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Some 30 years ago the f i rs t  nuclear magnet ic resonance (NMR) s lgnal
was observed (1) ,  Slnce then the NMR technl-que has evolved into a por^rer fu l
tool  for  studies of  molecular  st ructure and dynamics 1n physics and
chemistry.  A thorough theoret ical  t reatment of  NMR can be found in many
excel lent  monographs.  The knowledge up to 1960 is presented in Abragamfs
"bib le"  (2)  which st i l l -  is  very usable.  A general  int roduct ion is  g iven by
Carr ington and Mcl ,achlarr  (3) .  More advanced t reat ises vhich focus mainly on
appl icat ions Ëo the sol íd state are given by Sl ichter  (4)  and Goldrnar '  (5) .

The theory of  and appl icat ion of  Nl lR to organic molecules in solut ion is
given by Emsl-ey,  Finey and Sutc l i f fe (6)  and by Bovey (7) .  Appl icat ions
o f  NMR in  b iochemís t ry  a re  t rea ted  by  Dwek  íB ) .

There exist  t r {o exper imental ly  dí f ferent  types of  NMR. In the
cont inuous r^7ave (CI\ t )  nethods the per: turbíng t , f  e lectromagnet ic radiat ion
i s  app l i ed  con t inuous ly  a t  su f f i c ien t  l ow  po \ re r  l eve1  to  essen t ia l l y
ma ln ta in  the  sp in  sys tem in  i t s  equ i l i b r i um s ta te .  The  NMR spec t rum i s
measured f rom the change ín z, f  absorpt ion dur ing the passage of  a resonant
cond i t íon .  Two  t ypes  o f  spec t romete rs  opera te  on  th i s  p r inc ip le :  w ide  l i ne
(WL)  N IR  spec t romete rs  fo r  Ëhe  de tec t ion  o f  b road  resonances  in  so l i ds ;
and ,  h igh  reso lu t i on  (HR)  NMR spec t romete rs  fo r  a  good  reso lu t i on  o f  na r row
resonances  in  so lu t i on .

In  pu lsed  NMR methods  the  nuc lea r  sp ins  a re  coheren t l y  pe r tu rbed  by
short  intense r f  pulses at  the NMR resonance f reguency,  that  leave the spin
sys tem in  a  we l l  de f ined  non-equ i l i b r i um s ta te .  A f te r  the  pu lse  i s  tu rned
off ,  the spin system may coherent ly  radiate energy whi le i t  returns to the
equ i l i b r i um s ta te .  Th is  rad ia t i on  cons t i t u tes  the  measurab le  NMR s igna l .
An íntroduct ion to the theory of  pulsed NMR is g iven ln I f .

The  s igna l  tha t  i s  emi t ted  a f te r  a  s ing le  pu lse  con ta ins  the  same
spectra l  l -nformat ion as that  in a CW absorpt ion s ignal ;  the two form a
Four ie r  t rans fo rm pa i r .  The  Four ie r  T rans fo rm (p t )  NMR techn ique  i s  based
on  th i s  p r inc ip le .  There  a  shor t  n f  pu lse  exc i tes  the  who le  sp in  sys tem
s imu l taneous ly ,  wherea f te r  Ín fo rmat ion  on  a l l  separa te  resonances  p resen t
i s  ob ta ined  s imu l taneous ly  f rom the  s igna l  response .  Tn  th i s  way  the  NMR
spectrum can be obtained in much less t ime than is  needed in the C,W method
in which a lot  of  measur ing t ime is lost  in scanning the spectrum between
resonance  peaks .

Pu lsed  NMR is  no t  res t r i c ted  to  s ing le  pu lse  exper imen ts ,  however ,  and
mult ip le pulse exper iments open a new dimension in NMR Ëhat is  not
access ib le  by  CW NMR techn iques .  The  exp lo ra t i on  o f  the  appL ica t ion  o f
wel l -def ined pulse seguences are a chal lenge to the ingenui ty of  the
exper imen te r .  He  can  p lay  " t r i cks "  w i th  the  nuc lea r  sp in  sys tem tha t
enab le  h im to  separa te  o r  cha rac te r í ze  spec i f i c  magne t i c  i n te rac t ions .
Many mul t ip le pulse sequences are current ly  in use,  ranging f rom simple
two-pulse exper iments that  measure the re laxat ion rates of  the spin system
towards i ts  equi l ibr ium, to rather complex many-pu1-se sequences that  enable
one ,  fo r  examp le ,  to  reso lve  chemica l  sh i f t s  i n  so l íds  by  a r t i f i c i a l l y
narrowing the broad resonances.  An elementary t reatment on the uses of
pu lsed  NMR methods  i s  g i ven  by  Far ra r  an t l  Becker  (9 ) .  A  ve ry  use fu l  t ex t
that  covers many appl icat ions to problems in physical  chemistry is  the one
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by  Boden  (L0 ) .  The  use  o f  rnu l t i p le  pu lse  sequences  in  the  s tudy  o f  so l i ds
has  been  rev iewed  by  l Í ans f ie ld  (1 .1 )  and  Vaughan  (12 ) .

