera l te rm  LP (linear prediction) m ethods a lth o u g h  several 

d ifferen t a lgorithm s have  been u se d  to  solve th e  general prob lem  

(SV D -singular value d e te rm ina tion  [55,56,57], QRD- H ouseho lder 

tr ia n g u la tio n  decom position [58,59]). Both SVD a n d  QRD techn iques 

u se  a  le a s t sq u a res  p rocedure  to o b ta in  e s tim ate s  of th e  frequencies,
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of (a) w ith ESEEM  frequencies m arked  w ith arrow s, (c) F requencies 
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decay  ra tes, am plitudes, a n d  ph ases of dam ped sinuso ida l signals. The 

u s e r  does n o t have  to  m ake  in itial tr ia l e stim ates o f a n y  so rt o r worry 

a b o u t rem oving th e  decay envelope w h ich  ap p ea rs  n a tu ra lly  a s  one or 

m ore  zero-frequency  exponentia l decays. If th e  frequency  lines are  

L orentzian  th e n  th ese  techn iques a re  insensitive  to  tru n ca tio n  a t  th e  

beg inn ing  or en d  of th e  signal. The b a s ic  assu m p tio n  of th ese  

tech n iq u es  is  th a t  the  tim e d a ta  can  be described  adequa te ly  b y  th e  

su m  of a  se ries  of exponentially  dam ped  sinuso id s If th is  is tru e , th en  

e ac h  po in t c an  be  expressed  a s  a  lin ear com bination  of all p revious 

p o in ts . These m ethods have a  n u m b er of advan tages includ ing  d irect 

d e te rm in a tio n  of phase , frequency, dam ping, an d  am p litu d es a n d  

com plete  rec o n s tru c tio n  of th e  m issing  tim e d a ta  since  th e  equation  

w h ich  describes th e  d a ta  can  be solved back  to zero  tim e. F rom  a  

p rac tic a l s ta n d p o in t, th ese  m ethods a re  p a rticu la rly  good a t  

d isce rn in g  low -am plitude frequencies a n d  sep a ra tin g  ind iv idual peaks 

w ith  b road  linew id ths w hich  m ay overlap.

However, th e re  a re  a lso  a  n u m b er o f d isadvantages. The above 

m e th o d s  a re  com pu ta tionally  slow an d  require  m u c h  m ore com pu ter 

m em ory  th a n  FFT. A very big d raw back is the  a ssu m p tio n  th a t  each  

p o in t c an  be described  a s  a  linear com bination  of all p revious po in ts 

w h ich  is  s tric tly  tru e  only for Lorentzian lines [60J. In th e  case  of non- 

L oren tzian  lines, J u s t  one p eak  m ay give rise  to several frequencies 

w ith  varying p h a se s . In general, th ese  m ethods a re  m u ch  too slow  

(QRD is  som ew hat fas te r th a n  SVD, b u t  still very slow  com pared  w ith 

FFT) for analyzing  m ore th a n  a  few sp e c tra  and a re  un re liab le  w hen  

sa m p le s  have non-L oren tzian  lines.
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Q uan tita tive  M easu rem en ts U sing ESEEM

An im p o rtan t advantage of ESE is th a t  it can  be  u sed  for 

q u an tita tiv e  m ea su re m e n ts  o f th e  line in ten sitie s  in  th e  sp ec tru m  

b ecau se  th e  d e p th  of m odula tion  is exactly  calculable from  th e  sp in  

H am ilton ian  p a ra m ete rs  an d  is  in d ep en d en t of th e  a p p a ra tu s  se ttings 

(as long a s  H i is  large enough). The m a in  p rac tical problem  is th a t  the  

echo envelope fu n c tio n  c an n o t be recorded  in  its  en tire ty  due  to  th e  

observational dead  tim e following th e  m icrowave p u lses . T his gives 

rise  to som e u n c e rta in ty  in  th e  peak  am plitudes.

A no ther prob lem  is p a rtia l excita tion  [61]. If H i is no t large 

enough  to  com pletely  excite th e  observed tran s itio n  th e n  th e  in ten sity  

of the  p e a k s  is n o t described b y  the  equations. B ecause the  o n se t of 

p a rtia l excita tion  is  sub tle  a n d  m odu la tions a re  still observed even 

w hen th e  tra n s itio n  is only partia lly  excited, th is  prob lem  is difficult to 

assess . T au  su p p re ss io n  c an  also d is to rt line in tensity  a lthough  one 

can  u su a lly  avoid th is  to som e degree b y  tak ing  th ree  p u lse  d a ta  a t  

several ta u  values. W ith deta iled  know ledge of th e  system , exact 

q uan tita tive  analy sis  is possib le  [62], b u t  in  th e  m o st general case  

ESEEM c a n  only b e  used  to  estim ate  th e  n u m b er of nuclei. However, 

th is  is s till an  advan tage  over ENDOR w hich  can n o t b e  u sed  for 

q uan tita tive  in form ation  a t all.

A ngle S elec tion

In tro d u c tio n

T he m axim um  possib le  spectroscop ic  in form ation  in  ENDOR 

an d  ESEEM  (as well a s  in co n tin u o u s w ave EPR) is ob ta ined  w hen  it is  

possib le  to  s tu d y  th e  p aram agnetic  species in  all o rien ta tio n s w ith  

respec t to  the  app lied  m agnetic  field Hq. T his is u su a lly  accom plished
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by  exam ining  a  sam ple  w hich  is m agnetically  d ilu ted  by  in troduc ing  

th e  param ag n e tic  m olecule into a  sing le-crystal h o st m atrix . The 

problem  of finding a  su itab le  h o s t an d  growing large c ry s ta ls  is often 

im possib le  w ith  b iochem ical sy s tem s su c h  a s  p ro te ins. T hese  system s 

a re  typically  stud ied  a s  m agnetically  dilute frozen so lu tions. Angle 

selection  is  a  prom ising  new  way of obtain ing  sing le-crystal type 

sp e c tra  from  a  d iso rdered  frozen so lu tion  o r pow dered sam ple .

R ist a n d  Hyde w ere  th e  firs t to  see th e  po ten tia l in  pow der 

p a tte rn  ENDOR [63,64]. They realized th a t  th e  so-called  "tu rn ing  

poin ts" o f a n  EPR sp e c tru m  corresponded  to  single m o lecu lar 

o rien ta tions. By tak ing  ENDOR a t  th ese  p o in ts  one could ob tain  

ENDOR d u e  to  p u re  "single crystal" o rien ta tions. T here a re  a  n u m b er 

of cases in  w hich angle selection c a n  be exploited [63]. T hese are:

1) O ne elem ent o f th e  hyperfine coupling  ten so r is  large 

com pared  to th e  o th e rs  a n d  there  is  no g-anisotropy. S u c h  cases 

inc lude  n itrox ide  rad ica ls .

2) A niso tropy  of th e  e lectron  sp in -sp in  in te rac tio n s  is  large.

T h is re su lts  in  a  tr ip le t s ta te  sp ec tru m  dom ina ted  by th e  zero-field 

sp litting . E xam ples of s u c h  cases include M n2+ com plexes and  

arom atic  com pounds in  th e  trip le t s ta te .

3) H yperfine a n d  g -tenso r in te rac tio n s  a re  of th e  sa m e  

m agn itude , b u t  co incident. E xam ples of th is  include  m an y  copper an d  

cobalt co m pounds [65].

4) A niso tropy of th e  g -tenso r dom inates. This is  th e  case  for th e  

tran s fe rr in  cyan ide a d d u c t.



4 3

The th e o ry  of angle selection w ill only be d isc u sse d  in th e  context of 

case 4) a lthough  m u c h  of the  developm ent is  sim ilar for th e  other 

cases.

O rien ta tio n  Selection

F o r random ly oriented sam p les , su c h  a s  powders o r  frozen 

so lu tions, the  co n tin u o u s wave E PR  sp ec tru m  consists of con trib u tio n s 

from a ll possible ind iv idual single crystal m o lecu lar o rien ta tio n s  w ith  

respec t to  the  lab o ra to ry  m agnetic  field d irec tion . For an iso trop ic  

system s only specific o rien tations con tribu te  to  th e  in te n s ity  a t  a  given 

m agnetic  field s tre n g th . B ecause  th e  ENDOR or ESEEM experim ent 

is perform ed at a  fixed m agnetic field w ith in  th e  con tinous wave EPR 

a b so rp tio n  spectrum , only a  se lec t group of o rien ta tions is  observed 

during  a  p a rticu la r m easu rem en t. The in itial calcu lation  for angle 

se lec tion  is to d e te rm in e  the m olecu lar o rien ta tio n s th a t  co n trib u te  to 

the  EPR sp ec tru m  a t  a  given field 166]. The sp in  H am ilton ian  used  to  

d e te rm in e  o rien ta tio n s  is

H= •  ^ • ' £ + ' ^ • ^ • 1 *  (2 .5)

where th e  p a ra m e te rs  were defined  in C h a p te r  1. Ligand hyperfine 

and q u ad ru p o le  in te rac tio n s a re  assum ed  n o t to  con tribu te  

sign ifican tly  to th e  overall a n g u la r  dependence  of the E P R  pow der 

p a tte rn . The e lec tron  Zeem an in te rac tio n  is  th e  d o m in an t energy 

term  so  i t  is conven ien t to u se  th e  coordinate system  w h e re  the  g- 

tenso r is  diagonal a s  a  frame of reference. T h e  applied m agnetic  field 

is considered  a  v e c to r  which a s su m e s  som e specific o rien ta tio n  in th e
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g-axis sy stem . T h u s th e  p ro jection  of th e  m agnetic  field w ith  respect 

to th e  g-axis system  is

l t=  I cos0s in 0 sin<j>sin6 co s0 ]H o  (2.6)

=  [ h x  h y  h z  ] H o

w here <}> a n d  0 are  defined in  th e  g-axis system  a s  show n in  Figure 2.3. 

The H am ilton ian  given in  equation  2 .5  th u s  becom es

To sufficient accu racy  for o u r p u rp o ses, the  con tribu ting  o rien ta tions 

a re  th o se  w hich  sa tisfy  th e  first-o rder reso n an ce  condition

H r  = [ hv -  M l A(<M) 1 /  Pe g(<M) (2.8)

w h e re

g(0,<t>) = I (gxxSin0cos<|>)2 + (gyysin0sin<|>)2 +(gzzcos0)2 J 1/2 (2.9)

and

A(0,<t>) — [ (A x x g x h x  + A y x g y h y  +  A z x g z h z )2 +  (A x y g x h x  +  A y y g y h y  +  

A z y g z h z )2  +  (A x z g x h x  +  A y z g y h y  +  A z z g z h z )2 ] 1 / 2 /  g (0 (<j)) ( 2 .1 0 )

T h u s  a  specific m agnetic  field, 2 ,  w ith in  th e  EPR sp ec tru m , will 

give a  se t of 0s and  <|>s for w hich E quation  2 . 8  is  satisfied. T h e  se t of 0s



Figure 2 .3  Definition of coord inates u sed  in th e  derivation of angle 
selection equations.

I
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an d  <|>s rep re se n ts  all o rien ta tions giving rise  to th e  sam e g-value. The 

o rien ta tio n s de te rm ined  from th is  calcu lation  are  th en  u se d  to 

ca lcu la te  th e  m odu la tion  function  for ESEEM  or frequency  sp ec tru m  

for ENDOR.

Since th e  iron  n u c leu s in  th e  tran s fe rr in  cyanide a d d u c t h a s  1=0, 

th e re  is  n o  m eta l hyperfine in te rac tio n  a n d  th e  o rien ta tio n  selection  is 

s tric tly  d u e  to th e  g-anisotropy. E quation  2 .8  th u s  red u c es  to

Hr = [hv]/ pe g(<M). (2.11)

Hr a n d  v a re  de te rm ined  from  th e  experim en tal cond itions, so for a  

specific experim en t th e  values for phi an d  th e ta  can  b e  ob tained  from  

E quation  2 .11. F igure 2.5 show s th e  ph i a n d  th e ta  so lu tio n s to 

E quation  2.11 for th e  tran sfe rrin  cyanide a d d u c t a t  severa l m agnetic  

fields w h ich  are  labelled  on th e  EPR sp ec tru m  in  F igure 2 .4 . At fields 

close to  gx there  is  only a  na rro w  range pf th e ta  and  p h i w hich  cau se  

reso n an ce , along gy a  wide range  of ph is a n d  th e ta s  sa tis fy  the  

equation , an d  along gz there  is  only a  sm all varia tion  in  th e  th e ta  

v a lues for th e  en tire  p h i range. T hese sam e re su lts  a re  show n on a  

u n it  sp h e re  (only top  h a lf is  show n) in  F igure 2 .6  w here  th e  allowed 

o rien ta tio n s for specific g-values a re  show n w ith  cu rves (or p a irs  o f 

curves for th e  case  o f A and  B) o f c o n s tan t g. E ach  line rep re se n ts  all 

se ts  of th e ta  an d  p h i w hich sa tis fy  E quation  2.11 for a  p a rticu la r  g- 

value.

ENDOR a n d  ESEEM  Sim ulation

A s described  above, th e  m agnetic  field "selects" o rien ta tio n s.

One m u s t  now  figure o u t w h a t th e  co rrespond ing  ENDOR (or ESEEM)
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Figure 2 .4  T he X -band EPR sp e c tru m  of the  g=2 region of the 
cy an id e -tran sfe rrin  a d d u c t [39]. E xperim ental conditions: 
tem p era tu re  77  K, .58 mM protein , tim e c o n s ta n t 1 s., m odula tion  
am p litu d e  1.25 G, pow er 2 0  mW, frequency 9 .3 6  GHz.
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Figure 2.5 Solutions of equation  2.11 show n for various m agnetic 
fields rang ing  from approxim ately  gx (2885 G) to approxim ately  gz 
(3500 G). Microwave frequency is 9 .44  GHz.



4 9

Z

B

x

Figure 2 .6  U nit sphere  {only top h a lf  is  shown) w ith  curves (or pa irs  
of curves for the  case o f A and  B) of c o n s tan t g. E ach  line re p re se n ts  
all se ts of th e ta  and ph i w hich  satisfy equation  2 .11 . Field is 2 9 2 5  G 
for A, 3 0 7 5  G for B, 3 5 0 0  G for 0  an d  3225  G for D a s  indicated  in  
Figure 2 .4 . Microwave frequency is 9 .4 4  GHz.
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tra n s it io n  frequency  is from  th e se  o rien tations. S ince  ENDOR is 

e ssen tia lly  a  n u c le a r  reso n an ce  spectrum , one m u s t  determ ine th e

to ta l field a t a  g iven  n u c leu s in  order to  calcu late  th e  transition

frequency. The H am iltonian:

A  A  A  A

^  • A • t  - gnPnH • " f  (2.12)

d escrib es  the  s p in  1 /2  ligand n u c lea r energies in a n  S = l /2  m eta l 

com plex. The p rob lem  is to  describe th e  system  w ith  two
A

in d ep en d en t ax is  system s so  th a t  the  H am iltonian is  diagonalized. S?
A  A^ y —\  (  y y

• A is  a  vector, so  S • A • I  can  be rew ritten  a s  a n  inner p ro d u c t
A  A^

of th e  vector ^  •  A with th e  vector I  [67] and E quation  2 .12  

b e c o m e s
A A  A a c i a a

( ^  • A)XIX + (T̂  • A)yIy + 0^ • A )ZIZ - gnPn^ohxi

~ SnPnHohyly - gnPnHohzIz (2.13)

w h e re  i t  w as defined  in  eq u a tio n  2.6. T he no ta tion  x,y,z refers to the  

ax es in  the  d iagona l electron g  ten so r ax is system . E quation  2 .1 3  can  

b e  rew ritten  a s

— [ ( ^  • A )x - g n P n H ( ) h x  ] I x + I 0^ • A  )y  -  g n P n H o h y  ] Iy  

+ [ 0^  • A )z - gnPnHohz ] Iz. (2.14)
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In  som e o th er coord inate  sy stem  (x\ y \  z')( th e  m ath em atica l 

d escrip tion  of th e  nu c lear sp in  energy levels is  a  sc a la r  expression

R (m s)Iz' = K(ms) Mi 

w h e re :

K(ms)= [ [ ( £  • £ ) x - gn(3nHohx ] 2 + [ .  f t ) y - g„pnHohy ] 2 +

[ ( 3  •  £ ) z -  g n P n H 0 h z  ] 2  ] 1 /2  *2.15}

T he electron  s p in  vector ^  is d ep en d en t on  the  g te n so r  a n d  th e  field 

d irec tio n  and  is  n o t necessarily  aligned w ith  the  m agnetic  field. T he 

exp ress io n  for th e  electron sp in  is

^  = m s /g (0 ,<t>) [ gxcos<)>sin0 gysin<|)sin0 gzcos0 ]. (2.16)

^ ^
The m a trix  A Is th e  su m  of a  d ipo lar term  an d  th e  isotropic 

hyperfine  in te rac tio n . S ince m ost of th e  u n p a ired  e lectron  sp in  

d e n s ity  is on th e  m etal, th e  Ferm i c o n tac t term  is  sm all. T he electron 

is a ssu m e d  to  b e  a  point dipole on th e  m etal a tom  in  th e  g-coordinate  

sy s tem . The H am ilton ian  describ ing  th e  dipole-dipole in te rac tio n  of 

a n  e lectron  a n d  a  nucleus is  given by

Hd = -PePngn/r3 S • £ ( 3t>.F -T* - F  )

= -peP ngn /r3 (2.17)



5 2

w here r  is  th e  d istance  from th e  e lectron  to th e  nuc leus, r  is  a  u n it 

vector p o in tin g  in  th e  d irection  o f th e  vector from  the e lec tro n  to th e  

nucleus. W hen r  is exp ressed  in  th e  g d iagonal reference fram e an d  

th e  n u c le a r  coord inates a re  exp ressed  in  te rm s of 0n an d  4>N as  show n 

in  Figure 2 .3  th en  Ad is  given by

2
I gxx((3cos<tiNsineN) -1) 3gxxcos<|>Nsin2eNsin<t>N 

SgyyCO S^slii^B j^siiK jiN  gyyt(3sin<J>jjSln0j^) - 1) 

i S g z z p a a ^ s i i K } ) j ^ j c o s S S g z z S l n ^ s l n e j ^ o s S j j

(2 .18)

U sing th e se  exp ress ions and  converting  from  energy to frequency  

u n its  y ields a  final exp ression  for th e  frequency of the  ENDOR 

tran s itio n s.

Vendor= [ (n*s/^(Q.^HfAxx+AjsoJgxhx +Ayxgyhy + Azxgzhz) “ hxVo)2 +

(ms/g(0,<|>)(Axygxhx + (Ayy+Aiso)gyhy + Azygzhz)- hyVo)2 +

(ms /g(9»0)(Axzgxhx + Ayzgyhy + (Azz+AlsoJgzhz) - h ZVo)2 ] ^ / 2

(2.101

w here vo -  gNPNHo/h a n d  the Ay (i,j=x,y,z) a re  th e  e lem en ts of the  

dipole te n s o r  in  E q u a tio n  2.18. If one considers the  specific case in
A

w hich  ‘5? is  quan tized  a long  the  field d irection (which is a ssig n ed  to

S&xCoaf^sin^isjCosQf 

SgyySimt̂ sinej^jCoseN 

gzzKScosepj)2-!)

th e  z-axis). th e n  E q u a tio n  2.12 becom es
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A  A  A  A  A  A

(AZXI X+ Ayzly+ (Azz+AiS0) I z)- gnPn“  • "I* . (2.20)

w here  the  e lem en ts of A  a re  those assigned  above in  E quation  2 .18 . If 

th e  n u c leu s  is  a lso quan tized  in  th e  sam e d irection  th e n  E q u atio n  2 .20  

is sim plified to

A  A  A  A

^ z (Az z + A iS0) I z -  g n P n H o  ^z (2 .21)

Prom  E q u atio n  2.18, is

■ PePngnfez (l3 cos6 )2 .  j , U22)

A

w here  0 is ang le  betw een th e  m agnetic  field (which is a lso  th e  ^  and
A

I q u a n tiza tio n  axis) an d  th e  vector from  th e  electron  to th e  nu c leu s. 

