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The work described i n  this paper was sponsored b-j t he  U. S. Atomic Energy 
Commission. 

The concepts of t r a c e r  methodology have been developed wi th  rad ioac t ive  znd 

s t a b l e  isoto-pes and such t echn ica l  t o o l s  as mss spectrometers ,  fa l l ing-drop deuterium 

water ana lyses  and Geiger counters .  Abundant a r t i f i c i a l  rad ioac t ive  t r a c e r s  have 

g r e a t l y  increased t h e  value of the nethod; we are c e r t a i n l j  a l l  f a m i l i a r  with the 

tremendous progress  t h a t  has been m d e  in the p a s t  t e n  yea r s  using p i l e  produced 

rad ioac t ive  elements.  The discovery of the nuclear  m g n e t i c  resonance (NMR) 

phenomenon by Bloch ana P u r c e l l  

consequent developrnent has made poss ib le  a new t r a c e r  method. 

method has two important advantages over rad ioac t ive  tracers and a t  least  one major  

weakness. It can be appl ied t o  a l l  the important elements of  b i o l o g i c a l  systems -- 
carbon, hydrogen, ni t rogen and or jgen.  It g ives  important information concerning 

the nature  of the bonding of the isoto,pe, something which n e i t h e r  rad ioac t ive  

a n a l y s i s  nor mass spectrometer ana lys i s  does; and i t s  only important weakness i s  

t h a t  it i s  a r e l a t i v e l y  in sens i t i ve  a n a l y t i c a l  method. 

1 
( f o r  wnicn they received the  Nobel Pr ize )  and i ts  

This new tracer 

I would f i r s t  l i k e  t o  descr ibe very b r i e f l y  w h a t  a nuclear  magnetic resonance 

spectrometer is  and how it works. 

an odd a ton ic  number, o r  bo th ,  w i l l  have a nuclear magnetic moment; that i s ,  the 

An a ton  that has e i t h e r  an odd atomic weight o r  

1 F. Bloch, Phys. Rev., 70, 460 (1946); E. M. Pur&, H. C .  Torrey ana R. V. 
Pound ? Phys. LRev. , &, 37 (1946) . 
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nucleus acts as a small magnet. 

a given nass , i s  put  inta a l a rge  uniform magnetic f i e l d  of about 10,000 gauss 

w i l l  have a resonance frequency of sonewnere between 2 t o  40 megacycles p r  second. 

You w i l l  recognize t h i s  frequency range as being c h a r a c t e r i s t i c  o f  the common shor t  

wave bands of our rad io  systern. Our ordinary r ad io  band ends a t 1 . 6  megacycles and 

is follawed t h e r e a f t e r  by the var ious  s h o r t  wave bands. 

rrHam18 band occurs  a t  a b o u t  1 5  megacycles. If we insert two c o i l s  of wire 

p a r a l l e l  t o  and a t  r i g h t  angles  t o  the  magnetic f i e l d  and supply a varying frequency 

radio-energy t o  one o f  these c o i l s  ana  a t t a c h  the o ther  c o i l  t o  a sens i t i ve  rad io  

frequency a a l y z e r  , which i s ,  in e f f e c t ,  a good r ad io  followed by a mechanical 

d i s p l a y  s y s t e ,  ve can scan the rad io  frequency spectrum. 

which the magnetic nucleus resonates  in the nagnet ic  f i e l d ,  energy w i l l  be absorbed 

by the  nuclsus and w i l l  be re-radiated i n  a l l  d i r ec t ions .  The second c o i l  w i l l  

p ick  up t h i s  energy ana w i l l  show a signal a t  this time (See Fig .  1). 

If this nucleus wi th  a given magnetic moment and 

it 

The well-known 20-ineter 

A t  the  frequency a t  

The frequency o f  t h i s  s i g n a l  i s  d i f f e r e n t  f o r  t he  va r ious  nuc le i  and for 

the  d i f f e ren t  chemical env i romen t s  3f a given nuclear  species. 

p ropor t iona l  t o  the number of the nuc le i  present  i n  the f i e l d .  

are the  b a s i s  of nuclear magnetic resonance spectrometric technique i n  chemistry 

anci biology. 

The amplitude i s  

These three f a c t s  

In the opening paragrzph o f  t h i s  r e p o r t  I mentioned that t h i s  technique was 

appl icable  t o  carbon, hydrogen, n i t rogen ,  and oxygen s tud ie s .  

stances, two are p a r t i c u l a r l y  i n t e r e s t i n g ,  namely, ni t rogen  and oxygen > since there  

are no rad ioac t ive  i s o t o p e s  of these elements ,  and our knowledge of t h e i r  r o l e  in 

b i o l o g i c a l  systems i s  e x t r e w l y  aeager.  

A%diation Laboratory, one of them done j o i n t l y  wi th  V a r i a n  Associates i n  Palo A l t o ,  

have l a i d  the groundwork f o r  N14R analysis o f  oxygen and n i t rogen  i n  chemical ana 

biochemical s tud ies .  