Pulsed M' ÍR techniques are especia l ly  wel l  sui ted for  the measurement
o f  the  nuc lea r  magne t i c  re laxa t ion  ra tes  ( see  f f ) .  The  re laxa t ion  ra tes
depend  on  the  de ta i l s  o f  t he  mo lecu la r  mo t Íons .  The  ca lcu la t i on  o f  the
dependence  o f  the  re laxa t ion  ra tes  on  spec i f i c  mo lecu la r  mo t Íons  needs ,
in generaL,  a quantuÍn mechanical  t reatment and is  rather complex.  Extensive
detai ls  on re l -axat ion theory can be found in most of  the textbooks
ment ioned above. A textbook devoted exclusively to re laxat ion in magnet ic
resonance  has  appeared  (13 ) .

In th is thesis studies are descr ibed in which pulsed NMR techniques
have been used to study the nuclear magnet ic re laxat ion behavior  of  the
nuc le i  o f  wa te r  and  o f  a l ka l i  i ons  in  b io log ica l  sys tems .  I t  i s  o f
importance in the study of  b io logical-  systems to keep the tota l  measur ing
t ime  shor t ;  i n  genera l ,  samp les  a re  no t  ve ry  s tab le  i n  t ime .  In  add i t i on
the NMR signals f rom bio logical  samples are of ten weak.  Special  at tent ion
was therefore paid to the improvement of  the s ignal- to-noise rat io of  the
NMR signals in a short  tota l  measur ing t ime. In part icular  s ignal  averaging
of  the NMR signals was used and, the pulse sequencesrwi th which the nuclear
magne t i c  re laxa t ion  ra tes  a re  measured ,  a re  se lec ted  p r imar i l y  to  ob ta in
the maximum amount of  measurabl-e s ignal  in a g iven t ime span.

De ta i l s  on  the  pu lse  sequences  tha t  have  been  used  fo r  the  re laxa t ion
measurements are given ín f Ï  and f Ï Ï .  The pulsed NMR spectrometer system
is  desc r ibed  ín  ïV .  Spec ia l  a t ten t ion  i s  g íven  in  ïV  to  some o f  the
comp l i ca t ions  tha t  a r i se  i f  s igna l  ave rag ing  and  ga ted  s igna l  i n teg ra t ion
are  used  in  co l l ec t i ng  the  re laxa t ion  da ta .  Tn  V  a  compute r  me thod  i s
descr ibed that  has been used to analyze the measured re laxat ion decays.

Nuclear magnet i .c  re laxat ion studies of  water in a HaLobacter i .un sp.
and in edematous rat  brain t issue are descr ibed in Vï  and Vï ï .  Many studies
on  wa te r  re laxa t ion  in  b lo log ica l  t i ssues  con t inue  to  appear .  I n  pa r t i cu la r
cancerous  t i ssue  i s  rece iv ing  much  a t ten t ion .  The  resu l t s  o f  such  s tud ies
con f í rm tha t  an  emp i r i ca l  re la t i on  ex i s t s  be tween  ma l ignancv  o f  a  t i ssue
and  i t s  nuc lea r  magne t i c  re laxa t ion  ra tes .  I t  í s  conc luded  tha t  l n  my
op in ion  th i s  re la t i on  i s  due  p r imar i l y  to  the  inc rease  o f  wa te r  con ten t
Ín mal ignant t issue (see Vf f ) ,