T his sim plifies th e  eq u a tio n  for th e  ENDOR tran s itio n s  to  th e  often 

u sed  form ula

V e n d o r =  m s [ ( " P e ^ | n g z z  ((3 cos0 )2 -l))+  Aiso ] - v0 . (2.23)

A  A^

T his form ula is  a ccu ra te  only w hen  and  T* a re  b o th  quantized  along 

th e  m agnetic  field w hich is  generally  n o t s tric tly  tru e .
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T he S im ulation  Program

The p rog ram  ANGSEL [68 ] h a s  b e e n  w ritten  a s  a n  ENDOR and 

ESEEM  sim u la tion  p rog ram  em ploying angle selection . T he ad justab le  

p a ra m ete rs  a re  Aiso, th e  d is tan ce  r, a n d  th e  an g les  w hich specify the  

th e  coord inates of th e  ligand nuc leus in  th e  p rincipal axis sy s tem  of 

th e  g-m atrix . For cases in  w hich th e re  is m etal n u c le a r  hyperfine 

coupling th e  p rogram  iteratively  se a rc h e s  th rough  th e ta  a n d  p h i by u se  

of a  parabolic  sea rch  a lgorithm  [66 ]. O therw ise, i t  s tep s th ro u g h  phi 

solving for th e ta  values w hich  satisfy E quation  2 .1 1 . To reduce  

calcu lation  tim e, w eaker in te rac tion  s u c h  as th o se  due  to m e ta l 

q uad rupo le  an d  ligand hyperfine in te rac tions, a re  trea ted  b y  applying a  

lin esh ap e  fu nc tion  to  th e  E SE  m odu la tion  p a tte rn  o r ENDOR spectrum  

ra th e r  th a n  in c lud ing  th em  specifically in  the  o rien ta tion  selection 

p rocess . The n u m b e r of o rien ta tio n s is  chosen  to  m inim ize calcu lation  

tim e w ith o u t in troduc ing  d isto rtions. T he ENDOR frequencies for 

each  th e ta -p h i o rien tation  a re  then  calcu la ted  a s  described  above. For 

a n  ENDOR sim ula tion  th e se  calcu lated  frequencies can be d irectly  

converted  to  a n  ENDOR sp ec tru m  by  th e  m eans o f th e  p rog ram  

ENCOUNT. F or the  ESEEM  tim e dom ain , the  m odu la tion  functions 

a re  ob tained  th ro u g h  th e  density  m a tr ix  form alism  developed by  Mims 

[9,10] an d  app lied  by  R eijerse  and  K eijzers [68,69] to  give equations 

w ritten  a s  fu n c tio n s of th e  ENDOR frequencies.



CHAPTER 3

ENDOR SPECTROSCOPY O F THE TRANSFERRIN-CYANIDE ADDUCT

In tro d u c tio n

The genera l theo ry  of se tting  th e  ex ternal field if w ithin  th e  

EPR envelope of a  polycrystalline sam ple  to  ob tain  ENDOR sp ec tra  

co rrespond ing  to  p a rtic u la r  o rien ta tions h a s  been  d iscu ssed  

extensively in  C hap ter 2. The sam ples em ployed in  th is  s tu d y  a re  

frozen so lu tions and  th u s  con tain  a  ran d o m  d istrib u tio n  of all pro tein  

o rien ta tions. Since rf  irrad ia tion  a t  an y  field w ith in  th e  EPR sp ec tru m  

allow s one to  se lec t a  d is tin c t group o f lim ited m olecu lar o rien tations, 

th e  an iso tropy  in  the  EPR spectrum  c an  be exploited to  ob tain  a  series 

of ENDOR sp ec tra , each  rep resen ting  a  different su b s e t  of m olecu lar 

o rien ta tio n s. W ith the  exception of th e  recen t p ioneering  w ork by  

Hoffm an a n d  cow orkers, app lica tions of angle selected ENDOR to 

p ro te in s  have been  lim ited and  have n o t generally m ade  full u se  of the  

a n g u la r  se lection  inform ation  available in  an  an iso trop ic  EPR sp ec tru m  

[71,72). H ere th e  use  of su c h  inform ation is illu s tra ted  by  preform ing 

a  detailed  an a ly sis  of "off axis" powder type ENDOR sp e c tra  of th e  

cyan ide a d d u c t to ob tain  s tru c tu ra l inform ation a b o u t the  iron cen te r 

in  tran sfe rrin .

E x p erim en ta l

The d e ta ils  of th e  p rep ara tio n  of th e  cyanide a d d u c t of 

tra n s fe rr in  a re  given elsew here  [40]. Iso topes w ere ob tained  from  

Icon Services, th e  13C iso tope  as N a13CN in  91.5%  p u rity  and  the  15N 

iso tope a s  N aC 15N in 99 .0%  purity. T he pro tein  co ncen tra tion  w as 1

5 5
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mM w ith a  cyan ide concen tra tion  of 0 .5  M. S am ples were r u n  in  4  

m m  OD, 3 m m  ID quartz  tu b es .

ENDOR spec tra  w ere  recorded by  D r. H ans v a n  Willigen a t  the 

University of M a ssac h u se tts  a t  Boston on  a  V arian E -9  X-band 

sp ec tro m eter equipped w ith  a  hom e-bu ilt ENDOR accessory  [73,74]. 

T em p era tu res  from  6-8 K w ere ob tained  w ith  a n  Oxford in s tru m e n ts  

E SR 9 helium  cryostat. Typical sp ec tra  w ere recorded  a t 6K, u s in g  2 

mW  m icrowave power, approx im ate ly  2 0 0  W rf  pow er, and  frequency  

m odulation  o f 10 KHz. A frequency c o u n te r  w as u se d  to m ea su re  the 

EPR sp ec tro m ete r frequency  and th e  free  p recessiona l frequency  of 

p ro to n s  from  th e  m atrix  p ro to n  ENDOR signal w as u sed  to ca lib ra te  

th e  m agnetic  field.

N itrogen and Iron  ENDOR

There a re  several n itrogen  nucle i w hich  cou ld  con tribu te  to  the 

ENDOR signal. In add ition  to the s ig n a ls  from cyanide nitrogen(s), 

n itrogen  ENDOR signals a re  possible from  bo th  th e  directly 

coord inated  im idazole n itro g en  and  th e  rem ote 8-n itrogen  o f h istid ine  

if h istid ine  re m a in s  b o u n d  in  the low -sp in  com plex. A lthough th e  

reso n an ces w ere  very w eak , an  15N coup ling  of 5 .2 5  MHz w as resolved 

in  a  s tu d y  of C 15N a d d u c ts  of hem opro teins [75]. A  coupling of sim ilar 

m agn itude  w ou ld  be expected  for th e  tran sfe rrin -cy an id e  a d d u c t since 

th e  cyanide is  a lso  bonded  th rough  c a rb o n  in  th is  case . S ince th e  free 

p recessional frequency fo r 1SN is 0 .95  MHz a t  th e  electron g -value for 

th e  spectra  in  Figure 3 .1 , a  coupling of approx im ate ly  5 MHz w ould  

w ould resu lt in  15N p eak s a ro u n d  1.6 a n d  3.5 MHz, sep ara ted  b y  twice 

th e  free p recessiona l frequency  (the c a se  illu s tra te d  in  F igure 1.6 (c)). 

As can  be se e n  from F igu re  3.1 there  is  little  d ifference betw een  the
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I---------------------- 1---------------------- 1______________ i______________ i
1 8 . 5  16

M H z
Figure 3.1 (a) ENDOR of isotopically su b s titu ted  C ^ N  tran sfe rrin  
a d d u c t. (b) ENDOR w ith 14N. T em pera tu re  8 K, cen te r rf frequency  
18 MHz, sw eep w id th  15 MHz, microwave frequency 9 .44 GHz, 
m icrow ave pow er 2 mW, r f  pow er 200 W., and frequency of 10 KHz.



5 8

sp ec tru m  w ith  C14N’ a n d  th e  15N su b s titu ted  isotope. T h u s th e re  is 

n o  firm evidence of 15N sig na ls  from  the CN" anion . T here  a re  w eak  

signals p re s e n t  in the  1-5  MHz ra n g e  w hich a re  probab ly  due to 

n itrogen, b u t  these  a re  h a rd  to in te rp re t b e c a u se  of po o r signal to 

no ise  and  r f  in terference. Since b o th  14N a n d  15N have  sm all Z eem an 

frequencies a t  the m agne tic  fields stud ied , n itrogen  signa ls  in th is  

region w ould  correspond to  sm all hyperfine couplings. 14N coup lings 

d u e  to th e  m e ta l coo rd ina ted  im idazole n itrogen  in h is tid in e  a re  

typically q u ite  large a n d  a re  som etim es even resolved in  the  EPR 

sp ec tru m  176]. There is  n o  evidence in th ese  ENDOR sp ec tra  of a  

large  14N coupling. However, th e  experim en ta l sp e c tra  in  F igure 3.1 

a re  ra th e r no isy , and, s in c e  com plicated re laxation  m ech an ism s 

contro l line in tensity  in  EN D O R th e  lack of a  given s e t  of ENDOR 

p e ak s  can  n o t  be considered  proof o f the ab sen ce  of a  p a rticu la r 

ligand.

There w as no evidence of 57Fe signals in  the  frequency  ran g e  

from  1-37 MHz. However, it is possib le  th a t  th e  hyperfine  te n so r is 

v e ry  an iso trop ic  which w ou ld  cau se  very b ro ad  signals th a t  are  h a rd  to 

detect. 57Fe ENDOR s ig n a ls  have b een  observed in on ly  a  few iro n  

p ro te in s  [77-79].

Proton ENDOR

ENDOR reso n an ces are  observed from b o th  m a trix  and  w eakly  

coupled  p ro to n s . F igure 3 .2  show s the  p ro to n  region in  sp ec tra  tak e n  

a t  th e  th ree  principal g -values. T h e  proton n u c le a r  Z eem an frequency  

is  large com pared  to th e  hyperfine coupling so  the  coup ling  c an  b e  

analyzed by  th e  equation:
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Figure 3 .2  P ro ton  region a t (a) gxx (b) gyy (c) gzZ. S pec tra  of 13CN 
a d d u c t. E xperim en tal conditions are  the sam e a s  Figure 3.1 except 
w ith  a  field sw eep of 10 MHz.
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Vendor = Vn ± I A j  /2 (3 .1)

w here  An (= Aiso + Aamso) is the  s u m  of the  p ro to n  iso trop ic  coupling 

(Also) an d  an iso trop ic  (Aaniso) hyperfine coupling  and  vn = gnPn H /h  is  

th e  free p recessional frequency of th e  proton in  a  m agnetic  field of 

s tre n g th  H. T here a re  a t  least 3  d is tin c t se ts  o f proton reso n an ces 

w h ich  a re  evenly sp lit a b o u t the  n u c le a r  Z eem an frequency. These a re  

m o s t clearly  resolved in  th e  sp e c tru m  along gyy (Figure 3 .1  (b)). The 

resolved p ro ton  hyperfine couplings a t  all th re e  of the p rin c ip a l g- 

v a lu es are  given in  Table 3.1. T hese  couplings a re  sm all relative to th e  

H -atom  coupling  of 1420 MHz [80] w hich in d ic a te s  th a t  little  of th e  

u n p a ire d  electron  w avefunction ex ten d s to th e  pro tons. Localization of 

th e  e lectron  sp in  a t a  d istance  from  th e  p ro to n s  m eans t h a t  a  large 

frac tion  of th e  p ro ton  hyperfine coupling  sh o u ld  be due th e  the 

an iso trop ic  d ipo lar te rm  (Ad). T he dipolar n a tu r e  of th e  coupling  is 

clearly  ind ica ted  by  th e  varia tions in  couplings over the  ra n g e  of g- 

va lues. T he in te rac tion  betw een a n  electron s p in  and a  p ro to n  several 

an g stro m s aw ay  can  o ften  be estim ated  by th e  first-o rder d ipolar 

in te rac tio n  given by:

w here  r  is  th e  d is tan ce  betw een th e  iron an d  th e  proton a n d  0 is th e  

ang le  betw een th e  d irec tion  of th e  applied m ag n e tic  field a n d  the 

vecto r from  th e  iron to  th e  pro ton . A lthough th is  equation  is strictly  

a c c u ra te  only in  th e  lim it of negligible isotropic coupling a n d  long

A d  =  g e  P e  g n  P n  (3cos20 - l) /r3 (3 .2)
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Proton ENDOR Coupling (M Hz) Distance (A)
Peak Posi tion
(M Hz)

gxx 1 1 . 87  
1 2 . 55

.68

1 1 .55
1 2 . 8 7

1 .32

( 1 0 . 9 4 )
1 3 . 4 9

2 . 5 6 3 . 96

gyy 12 .31
1 3 . 3 6

1 1 .77  
14 .01

1 1 . 24
1 4 . 5 3

1.05

2 . 2 4 4 . 13

3 . 2 9 3 . 63

gzz 1 4 . 2 3  1.01
1 5 . 2 4

1 3 . 7 8  1.95
1 5 . 7 3

Table 3.1 Proton couplings from ENDOR spectra at the three g- 
values. Distances are calculated assuming a purely dipolar interaction 
(equation 3.5). The angle 0 is assum ed to be 0 when the coupling is a 
maximum.
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d is ta n c e s  betw een  the  e lectron  and  n u c le u s , it can  be  u se d  to o b ta in  

an  e s tim ate  of th e  d istance of the  p ro to n s from iron . Solving for r  

b a se d  on  th is  equation  one ob ta in s the  approx im ate  d is tan ces  lis ted  in 

Table 3 .1 . T hese  d istances a re  calculated based  on th e  a ssu m p tio n  

th a t  each  se t of lines is due  to  a single p ro to n  or s e t  of p ro tons. D ue to 

an iso tropy , a  sing le  proton o r se t of p ro to n s  could give rise  to m ore 

th a n  one se t of p eak s  in  a  spectrum  .

It Is u n u s u a l  th a t th e  splittings a re  m ost clearly  resolved along 

gyy s in ce  m any  o rien tations con tribu te  to  th e  signal a t  th is  field value. 

T he m axim um  p ro to n  coupling  is 3 .26 MHz and is observed along gyy. 

T he p roposed  s tru c tu re  of th e  tran sfe rrin  cyanide a d d u c t h a s  two 

p ro to n  con ta in ing  ligands in  th e  xy p lane . Both h is tid in e  and  ty rosine 

c o n ta in  p ro tons w hich w ould  be close to  th e  iron c e n te r  and  could  

give r ise  to th is  signal. In hem opro tein  cyanides th e  la rg est p ro ton  

hyperfine  coupling  co n stan t o f 4 MHz w a s  ten tatively  assigned  to  th e  

near-C H  p ro tons of the proxim al h istid ine  [75]. T he re su lts  of a  

s im u la tio n  in  w h ich  two p ro to n s  are p laced  a t p lu s a n d  m inus th ir ty  

deg rees off th e  gyy axis, a s  w ould typically  be expected for e ith e r a  

ty ro sin e  or h is tid in e  bonded along the gyy axis, a re  show n  in  F igure 

3 .3 . T he an iso trop ic  effects a re  clearly evident. A lthough  the  ana ly sis  

c an  h a rd ly  be considered  conclusive, th e  th e  peak  positions of th e  

s im u la ted  sp e c tra  a re  a t le a s t  consisten t w ith  som e of th e  

experim en tally  observed p e a k s . With h is tid in e  and  ty rosine ligands 

th e re  is  likely to  b e  some delocalization o f the  e lec tron  onto th e  

p ro to n s  w hich w ould  cause  a n  isotropic con tribu tion  a n d  w ould lessen  

th e  an iso tro p ic  com ponen t th u s  increasing  the  d is tan ce , r, ca lcu lated  

from  E quation  3 .2 .
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0 . 0 0

0 . 0 0

0 0 . 0 0

0 . 0 0

2 4 . 9 012,450 . 0 0

MHz

Figure 3 .3  S im ulation  w ith two p ro tons 3 .75  A from th e  iron  cen te r a t 
+30 an d  -30  degrees off gy-axis. (a) s im ula tion  for g* (1.92) 
(b)sim ulation  for gy (2.15) (c) sim u la tion  for gz (2.34).
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Figure 3.4 ENDOR of (a) transferrin adduct in H2 O (b) in D2 O. Field 
sweep 10 MHz. Center Field 12.860 MHz. Magnetic field 3020 G.
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As show n In Figure 3.4, the  H2O an d  D2O sp ec tra  show  very 

m in o r d ifferences a t  frequencies close to  th e  p ro to n  free p recessional 

frequency. M atrix  o r d is ta n t p ro ton  ENDOR resp o n ses  w ould 

co n trib u te  to  th is  sp ec tra l region a n d  th e  sm all effect from  so lven t 

exchange su g g ests  th a t  th e  m etal cen te r is  relatively  iso la ted  from  

b u lk  solvent. M ost of th e  resolved p ro ton  p eak s a re  no t affected by  

solvent d eu te ra tio n  w hich  ind ica tes th a t  th ey  a re  asso c ia ted  w ith 

ligand p ro tons of th e  protein .

13 C ENDOR

The ENDOR S p ec tru m

T he add ition  of cyanide to tran sfe rrin  re su lts  in  a  low -spin 

rhom bic EPR sp ec tru m  a t th e  C -term inal site  w ith  g fac to rs g** =2 .34 , 

gyy =2.15, an d  g zzsl.9 2  [40] a s  show n in  the  in se t to F igure 3 .5 . The 

13c hyperfine coupling Is n o t resolved in  the  EPR sp ec tru m  n o r is an y  

d iscem ab le  b roaden ing  of th e  EPR line observed w hen  12C cyanide is 

rep laced  w ith  13C cyanide.

13c  h a s  a  n u c lea r sp in  of 1=1/2  an d  consequen tly  gives rise  to  a  

two line ENDOR p a tte rn . In th is  case  th e  e lectron  n u c le a r  hyperfine 

in te rac tio n  is  g rea te r  th a n  th e  n u c le a r Z eem an te rm  so, to  firs t order, 

th e  frequencies of th e  ENDOR lines a re  given by:

Vendor^ l-Anl / 2  ± Vn (3 .3)

w here  A n  (= A iso  + A a n s lo) is th e  su m  of th e  13C iso trop ic  coupling 

(A iSO) a n d  an iso trop ic  (AaniS0) hyperfine coupling  a n d  vn = gnPn H /h  is  

th e  free p recessiona l frequency  of th e  13C n u c le u s  In a  m agnetic  field
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M H z

Figure 3 .5  (a) ENDOR spectra of 13CN-transferin adduct at gxx 
(H0=287O G). gyy (H0=3113), and  gzz (H0=3458 G) (b) Same spectra 
as in (a) after subtraction of *2CN-transferrin spectra from those of the 
13CN enriched sam ple, thus removing all interactions due to nuclei 
other th a n  13C. Experimental conditions: sam e as for Figure 3.1.
Inset: X-band EPR spectrum showing g=2 region with ENDOR fields A. 
B, C. an d  D indicated. Experimental conditions are the same as for 
Figure 2.4.
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o f s tre n g th  H. T hus one  expects a  p a ir  of lines sep ara ted  by  2vn and 

cen tered  a t  I Anl /2  .

F igure 3 .5  show s th e  sp e c tru m  of the transferrin -C N  a d d u c t a t 

th ree  d ifferen t fields w h en  p rep a red  w ith iso topically  en rich ed  13CN. 

As expected a  two line sp ec tru m  is  observed w ith  a  sp litting  twice the  

a p p ro p ria te  Zeem an frequency for 13C. The low er frequency peak  

te n d s  to be  obscured  b y  lines due to  weakly coup led  p ro tons in  the  12- 

14 MHz region. The p ro to n  in te rac tio n s  were rem oved b y  su b tra c tin g  

th e  sp e c tru m  of a  tran sfe rrin -cyan ide  adduct p rep a red  w ith 12CN. 

Since 12C h a s  a  n u c le a r sp in  of zero  it does n o t con tribu te  to  th e  

ENDOR sp ec tru m ; however, the in te rac tio n s of a ll o ther nuc le i, 

includ ing  p ro tons, will b e  identical. This su b tra c tio n  effectively 

rem oves all p eak s due  to  nuclei o th e r  th an  13C.

To locate  the  CN position w ith in  the  co o rd in a te  sy stem  of the g- 

tenso r, ENDOR sp ec tra  were tak e n  every 50G in  th e  range 2 8 5 0  G to 

3500  G (gxx to  gzz). S ince  the  p ro to n  ENDOR lin e s  overlap w ith  the 

low er frequency  13C line a t all fields, only the  position  of th e  higher 

frequency  p eak  w as accura te ly  m easu red  and fitted  in  su b se q u e n t full- 

m atrix  calcu lations.

The position  of th e  higher frequency  13C p e a k  in c reases  alm ost 

linearly  w ith  increasing  m agnetic field. Figure 3 .6  show s th e  change 

in  b o th  th e  free p recessional frequency  and th e  observed p e a k  a s  a 

function  o f m agnetic  field. It is a p p a re n t th a t  on ly  some of th e  

increase  in  th e  peak  position  is d u e  to the in c re a se  in  th e  free  

p recessiona l frequency  of the  n u c le u s  w ith field. T he sm all change in 

I An I from  a  m inim um  o f 30.53 MHz a t  gxx to  a  m axim um  of 37 .17  

MHz a t  gzz in d ica tes  th a t  th e  coup ling  is p rim arily  isotropic w ith  a
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Figure 3.6 Location of high frequency 13C ENDOR line and free 
precessional frequency of *3C for magnetic fields from 2885 G to 3500 
G. Same experimental conditions as for Figure 3.1.
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sm all an iso trop ic  com ponen t w h ich  varies accord ing  to  th e  m olecu lar 

o rien ta tio n s  selected b y  the  field position  in  th e  EPR sp ec tru m . For 

stric tly  iso trop ic  coupling, there  w ould be n o  change in  th e  value of 

I An I w ith  field.

Isotropic C oupling

T he considerab le  isotropic com ponen t a rise s  from  s-o rb ita l 

e lectron  s p in  density  on  the  ca rb o n . D irect coo rd ination  of 13C to th e  

Fe(III) site  is  ind icated  by  the  m agn itude  of th e  coupling. Couplings 

w ith  s im ila r m agn itudes (28.64 MHz and  2 7 .3 3  MHz) have  been  

reported  in  s tu d ies  o f 13CN hem e com plexes [75]. A nalysis of the  g- 

fac to rs o f th e  tran sfe rrin  a d d u c t ind icates th a t  the  u n p a ire d  e lectron  

is  in an  o rb ita l w hich is  m ainly dxy in c h a ra c te r  in th e  coord inate  

system  of th e  g -ten so r [40]. S ince th e  carb o n  s-o rb ita l h a s  the  w rong 

sym m etry  to  bond d irec tly  to th e  dxy orbital, th e  iso trop ic  coupling 

c an n o t be  d u e  to th e  trad itional Ferm i c o n tac t term . A large co n tac t 

in te rac tio n  o f negative sign (approxim ately  -3 0  MHz) w h ich  is 

observed w ith  m etal cyanide com plexes h a s  b een  a ttr ib u te d  to a n  

exchange po lariza tion  m ech an ism  betw een a n  unp a ired  electron  in  th e  

m etal d -o rb ita l and  pa ired  e lec trons in a  cyan ide  sigm a orb ita l [81], 

NMR w ork h a s  confirm ed the  sign  of th is  coup ling  for aqueous 

K3Fe(CN)6 an d  K4Fe(CN)g [82]. The m agn itude  of th e  isotropic 

hyperfine coupling  for th e  cyanide adduct o f tran sfe rrin ( I AiSOl = 3 5 .5  

MHz) is in  su b s ta n tia l  ag reem ent w ith  hyperfine  couplings for o th er 

tran s itio n  m eta l cyan ide com plexes. These couplings a re  largely 

isotropic a n d  of negative sign [82,83]. Therefore, we a ssu m e  th a t  th e  

sign  of th e  isotropic coupling in  tran sfe rrin  is  likewise negative.
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T he sign  of th e  d ipo lar hyperfine coupling for d ifferent m agnetic  

fields is  d ep en d en t on  th e  location of th e  CN group  in  th e  ax is system  

of th e  g  tenso r. T he m in im um  a p p a re n t coupling IAn l is along gxx, 

and  th e  m axim um  along gzz. This is co n sis ten t w ith  th e  CN group 

being  located on  th e  x axis. For th e  m agnetic  field aligned along gxx, a  

m ax im um  positive d ipolar coupling is  expected w hich  w hen  added  to 

th e  negative isotropic coupling  re su lts  in  a  to ta l coupling of less 

m ag n itu d e  th a n  th e  isotropic coupling alone. Along gzz th e  m axim um  

negative d ipo lar coupling a d d s  to th e  negative isotropic coupling  

resu ltin g  in a  m axim um  m agnitude  of th e  to ta l coupling. Full m atrix  

ca lcu la tions show  th a t m oving th e  CN group only a  few degrees off the  

x  ax is changes th e  dipolar coupling sufficiently th a t  th e  varia tion  in  the  

13c hyperfine coupling ac ro ss  the  EPR sp ec tru m  no longer m atch es 

th a t  of th e  d a ta  fvide infra). T hus, th e  location of th e  13C on  th e  x  axis 

or w ith in  ± 5 degrees of it is firmly estab lished . As Is illu stra ted  

below, th e  sm all b u t readily  m easu red  d ipo lar com ponen t co n ta in s  

u se fu l inform ation.

S im ulations

S im u la tions of the  ENDOR sp e c tra  [68] w ere b ased  on  th e  

ap p ro ach  by H u rs t e t al. 166). The general m ethod  of sim u la tion  Is to 

d e te rm in e  th e  m olecu lar o rien ta tio n s  w hich will co n trib u te  to  th e  

ENDOR a t a  given field value H In th e  EPR. T he EPR sp ec tru m  is first 

s im u la ted  to  dete rm ine  allowed tran s itio n s  a t  th a t  field. T h u s  a  

d is tin c t s e t  o f m o lecu lar o rien ta tio n s giving rise  to  tran s itio n s  w ith in  

th e  EPR  a t  a  given field value  Is ob tained . In  effect th e  ex ternal field 

"selects" certa in  m olecu lar o rien ta tio n s accord ing  to g -an iso tropy  in  

th e  sp ec tru m . B ecause  th e  sp ec tru m  of tran sfe rrin  is  dom inated  b y  g-
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an iso tropy , L£. th e  electron-ligand nuclei couplings a re  sm all an d  th e  

m eta l n u c le a r  sp in  is  zero, th e  app rop ria te  sp in  H am ilton ian  for th e  

EPR experim en t is  given by:

(3 .4)

w here  th e  requ ired  reso n an ce  condition  is:

H r= hv/g{0,<!>) pe (3 .5)

w h e re

g(©,<>) = HgxxSin0cos<t>)2 + (gyysin0sin<t>)2 +(gzzcos0)2]1/2 .

T h u s  a  specific m agnetic field, i t ,  w ith in  th e  EPR sp ec tru m , 

will give a  s e t  of 0s an d  <|>s for w hich E q u atio n  3.5 is sa tisfied . The se t 

of 0s an d  0s will rep re se n t all o rien ta tio n s giving rise to  th e  sam e g- 

value. However, e ach  th e ta -p h i com bination  will give d ifferen t ENDOR 

re so n an c es  since th e  d ipo lar in te rac tio n s w ith  ligand nuc le i change 

w ith  each  th e ta -p h i com bination . T h u s th e  ENDOR sp e c tru m  reflects 

th e  a n g u la r  dependence  of hyperfine  energ ies of th e  ligand  nuclei. 

F igure 3 .7  show s th e  re su lts  of ca lcu la tions illu stra tin g  th is  effect on  

th e  ENDOR spec trum . Here th e  13C n u c le u s  is  p laced on  th e  

m olecu lar gxx axis. A t th e  edges of th e  EPR spec trum , n e a r  gxx an d  

gzz (peaks A and  C in  Figure 3.7), there  a re  only a  na rro w  range  of 

ENDOR frequencies. At in te rm ed ia te  field v a lu es betw een  gxx an d  gzz
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180 ,

•—  2885 (gxx)

*—  3075

a—  3500 (gzz)

18 19

ENDOR p eak  p o s it io n  (MHz)

Figure 3.7 Simulations showing the dependence of the ENDOR 
absorption frequency (in MHz) for magnetic fields ranging from 
approximately gxx to in the EPR spectrum. Phi is Lhe angle used in 
Equation 3.5 for orientations from 0 to 180 degrees. Only the higher 
frequency peak of the ENDOR pair of lines is shown. Simulation 
assum es 13C nucleus along gxx axis with a point dipole interaction. A.
B, and C correspond to the field positions indicated in the Figure 3.5 
inset.
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(Figure 3 .7 -p eak  B) a  w ider range of frequencies becom e possib le  

giving rise to  p a rtia l "powder" p a tte rn s  in  the  EN D O R

ENDOR sp ec tra  observed along th e  two edges o f th e  EPR 

a b so rp tio n  sp ec tru m , (i.e. a long  g ^  a n d  gzz) give t ru e  "single-crystal" 

like  spectra , rep re sen tin g  p u re  o rien ta tio n s  (63, 84J. Since, betw een 

th e se  two ex trem es a varie ty  of o rien ta tions co n trib u te  to th e  ENDOR 

sp ec tru m , tw o tu rn in g  p o in ts  or edges in  th e  ENDOR "powder" 

p a tte rn  are observed  and  broaden ing  o f th e  observed ENDOR p e a k s  is 

expected. T he  range of 13C frequencies co n trib u tin g  to  th e  ENDOR 

p e a k  a t a  given field is determ ined by th e  g-tensor. In  the  case  of 

tran sfe rrin , th e  largest difference b e tw een  the high  a n d  low edges of 

th e  sim ulated  p eak  is 1.7 MHz. Figure 3 .8  shows th a t  including a  

linew idth  s im ila r to th a t observed experim entally  re s u l ts  in a  

derivative c ro ss in g  poin t co rrespond ing  closely to  th e  m ost in te n se  

abso rp tion  s ide  of the s im u la ted  ENDOR peak. C onsequently , we have 

c h o sen  to m a tc h  the  h ig h e r in tensity  tu rn in g  po in t o f th e  sim u la ted  

p e a k  w ith th e  experim ental peak  location . Since o u r  in te re s t w as in 

th e  position o f th e  13C p eak , no a ttem p t w as m ade to  m atch  e ith e r  the 

ENDOR lin esh ap e  or its  in tensity . F igure  3 .9  show s th e  re su lts  of th e  

sim u la ted  ENDOR peak position  as a  fu nc tion  of E PR  field com pared  

w ith  th e  experim en tal v a lu es. The p o sitio n  of b o th  th e  high a n d  low 

edges of the  ENDOR peak  a re  shown. E xcellen t ag reem en t be tw een  

th e  low frequency  (higher intensity) edge and  the  experim en ta l d a ta  is 

ob tained .

A nalysis of A nisotropic C oupling

The an iso tro p ic  e lec tron -nuclear hyperfine coup ling  te n so r  u sed  

in  th e  s im u la tio n s  has e lem ents:
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ENDOR P e a k  P o s itio n  (MHz)

Figure 3.8 Simulation of ENDOR peaks at g=2.17 (Ho=3075). Top 
shows the simulated ENDOR "powder" pattern obtained from the 
subset of molecular orientations corresponding to g=217. Bottom is 
the derivative of this same simulation after including a linewdith of .94 
MHZ similar to those observed experimentally. The derivative 
crossing point corresponds to the high intensity side of the simulated 
peak.
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Figure 3.9 Comparison of ENDOR simulation (higher frequency peak 
of the ENDOR pair only) with experimental results. Both the high and 
low frequency edges of the simulated peak are shown. The calculation 
assum es the 13C nucleus is located on the gxx axis at a distance of 2.15 
A with an isotropic coupling of -35.50 MHz and a point dipole 
interaction for the anisotropic coupling.
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A a n i s o .x x  = 4 .472  MHz (3.6)

A a n l s o .y y  — -2 .350  MHz 

A a n l s o .z z  = -2 ,122  MHz

The F e -13C d istan ce  can  be estim ated  from  th e  an iso trop ic  

coupling  Aansio by  assu m in g  th a t  th is  coupling is solely d u e  to the  

th ro u g h  sp ace  d ipo lar in te rac tion , A<j. The te n so r e lem ents of th is  

d ipole-dipole in te rac tio n  a re  given by  [68):

2
gxx((3cos4>Ns in 0 N) -1) 3gxxCOS<t ĵStn2 eN sinO N S g x x c o s tto s in ^ o se j^  \

<.> -  PePnfin
A = h r 3 3gyycos(})Nsln20Nsin<t)N gyytOsin^sinGpj) -1) agyySimtfoSinepjCOsGjj 1 

\  SgzzCOsOj^slrnlijyfCOsGpj SgzzSln^slnGj^cosGj^ gzztOcosGf^)2 -!) /

(3 .7)

w here  r  is  th e  d istance  betw een th e  13C and  th e  iron , gn is  the  n u c lea r 

g-factor for 13C, pe an d  pn a re  the  B ohr and  n u c le a r  m agnetons 

respectively, a n d  0n an d  4>n a re  th e  po lar angles of th e  n u c le u s  relative 

to  th e  p rincipal axis sy stem  for th e  g -tensor.

F igures 3 .1 0  an d  3 .11 show  th e  sensitiv ity  of th e  s im u la ted  

ENDOR p eak  position  to  changes in  th e  variable  sim ula tion  

p a ram ete rs . S ince th e  position  of th e  13C peak  is  e stab lish ed  a long  

th e  x-axis, th e  variable p a ram ete rs  a re  Aiso a n d  th e  d is tan ce , r, w hich  

con tro ls th e  d ipo lar con tribu tion  to  An . As is read ily  ap p aren t, th e  

d is tan ce , r, de te rm ines th e  slope of th e  line of p e ak  position  a s  a  

fu n c tio n  o f m agnetic  field a n d  th e  coupling, Aiso, con tro ls th e  y-axis 

in tercep t. A lthough th e  s im u la tions a re  obviously very sensitive  to
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Figure 3.10 Simulated high frequency 13C ENDOR peak as a function 
of magnetic field with different isotropic, couplings (in MHz) used in 
the simulation.
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sm all ch an g es in  those  param eters , in  reality som e am biguity  is  

in tro d u ced  b y  considering  an iso trop ic  effects w h ic h  resu lt in  b ro ad  

s im u la ted  ENDOR lines. However, th e  "pure orien tations" a lo n g  gxx 

a n d  gzz do n o t  have su c h  b roadening  so  it is im p o rta n t th a t th e  

s im u la tio n  p a ram ete rs  give re su lts  w h ich  m atch  th e  experim en tal da ta  

closely a t  th e se  points.

The p o in t dipole approx im ation  is  generally  considered  valid  for 

d is tan c es  o n  th e  order o f 2 .5  A or g rea te r, w ith  w e ak  con tact 

in te rac tio n  [85]. A lthough th a t is obviously n o t th e  case here , a  simple 

dipole ca lcu la tion  nevertheless gives a n  F e-13C d is tan c e  of 2 .1 5  A, a 

re s u l t  in reasonab le  ag reem en t w ith  th e  bond d is ta n c e s  of 1 .8 -1 .9  A 

typically  fo u n d  for m e ta l cyanide com plexes [86,87,88],

To o b ta in  a  b e tte r  estim ate  of th e  iron c a rb o n  d istance, th e  

dipole in te rac tio n  w as ca lcu la ted  explicitly u sin g  th e  ground s ta te  dxy 

o rb ita l for th e  u n p a ired  electron. T he details of th e  lengthy 

ca lcu la tion  a re  given in  A ppendix A. T he use of th e  equations 1A, 2A, 

a n d  3A in s te a d  of the  p o in t dipole approx im ation  (Equation 3 .7 ) 

ch an g es th e  d istance  o n ly  slightly from  2.15 A to  2 .0 9  A. T h u s  i t  is 

ev iden t th a t  th e  point d ipole approxim ation  is reaso n ab ly  good for 

e s tim atin g  d is tan ces  even a t  bond len g th s  ap p ro ach in g  2 A. T h is  

re s u l t  a p p e a rs  to be d u e  largely to th e  con tracted  n a tu re  of th e  

tran s itio n  m eta l based  d-orbital.

In ad d itio n  to th e  d ipo lar in te rac tio n  of th e  carb o n  n u c le u s  with 

th e  dxy e lec tro n  on th e  iron, there  a re  o ther co n trib u tio n s  to  th e  

observed an iso trop ic  coupling . The coupling  Ap is  d u e  to th e  electron- 

n u c le a r  in te rac tio n  from  unp a ired  e lec tron  d e n s ity  in  the 13C p -  

o rb ita ls  a n d  its  m agn itude  depends o n  th e  a m o u n t o f electron sp in
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d en sity  in  th e  various p-orb ita ls. T he sigm a coupling  is d u e  to 

e lec tron  d en sity  in  th e  px carbon  o rb ita l an d  th e re  a re  two pi-type 

in te rac tio n s , one due  to  e lectron  d en sity  in  th e  py o rb ita l (xl), an d  th e  

o th e r  due  to  d ensity  in  th e  pz o rb ita l (x2). T h u s  th e  to ta l an iso trop ic  

coup ling  (Aaniso) is given by:

A a n s i o .x x  = 2Ad + 2f(jAp - fn]Ap - fjj2Ap (3.8)

Aansio.yy ” -Ad - foAp + 2fniAp - fjr2Ap

Aansio.zz = -Ad - f(jAp - fjtlAp + 2fn2Ap

w here  fCT an d  a re  the  sp in  d ensities on  the  carb o n  p -o rb ita ls  giving 

rise  to  sigm a-bonding a n d  p i-bonding  respectively.

The iso trop ic  coupling  of -35 .5  MHz co rresp o n d s to  a  sp in  

d e n s ity  of 1.14%  in  th e  carbon  s-o rb ita l (unit sp in  d en sity  giving a  

coup ling  of 3 1 1 0  MHz for 13C [80]; 3 5 .5 /3 1 1 0  x  100 = 1.14%). A 

s im ila r sp in  d ensity  is an tic ipa ted  for th e  carb o n  p -o rb ita l since the  

sigm a bond betw een  ca rb o n  and  iron  to  th e  first approx im ation  

involves a  carb o n  sp-hybrid  orbital. T h u s  th e  an iso trop ic  coupling 

co n trib u tio n  for th e  case  o f a n  sp -b o n d  would be  1.04 MHz, 1.14% of 

9 0 .8  MHz (un it sp in  density  in  a  carb o n  p -o rb ita l gives a  d ipolar 

coup ling  of 9 0 .8  MHz for 13C). As described  for th e  iso tropic coupling, 

th is  sp in  d en sity  a rises  from  a  sp in -po lariza tion  m echan ism  and, 

consequen tly , f0 shou ld  be  negative. T he an iso trop ic  com ponen ts due  

to  th e  d ipo lar in te rac tio n  from  th e  m eta l a lone w ould th u s  be  

in c re ased  from  th o se  given in  E q u atio n  3 .6  to:
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= 6 .9 0  MHz (3.9)

A^yy — “3 .4 7  MHz 

A^ zz -  _3 . 12 MHz.

These la rg e r  couplings lead to  a  decrease  in  th e  ca lcu la ted  d is tan ce  

betw een th e  iron a n d  13C from  2 .1 5  A to 1 .86  A [891 u s in g  th e  p o in t 

dipole ap p ro x im atio n .

T he 1 .86 A b o n d  length is  very close to  those ob ta in ed  from  x- 

ray  s tu d ie s  of m etal cyanide com plexes. However, th e re  are several 

o ther in te rac tio n s  t h a t  have n o t  yet been considered  w h ich  w ould  also 

change th e  m agn itude  of the  o rien ta tion  d ep en d en t coup ling  a n d  th u s  

th e  ca lcu la ted  d is tan ce . In ad d itio n  to th e  unpa ired  s p in  density  on 

carbon d u e  to  the Fe-C N  sigm a bond , th e re  a re  in te rac tio n s (freiAp and 

fj&Ap) d u e  to  the sp in  density  from  the back -bond ing  co n trib u tio n  

from th e  dxz and  dxy orb ita ls to  th e  cyanide pi-orbital. I t  is a p p a re n t 

from E q u a tio n  3.8 t h a t  if the s p in  densities fni a n d /o r  a re  

su b s ta n tia l, th e  calcu la ted  d is tan ce  would b e  in  error. The 

delocalization  of th e  e lectron  s p in  density  in  the  dxy o rb ita l on to  o ther 

ligands w o u ld  also ch an g e  the  calcu lated  d istance . A lthough  th e  

distance o f  1.86 A, calcu lated  u s in g  an sp -hybrid  o rb ita l to  o b ta in  an  

estim ate o f  fCT while a ssu m in g  fnj an d  fK2 to  b e  negligible, a p p a ren tly  

gives th e  b e s t  ag reem en t w ith th e  x-ray m e ta l cyanide d is tan c es , th is  

resu lt m ay  sim ply b e  d u e  to th e  fortu itous cancella tion  o f the v a rio u s  

an istrop ic  co m p o n en ts , such  a s  found for Cr(CN)63'  [81].



82

Conclusion

T he s tru c tu re  orig inally  p roposed  for th e  cyanide a d d u c t of 

tra n s fe rr in  includes th re e  cyan ides coo rd inated  to  th e  iron  cen te r in  

th e  C -term inal dom ain  [40]. However, only one p a ir  of 13C lines w ere 

clearly  observed in th e  c u rre n t ENDOR stu d y . There a re  a  n u m b e r o f 

s itu a tio n s  th a t  could give rise to th e  single s e t  of 13C peaks:

(1) W hile th ree  cyan ides a re  involved in  th e  conversion  of th e  

iron(III) to  low-spin, on ly  one cyanide m ay ac tua lly  be  b o u n d  to th e  

m eta l cen te r. The possib ility  th a t  som e of th e  CN- g ro u p s  bind to 

cationic s ite s  on the  p ro te in  c a u s in g  a conform ational change lead ing  

to  a  low -sp in  com plex w as suggested  in  th e  previous s tu d y  [40]. T he 

b ind ing  o f sim ple in o rg an ic  an io n s  su c h  a s  chloride a n d  perch lo ra te  to 

tra n s fe rr in  causing  a  change  in  th e  spectra l, k inetic, a n d  

therm odynam ic  p ro p ertie s  of th e  iron, p a rticu la rly  in  th e  C -term inal 

site , is w ell know n [90,91,31,321.

(2) T h e  se t of p e a k s  m ay rep re se n t tw o coord ina ting  ty an id e  

g roups t r a n s  to one a n o th e r  w ith  th e  sam e 13C couplings. T ran s 

com plexes a re  know n [92]. ENDOR canno t be  u sed  quan tita tive ly  to  

de te rm ine  th e  n u m b er o f 13C nuc le i since th e  in ten sity  o f the  p e a k s  is  

in fluenced  b y  com plicated and  u n k n o w n  re laxation  m echan ism s.

From  th e  s tru c tu re  o f th e  m etal site  in tra n s fe rr in  [93,94,95], we 

w ould ex p ec t tra n s  coo rd ina tion  o f two cyan ides to re s u l t  in  the  

d isp lacem en t of a  p ro te in  ligand. The th ird  cyanide co u ld  be on th e  z- 

ax is  w here  th e  13C coup ling  w ith  th e  u n p a ire d  e lectron  in  the  dxy 

o rb ita l m ay  b e  too sm all to  be observed.

(3) T here  m ay b e  th ree  cyan ides b o u n d  to  th e  iro n  w ith only  

one  of th e m  being ENDOR visible. The re laxation  m ech an ism s w h ich
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influence  the  ability  to  see an  ENDOR sp e c tru m  m ay be  very different 

for th e  th re e  g roups. ESEEM spectroscopy , w hich  is a lso  sensitive to  

su c h  relaxation  m echan ism s, a n d  ENDOR spectroscopy  w ere u n ab le  to 

observe Isotopically su b s titu ted  13C carbonate  in  s tu d ies  of copper 

tra n s fe rr in  196,97] even  though  th e  carbonate  is coo rd inated  to th e  

m eta l [95].