A  good  unders tand ing  o f  the  fac to rs  tha t  de te rm ine  the  magn i tude  o f
t h e  r e l a x a t i o n  r a t e s  o f  w a t e r  i n  b i o l o g i c a l  t Í s s u e s  a n d  c e l 1 s  s t i 1 1  i s
wan t ing .  In  V Ï  measurements  a re  desc r ibed  o f  the  re laxa t ion  ra tes  o f  the
rH  and  zD nuc le i  o f  wa te r  ín  a  Ha lobac t .e t íun  sp .  By  compar ing  the  resu l t s
fo r  the  Ëwo nuc le i  i t  has  been  poss ib le  to  ob ta in  i n fo rmat ion  on  the
re la t i ve  impor tance  o f  severa l  e f fec ts  tha t  con t r i bu te  to  the  re laxa t ion
r a t e s .  T h e  r e s u l t  i s  d i s a p p o i n t i n g  i n  t h a t  n o  c l e a r c u t  r e l a t i o n  e x i s t s
be tween  the  re laxa t ion  ra tes  and  the  ro ta t i ona l  mo t i , ons  o f  the  wa fe r
mo lecu les .  Th is  resu l t  i s  a t  odds  w i th  the  theory  tha t  i s  genera l l y  used
to  exp la in  the  wa te r  re l -axa t ion  ra tes  i n  t i ssue .  In  such  a  theory  i t  i s
assumed Ëha t  the  re laxa t ion  ra tes  a re  comp le te l y  de te rm ined  by  in te rac t ions
tha t  a re  l -oca ted  in t ramo lecu la r l y  i n  the  wa te r  rno lecu les .  A  d i rec t  re la t i on
then  ex i s t s  be tween  the  nuc lea r  magne t i c  re laxa t ion  ra tes  and  the
ro ta t i ona l  mo t ions  o f  the  wa te r  mo lecu les .  The  resu l t  o f  such  an  ana lys i s
subsequen t l y  resu l t s  i n  a  c lass l f i ca t i on  o f  the  mot ions  o f  the  v Ía te r
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mo lecu les .  Th is  c lass i f i ca t i on  can  invo lve  d i sc re te  c l -asses  w i th  a  ce r ta in
degree  o f  ro ta t i ona l  mob i l i t y  (e .g .  f ree  wa te r ,  bound  h /a te r ,  and  hyd ra t ion
wate r )  i  o r r  t he  c lass i f i ca t i on  can  be  g i ven  in  te rms  o f  a  pa r t i cu la r
d i s t r i bu t ion  o f  co r re la t i on  t imes  fo r  the  ro ta t i ona l  mo t ions  o f  the  r , Í a te r
mo lecu les .  The  re levance  o f  such  a  c lass i f i ca t i on  seems ques t ionab le ,  i n
part icular  i f  l t  is  obtained f rom proton NMR measurements on1-y.  The resul ts
in Í la lobaeteríun sp.  show that  such an analysis probably is  too s i rnple:
proton exchange and s low translat ional  d i f fus lon here give an important
contr ibut ion to the observed NMR signal .

NMR measurements of  a lkal i  ions in b io logical  systems are descr ibed
in VÏ f f -Xf .  A review on the physical  state of  d i f fus ib le ions in cel ls  was
wrí t ten;  the part  of  th is review which t reats NMR measurements is  repro-
duced ín Vf Ï f .  An explanat ion is  g iven for  the observed s ignal  intensi t ies
and  re laxa t ion  ra tes  o f  a l ka l i  i ons  in  he te rogeneous  sys tems .  I t  i s  shown
tha t  the  s ígna ls  a re  mod Í f i ed  by  quadrupo la r  i n te rac t ions .  A  more  ex tens íve
treatment of  the theory is  g iven ín ÏX,  a long wi th measurements of  sodium
nuclear magnet ic re laxat ion in rat  muscle and in Dowex exchange resin.
Measurements on alkal i  ions in a HaLobacteniun sp.  are descr ibed in X;
the  resu l t s  subs tan t ia te  tha t  the  in t race l l u la r  i ons  in  th i s  bac te r ia  a re
somehow bound. NMR observat ions of  7Li  and 23N. NMR spectra in or iented
samp les  o f  DNA a re  desc r ibed  in  X f .

F ina l1y ,  the  response  to  some mu l t i p le  pu lse  sequences  i s  d i seussed
in Xf f  for  the NMR signal  of  mobi le components in a heterogeneous,  more
or  l ess  o redered ,  macromo lecu la r  ma t r i x .  I t  i s  shown tha t  the  CPMG sequence
may  y ie ld  re laxa t ion  ra tes  tha t  a re  no t  the  t rue  R2  va lues .