A lthough th e re  is  only one  clearly defined se t of p e a k s  th a t  c an  

be a ttr ib u te d  to 13C, th e re  is a n  additional p e a k  a t 9 .9 8  MHz observed 

only a long  gyy. T his sm all peak  c a n  be seen  in  Figure 3.1 (b) and  

F igure 3 .2  (b) and  w as observed in  several sp e c tra  of isotopically  

s u b s ti tu te d  13CN u n d e r  different experim ental cond itions an d  w as 

never observed w ith  12CN. However, the  p e ak  is sm all a n d  su b trac tio n  

of a  12CN spectrum  does not reveal the  p a r tn e r  peak. C onsequently , if 

th is  p e ak  is  due to 13C, then  it  cou ld  be e ith e r th e  I An| / 2  - vn peak  or 

th e  I An! / 2  + vn peak . This w ould  correspond  to a  coup ling  of 13.3 

MHz in  th e  form er c a se  or 26 .6  MHz in th e  la tte r. If in deed  th is  is  a  

13C peak , th en  it is likely th a t th e  peak  is d u e  to a  cyan ide group along 

th e  gyy ax is since it is  only observed a t th is  o rien ta tion . T he lack  of 

th e  p a r tn e r  peak  a n d  th e  lack o f observation  of th e  p eak  a t  add itional 

fields m ak e s  it d ifficult to analyze or even to  a ttr ib u te  it  conclusively to  

13C. A ny fu rth er a n a ly sis  would require carefu l s tu d y  a n d  track ing  of 

th is  p e a k  w ith  d ifferen t m agnetic  fields n e a r  gyy .

A lthough th e  ENDOR s tu d y  of the  cyanide a d d u c t o f tran sfe rrin  

does n o t provide add itiona l in form ation  a b o u t th e  n u m b e r of cyanides 

bonded  to  th e  m etal cen ter, it d o es  definitively locate a t  le a s t one of 

th e  th re e  cyanide g ro u p s  of the  ad d u c t. A nalysis o f th e  o rien tation  

d ep en d en ce  of the  d ipo le  in te rac tio n  p laces th is  CN‘ a long  th e  gxx
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axis a t  a  d istance  c o n s is te n t w ith  th e  x-ray b o n d  lengths for o th er 

m etal cyan ide  com plexes. The de ta iled  an a ly sis  reported  h e re  

illu s tra te s  th e  app lica tion  of ENDOR of "powdered" sam ples to  stud ies 

of cyanide a d d u c ts  of m etallopro teins. This tech n iq u e  sh o u ld  be 

applicab le  to  s tud ies  o f th e  s tru c tu re  and bond ing  of sm all m ixed- 

ligand Fe(III) cyano com plexes in  frozen so lu tio n  a s  well.



CHAPTER 4

ESEEM O F TRANSFERRIN CYANIDE ADDUCT 

In tro d u c tio n

ENDOR spectroscopy  w as successfu lly  u se d  in  investigating  the  

pro ton  a n d  13C nucle i in te rac tions of th e  tran s fe rr in  cyan ide adduct. 

However, th e re  w ere ad d itio n a l low frequency  s ig n a ls  w h ich  w ere too 

w eak to  analyze in  th e  ENDOR sp ec tra . E lectron  sp in  echo envelope 

m odu la tion  is p a rticu la rly  w ell-suited  to  th e  s tu d y  of w eak  hyperflne 

in te rac tio n s  of low Z eem an frequency  nucle i a n d  often proves 

su ccessfu l in  study ing  th e  0-5  MHz frequency  region w hich  is  

p rob lem atic  in ENDOR. The com plem enta iy  n a tu re  of th e  two 

spectroscop ies m akes it advan tageous to  u se  b o th  m ethods to  study  

the  tran sfe rrin -cy an id e  ad d u ct.

E x p erim e n ta l

T h e  sam ples w ere p rep a red  a s  described  for the  ENDOR 

experim en ts, ESEEM  sp e c tra  w ere tak e n  on th e  E SE  sp ec tro m ete r a t  

the  A lbert E inste in  College of M edicine w ith th e  a ss is ta n ce  of Dr. Je ff  

C ornelius an d  Dr. J o h n  M cC racken. T he spectrom eter is described  in  

detail e lsew here  (98). S p ec tra  w ere ta k e n  a t  liqu id  helium  

te m p e ra tu re s  u s in g  a  folded s trip line  reflection cavity  [98]. E lectron 

sp in  echo  envelopes w ere ob tained  u s in g  bo th  tw o pu lse  a n d  th ree  

pu lse  seq u en ces . T he tim e dom ain  d a ta  were tran sfo rm ed  to  

frequency  by  u se  of th e  p rogram  FTBILL as  described  in  C h a p te r  2. 

T h ree-pu lse  echo envelopes were generally  recorded  w ith  a  range  of 

tim es (tau) betw een th e  firs t and  seco n d  p u lse s  in  o rder to  p revent

8 5
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acc iden ta l su p p re ss io n  of frequencies. S pec tra  w ere ta k e n  a t  two 

sp ec tro m ete r frequencies, 8 .8  GHz a n d  10.5 GHz.

ESEEM of 13C

A lthough th ree  cyanide g ro u p s a re  involved in  form ing  the  

tran s fe rr in  cyanide ad d u c t, ENDOR spectroscopy  w as only ab le  to 

locate  definitively one p a ir  of 13C reso n an ce  lin e s  w hen  isotopically  

en riched  13C cyanide w as used . S ince ENDOR c an n o t be  u se d  

quan tita tive ly  an d  since th e  quality  of the  low -frequency e n d s  of the  

sp e c tra  w as poor, ESEEM  w as u se d  to  see if add itional in te rac tio n s 

from  o ther 13C cyanide ligands could  be observed. The tim e dom ain 

sp e c tra  for th e  ad d u c t w ith  and  w ith o u t 13C a re  show n in  F igures 4 .1 , 

4 .2 , an d  4 .3  for gxx. gyy, a n d  gzz respectively. T here  is  no  obvious 

difference betw een  th e  tim e dom ain  sp ec tra  (a a n d  b) w h ich  in d ica tes  

th a t  13C coupling is n o t observed. S ince the  c o n trib u tio n s  of different 

nuc le i to  th e  ESEEM  m odula tion  a re  m ultip licative, th e  m odu la tion  

induced  by  13C nuclei m ay  be  derived by  dividing th e  envelope of (a) b y  

th a t  of (b). The ra tio s of th e  two tim e dom ain sp e c tra  for 12C and  13C 

cyanide are  show n in  p a r t  (c) of F igu res 4.1, 4 .2 , a n d  4 .3 . A t fields 

co rrespond ing  to gxx (Figure 4.1) a n d  gzz (Figure 4.3) th e  ra tio s  have 

n o  m odu la tion  ind icating  th a t  th e re  is  no in te rac tio n  d u e  to  13C.

F igure 4 .2  (c) show s som e evidence of a  low frequency  m odu la tion  

below  4 psecs. The F ourie r tran sfo rm  of F igure 4 .2  (c) is  show n in  

F igure 4.4. T here a re  several p eak s  in  th e  3 MHz region w hich  is n e a r  

th e  free p recessional frequency  of 13C (3.17 MHz) a t  th a t  field. At gyy 

th e  ratios o f 12C an d  13C th ree  p u lse  sp ec tra  ta k e n  a t severa l different 

ta u  values a s  well a s  th e  ra tio s of tw o pu lse  d a ta  all have sim ilar, a lbeit 

w eak  an d  short-lived , m odula tion  p a tte rn s  co rresp o n d in g



8 7

0 .2 0  S .20 1 0 .2 0

MICRO-SECONDS

6 2 0 0 .0 0

1 0 . 2 00 . 2 0

(C)

ratio

0 .9 0

10.205 .1 00 . 0 0

Figure 4.1 (a) T hree-pu lse  ESEEM  of 13CN a d d u c t of tra n s fe rr in  a t
gxx. D a ta  file SE2912.NIP. F requency-8 .866  GHz, F ield-2702 G., tau - 
174 n sec . (b) T h ree-pu lse  ESEEM  of CN ad d u ct. D a ta  file 
SE2876.N IP w ith  sa m e  p a ra m e te rs  a s  (a), (c) T he ra tio  of (a) w ith  fb).
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Figure 4 .2  (a) T hree-pu lse  ESEEM  of 13CN a d d u c t of tran sfe rrin  a t
g y y . D ata  file SE2908.NIP. F requency-8 .866  GHz, F ield-2595 G., tau -  
148 nsec . (b) T hree-pu lse  ESEEM  of CN ad d u ct. D a ta  file 
SE 2873.N IP w ith  sam e p a ra m ete rs  a s  (a), (c) The ra tio  o f (a) w ith  (b).
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Figure 4 .3  (a) T hree-pu lse  ESEEM  of 13CN a d d u c t of tran s fe rr in  a t  
gzz D a ta  file SE2915.NIP. F requency-8 .866  GHz, F ield-3256 G .t ta u -  
144 n se c . (b) T hree-pu lse  ESEEM  of CN a d d u c t. D ata  file 
SE2879.N IP with s a m e  p a ra m ete rs  a s  (a), (c) The ratio  o f (a) w ith  (b).
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approx im ate ly  to  the  free p recessional frequency  o f 13C. The 

co n sis ten cy  o f th is  m o d u la tio n  desp ite  th e  d ifferen t experim ental 

conditions fo r th e  sp ec tra  w ould seem  to ind icate  th a t  a  w eakly  

in te rac ting  13C nuc leus is  observed a t  th is  g-value. The 13C n u c le u s  

observed w ith  ENDOR w a s  relatively strongly  coupled  so th e  13C signal 

observed h e re  w ould have to  co rrespond  to a  CN group  o th e r th a n  th a t 

w h ich  gives r ise  to  the  ENDOR signal. The ESEEM  observed 13C 

n u c le u s  p ro b ab ly  lies a long  or nearly  along th e  gyy axis w hich is 

p e rp e n d icu la r to  the  o rb ita l con ta in ing  th e  u n p a ire d  electron. T hus, 

th e  coupling to  th is  n u c le u s  is expected to be sm all. Given th e  poor 

s ig n a l to n o ise  o f the sp e c tra , the  few observed periods of m odula tion , 

a n d  the  n u m b e r of m o lecu lar o rien ta tions co n trib u tin g  to th e  signal a t 

th is  field, a  m ore  com prehensive an a ly sis  of th is  m odu la tion  p a tte rn  is 

un rea lis tic .

The lack  of resolved 13C couplings in  th e  ESEEM  sp e c tra  is  no t 

unexpected . T he  hyperfine couplings of th e  observed 13C in  th e  

ENDOR s tu d y  w ere quite  large, on th e  o rder of 3 0  MHz. As m entioned  

in  C hap ter 1, d u e  to experim ental lim ita tions, coup lings of th e s e  

m agn itudes a re  are no t observed w ith  X -band ESEEM  spectroscopy.

A n ESEEM s tu d y  of copper tran sfe rrin  w as also u n a b le  to observe 13C 

m odulation  d u e  to a ca rb o n a te  ligand a lthough  13C oxalate d id  cause  

m odu la tion  [96,97],

D eu terium  ESEEM

The effect of solvent exchange w as observed by  using  D2O a s  a  

so lvent. The quo tien t of th e  envelope of th e  sam p le  con ta in ing  D2O 

w ith  th a t of H2O has th e  m odu la tion  from  d eu te riu m  nuclei divided by 

th e  m odula tion  from su b s titu te d  p ro to n s. The re su ltin g  ESEEM
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q u o tien t cu rv es  have a  ch a rac te ris tic  m odu la tion  frequency  and  are 

show n  in  F igu re  4.5 (a),(b), and  (c) for gxx, gyy, an d  gzz respectively . 

T h is  frequency  is co inc iden t w ith th e  Zeem an frequency  o f  d eu te riu m  

a n d  Increases w ith th e  ex ternal field . This r e s u l t  proves th e  p resence  

o f d eu te riu m  n e a r the  iro n  nuclei in  the  p ro te in  w hich m e a n s  the  iro n  

c e n te r  is  accessib le  to  solvent. T h e  frequency  sp e c tra  of th e  quo tien t 

m odula tion  sp ec tra  a t th e  th ree  g -values a re  sh o w n  in F igure  4.6. All 

o f th e  sp e c tra  show  a  large  peak a t  th e  free re so n an ce  frequency  for 

deu te rium . S ince no coupling  is observed, th is  spectra l lin e  belongs to  

th e  deu te riu m  nuclei o f am bien t w a te r  m olecu les w hich a re  no t 

d irectly  coord inated  to  th e  iron a n d  to  exchangeable  d e u te ro n s  on th e  

p ro te in  in  th e  vicinity o f th e  p aram agnetic  cen te r.

Since th e  free p recessional frequency  o f d eu te riu m  is  low, 

coupled  d e u te riu m  sh o u ld  be resolved in  ESEEM . Resolved deu terium  

couplings of .8 MHz a n d  2 -4  MHz w ere  observed in  m etm yoglobin a n d  

u te ro fe rrin  respectively  199,100], T h e  lack of resolved coup lings In 

th e  tran s fe rr in  adduct p roves the  ab sen ce  of a n y  app reciab le  electron 

s p in  density  a t  the su rro u n d in g  d eu te riu m  n u c le i and  h e n c e  a  weak 

coupling  a n d  a  large Fe-2H d istance . These re s u l ts  are co n sis ten t w ith  

th o se  observed using  ENDOR. The ENDOR sp e c tra  in F igu re  3.4 

show ed  little  difference in  the  p ro to n  couplings upon  so lv en t 

exchange ind ica ting  th a t  these  coup lings were d u e  to ligand  pro tons o f 

th e  protein  a n d  not exchangeable solvent.

N itrogen ESEEM

In tro d u c tio n

There w ere  w eak ENDOR s ig n a ls  p resen t In  the  1-5 MHz range 

w h ich  were probably  d u e  to  n itrogen , b u t th e se  were h a rd  to  in te rp re t
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Figure 4 .5  (a) T hree p u lse  ESEEM sp e c tru m  of D2O /H 2O a t gxx- D2O 
d a ta  file-SE2900.NIP. F requency-8 .65  GHz, F ield-2677 G., tau -1 7 5  
n sec . H2O d a ta  file-SE2876.NIP. F requency-8 .78  GHz, F ield-2677 G., 
tau -1 7 5  n sec . (b) T hree p u lse  ESEEM  sp ec tru m  of D2O /H 2O a t  gyy .

D2O d a ta  file-SE2897.NIP. Frequency-8 .65  GHz, F ield-2906 G., tau -1 6 2  
nsec . H2O d a ta  file-SE2873.NIP. F requency-8 .78  GHz, F ie ld -2906  G„ 
tau -1 6 2  nsec . (c) T hree p u lse  ESEEM  sp ec tru m  of D2O /H 2O a t gzz.
D2O d a ta  flle-SE2903.NIP. Frequency-8 .65  GHz, F ield-3210 G., tau -1 4 2  
nsec . H2O d a ta  flle-SE2879.NIP. F requency-8 .78  GHz, F ield -3226  G., 

tau -1 4 5  nsec.
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Figure 4 .6  F requency  sp ec tra  of Figure 4.5.
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b e c a u se  of p o o r signal to no ise  and  rf In terference. The w eakly  

co u p led  low frequency  p e a k s  expected for n itrogen  in te rac tio n  a re  

id ea l for ESEEM  analysis. O ne would expect m odula tion  from  the 

in te rac tio n  of e lec tron  sp in s  on ly  w ith n itrogen  nucle i w ith  a  w eak 

coup ling . In  c a s e s  w here th e  hyperflne coup ling  Is large com pared  to  

th e  Zeem an in te rac tio n  th e  m icrowave p u lse s  are  no t ab le  to  cause  

m o d u la tio n  s in c e  th is  effect depends on  in te rference  be tw een  allow ed 

a n d  partia lly  fo rb idden  tra n s itio n s  bo th  o rig inating  from  th e  sam e 

level. However, a s  com pared to  ENDOR spectroscopy, ESEEM  m ak es 

it  possib le  to  s tu d y  the ran g e  of low frequencies expected for m ore 

w eak ly  in te rac tin g  n itrogen nuclei.

ESEEM  of 15N

Since 15N h a s  a  n u c le a r  sp in  of 1 /2 , ESEEM  sp ec tra  o f th e  C 15N 

a d d u c t  were o b ta in ed  as a n  a id  to de te rm in ing  th e  hyperflne  coupling 

p a ra m e te rs  for th e  n a tu ra l ab u n d an c e  n itrogen  C 14N w hich  h a s  a  m ore 

com plicated  sp e c tru m  due  to  q u a d ru p o la r in te rac tio n s . T he  tim e 

d o m ain  sp ec tra  o f th e  C 14N a n d  C 15N a d d u c ts  a s  show n in  F igures 4 .7 , 

4 .8  an d  4.9 for th e  g x x .  g y y .  a n d  gzz fields a re  d istinctly  different. W ith 

C 15N the  sp e c tra  a t  the  th re e  g-values show  m odula tion  frequencies 

n o t  observed w ith  C 14N. T he frequency sp e c tra  of th e  tim e dom ain  

m odu la tion  for C 15N are sh o w n  in F igures 4 .10 , 4.11, an d  4 .12 . At th e  

field  co rrespond ing  to gxx (Figure 4.10) two n a rro w  in te n se  p eak s a t  

.5 9  a n d  1.59 M Hz are cen tered  around  th e  free p recessio n a l frequency  

of 1 .15  for 15N. Likewise, a long  (Figure 4.12) there  a re  two sh a rp  

p e a k s  cen tered  a b o u t the  Z eem an  frequency of 1.39 MHz a t  1.11 an d  

1 .7 6  MHz. T here  are  also b ro a d e r and  less  in ten se  peaks a t  2 .70  an d  

3 .5 3  MHz. At th e  field co rrespond ing  to  gyy (Figure 4.11) a n  in ten se
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Figure  4.7 (a) T hree pu lse  ESEEM sp e c tru m  of C 14N ad d u c t a long  
gxx- D ata  file SE2876.NIP. F requency-8 .78  GHz, F ield-2677 G .t ta u -  
175 nsec. (b) C 15N sp ec tru m . Data file SE2887.NIP. F requency-8 .76  
GHz, F ield-2677 G., tau -1 7 5  nsec.
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Figure 4 .8  (a) T h ree  pulse ESEEM  sp e c tru m  of C 14N a d d u c t along 
gyy. D a ta  file SE2875.NIP. F requency-8 .78  GHz, F ie ld -2906  G., ta u -  
242 n sec . (b) C 15N spectrum . D ata file SE2886.N IP. F requency -8 .76  
GHz, F ield-2906 G., tau -3 2 3  nsec.
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Figure 4 .9  (a) Three p u lse  ESEEM spec trum  of C 14N a d d u c t a long  
gzz. D ata  file SE2881.NIP. F requency-8.78 GHz, F ield-3226 G., ta u -  
290 nsec. (b) C 15N spectrum . D a ta  file SE2892.NIP. F requency-8 .76  
GHz, F ield-3226  G., ta u -2 9 0  nsec.
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p e a k  a t  1.36 MHz is observed w ith le ss  in ten se  p e a k s  a t 2 .75  a n d  4 .09 

MHz. A single sh a rp  p eak  a t  th e  p ro ton  Zeem an frequency  is  observed 

in  a ll spectra , b u t  is  no t show n in  th e  figures.

Low am p litu d e  com ponen ts a t  tw ice th e  frequency  of In ten se  

fu n d am en ta ls  a re  evident in  m any  of th e  two- a n d  th ree -p u lse  ESEEM  

p a tte rn s . The ap p ea ran ce  of su c h  com bination  frequencies in d ica te s  

th a t  m ore th a n  a  single n u c le u s  co n trib u tes  to th e  echo  m odulation .

In  princip le, th e  n u m b er of equivalent nuc le i can  b e  deduced  from  the 

ESEEM  p a tte rn , b u t  a  varie ty  of factors com plicate s u c h  a n  analysis . 

O ne can  rule o u t  a  single n u c le u s  causing  m odulation , b u t  c an n o t 

d e te rm in e  a definitive n u m b er.

W hen tw o o r more n u c le i are  coup led  to th e  sam e  e lec tron  spin, 

th e  re su lta n t m odula tion  p a tte rn  is th e  p ro d u c t of p a tte rn s  d u e  to  

n u c le i considered  singly. T h u s  if the  envelope for one  15N c o n ta in s  

th e  te rm s sincoa (x +T), sincobtx +T) (as in  E quation  1.6) th en  th e  

envelope for tw o will co n ta in  te rm s s in 2 coa(x +T), sin2a>b(x +T) a n d  

com bination  te rm s  sin(o)a + cobHx +T). Likewise, th e  m odu la tion  

p a tte rn  for th re e  equivalent nucle i will co n ta in  h a rm o n ics  a t  th re e  

tim es  th e  frequency. C on tribu tions due  to  these  h a rm o n ics  a n d  

com binations a re  relatively w eak, b u t w here  they  a re  observed th e y  

p rove th e  ex istence  of two o r  m ore nucle i.

Such  h a rm o n ics  an d  com binations a re  observed in  the  15N 

ESEEM  spectra . At gyy th e re  appears  to  be  a  very w eak  peak  a t  4 .09  

MHz w hich is approx im ate ly  th ree  tim es th e  m ost in te n se  p eak  a t  

1 .36 MHz (Figure 4.11(c)). A harm onic  su c h  as th is  w ould in d ica te  the 

p o ssib le  p resence  of th ree  CN groups. However, th is  frequency  is  not 

p e rs is te n t since th e  Fourier transfo rm  of th e  sam e d a ta  after rem oving
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ten  in itia l po in ts a s  show n in F igure  4 .13 does n o t have th is  peak . 

This Observation in d ica te s  th a t th e  frequency a t  4 .09  MHz is  probably  

due  to  a n  artifac t in  th e  Fourier tran sfo rm  p ro cess  a n d  is  n o t from a  

tru e  m odula tion . In  a n y  case, th e  p resence  of th e  com bination  an d  

harm on ic  p eak s m ak es  it a p p a re n t th a t  th e re  a re  a t  lea s t two 

equ ivalen t CN g ro u p s coord inated  to  th e  iro n  cen ter.

A lthough th e re  have been  re p o rts  of E S E  a t  frequencies from  1 

to 34 .2  GHz [101-104], typically E S E  h a s  b e en  done a t  9 .5  GHz, X- 

band . T he im portance  and  advan tages of tak in g  d a ta  a t  several 

sp ec tro m eter frequencies h a s  on ly  recen tly  b e e n  recognized. To 

facilitate  analysis of th e  n itrogen in te rac tion , m odu la tion  envelopes 

were ta k e n  a t  two frequencies. S am ple  frequency  dom ain  sp e c tra  a t  

th e  th re e  g-values a t th e  second sp ec tro m ete r frequency, 

approxim ately  10.5 GHz, are show n in  F igures 4 .14 , 4 .15, a n d  4 .16. 

The tw o-pulse  d a ta  a t  th e  sam e frequency  is show n in F igures 4 .17, 

4 .18, a n d  4.19.

W ith d a ta  a t  m ore  th an  one frequency, th e  isotropic an d  

an iso trop ic  hyperflne couplings c a n  be de te rm ined  [105]. The 

observed ESEEM frequency, v0bS Is:

(v0bs)2 =(vn + ^msA)2 + m s2B 2 (4.1)

w here vn is the  free p recessional frequency  o f 15N, £ is th e  sign  of th e  

hyperflne coupling (i.e. £,= ±1) a n d  A and  B a re  th e  isotropic an d  

an iso trop ic  p a rts  of th e  hyperflne coupling respectively. M ultiplying 

o u t th e  equation  a n d  sep ara tin g  th e  term s w h ich  a re  frequency  

in d ep e n d en t from th o se  th a t  a re  d ep en d en t gives:



IN
TE

N
SI

TY

104

.50E+06
1.32

2.75

0.00 5.00 10.00
FREQUENCY MHZ

F ig u re  4 .1 3  F requency  sp ec tru m  of F igure 4 .8  (b) w h en  10 in itia l 
p o in ts  a re  deleted  from  the tim e sp ec tru m .
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Figure 4 .1 4  (a) T hree p u lse  ESEEM  sp ec tru m  o f C 15N a d d u c t along
gxx. D a ta  file SE4724.NIP. F requency -10.34 GHz. F ield-3175 G., tau -
207  n sec . (b) F ourie r tran sfo rm  of (a).



106

XHMW
Z14H
ZM

2400.00

0.40 5.40 10.40
MICRO-SECONDS

(b) .50E+06

1 .5 9

XH
IHc/l
ZuH
Z

3 .2 8

-0.900 ®+05

0.00 5.00 10.00
FREQUENCY MHZ

Figure  4.15 (a) Three p u ls e  ESEEM spectrum  of C 1J*N adduct a lo n g
gyy. D ata file SE4726.N IP. F requency-10.32 GHz, F ield-3430 G., tau -
381  nsec. (b) Fourier tran s fo rm  of (a).
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gzz. D ata  file SE4727.NIP. F requency -10.32 GHz, Field-3807 G., tau -
2 57  nsec. (b) Fourier tran sfo rm  of (a).



108

(a) . 19E+05

$xx

H

900.00

0 . 1 0  1 .10  2.10

MICRO-SECONDS

2.2

1 3 .5 9

2 7 .2H

0.00 15.00 30.00
FREQUENCY MHZ

Figure 4 .1 7  (a) Two pu lse  ESEEM  sp ec tru m  of C 15N a d d u c t along gxx.
D ata  file TP1438.NIP. F requency -10.34 GHz, F ield-3175 G. (b) Fourier
tran sfo rm  of (a).
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Figure 4 .1 8  (a) Two pu lse  ESEEM  sp ec tru m  of C 15N a d d u c t a long  gyy.
D ata  file TP1439.NIP. F requency -10.32 GHz. F ield-3430  G. (b) Fourier
tran sfo rm  of (a).
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Figure 4 .1 9  (a) Two pu lse  ESEEM  sp ec tru m  of C 15N a d d u c t a long  g
D ata  file TP1440.NIP. F requency -10.32 GHz, F leld-3807 G. (b) Fourier
transfo rm  of (a).



I l l

v0bs2=vn2 + 2 m s^VnA + $2m s2A2 +ms2B 2 

v0bs2 - vn2 = £Avn + 1 /4  (A2 +B2}

4(v0bs2- vn2) = 4£Avn + (A2 +B2) (4 .2 )

T hus a  g ra p h  of 4(v0bs2- vn2) v e rs u s  vn for th e  different sp ec tro m ete r 

frequencies will r e s u l t  in  a  line w ith  slope 4^A  and in te rc e p t of (A2 + 

B 2). Note th a t  the in te rce p t c a n n o t be less t h a n  zero. F igu res 4 .20  

an d  4.21 show  th ese  g rap h s  for th e  gxx a n d  gzz data. T h ere  is som e 

u n c e rta in ty  in peak position  s ince  different v a lu es  of ta u  c au se  the  

frequency  peak  to s h if t  position slightly. T he  peak  p o sitio n s for 15N a t  

all tau  v a lu e s  are lis te d  in  Table 4 .1 . The e rro r  bars in  F igu re  4 .20  a re  

based  o n  th e  varia tions in  the p e a k  positions fo r different ta u  values. 

From  th e s e  g raphs th e  values for th e  field s e t  a t  gxx a re  A= 0 .80 ± 0 .0 7  

an d  B =0.23  ± 0.23 M Hz and a t gzz a re  A=0.65 and  B =0.65 MHz. T h is 

ind icates a  weak iso trop ic  coupling  as w ould b e  expected for a  cyan ide 

n itrogen  w h ich  is sev e ra l bond len g th s from th e  u n p a ire d  electron 

sp in . T he an iso trop ic  co n trib u tio n  to the coupling , B, sh o u ld  be 

p redom inan tly  d ipo lar a t  th is d is tan ce . A lthough  the e r ro r  in the v a lu e  

for B a long  gxx is la rge , it does ind icate  th a t  th e  n itrogen is  not 

directly a lo n g  the gxx ax is. S ince th e  ENDOR analysis p laced  the 

carbon a lo n g  the gxx th is  m eans th a t  the carbon -n itrogen  bond  m u s t 

n o t be a ligned  with th e  gxx axis. As noted, sp e c tra  along gyy (Figures 

4 .11  an d  4 .15) have o n ly  a  single frequency p e a k  w ith h a rm o n ics  a n d  

canno t be  analyzed sim ilarly . A nalysis a t th is  pa rticu la r g-value is 

com plicated  since m a n y  o rien ta tio n s are b e in g  observed w ith  the field 

a l° ng gyy- T'he feet t h a t  the single peak  a t gyy show s u p  a t  the Z eem an



112

4 (v 2  - v n ^ )

4v

Figure 4 .2 0  G raph o f ESEEM d a ta  along gxx a s  described b y  equations
4.1 an d  4 .2 .
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4(v2 - vn2)

4v

Figure 4.21 G raph of ESEEM d a ta  a long  a s  described  by equations

4.1 and  4.2.
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Frequency (GHz) tau (usee) Peak Position (MHz)

6 x  x
8.78 175 .59 1.59 3.58

263 .77 1.60

g y y
162 1.36 2.75 4.09
24 2 1.32 2.73 4.02
323 1.35 2.73 4.06

£zz
145 .48 1.09 1.75 2.5

3.60
21 8 1.10 1.75 2.70 3.58
290  1.11 1.76 2.70 3.53

10.34 207
415

g x x
.97 1.74 
.99 2.19

3.62
3.62

191
381

B y y
1.53 3.19
1.59 3.28

257
342

gzz
1.36 1.98 
1.24 1.98

2.78
2.79

3.90
3.97

T able  4.1 ESEEM  peak  positions of C 15N w ith various values for x a t  
sp ec tro m ete r frequencies of 8 .7 8  an d  10 .34  GHz.
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frequency  for 15N m ay  be  th e  re s u lt  of several factors inc lud ing  th e  

m agn itude  of th e  coupling  in  com bination  w ith  th e  m an y  o rien ta tions 

w hich  re s u lts  in  loss of reso lu tion  of th e  fine s tru c tu re .

A dditional an a ly sis  of th e  15N cyanide coupling could  be 

ap p ro ach ed  in  two w ays. O ne possib ility  is  track ing  th e  ESEEM  

frequencies over th e  en tire  range  of EPR abso rp tion . T h is s tu d y  h a s  

b een  lim ited to  sp e c tra  tak en  a t  th e  th ree  principal g -values, b u t  

sp e c tra  could  be ta k e n  a t  m any  m ore fields w hich  m ig h t allow 

resolved coup lings to  be observed close to gyy. Alternatively, one 

could  tak e  sp e c tra  a t  add itional sp ec tro m eter frequencies. The 

frequency  ran g e  for th e  sp ec tro m eter u se d  in  th ese  is  experim en ts is  

lim ited to  8 -11  GHz, b u t  d a ta  a t  add itional sp ec tro m eter frequencies 

w ould re s u lt  in  m ore po in ts  on  th e  g rap h s o f F igures 4 .2 0  an d  4.21 

w hich  w ould  help  red u ce  th e  u n c e rta in ty  in  th e  A an d  B values 

ob tained .

ESEEM  of 14N

Q u adrupo le  revisited . Nuclei w ith a  n u c lea r sp in , I £1 p o ssess  a  

q u ad ru p o le  m om ent, a n d  therefo re  a n  ESEEM  an a ly sis  o f th ese  nuclei 

m u s t  tak e  in to  acco u n t th e  n u c le a r  quadrupo le  in te rac tio n  a s  well a s  

e lec tro n -n u c lea r hyperfine  coupling. The d iscu ssio n  of qu ad ru p o le  in  

C h a p te r 1 w a s  lim ited to  cases  of a  w eak axial q u ad rupo le  in terac tion . 

T h e  req u irem en t of a  w eak  q u ad ru p o le  in te rac tio n  com pared  w ith  th e  

Z eem an coup ling  is well fulfilled for nuclei like deu te riu m , b u t  violated 

fo r 14N w h ich  also h a s  a  n u c le a r sp in  of 1=1. In the  X -band  range 

w h ich  w as u se d  in  th e se  experim ents, th e  Zeem an frequency  of 14N is 

a b o u t 1 MHz. Pub lished  d a ta  d em o n stra te s  th a t  the  q u ad rupo le  

coup ling  c o n s ta n ts  for 14N ran g e  from  1 to  5  MHz. T h u s  th e
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q u ad rupo le  coupling  for 14N Is com parab le  w ith  o r  exceeds th e  

n u c le a r  Z eem an frequency.

In d iso rdered  system s, l4N nuc le i induce  v a rio u s m odu la tion  

frequencies differing essen tia lly  from  th e  Z eem an frequency. T here 

a re  m any  exam ples of deep  m odu la tion  cau sed  by  14N w ith periods of 

several m icroseconds. M ost often th is  m odu la tion  is  caused  b y  14N 

nucle i th a t  a re  sep a ra ted  from  th e  m eta l by several bonds. S ince the  

genera l prob lem  of analyzing  ESEEM  frequencies a n d  am p litu d es w ith 

s tro n g  quad rupo le  in te rac tion  h a s  n o t been  solved analy tically  for th e  

ESE, m agnetic  coupling d a ta  a re  u su a lly  obtained  from  the F ou rie r 

tran sfo rm  of th e  ESE d a ta .

The orig ins of th e  possib le  tran s itio n s  can  b e  u n d ers to o d  by 

considering  th e  energy d iag ram  of a n  1=1 case.

The q u ad ru p o la r H am iltonian  is:

H q=  e2Q q / (41(21-1)) [3 t 2z - t 2 - ri/2 ( ? 2+ + ^ 2.) j (4 t3)

T he q u a n tity  tj is  th e  asym m etry  p a ra m e te r  and  e2Q q is th e  q u ad rupo le  

coupling  c o n s ta n t. The p a ra m ete r K will be defined a s  e2Q q /4 . The 

com plete H am ilton ian  describ ing  th e  sy stem  w ould  include th e  term  

in  E q u atio n  4 .3  a s  well a s  th e  te rm s in  E quation  1.2. Figure 4 .22  

show s the  re s u lta n t  energy  diagram . T here are  u p  to six  "allowed" 

(norm ally  fo rb idden  Ami=2 tra n s itio n s  becom e allow ed due  to  m ixing
A  A

of th e  s ta te s  b y  th e  ~t2+ an d  T>2. opera to rs) ESEEM  tra n s itio n s  w hich

a re  (to second  order):
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Figure 4 .22  Energy diagram  for an  S = l /2 ,  1=1 system  as  described  by 
the  H am iltonian in  equations 1.2 an d  4.3.
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6<->5 = hA /2  -gNpNH+3hK +qhK (4 .5)

5<->4 = hA /2  -gNpNH -3hK +rjhK

6«-»4 = hA -2gNpNH +2r|hK from  the u p p e r  sp in  m anifold.

3<->2 = hA /2  +gNpNH +3hK -rihK (4 .6 )

2<->l = hA /2  +gwpNH -3hK -rjhK

3<-> 1 = hA +2gNpNH  -2rihK from  the  low er sp in  m anifo ld .

Q ualita tive  an a ly sis  [106,107] a n d  su b seq u en t num erica l calcu lations 

[108] have show n th a t  the ESEEM  frequencies from  14N w hich a re  

a c tu a lly  observed in  the ESE sp e c tra  of a  d isordered  sy stem  d ep en d  

on th e  ratio  of veff/K  where veff = gNPNH± A /2 .

U nder co n d itio n s of e x a c t cancella tion  w hen th e  nu c lear 

Z eem an  is equal to  the  hyperfine  coupling, veff equals zero for th e  

u p p e r  sp in  m anifo ld . The tra n s it io n  frequencies from  th e  u p p er sp in  

m anifo ld  given in  equation  4 .5  will th en  b e  equivalen t to  the zero-field 

NQR frequencies o f :

The inversion  o f energy  levels 4  and  5 of F igure  4 .22  o ccu rs  in  th e  

exac t cancella tion  situa tion  w h ic h  causes th e  sign of equation  4 .8  to  be 

o pposite  th a t in  eq u a tio n  4 .5 . T hese frequencies d isp lay  the  

ch a rac te ris tic  o f NQR frequencies where th e  sum  o f th e  two low er

v+ = K(3 + r|) 

v . = K(3 - rj) 

v0 = 2Kn

(4 .7 )

(4 .8 )

(4 .9)
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frequencies is equal to th e  h igher one. E q u a tio n s 4.7, 4 .8 , an d  4 .9  a re  

in d ep e n d en t of th e  ex ternal m agnetic  field th u s  lead ing  to  narrow  

p eak s in  th e  m odula tion  sp ec tru m . The ESEEM  sp e c tru m  rem ains 

dom inated  b y  th ese  NQR frequencies if th e  ra tio  veff/K  <1.

T he tra n s itio n s  from th e  lower e lectron  sp in  m anifold (Figure 

4.22), w here  n u c le a r hyperfine a n d  n u c lea r Z eem an te rm s  are 

additive, a re  d ep en d en t on  th e  ex te rna l field an d  th u s  give rise  to 

m u ch  b ro a d e r sp ec tra l lines. W hich  of th e  lines a re  observed depends 

on  the  ra tio  of veff to  K. If K is sm all (veff/K >1) th e n  th e  Zeem an 

in te rac tion  will dom inate  and  a  sh a rp  "double quan tum " peak  

co rrespond ing  to  th e  tran s itio n  betw een  levels 3 a n d  1 will be 

observed a t  approx im ately  4vn (hA + 2vn = 4vn a t  exact cancellation). A 

b ro ad e r p e a k  a t  h a lf  th is  frequency  correspond ing  to th e  single 

q u a n tu m  tran s itio n s  from th e  lower sp in  m anifold m ay  a lso  be 

observed.

In th e  o th er lim it, a s  K becom es very large a s  com pared  to vef f , 

th e  tran s itio n s  from  th e  lower sp in  m anifold (equation  4.6) app roach  

th e  p u re  NQR frequencies. In th e  lim it th a t  K ap p ro ach es  infinity  the  

sam e frequencies will be  observed from  b o th  th e  u p p e r a n d  lower sp in  

m anifold. Typical experim ental exam ples of 14N m o d u la tio n  have 

Z eem an a n d  q u ad ru p o le  in te rac tio n s  w hich a re  sim ilar in  m agn itude  

co rrespond ing  to a  ca se  betw een th e  two lim its d iscu ssed  above. In 

th is  in te rm ed ia te  case  th e re  is  u su a lly  only a  single p e ak  from  each  

m anifold observed  a t

Vdq= 2  [ Veff2 + K2 (3 + tj2)) l ^2 (4 .10)
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correspond ing  to  th e  Amj=2 tran sitio n . The o n e -q u a n tu m  tran s itio n s  

show  a  stro n g  dependence  o n  the m agnetic  field o rien ta tio n  an d  a re  

consequen tly  too  broad to  b e  detected. T hus th e  m axim um  n u m b er of 

lines from  b o th  m anifolds (ignoring th e  com bination  p e ak s  observed in  

th e  tw o-pulse  E S E  experim ent) expected  for a  typical single 14N 

n u c le u s  is four. These a re  th e  frequencies described  by  e q u a tio n s  4 .7-

4 .10 . T his n u m b e r  m ay in c rease  w ith  in te rac tio n s  of th e  e lectron  w ith  

severa l nuclei.

T he d iscu ss io n  above w as lim ited to the  s itu a tio n  of exac t 

cancella tion  w h e n  the n u c le a r  Zeem an and  hyperfine te rm s  a re  equal. 

At cond itions deviating from  exact cancella tion , th e  p u re  qu ad ru p o le  

frequencies of th e  upper e lec tron  sp in  m anifold becom e ta in te d  by  th e  

Z eem an  and  hyperfine in te rac tion . However, i t  h a s  been  show n  th a t  

th e  sim ple sp e c tra l ch a rac te ris tic s  observed  u n d e r  exact cancella tion  

cond itions are  a lso  re ta ined  a t  sm all deviations from  exact cancella tion  

a lth o u g h  th ere  m ay  be s lig h t shifts in  p eak  positions [109]. At large 

dev ia tions from  exact cancella tion , w here  th e  Z eem an te rm  exceeds 

th e  hyperfine  in te rac tio n , th e  ESEEM pow der p a tte rn s  a re  com prised  

of two sh a rp  doub le  q u a n tu m  reso n an ces a t th e  frequencies

Vdq= 2  [ (gNpNH ± A /2 )2  + R2 (3 + T^)] 1 /2  (4 .1 1 ) .

W hen th e  deviation from  exact cancella tion  is  in te rm ed ia te , 

p e a k s  co rresp o n d in g  to th e  6*45  and  5*44  tra n s itio n s  b ro ad en  and  

overlap . The do u b le  q u a n tu m  peak co rrespond ing  to th e  6*44 

tra n s itio n  rem a in s  sharp .
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In  c o n tra s t w ith  th e  NQR frequencies, the  frequency  in  E quation  

4 .1 0  m u s t  increase  w ith  m agnetic  field. W hen the  EPR sp ec tru m  is 

sufficiently  wide for selective excitem ent b y  ESE p u lse s  th is  

dependence  is u se fu l for a ssign ing  the  lin e s  in  th e  sp e c tru m  to  th e  

co rrec t tran sitio n . It is  evident th a t  th e  qu ad ru p o le  a n d  hyperfine 

coup ling  p a ra m e te rs  a re  de term ined  m o st accu ra te ly  u n d e r th e  

condition  of exact cancella tion  w hen  th e  n u c le a r  Z eem an  and  

hyperfine  te rm s a re  equal. In  th is  case th e  tran s itio n s  from th e  u p p e r 

sp in  m anifold will b e  th e  pure  NQR tran s itio n s  in eq u atio n s 4 .7 -4 .9 . If 

th e  doub le  q u a n tu m  p eak  from  the  lower sp in  m anifold is observed, 

th e n  th e  hyperfine coupling  c a n  be ca lcu la ted  in ad d itio n  to th e  

qu ad ru p o le  p a ra m ete rs . If th e  double q u a n tu m  p e ak  is  no t p resen t, 

th e  14N hyperfine coup ling  p a ram ete rs  a re  often o b ta in ed  by 

su b s titu tin g  15N a n d  scaling  th e  values fo r th e  hyperfine by th e  ra tio  of 

th e  n u c le a r  g-values for 15N a n d  14N. T h is  m akes it  possib le  to 

d e te rm in e  th e  an iso tro p ic  hyperfine  in te rac tio n s  for 14N in 

d iso rd e red  system s.

ESEEM  sp e c tra . F igures 4 .23 -4 .28  show  sam ple  two an d  th ree  

p u lse  ESEEM  d a ta  for th e  C 14N tran s fe rr in  adduct. T able  4 .2  

su m m arizes  th e  frequency  re su lts  for each  o f the d ifferen t ta u  values. 

As c an  b e  seen , th e re  is  considerab le  v a ria tio n  in p e a k  location a s  ta u  

is  changed . In the  sp e c tru m  of Figure 4 .2 6  a t  gxx th e re  are  p e a k s  a t  

1.4, 2 .56 , an d  3 .03 MHz. The d a ta  for gyy (Figure 4 .27) h a s  p e a k s  a t 

2 .23 , 2 .8 0 , 3.48, an d  4 .3 0  MHz. T he g ^  sp e c tru m  (Figure 4.28) h a s  a 

very  b ro ad  peak  w ith  m ultip le  sh o u ld e rs  w h ich  rea ch e s  m axim um  

in te n s ity  a t  2 .74  MHz, a n d  h a s  sh a rp e r  p e a k s  a t  3 .8 9  a n d  4 .68  MHz
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Figure 4 .2 3  (a) Two p u lse  ESEEM sp ec tru m  of C 14N a d d u c t a lo n g  gxx-
D a ta  file TP0910.NIP. F requency-8 .78  GHz, F ield -2677  G. (b) F o u rie r
tran sfo rm  of (a).
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Figure  4 .2 6  (a) T h ree  pu lse  ESEEM  sp ec tru m  o f C 14N a d d u c t along
gxx. D a ta  file SE2876.NIP. F requency-8 .78  GHz, F ield-2677 G., tau -
175 n sec . (b) F o u rie r tran sfo rm  of (a).
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Frequency (GHz) tau (jisec) Peak Position (MHz)

175
gxx
2.54 3.02 4.35

263 1.68 2.16 2.84
350 2.54

162
gyy
0.55 2.79 3.44

242 2.23 2.80 3.48
323 2.66 4.91 5.19

145
gzz
2.54 3.88 4.67

218 2.75 3.89 4.68
290 2.52 4.68 1.02

242
gxx
0.27
3.30

0.74 1.14

415 0.57 2.19 3.91

191
gyy
0.76 2.82 3.68

381 0.64 2.38 3.70

257
gzz
0.66 2.46 4.90

342 0.66 2.54

6.26
4.30

6.93

2.98

Table 4 .2  ESEEM  p eak  positions of C 14N w ith various values for x a t  
spec trom eter frequencies of 8 .7 8  an d  10.52 GHz.
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and a  very  broad  low am plitude p e a k  a t 6 .94  MHz. T hese peaks are  all 

in  the frequency  ran g e  expected for a  n itrogen  in te rac tion .

T he nitrogen n u c le i possib ly  p resen t in  th e  a d d u c t a re  the two 

n itrogens in  h istid ine, a n d  cyan ide n itrogens. The d irec tly  bonded 

h istid ine  n itrogen  m a y  o r m ay n o t  be  detected  in  th e  ESEEM  sp ec tra . 

A coupling  on  the o rd e r  of 30 MHz h a s  been  detected  fo r th e  d irectly  

bonded n itro g en  in  ENDOR an d  EPR  stu d ies  of co pper-tran sfe rrin  

[110,76]. S u c h  a  coup ling  w ould b e  too large to  give rise  to  

m odu la tion  w ith th e  sp ec tro m ete r frequencies u sed  here , b u t  w eakly 

coupled d irec tly  b o n d ed  n itrogen  h a s  been  de tec ted  in  ESEEM  

stud ies o f V 0 2+ su b s titu te d  tran sfe rrin  [111] a n d  tw o-pulse stud ies of 

myoglobin] 1 15]. The m odu la tion  d u e  to n itrogen  in F igu res 4 .23 -4 .25  

is very d e ep  com pared to  the n itrogen  m odu la tion  in th e  V 0 2+ case 

and  m ore closely resem b les  th e  rem ote  n itrogen  observed in  copper 

su b s titu te d  tran sfe rrin . The frequencies a re  h ig h e r th a n  th o se  

observed in  th e  copper case  th o u g h  w hich in d ica te s  a  s tro n g e r 

in te rac tion . C onsequently , the  possib ility  of m odula tion  d u e  to the  

coord inated  nitrogen c a n n o t be ru led  out.

P resum ably , a n y  peaks due  to  the  n itro g en s in h is tid in e  would 

also be a p p a re n t  in th e  C 15N sp ec tru m . T here  a re  som e p e a k s  w hich 

are  p re se n t in  both th e  C 15N an d  C 14N sp ec tra . For in s tan ce , along g ^  

there  is  a  p e a k  a t 2 .5 -2 .7  MHz (exact peak  location  is d ep en d en t on 

th e  tau  v a lu e ) in th e  sp e c tra  of b o th  nitrogen  iso topes. However, th e  

2 .70 MHz p e a k  in th e  15N sp ec tru m  also co rre sp o n d s approx im ate ly  

to the com bination  frequency  of th e  1.1 and 1.7 MHz p eak s . Based on  

the  d a ta  a t  a  single sp ec tro m eter frequency  it  c an n o t be  s ta te d
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conclusively w h e th er th e re  is  evidence of m odu la tion  d u e  to  th e  

rem ote  h is tid in e  n itrogen .

The 15N sp e c tra  a t  th e  second  spec trom eter frequency, 10.5 

GHz, w ere show n in  F igures 4 .13 -4 .18 . The sp e c tru m  along gzz is 

show n in  F igure  4 .15 . The peak  w hich  co rresponds to  th e  2 .70  MHz 

p eak  a t  8.8 GHz occu rs a t  2 .78  MHz w hen  a  sp ec tro m eter frequency  of 

10.3 GHz is u sed . T his is no  longer a  com bination  frequency  of th e  

p eak s  a t  1 .36 a n d  1.98 MHz. The 3 .9 0  MHz p eak s rem a in s  a t  twice 

th e  frequency of th e  second in ten se  p eak  an d  so it  c an  be  assigned  as 

a  harm on ic  of th e  1.98 peak.

The 14N sp e c tra  a t  th e  10.5 GHz sp ec tro m eter frequency  a re  

show n in  F igures 4 .29-4 .34 . Along gzz (Figure 4.31) th e re  is  a  b road  

p e ak  in  th e  range  2 .5 -2 .9  MHz depending  on ta u  value. T h u s  it is 

possib le  th a t  th is  p eak  is d u e  to a  h istid ine  nitrogen. However, d a ta  a t  

th e  o ther g -values do no t provide add itional su p p o rt of th is  

a ssig n m en t. T here  a re  o th er p eak s w hich are  p re se n t in  bo th  14N an d  

15N sp ec tra  a t  one spectrom eter frequency, su c h  a s  th e  2 .6 -2 .8 MHz 

p e a k  a t  8.8 GHz a t  gyy . B ut, th is  p eak  does n o t rem ain  p resen t for 

b o th  th e  14N a n d  1SN sp e c tra  a t  th e  second  sp ec tro m ete r frequency. 

T he m odu la tion  d u e  to h istid ine  n itrogen  w ould be  expected  to be  

co n s is ten t for b o th  th e  14N and  l5 N cyanide spec tra . T he re su lts  a re  

am biguous since  a  p eak  m ay be  p re se n t in  b o th  14N an d  15N cyanide 

sp e c tra  a t  one  g-value, b u t  no t a n o th e r  o r a  peak  m ay  be  p re se n t in  

b o th  14N a n d  15N cyanide sp e c tra  a t  one sp ec tro m eter frequency, b u t  

n o t  th e  o ther. The possib ility  of m odu la tion  due  to h is tid in e  n itrogen  

in  th e  th ree -p u lse  experim en ts can n o t be ru led  ou t, b u t  it  is  certa in ly
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Figure 4 .29  (a) T hree p u lse  ESEEM sp ec tru m  o f C 14N a d d u c t along
gxx. D a ta  file SE4733.N IP. F requency -10.51 GHz. F ield-3214 G., tau - 
242 n se c . (b) F o u rie r  tran sfo rm  of (a), (c) The very  low frequency  
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Figure 4 .30  (a) T hree p u lse  ESEEM  sp ec tru m  of C 14N a d d u c t a long
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F igu re  4.31 (a) Three p u lse  ESEEM sp e c tru m  of C 14N ad d u c t a long
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Figure 4 .32  (a) Two pulse E SE EM  sp ec tru m  of C 14N a d d u c t  along gxx-
D a ta  file TP1441.NIP. F req u en cy -10.52 GHz, F ield-3214 G. (b) F o u rie r
tran sfo rm  of (a).
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n o t co n s is ten t a t  all g -values and sp ec tro m eter frequencies and , 

consequen tly , seem s unlikely.

Ideally w ith  14N d a ta  a t  two o r m ore sp ec tro m eter frequencies 

one c a n  perform  a  g raph ica l analysis sim ilar to th a t  u sed  fo r 15N to 

o b ta in  q u ad rupo le  in te rac tio n  param ete rs . U nfortunate ly  in  th is  case, 

a s  c a n  be seen  b y  com paring  the  d a ta  a t the  tw o spectrom eter 

frequencies, th e re  is no c le a r  co rrespondence  betw een  p e a k s  a t  one 

frequency  w ith  th e  o ther. Normally w ith  an  l4 N nu c leu s o n e  expects 

to  observe a  tr ip le t of s h a rp  peaks w ith  these  p e a k s  co rrespond ing  to  

th e  NQR frequencies. As show n in equations 4 .7 -4 .9  the su m  of the  

low er two frequencies sh o u ld  then  e q u a l the  th ird . C learly th is  type of 

behav io r is n o t seen  in  a n y  of the  tran sfe rrin  ESEEM  sp ec tra .

The NQR of th e  cyan ide  n itrogens for a  n u m b e r of m eta l 

cyan ides h a s  b e en  s tud ied  a n d  values for K an d  T] range from  .87-1 .05  

MHz a n d  0 -.03  respectively  1112]. A ssum ing  s im ila r va lues for the  

tra n s fe rr in  case , one w ould  expect to  observe p u re  q u ad ru p o le  peaks 

a t  app rox im ate ly  .05-.06  a n d  2 .61 -3 .15  MHz. T he  extrem ely sm all 

va lue  of r] w ould m ake it difficult to  com pletely resolve th e  NQR 

frequencies given by  eq u atio n s 4.7 a n d  4.8. As a  resu lt, it  is  probable 

th a t, a t  best, on ly  two p e a k s  would be  observed. The p eak  a t  .05-.06 

MHz is  un like ly  to  be resolved even in  a n  ESEEM  sp ec tru m . A 

frequency  th is  low  is often  obscured  a n d  influenced  by th e  decay of th e  

b ackg round  envelope. If th is  peak  is  n o t observed, then  j u s t  a  single 

p e ak  in  the  2 .6 1 -3 .1 5  MHz range w ould  be expected . T h ere  are  

certa in ly  peaks w ith in  th is  range in  th e  14N sp e c tra  and  th e se  m ay 

well be  th e  expected  q u ad rupo le  p eak s , b u t th e  s itu a tio n  a p p e a rs  to b e  

m ore  com plica ted .
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Som e of th e  lines in  th e  ESEEM sp ec tra  have a  com plex 

s tru c tu re . For exam ple, in  Figure 4 .28  th e  2 .74  MHz line h a s  m ultip le  

sh o u ld e rs  a t  1.95, 2 .18 , a n d  2 .49  MHz. The en tire  peak  covers a  

range  of a b o u t 1.5 MHz. It is  u n c e rta in  w he ther th is  is a  single p eak  

or severa l p eak s  superim posed . T his observed com plication of th e  

line m ay  be re la ted  to  th e  co n trib u tio n  to th e  low -frequency region of 

lines a ris in g  from  nuc le i w ith  hyperflne in te rac tio n  c o n s ta n ts  for 

w hich  exact cancella tion  does n o t hold. As a  re su lt, for th e se  nuclei, 

th e  n a rro w  NQR lines will be  b roadened , th u s  decreasing  sp ec tra l 

reso lu tio n  and  com plicating  th e  spectra . A nother possibility  is  th a t  a  

sm all va lue  for t| is  p resen t. T his w ould be expected for a n  axial 

system  su ch  a s  ON" and  w ould give rise  to slightly different 

frequencies for v+ an d  v. a s  can  be seen  from E q u atio n s 4 .7  a n d  4.8. 

T hese  frequencies m ay  n o t be  com pletely resolved in  th e  ESEEM  

sp e c tru m  th u s  giving rise  to  th e  com plex lin esh ap e  observed.

T he 15N sp e c tra  (Figures 4.11 a n d  4.15) h ad  less  in ten se  

h a rm o n ic  p eak s a t  twice th e  frequency  of som e th e  fu n d am en ta l 

peak s. The 15N ESEEM  sp e c tra  th u s  clearly  ind ica te  th e  p resen ce  of 

m ore th a n  one cyan ide group. It is u n u s u a l  th a t  equ ivalen t harm o n ics 

a re  n o t seen  in  th e  14N sp e c tra  a lthough  it too m u s t  con ta in  a t  lea s t 

two cyanide g roups. Such  harm on ics a re  com m only no ted  in  a  n u m b er 

of p ro te in -14N ligand  system s (113,1141.

A detailed  an a ly sis  of th e  14N sp e c tra  w as n o t possible. The 

m ajo r problem  is th a t  it is u n c le a r  w h e th e r th e  observed p e ak s  are  

d u e  to  one o r m ore cyanide n itrogens, th e  h is tid in e  n itrogens o r a  

com bination  of th e  two. T he m odu la tion  frequencies observed a re  

in c o n s is te n t be tw een  th e  two a n d  th ree  p u lse  experim en ts. T h is  m ay
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b e  due  to  th e  In h eren t differences betw een  th e  tw o experim en ts w ith  

th e  tw o-pu lse  sp e c tra  show ing m ore  strongly  coup led  nitrogen(s) th a n  

th e  th ree  p u lse  sp ec tra . The va lues of the  hyperflne  coupling ob tained  

from  the  15N d a ta  an d  scaled  for 14N a re  betw een .46  and  .62 MHz.

The 14N Z eem an  frequency  is .82 -1 .02  MHz for th e  8.8 GHz sp e c tra  

a n d  1 .36-1 .63  MHz for th o se  a t 10.5 GHz. It is a p p a re n t th a t  "exact 

cancellation" of the  Z eem an  and  hyperflne  te rm s is  n o t occu rring  a t 

th e  sp ec tro m ete r frequencies u sed  here . S tu d ie s  of th e  n itrogen  

in te rac tio n s  in  DPPH w hich  also h a s  Zeem an a n d  hyperflne coupling  

te rm s th a t  do no t cancel a t  X -band show ed th a t  an a ly sis  b a sed  on th e  

X -band E S E  alone w as m isleading  [115,1161. T he case  here  is  m ore 

com plicated  since th e re  a re  a p p a ren tly  several inequ iva len t n itrogens, 

b u t, a s  w ith  DPPH, th e  solution to th e  problem s in  analysis m ay  be in 

going to  low er sp ec tro m eter frequency  w here ex ac t co m p en sa tio n  of 

th e  Z eem an frequency w ith  hyperflne coupling c a n  be  achieved.

G=4.3 Signal

The EPR  signal a t  g '=4.3 is  ch a rac te ris tic  o f h igh  sp in  Fe(III) an d  

is due to  a  tran s itio n  betw een levels of the  m iddle K ram ers d oub le t of 

th e  S = 5 /2  system . ESEEM  in  th e  g '=4.3  region from  a n o th e r  h igh- 

sp in  iron  pro te in , fe rritin , h ad  b een  observed [117] so ESEEM  w as 

perform ed a t  g'=4.3 for th e  tran sfe rrin -cyan ide  a d d u c t. The signal a t 

g ’=4.3 is  solely  due to  th e  N -term inal site  in  th e  cyan ide a d d u c t of 

tran s fe rr in . There is som e ind ica tion  from  EPR th a t  th e  N -term inal 

site  is  a lso  p e rtu rb ed  b y  th e  p resen ce  of cyanide [40] a lth o u g h  th e  iron 

is  n o t converted  to low -spin . E arlie r w ork suggested  th a t  cyanide an d  

b ica rb o n a te  m ay  com pete  for b ind ing  a t  th e  N -term inal site. O ne th u s
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expects d ifferent ESEEM  in te rac tio n s  th a n  a re  observed for the  g=2 

region.

To see  if a  cyan ide  in te rac tio n  could be  observed, th e  CN 

iso topes w ere used . C om parison of th e  C 15N a n d  C 14N tim e  dom ain 

sp e c tra  in  F igure 4 .3 5  show s th a t  they  are v irtua lly  iden tica l. The 

frequency  dom ain  of th e se  sp e c tra  in  Figure 4 .3 6  reveals th a t  there  is  

no evidence in  the  ESEEM  of even w eakly in te rac tin g  15N. This is in  

m arked  c o n tra s t w ith  th e  g=2  reg ion  in  w h ich  th ere  w ere  d istinctive 

changes in  th e  sp e c tra  w hen C 15N w as used . As w ith th e  g=2 region, 

th e re  is  no  difference in  the  sp e c tra  recorded w ith th e  l3 CN isotope. 

T h u s  th e re  is  no  evidence from ESEEM  of a n  in te rac tio n  a t  the  N- 

term ina l s ite  due to cyanide.

T he p eak s th a t  a re  observed in  th e  sp e c tru m  are  n o t  due  to 

cyanide nuclei. The x -ray  s tru c tu re  show s th a t  th e  ligands a t  bo th  iron  

s ite s  in  tran sfe rrin  a re  two ty rosines, one h istid ine , an d  one  a sp a rta te  

re s id u e  w ith  the  o th e r  coord ination  positions occupied b y  b iden ta te  

ca rb o n a te  [26,27]. T he  resu ltin g  frequency sp e c tru m  w ith  solvent 

exchange u sin g  D2O is  show n in  Figure 4 .37. T his peak  occu rs  a t th e  

d eu te riu m  Zeem an frequency  of .98  MHz a n d  no  resolved d eu te rium  

sp litting  is  ap p aren t. S u ch  a  sp litting  shou ld  be  visible if w ater 

coo rd ina ted  directly  to  th e  iron cen ter. T h u s  th e  ESEEM  re su lts  a re  

c o n sis ten t w ith  th e  x -ray  s tru c tu re . The n u m b e r of am b ien t 

d eu te riu m  nuclei is large so th e  m atrix  peak  is  quite  in te n se  and, 

consequen tly , th e  p e a k s  due  to n itrogen  are  m u ch  sm alle r in  

com parison . Careful com parison  o f Figures 4 .3 6  and 4 .3 7  show s th a t  

th e  n itro g en  frequencies a re  still p re sen t in  th e  d e u te riu m  spectrum , 

b u t  th a t  th e  in tensitie s  are  m uch  sm aller th a n  th a t  of th e  m atrix  peak .
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In c o n tra s t w ith  th e  ESEEM  of ferritin , th e  ESEEM  signal in 

tran sfe rrin  h a s  c lear m odula tion  from  nuclei o th e r  th a n  p ro to n s . In 

th e  frequency  sp e c tra  in  Figure 4 .36  th e re  a re  sh a rp  p eak s  a t  .55-.64, 

.85-.95 , a n d  1.54 MHz. The p eak s  a t 2 .26 -2 .30  a n d  3.01 MHz are 

slightly  b ro ad e r a n d  th e re  is  a  very b road  peak  a t  6 .33  MHz. The 

Z eem an frequencies a t  th is  field a re  .46  MHz for 14N an d  6 .3 6  MHz for 

p ro tons. The frequency  range  of p eak s w ould ind ica te  th a t  th ey  are 

due  to 14N. One w ould n o t expect th e  d irectly  coord inated  14N of 

h is tid ine  to  co n trib u te  to th e  m odu la tion  p a tte rn  since th a t  n u c leu s 

w ould be strongly  coupled. T he NQR frequencies of L -histid ine for th e  

p ro to n a ted  n itrogen  a re  1.406, 0 .749 , an d  0 .657  MHz w ith  K=.36 and  

t|= .91 [118]. T hese frequencies a re  slightly  different, b u t  s im ila r to 

th e  th ree  low est frequencies observed in  th e  ESEEM . T he differences 

a re  p robab ly  a  re su lt  of a  m inor p e rtu rb a tio n  of th e  electron 

d is tr ib u tio n  a b o u t th e  rem ote  n itrogen  due  to th e  p ro te in  s tru c tu re . 

S u ch  differences have been  no ted  for a  n u m b er of Cu(II)-imidazole 

p ro te in s  w hich  have slightly  different va lues for K an d  r| th a n  th e  

pow der NQR of p ro to n a ted  im idazole [119,120]. A ssum ing  th a t  these 

p eak s a re  th e  NQR frequencies and  u s in g  E q u a tio n s 4 .7 -4 .9 , one 

o b ta in s K= .40  an d  t) = . 8 6  (values for K an d  T| a re  b a sed  on th e  average 

p eak  position  for all v a lues of tau). It is  in te res tin g  th a t  th e  h istid ine 

n itrogen  in te rac tio n s  a re  so c lear in th e  g'=4.3 region, b u t  n o t  in  the  

g=2 reg ion  of th e  C -term ina l s ite  w here h is tid in e  m ay  also  rem a in  

bo u n d  in  th e  CN ad d u ct.

T he orig ins o f th e  p eak s  a t  2 .3 0  an d  3.01 MHz are  n o t readily 

a p p aren t. In  a n  S= 1 / 2  system , th e  m axim um  n u m b e r of s h a rp  peaks 

d u e  to a  single 14N n u c le u s  is four. T h is w ould seem  to in d ica te  the
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p resen ce  of m ore th a n  one 14N a t  th e  N -term inal site. T he peaks a t  

2 .3 0  a n d  3.01 MHz could th e n  be  in te rp re ted  a s  th e  com bination  and  

h a rm o n ic  peaks of th e  NQR frequencies a s  w ould be  expected for two 

equ iva len t 14N nucle i. However, th e  x-ray  s tru c tu re  does n o t show  two 

equ iva len t n itrogen  nuclei. T h u s  i t  seem s m ore likely th a t  th ese  p eak s  

are  a  re su lt  of a  sing le  14N n u c le u s , the  one th a t  gives rise  to  th e  NQR 

frequencies, an d  a re  due  to tran s itio n s  of th e  S = 5 /2  system  w hich are  

n o t norm ally  observed in  a n  S = l / 2  system .

A lthough th e  peak  a t 6 .3 3  MHz occu rs n e a r  th e  p ro to n  Zeem an 

frequency  of 6 .36  MHz, the ap p ea ran ce  of th e  line is u n u su a l. The line 

d u e  to  b u lk  m atrix  p ro ton  in te rac tio n s  is u su a lly  quite  sh a rp  and  

n a rro w  w hich is n o t th e  case h e re . It is possib le  th a t  a  b ro ad  "double 

q u a n tu m " type p e a k  from n itrogen  is superim posed  u p o n  th e  m atrix  

hydrogen  peak. F igure  4 .38 sh o w s th e  frequency  sp e c tru m  a t  an o th e r 

ta u  va lue  w here th e  pro ton  p eak  seem s to be  sh a rp  an d  d is tin c t from  a  

lower am plitude  b ro ad  peak. If th is  is a  double  q u a n tu m  type peak  d u e  

to n itro g en  th en  it m ay  be possib le  to de te rm ine  th e  n itrogen  

hyperflne  coupling from  it by u s in g  a n  equation  analogous to  equation

4.10.

C onclusion

ESEEM  spectroscopy  w as ab le  to provide su p p lem en ta ry  

in fo rm ation  to th a t  ob tained  from  th e  ENDOR stu d ies . No resolved 

d e u te riu m  sp littin g s w ere a p p a re n t in  th e  ESEEM  stu d ie s  w ith  D2O. 

T h is in d ica te s  th a t  w a te r is n o t coord inated  d irectly  to  th e  m etal 

c e n te r  a t  e ith er th e  N-tenm inal o r  C -term inal s ite s  w hich  is c o n sis ten t 

w ith  th e  x-ray  s tru c tu re . The ESEEM  sp e c tra  a t  g'=4.3, 

co rresp o n d in g  to th e  N -term inal s ite , h a s  th re e  p e ak s  co rrespond ing
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to th e  NQR frequencies of h istid ine. A lthough th e  origins of all of the  

p e a k s  in  th e  g '=4.3 ESEEM  spec trum  could  n o t be  explained, th ere  is 

no  ind ica tion  of cyanide in te rac tio n  a t  th e  N -term inal site  s ince  

isotopic su b s titu tio n  of CN- does no t su b s tan tia lly  change th e  

sp e c tru m .

In th e  g=2 region it is  a p p a re n t from  ESEEM  stu d ies  w ith  C 1SN 

th a t  th e re  a re  a t  least two equivalent CN groups coord inated  to  the  

iro n  cen ter. T he m axim um  hyperflne coupling for n itrogen  is  

observed n e a r  gxx and  is  c o n sis ten t w ith  the ENDOR re su lts  w hich 

p laced  the  ca rb o n  of the  cyanide group along th e  gxx axis. T here  is 

a lso  a  su b s ta n tia l  hyperflne con tribu tion  observed along T his 

in d ica te s  th a t  th e  n itrogen  of th e  cyanide group is no t d irectly  on  th e  

gxx ax is and , consequen tly , th a t  th e  CN bond is n o t aligned along the  

gxx axis. However, the  lack  of resolved couplings along gyy m akes it 

im possib le  to  p inpo in t th e  n itrogen position  exactly . Ideally, d irect 

s tru c tu ra l  in form ation  c a n  a lso  be provided by  th e  quadrupo le  coupling 

te n so r. However, p resu m ab ly  becau se  th e  Z eem an an d  hyperflne 

te rm s  did n o t cancel a t  th e  sp ec tro m eter frequencies u sed , th e  p u re  

q u ad ru p o le  frequencies w ere  no t a p p a re n t in  th e  com plicated  14N 

ESEEM  sp ec tra .



CHAPTERS

SUMMARY OF ESEEM  AND ENDOR RESULTS

E SEEM  and ENDOR spectroscopy w ere u sed  to  s tu d y  th e  

in te rac tio n  of the u n p a ire d  e lectron  of th e  iro n  cen te rs  of tra n s fe rr in  

w ith  th e  m agnetic  n u c le i of the  cyanide(s) a n d  o ther ligands. U sing 

isotopic su b s titu tio n  o f th e  the  cyanide n itrogen  w ith 15N and  th e  

carbon  w ith  13C as w ell a s  exchanging w ater w ith  D2O provided 

additional inform ation. A ttem pts to  s tudy  th e  isotopically  su b s titu te d  

57Fe n u c le u s  were u n su ccessfu l w ith  bo th  ENDOR an d  ESEEM.

B oth th e  ENDOR a n d  ESEEM  resu lts  ind icated  th a t  there  is  no  

w a te r in  th e  first coo rd ina tion  sp h e re  of th e  N -term inal iron  cen ter. 

T he ESEEM  spectra  of a  sam ple exchanged w ith  D2O show ed only a  

"matrix" p e a k  a t the  free  p recessional frequency  of deu te riu m . T h is  

p eak  is d u e  to  weakly in te rac tin g  am bien t w a te r  m olecules a n d /o r  

exchangeab le  pro tons o n  the ligands. S ince resolved d eu te riu m  

sp littings d u e  to coord inated  D2O have been  observed w ith  ESEEM  in  

a  num ber o f protein sy s tem s it seem s likely th a t  if D2O w ere b o u n d  in  

th e  tra n s fe rr in  adduct i t  should  have  been observed. T h e  ENDOR 

re su lts  a lso  show ed no  evidence o f bo u n d  w ater. The ENDOR sp e c tra  

have  p ro to n  couplings on ly  a ttr ib u ta b le  to w eakly  in te rac tin g  p ro to n s  

s u c h  a s  w o u ld  be expected  from rem ote  ligand  p ro tons. D 2O exchange 

of th e  sa m p le s  caused little  change in  the  ENDOR sp e c tra . ESEEM  

s tu d ie s  a lso  ind icated  t h a t  there  i s  no  w ater d irectly  coo rd ina ted  a t  

th e  C -term ina l site w h ich  gives r ise  to  the  g’=4.3  signal. These re s u lts
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a re  co n s is ten t w ith th e  x -ray  s tru c tu re  of tran sfe rrin  w h ich  also 

show ed no  w a te r in  th e  firs t coord ination  sp h e re  a t  e ith e r  iron- 

b in d in g  site .

The ENDOR sp e c tra  of th e  13CN a d d u c t show ed only one s e t  of 

13C ENDOR reso n an ces  w hich p robably  co rresp o n d s to  only one o r two 

of th e  CN groups. S im ulation  of th e  sp ec tra  ind icates a  su b s ta n tia l 

iso trop ic  coupling  and  sm aller d ipo lar couplings. An an a ly sis  of th e  

th e  o rien ta tio n  d ep en d en t d ipo lar te rm  in  th e  ENDOR s tu d ie s  w ith  

13CN clearly  ind icates th a t  the  carb o n  of th e  cyanide g roup  is a long  the  

gxx axis a t  a  d istance  co n sis ten t w ith  th a t  o f th e  x -ray  s tu d ies  of o th e r 

m eta l cyan ide com plexes. The d is tan ce  of 1 .86 A, w h ich  b e s t ag reed  

w ith  the  x -ray  s tu d ies  o f m etal cyanide com plexes, w as ca lcu la ted  by  

a ttr ib u tin g  th e  an iso trop ic  coupling to  the  com bination  o f a  p u re  

d ipole-dipole in te rac tio n  an d  e lectron  sp in  d en sity  on  th e  carb o n  p- 

o rb ita l due  to  th e  a -bond . Since i t  w as im possible  to e s tim ate  th e  

m ag n itu d e  of add itional co n trib u tio n s to  th e  an iso trop ic  coupling, th is  

ag reem en t m ay  sim ply be due to th e  fo rtu itous cancella tion  of a  

n u m b e r of th e se  com ponen ts. A lthough th e  ENDOR definitively 

located  one CN group, th e  techn ique  canno t be  used  quan tita tiv e ly  so 

th e  possib ility  of o th er cyanide g ro u p s bonded  to th e  iro n  cen te r is  no t 

ru led  out. 13C re so n an c es  in  th e  ESEEM  sp e c tra  w ere n o t observed 

p resu m ab ly  b ecau se  of th e  large isotropic coupling.

ESEEM  provided m ore inform ation  th a n  ENDOR a b o u t th e  

n itro g en  in te rac tio n s  in  th e  ad d u c t. Som e low  frequency  peaks, w hich  

w ere p ro b ab ly  d u e  to n itrogen , w ere observed in  the  ENDOR sp e c tra . 

However, th e se  p eak s w ere very w eak  and  cou ld  no t be  analyzed. O n 

th e  o th e r h a n d , the  ESEEM  sp e c tra  show ed clearly  reso lved  n itrogen
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sp littings. W hen C 15N w as used , resolved n itro g en  in te rac tio n s  were 

observed along gxx an d  gzz. B ecause  th e  n itrogen  is bo n d ed  to the  iron  

th ro u g h  carbon , th is  coupling  sh o u ld  be prim arily  dipolar. A nalysis of 

th e  sp littings ind icated  only  a  sm all isotropic coupling  a s  w ould be 

expected. T he o rien ta tio n  dependence  of th e  15N coupling  ind icates 

th a t  th e  carbon -n itrogen  bond  is n o t  aligned s tr ic tly  a long  th e  gxx axis, 

b u t  is  skew ed tow ard g ^ .  It is likely  th a t th e  p ro te in  environm ent, 

p a rticu la rly  th e  arginine a s  p ic tu red  in  Figure 1.9, causes th is  

d isto rtion . D ue to v a ria tio n s in p e a k  position w ith  the  tim e  t, there  

w ere considerab le  e rro rs  in  the  e s tim a te  of th e  an iso trop ic  coupling 

for 15N so  a  m ore quan tita tive  ana ly sis  of the  n itrogen  position  w as n o t 

possible. T h is am biguity  m ay  resolved by ESEEM  stud ies  a t  additional 

sp e c tro m e te r  freq u en c ies .

The p resen ce  of harm on ic  p e a k s  in the  C 15N ESEEM  sp ec tra  

clearly  ind ica ted  th a t th e re  is m ore th a t  one equ iva len t n itrogen  

p re se n t in  th e  adduct. It is  u n u su a l th a t  th ese  h arm o n ics w ere not 

no ted  in  th e  C 14N sp e c tra  a s  well. T he  C 14N ESEEM  s p e c tra  were 

very  com plicated  due  to add itional n itrogen  in te rac tio n  from  the 

h is tid ine  ligand  an d  a  su b s ta n tia l quad rupo le  coupling  of th e  cyanide 

n itrogen . C onsequently , th e se  sp e c tra  could n o t  be  analyzed 

successfully.

O ne p lausib le  m odel of the  a d d u c t w hich is  c o n s is ten t w ith b o th  

th e  ENDOR an d  ESEEM resu lts  w ou ld  be th a t o f  two cyan ide  groups 

tra n s  to  e a c h  o th e r on th e  gxx axis. T h is w ould p resu m ab ly  resu lt in 

th e  d isp lacem en t of th e  h istid ine  ligand . The d isp lacem en t of 

h is tid in e  is  co n s is ten t w ith  the  ESEEM  sp e c tra  w hich show ed no 

s igna ls  a ttr ib u ta b le  to th e  h istid ine  14N nuclei. Since h is tid in e
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n itrogen  in te rac tio n s  w ere quite  c lear in  th e  ESEEM  sp e c tra  a t  g'=4.3, 

it seem s likely th a t  th ey  w ould also be  observed in  th e  g=2  region if 

h is tid ine  w ere p resen t a t  th e  N -term inal site  of th e  cyanide a d d u c t 

However, th e  observation  of ESEEM  signa ls is  d ep en d en t o n  

com plicated m ech an ism s a n d  the  lack  of p eak s due  to  a  p a rticu la r 

n u c leu s  is n o t alw ays indicative of th e  absence  of th a t  nu c leu s.

A lthough th e  ENDOR an d  ESEEM  re su lts  of th e  cyan ide adduct 

of tm a s fe rr in  did  no t conclusively  determ ine  th e  s tru c tu re  o f th e  

adduct, add itional inform ation ab o u t th e  n a tu re  of th e  a d d u c t w as 

ob tained . T h is  w ork illu s tra te s  th e  po ten tia l of th e  m ethods described 

for a  w ide v arie ty  of com plexes involving n itrogen-con ta in ing  ligands 

an d  p a ram ag n e tic  m etal cen ters .



APPENDIX A

CALCULATION O F DIPOLE-DIPOLE INTERACTION

To obtain  a  b e tte r e s tim a te  of the  13C -iron  d is tan c e , th e  d ipo la r 

in te rac tio n  of a  p o in t nu c leu s located on  th e  x-axis w ith  a n  e lectron  in 

a  m e ta l based  dxy  orbital w as calculated. T h is  problem  c an  be trea te d  

in a  m a n n e r  s im ila r to the  w ell-know n c a se  o f an  a  p ro to n  w ith a  

ca rb o n  p  orbital [121 ,122] a lth o u g h  the  in teg ra ls  o b ta in ed  in  th e  

p re s e n t  w ork a re  m ore com plex. In o rder to  simplify th e  calcu lation , 

the  c a se  of a  dyz orbital w ith th e  nucleus a long  the z ax is  is 

considered . The re su lts  for th e  x  axis-dxy orb ita l case  follow sim ply 

from th e  z axis-dyz case. F igu re  A .l show s th e  coord inate  system  u se d  

in ca lcu la ting  th e  coupling ten so r .

The te n s o r  e lem en ts:

3 x 2_r'2
t  xx  = I  ^  (r, 0 , <(>) ( ----- — ) ¥  (r, 0 , <|>) dx

r 0

rj , 3y2-r'2
t°yy = I Y  (r, 0 , <J>) { ~^  5—  } ¥  (r, 0 . <J>) dx

3z 2_r’2
t ° z z =  I f  (r, e, *) ( -----— ) V  (r, a . c|>) d t

r'-*

are calcu la ted  u s in g  the  S la te r 3dyz orbital:
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A. 1 Definition of coordinates u sed  in  dipole-dipole calculation .
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o l/2 7
dyz = ~ ( ~  e"Zr/3aQ Sin 0  COS0  Sin<J>.

T t. \r Z KRLet K = — , p = K r, and  a  = "tt"-
ao 2

The o p e ra to rs  a re  expressed  In te rm s of the  p o lar co o rd ina tes  r, 0, <j> 

x  = r  s in 0 cos<>

p s in0 cos<{> 
K

y  = r  s in 0 sin(t>

p sinG sin<|> 
K

z = r  cos0

p cos0 
K

r ’2 = r 2 + r 2 - 2R r cos(18O-0)

ss R2  + r2  + 2R r cos0

(r)5 = ( + P l  + 4ag_cose 5/2
1 1  K2 k 2 + k 2 '

3x2-r'2 [3p^ sln^0 coŝ <t> - 4a2- p2- 4ap cosG]
(r')5 [4a^ + p2+ 4ap cos0]5/2
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d t  = r 2s in 0 d r d0 d<j>

d t  = —  p2s in 0 dp d0  d<J> 
K3

^ d y z ^ d y z  =  —~~z K 7  JJJ exp(-2p/3) s in 20 cos20 s in 2<(>
y y (81)2tc (K*)

~  p2 sin0 dp  d 0 d<> 
K3

The e lem en ts to b e  calcu lated  a re  of the form :

P6e-2p /3sln 3ecos20 ]
(8 1 ) 2 71 [4a2+p2+4ap  c o s 0]5/2

tOyy,^ J j f p 6 e - 2 p / 3 sto 3ecos2e s ln 2»[2 l ^ ^ f ^ a ^ M ]d6
yy (8 1 )2jc [4a2+p2+4ap cos0]5/2

t 0 z z = ^ ~ I p V 2 p / 3  sl„3e cos2e Sin2p ,3 p 2 cos^e -4 a 2-p2.4ap cosg  d0d 
(81)27c [4a2+p2+ 4ap  cos0]5/2

w here  th e  lim its o f in teg ration  a re  0  £ 0 < re, 0  £ <}> £ 2 rc, an d  0  £ p ^  <». 

C onsider first th e  detailed  ca lcu la tion  for th e  elem ent t°xx- 

Let G = (4a2 + p2 + 4ap  cos0 ].
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t ° x x = ^ -M PV2p/3sln39cos2eSln2»[3p2sln2eCOsVt f ' p2'4a|>COS9ldM»dP(8 1)2 k G5'2

The in teg ra tion  over <}> (limits 0  -> 2rc) is stra igh tfo rw ard  a n d  leads to two 

in teg ra ls:

I J sin2<> co s2<(>

II I s in2<{>

I ! s in2<J) cos2<() = sin4<|> + g ] = ^

II j s in2<|> = ^  <(> + ^  s in 2<(> 1 -  ji

2
2 ^ 3  T  p2 s in20 -4a2 - p2 - 4ap cosG

t°x x  = ^ ^ 2  ^  e _2P /3  sin^G cos2 0 [ -------------------------  ] dGdp

T he in teg ra ls  over G take  on tw o values, one  w hen p < 2a , th e  o th er w hen p 

> 2 a  (these  in teg ra ls  a re  evaluated  in A ppendix  B).

J s in 5G cos20 G '5/2dG

1 p2
2 1 0 a5  + 2 5 2 a 7 p < 2a

16  1 2 8 a2+ p > 2 a
105p5 6 3 p7
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I s in30 cos20 G"5/2fje

a2 + p2
 Z ^— r - p < 2 a
30 a? (4a2 - p2)

4p2 + 6 4 a2
 1—   — p > 2 a
15p5 (p2 - 4 a2)

i s in3G cos30 G _5/2dG

-3 a2p - p3
------------ 7— -----— p < 2 a
(21)(4) a 6 (4a2 - p2)

-128 a 3 - 24ap2
 7—  -------~  p > 2 a
21p6 (p2 - 4a2)

so  th e  p in teg ra l from 0  to  2 a  is:

2K3 r z r 3 ^ , 1 P2 , „ t  a 2 + p2
( 8 1 ) 2  1 p 6  e ‘ 2 p / 3  U P 2 ' 21013  ♦ 2 5 2 a 7 1 '  2 a 1 5 a 3 (4 a 2 - p 2)

~ a2 + p2 -3 a2p - p 3
q Z  _  q q  '■■■ I n n

(30)a3 (4a2 - p2) (21)a6 (4a2 - p2)

2K3 f * r 3 p2 3p4
 ~ j p °e ’2P/3 [ -------------- 7- + ------- --------
(8 1)2 (4 )(210)a5  (4 )(252)a?
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2 a4 5a2p2 _____ p4_____

15a5(4a2-p2) 3 0 a 5(4a2-p2) 3 0 a 5(4a2'p 2)

+ 3 a 2p2 + p4
(21)a5 (4 a2-p2) (21)a5 (4a2-p2) ^

M - , p6 e-2 p /3  , 3 P2 + - gP4   ' 7a2-3P2>(4a2 -P2 >
( 8 1)2 (4 )(210 )a5 (4 )(2 5 2 )a7 (7)(3)(5)(2)a5 (4 a2 -p 2 )

p6 e - 2 p / 3 |  — e l — _ + — e4— . — i— -  ]dp 
(81)2 (7)(2)(4)aS (4)(84)a?  (3)(5)(2)a 3

T h ree  in teg ra ls  over p m u s t  th en  be evaluated . T hese a re  Jp8 e '2P /3 d p , 

JplO e -2 P /3dp , an d  Jp^e“2P /3dp .

— —  ---------J p8 e -2 P /3 dp=
a 5 (7)(2)(4)

-3 (2 )4a 3 9(2)5a2 - -  - -  (5)(3)6 (5)(3)7 (5)(3)9
1 ( 3 ) 3 ( 2 ) 3 a -  <3>5(2)2 — 5—  -  —# r  ■
5  3  10 5 3  1 1 , . . .  5 ( 3 * 1

 ~A—   —  1 exp(-4a/3) + -------- —
8a4 3 2 a5 32a5

(4 )(7 )(3 )(4 )a
— J p 10 e-2 p /3  dp=
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. (2)5 ,  (2)4(5)(3) 0 (5)(27)(3)(2)2 (3)5(5)(2)3
1 '  W  a  "----- (7)----- a  ' -----------7----------a  -------- (7)------

( 3 ) 8 ( 5 )  ( 3 ) 9 ( 5 ) 2  ( 3 ) 1 0 ( 5 ) 2  ( 3 ) 1 2 ( 5 ) 2  ( 3 ) 1 3 ( 5 ) 2

a2 4a3 4a4 16a5 32a^

( 3 ) 1 4 ( 5 ) 2  , _  _  ( 3 ) 1 4 ( 5 ) 2
------------   ] exp(-4a/3) +  ,  ■■
(16)(8)a7 P (2 )7a 2

   -J p6 e‘2p/3 dp=
(3)(5)(2)a 3

, ^ a 3 + ^ a 2  + (3,3(2 ,a  + (3 )4 ,2 ,+ H  + (3>75  a - - r  g  a  , T O M t w n f l , ( 2 | a , ^ 2

( 3 ) 6 ( 9 )  ( 3 ) 6 ( 9 )
- — —-  ] exp(-4a/3 ) + -------- -

16 a3 r  (16)a 3

The 0 in teg ra l from  2a  to infin ity  is:

M _ J p6e-2p/3 [ M ,  - i 6 _ + l M ,  2 4p2+64a2
(8 1 )2 JP 1 4  1 io5pS 63p7 1 3  15p2(p2-4a 2)

« 4p2+64a2 -128a3-24ap2
- P2 -------»— z----r~ - 4ap  ------- —--— ]dp

1 5 p 2 ( p 2 - 4 a 2 )  2 1 p 6 ( p 2 - 4 a 2 )

2K3-ip6P-2p/3[_ ± _ + « * 2
(81)2 (35)p3 (63)p5

(3)6(51(2)
a
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(4)(64)a4-8 0 a 2p2-4p4 (4 )(128)a4+(4)(24)a2p2
(15)p2(p2-4 a 2) 21p5(p2-4a2) ^

r 6e-2p/3 i 4  + 96a2 + (p2-4 a 2)(-28pZ-I92a2)
(8 1)2 (35)p3 (63)p5 (7)15p5(p2-4a2)

2K3 Jp6e-2p/3 ,^ 1 6 -.-  »«a2 c ]dp
(81 )2 (105)p3 (9)(7)(5)p5

The in tegral over p m u s t th u s  be evaluated  for p3 e '^ p /3  a n d  p e '2P /^ .

-1 66 _ f  D3e-2p /3  -  r i l M I  a 3+.L 144) 2 (-2 16) R 6 2 )  j
(7 )(1 5 ) p e V ~ (7 )(5 ) (7 )(5 ) a  (7 )(5 ) a + (7 )(5 ) expl 4a /,iJ

(9 )(7 ) (5 ) a2  ̂ Pe"2p/3 -  I (3 )(7 )(5 ) a3+ (7 )(5 )(4 ) a2 1 ex p (-4 a /3 )

A dding all th e  te rm s for t°x x  gives:

exponen tia l te rm s ( m ultip lied  b y  exp(-4a/3)):

3 -3(2)4 (2)3 (2)4 -6 4  3 2  -3 8 4
a  7 " 7 + 5  + 3 5  " (35 ) 1 “  (7 )(5 )

o .-9 (3 2 )  (16 )(15 ) (9)(8 ) -1 4 4  2 4  -2 3 0 4
a  : 1 7 ” 7 + 5 + 3 5  " 3 5  J = 3 5
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a:M 27)(8).!i5H2ZH4)+ (27)(2) + ,

1: [ -(3)5(4) - (3)57S)(8)+ (3)4(2) + '-I|2  |

J  I -5(3)6 . (3)6(5)(2) + ^  ] = ~212141 

i  [ -5(3)7 . 5,3,8 + S f  , .  dZ|ZZ3

-5(3)9 (3)9(5)2 (3)8 _ -2355399
a3 4 4 + 16 1 “ 16

J_ -5(3)10 (3)!0(5)2 -3247695
a4‘ 8 4 J = 8

1 -5(3)H (3)12(5)2 -27457785
a5: 1 32 ‘ 16 J " 32

.1. ~(3)13(5)2 
a6‘ 3 2

J_ -(3)14(5)2
J  (8) (16)

5(3)1 1
n o n -ex p o n en tia l term s: 32a '5~

-13986 
= 35

-11016
5



162

(3 )1 4 (2 5 )
(2 )7 a 7

(3)6191
(16)a3

2K3 r -3 8 4  0 -2304  0 -1 3 9 8 6  11 0 1 6  2 1 1 4 1  172773xx = m)2 [ vmva + 35 + 35 a" ~ 5—- ^ r - —̂ r
2 3 5 5 3 9 9  3 2 4 7 6 9 5  2 7 4 5 7 7 8 5  (3 )12(5)2 (3 )13(5)2 , , ,

' 16a5 - “ S T "  - 32a5 ’
5(3)H  (3)14(25) (3)8
(2)5a5 128a2 16a3

to  w rite  th is  in  te rm s of R:

2K3 2(2a/R )3 16a3

(S I )2 ” (8 1)2 “ (3)8R3

_L r , 2 0 4 8  A 4 0 9 6  < 8 2 8 8  „ 2176  ,
R3 7 6 5 4 5 a  ~ 2 5 5 1 5 a “ 5 9 0 4 9 a  4 0 5  a

2 3 2  t 316 _  9 9 0  4 1 8 5
~ 9 ~  -  ~ 3 a  ~ ~ I T  “

6 0 7 5  18225  , . . .«  135  1 8 2 2 5  .........................
 T  “   T  J exp(-4a/3) + — ~  + ------—  - 1 ] (A.1)
2a3 8a4 2a2 8a4

T h e  in tegrals fo r t° y y  a re  sim ilar to th o se  of t°xx.
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t0yy .  A j f;p6e-2p/35ln39cos2esln2^3PW 9 s ‘n2» - ^ - P ^ - 4 a p  o o ^
( 8 1 ) 2 7t C P /2

The in teg ra ls  over <J> are  the sa m e  a s  for t°xx except for:

f i«4â _30 sin2̂ sin4<fr 3x Jsin g - 4  - 3 2  1 = 4

n 2K̂ , f  r9 /4 p2 sin2e - -4a2 -p2-4ap cos0,JrtJ10™= /p6e-2p/3 Sin30 cos2e ----------——£----1------dGdp
y y  (81)2 K q5/2

In teg ra ls  from  0  to  2 a :

2 k3  . ,  ~ _ Q „ l p2 _i p2= " J p6e-2p/3 [ -  p 2 (-----  + —K-—) + ----------  -  ^
(81)2 4  210a5 252a2 (3)(5)(2)a3 (7)(5)(2)a5

2K3 f r .  3 p2 p4 1 p2_ J p6e-2p/3[--------  +--------  . -----------  -  -]dp
(81)2 (4)(70)a5 (4)(28)a? (3)(5)(2)a3 (7)(10)a5

f  p6e-2p/3 ( — + — e l— . ------- 1------- ]dp
(81)2 K (4)(70)a5 (4)(28)a? (3)(5)(2)a3

Jdp

The in te g ra ls  in p w ere  ca lcu lated  for the  txx case. F o r tyy:

Jp8 e_2p/3dp te rm s  for t y y  = (-1/5) |p8e“ 2p/3dp te rm s  for txx  

Ip e- 2p/3dp te rm s  for t y y  =  3  Jpl0e- 2p^3 dp te rm s  for txx 

Jp6e~2p/3dp te rm s  for t y y  = ip^e~2p/3dp sam e a s  fo r txx
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The 0 in teg rals from  2a  to  infinity lead  to  term s:

Jp3 e-2 P/3dp terms for tyy = - ̂  x Jp3e~2P/3dp terms for txx

jp e-2P/3dp te rm s for tyy = -9 x Jpe-2 P/3dp te rm s  for txx 

C om bining all te rm s  for tyy: 

exponen tia l term s:

,  , 3(2)4 3(2)5 (2)4 3 2  2 8 8  ,
1 : 1 3 5  7 + 5 + 3 5 + (35) 1 " 0

.9 (3 2 )  3 (1 6 )(1 5 ) (9)(8) , 7 2  2 1 6  . „
a : [ " 3 5 “ - ------ 7-------+ ~ 5 ~ + 3 5  + ~35 1 = ~72

a : [ ^ 6 - 3 (1 5 ) (2 7 ) (1 2 )+ ( 2 7 ) ( 2 ) + ^ 1 = M

1: [ (3)5(4/51 - (3 | 6y51(8> + (3)4(2) ) = -3807

I (3)6 - (3)7(51(2) + ^  I = ~4125 5 3

1 (3)7 - 5(3)9 t  i f  , .  .3 8 2 7 2 5

J3 )^  (3)10(5)2 (3)8 _ -5 8 1 9 6 0 7
a y  1 4  '  4  + 16 1 "  16
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_1_ (3)10 (3 )n (5)2 _ -8 7 9 8 3 0 1
a4: 1 8  " 4  1 " 8

J_ (3)11 (3)13(5)2 _ -7 9 5 3 9 0 0 3
a5* 1 3 2  " 16  J " 3 2

J_  -(3)14(5)2 
a6: 3 2

l_ -(3)15(5)2 
a7* (8 )(16 )

non-exponential terms:

(3 )1 5 (2 5 )
(2)7a 7

(3 )6 (9 )
(16)a3

1701

2 6 8 2  1 2 1 2 3  (3)6(5)2 (3)7 (5)2
a  2a2 2 a3 8a^

(3) 3] exp(-4a/3) -——

(3)7(25)
(A.2)
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U sing the  fact th a t  tzz = - txx - t y y  gives:

1 , , 2 0 4 8  ^ 8 5 7 6  « 2 0 5 6 4 4 8  „ 5 9 4 6
22 = r 3 1 7 6 5 4 5  a  + 2 5 5 1 5  a  + (3 ) 10(7 ) a  + (81){5)

688 t 1016   3 6 7 2  8 1 5 4  1 2 1 5 0
iz + —5— a  + 1246 + — -—  + — —  + ----- —

1 8 2 2 5  , , . -54  18225  „  ,
+ -------7~  ] exp(-4a/3) - —  -  —  + 2 ] (A.3)

2a4 az 2a4

Note th a t, a s  w ould be expected, th e se  te n so r e lem ents red u ce  to th e  

case  of a  p o in t dipole-dipole in te rac tio n  (i.e. (3cos2 0 -1 )/R 3 ) w hen  a  

is large. S ince a  is  p roportional to  R  th e  e lec tro n -n u clear d istance , a  

large value  for a  co rresponds to a  large d is tan ce  betw een th e  electron 

an d  nucleus.

T he above calcu lation  w as for a  dyz orb ita l w ith  th e  n u c le u s  along th e  z 

axis. For th e  case  of th e  dxy orbital w ith n u c le u s  along x.

tx x  = t®zz
t y y  =  t ° y y  

t  ZZ — t ^ x x
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w here th e  0 su p e rsc rip t re p re se n ts  th e  case ca lcu lated  above an d  ' 

rep re sen ts  th e  dxy - x  ax is  problem .

The variab le  a  is d ep en d en t o n  th e  effective n u c lea r charge, Z, 

a n d  th e  d is tan ce , R. T he Clem ent! ru le s  [1231 w ere u sed  to  ob tain  an  

approx im ate  value for Z of 11.33. F o r large Z (as is the  ca se  for iron) 

th e  ten so r e lem en ts ca lcu la ted  a re  relatively insensitive  to  sm all 

changes in  Z. C hanges in  th e  value o f Z by  ± .3 only change th e  dipolar 

e lem ents b y  a  m axim um  of ± .02 MHz. Using R=2.09 A w hich  b est 

m atched  th e  13C ENDOR d a ta  a s  d iscussed  in  C h ap te r 2, a n d  

m ultip ly ing  b y  ggnPnPe gives the  d ipo lar term s:

Ap.xx=  4 .73  MHz 

Ap.yy = "2.32 MHz 

Ap,zz = "1-78 MHz

S im ilar equations describ ing  th e  dipolar in te rac tion  in  th e  case 

of a  dxy o rb ita l w ith the  n u c le u s  a long  the  z ax is were also  calcu lated . 

U sing  the  w avefunction  for th e  dxy orb ital gives:

'J 'dxy 'f'dxy = K? \\\ exp(-2p/3) sin40 s in 22<t>

-^r p2 s in0 dp d0 d<|>
k 3

T he in tegrals to  be evaluated  are  of th e  form:
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t * x = - ^ V  s l " 5«  s ‘n 2 2 *  | 3 P2 s ‘n 2 9 c o f 9 - 4 a 2 - p 2 -4 a p c o 8 e ] d 0
2  (81 )2n [4 a 2+p2+4ap cos0]5/2

ty y = - ^ r i/Jp6e - 2 p / 3  S ln 5e  s i r ^ p  ,3 C ? S l n W »  - 4 a 2 - p 2 - 4 w c o s 8 ; d fl
2 ( 8 1 ) 2 ti [4a2+p2+4ap c o s 0 ]5 /2

K err on/'x r 3p2 co s40 -4a2-p2-4ap  cos0 , ,
tzz= - ;  SS! p6e_2P'3 s in50 s in 22$ [ --------- -— ---— —  ] d 0 d<|> dp

2 81 )2n [4a2+p2+4ap cos0]5/2

T he in tegrals over <f> are ag a in  stra igh tfo rw ard . After in teg ra tion  over <j>:

txx —
K3

2 (8 1 )2

K3

tyy=  2(81)2

JJ p® e-2P/3 sin^B  [ 

JJ p® e‘2P/3 sin^O  [

2  p2 s in 20 -4a2 - p2 - 4ap  cos0

G&-

4  p2 s in 20 -4a2 - p2 - 4ap  cos0 

& /2

] dOdp

] d0dp

T he in tegrals for 0 take on tw o values, one fo r p>2a a n d  one for p< 2a. 

T he n ecessa ry  in teg rals are evaluated  in A ppendix  B. T he  in teg rals 

over p are  th e  sam e  as th o se  u s e d  in the de ta iled  ca lcu la tion  show n 

above. The final equations a re :

txx  =
-J-  r , 2 5 6  < . (4)(116)  ? (2)(189) 1 9 1 7
r 3 [ 7 6 5 4 5  a + (3 )4 (5) a + 2 0 a  + 103 + a  - ^
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tyy =

tzz =

+ + (3 )M 5 )  ex |)(-4a /3 ) + S 4  + ^  .  i  ,
4a3 16a4 a2 16a4

, , 4  ,  8  o „  180  9 4 5r 3 1 ( + 8 1  a 3 - g a2 + 8 a  + 4 8 +  a  - ^  +

(3)5|5 , ( «  /3)+ 5 ^ 3  <3 ^ 5  .
8 a3 3 2 a4 4 a2 3 2 a 4

- L  f f_ 2 5 6 _  5 4  a 3 _ _ 1 0 4  2 1 6 2 .  ^ 2
r 3 1 *76545 81 (3)4 ( 5 ) a  4 a  a  a2
®  _(31M51, exp(.4a/3). mn + (3)£̂  + 2,
8 a3 3 2 a 4 4 a2 3 2 a 4



APPENDIX B

INTEGRALS

1. /  sinG G-5/2 d0

2 . j  sinG cos0 G-5/2 d0

3. /  cos20 sin0  G '5/2 d0

4. J cos30 sinG G’5/2 dG

5. /  s in30 G '5 /2  d0

6 . J sin30 cosG G-5/2 dG

7. J sin50 G-5/2 dG

8 . /  cos40 sinG G-5/2 dG

9. J sin30 cos20 G-5/2d0

10 . /  sinG cos50 G '5/2 dQ

11 . I sin3G cos3G G '5/2 dG

12 . J sinSG cosG G-5/2 dG

13. 1 sin0 cos6G G-5/2 dG

14. J s in 50 co s2G G-5/2 dG

15. / s in 70 G '5 /2  d0

All th ese  in teg ra ls  a re  evaluated from  0 = 0  to  rc . The in teg rals 

tak e  o n  two values:

I. w hen p < 2 a

II. w hen p > 2 a

T hese  cases a re  ind icated  in  the  evaluation  of th e  integral. T h e  

in teg ra ls  are  typically  solved w ith in teg ra tion  by  p a r ts :

J u  dv  = uv - J v  d u  .

170
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Let G = [ 4 a2  + p2 + 4apcos9 ].

1. / sinG G’5/2 de

= ——— [ 4 a2  + p2 + 4ap  cosG ) -3 /2  
12ap K K

= -7— | 4 a2  + p2 - 4ap ]"3 /2  _ [ 4 a2  + p2 + 4 ap ] -3 /2
6 ap 6 ap K

6ap[2a-p]3 6ap[2a+p]3

[2a+p]3-[2a-p]3
6ap[2a-p]3[2a+p]3

2 4 a 2 +2p3
6ap[4a2-p 2]3

1 2 a2 +p2

3a[4a2-p 2]3

6ap[2a-p]3 6ap[2a+pJ3

[2a+p]3 -[2a-p]3
6ap[2a-pl3 [2a+p]3

2 4 a 2 +3p2
3p [p2-4a2 ]3
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2 . J s in 0 cosG G " 5 /2 cj0

u  = cos0 d u  = - sinOd0
dv = sin0 G '5 /2 d 0  v = G'3 /2

6 ap

=  - 7 —  c o s 0 G ' 3 / 2  + —— Jsin0G "3 / 2d0 
6 ap 6 ap

_ —i— cos0 G-3/2  + —-----—  G" 1 /2
6 ap 6ap 2 ap

6 ap [2 a-p]3  + 12a2 p2 [2 a-p]

1 1 1 1
6 ap [2 a+p]3 [I2 a2 p2] (2 a + pi

_ -2ap[2a+p]3 + [2 a-p]2[2 a+pl3  - 2 ap[2 a-p]3  - [2 a+p]2 [2 a-p]3

12a2 p2 [2a-p]3 [2 a+p]3

-2ap[16a3 +12ap2] + 32a4 p - 16a2 p3 + 2 p3 
12a2p2 [2a-p]3  [2a+p]3

_ ~P 2 0 a 2 -p2 
6a2 (4a2 ~p2 )3

1 1 1 1 1 1 1 1
6 ap Ip-2a]3 + 12a2 p2 Ip-2 a] 6 ap[2 a+p]3 12a2 p2 [2 a+p]3

_ -2ap [ 2 4 a 2 p+2p3 ] + [64a3 -32a3 p2 +4ap4 ] 
12a2 p2 [p2 -4 a 2 ]3
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4a [4a2-5p2 ]
3p 2 (p2-4a2)3

3. /  cos2 0 sinQ G"3 / 2 d 0

u = cos0 du = -sin 0 d0

dv = cosG sinG G '5 /2  d0 v = — cosG G"3 / 2  + — * G"l/ 2
6 ap 12a^p^

= ~  co s2 0 G '3 /2  + -  \  0 cos0 G“ ! / 2  + - i — J sln0 cos0 G-3/2 dG 
6ap 2 a2 p2 6ap

+ - ~ | p2  f sinG G - l / 2  dG

A- j sinG cosG G'3 / 2 d0

cosG G ' l / 2  + —— J sinG G _1/ 2  d 0 
2ap 2ap

B- J sinG G’1/ 2  d0= —  G + 1/2
2ap

~ ~  co s2 0 G '3 /2  + 1 9 cosG G-1 / 2 - 1 q G1/ 26ap 6 a 2 p2 i 2a3 p3
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3p (p2-4a2)3 a2p (p2-4 a 2) a2p3 3a4p a2p3 p3 a2p3

5 p 6 4 0  3 2  128a2 128  16  2 4  p
+ a4p 14a6 a4p a2p3 p3 + 63p7 + 7p3 + a2p3 + 9a4p + 14a6

2 4a2+3p2 1 1 1 16  128a2
3p (p2-4a2)3 a2p (p2-4 a 2) + a2p3 + 7p3 + 63p7

14. / s in 30 cos20 G'3/ 2 d0

=/ s in 30 cos20 G-3/ 2 d0 = J sin0 cos20 ( l-c o s20)2 G*3/ 2 d0

=J sin0 cos20 G'3/ 2 d0 - 2 /  sin0 cos40 G-3/ 2 d0 + / sin© cos60 G'3/ 2d0

_  f 2 4a2p+2p3 2 . 1 1
6ap (4a2-p2)3 3ap2 (4a2-p2) + 6a3p2

_  _ J_  2 4 a 2p+2p3 8 1 2 1
3ap (4a2-p2)3 + 3ap2 (4a2-p2) 3a3p2 + l^ a 3

1 . 2 4a2p+2p3 2 1 1 1 p2
6ap (4a2-p2)3 ap2 (4a2-p2) 2a3p2 14a6 252a7

2 1 0 a 3 +  2 5 2 a 7
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_ 2 (4a2+3p2) 1 1 1
3p (p2-4a2)3 3a2p (p2-4a2) + 3a2p3

4 (4a2+3p2) 4 1 4 32
3p (p2-4a2)3 + 3a2p (p2-4a2) 3a2p3 15p5

2 4a2+3p2 1 1 1 16 128a2
3p (p2-4a2)3 a2p (p2-4a2) a2p3 7p5 63p7

= 16 128a2
105p5 + 63p7

15. ! s in70 G-5/2 d0

=/sin50 (1- cos20) G-S/2 d 0 = /  s in 50 G'5/2 d 0 -  Jsin50 cos20 G'5/2 d0

 1 1 p2
“  3 0 i^  " 2 10a5 '  2 5 2 a 7

1 p2
" 35a5 '2 5 2 a 7

_ 16 16 128a2
15p5 105p5 63p7

3 2  128a2
35p5 ’ 63p7
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