Of these four sub- 

Two papers from the Universi ty  of Ca l i fo rn ia  

These papers have r ecen t ly  been submitted to  the Journa l  
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of Chemical Physics and are e n t i t l e d ,  Whemical Shifts of Nitrogen," by 3. E. 

Holdsr and M. P. Klein and "Observations of Chemical S h i f t s  of ,317 Nuclei 

Various Chemical Elements ,'I by H. E. Weaver, B. M. Tolber t  and R. C .  Lar'orce. In 

these two papers it was shown that the resonance frequency of the ni t rogen and 

oxygen nucleus var ied  with the cnenica l  environment and that there  were a r a t h e r  

d i s c r e t e  s e r i e s  of resonance frequencies  f o r  a number of the  common che idca l  states 

of oxygen and ni t rogen.  

the magnetic f i e l d  which t5e atomic nucleus sees is  changed by the c i r c u l a t i o n  of 

The d i f fe rence  in f requencies  arises f r o m  the fact  t h a t  

the molecular e l e c t r o n s  surrounding it. The e f f ec t  of the c i r c u l a t i o n  of these 

e l e c t r o n s  is  in n o s t  cases  t o  decrease the amount of the  appl igd aagnet ic  f i e l d  

and is  inodificd by the nature  of the banding orbital e lec t rons .  

Weaver, et a&, i3 

I n  the paper by 
17 

resanances f o r  the following substances were noted: t e t r a m e t h j l  

o r t h o s i l i c a t e  , butyl nitrite , hyaragen peroxide,  acetic a c i d ,  forizic a c i d ,  sodiurn 

formatc , e t h y l  n i t r a t e ,  s o d i m  n i t r a t e ,  sulfur dioxide acetone ni t roethane and 

s o d i m  n i t r i t e .  

coapounds uere s tudied:  

ammoniza broside , m m i a  , u r e a ,  hydroxylamine hydrochloride , acetamide , thiocyanate 

methjl cyanide,  methyl t h igcyanak  , pyr id ine ,  soaium n i t r a t e ,  nitromethane, n i t ro -  

propane, and sodium nitrite. 

d i s c r e t e  resonance spec t ra .  

In  the work by Holder and Klein, the fal lowing types of n i t rogen  

ammonium i o n ,  d h t h y l a m i n e  , hydrazine , t e t r a m t h y l  

The ni t rogen and o v g e n  in these  substances showed 

The t r a c e r  app l i ca t ion  o f  t h i s  technique is  straightforward.  Enhanced con- 

c e n t r a t i o n s  of s t a b l e  i s o t o p s  i n  v a r i o u s  chemical forms can be added t o  a system. 

After a reac t ion  has occurred,  the new system can be analyzed. 

i so topes ,  the technique p z r n i t s  the d e t s c t i o n  of an enhanced concentrat ion of a 

given isotope in an unknown without the need f o r  isolating the unknown as a pure 

substance o r  even having any idee. of i ts  chemical nature .  

are of a nondestructive na ture .  

resonance spectrometry over mass spectmmeter analysis of s t ab le  isotopes.  

Like r ad ioac t ive  

Furthermore these ana lyses  

These a re  the  g r e a t  advantages of nuclear  magnetic 

In 
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mass spectrometer ana lys i s  one mst nake i n t e l l i g e n t  guesses  as t o  the nature of 

t h e  in te rmedia tes  into which the s t ab le  isotope may go,  i s o l a t e  these i n k r m e d i a t e s  

and do an a n a l y s i s  on the i s o l a t e d  material. 

The o the r  advantages o f  N1& spec t roae t ry  are t h a t  a t  the sane time one 

measures increased isotope concent ra t ions ,  one also determines sonething o f  the 

nature  of the chemical bonds and structure of  the inolecule. This i n fo rna t ion  i s  

unique t o  t h i s  method and i s  n o t  obtained from mass spectrometer o r  rad ioac t ive  

analyse s . 
The i so topes  that are l i k e l y  t o  be most important  in organic and b io log ica l  

chemistry are carbon-13, deuterium, nitroges-15 and oxygen-17. Carbon-13, t he  

only s t a b l e  nucleus of carbon wi th  a magnetic aoaen t ,  is  p resen t ly  ava i lab le  i n  

l imi t ed  q u a n t i t i e s  a t  a very high p r i ce  from Eastman Kodak. 

$400 per gram of C13  in  50% concentrat ion.  

It c o s t s  about 

Both the  s t a b l e  i so topes  of hydrogen 

have nuc lear  magnetic moments and are  r e a d i l y  detected;  fur thermore,  deuterium 

oxide (heavy water) i s  ava i l ab le  at a f a i r l y  reasonable p r i c e ,  $1.00 per gram i n  

small q u a n t i t i e s  and about 50 c e n t s  per gram i n  very l a r g e  q u a n t i t i e s .  

gen-U, and nitrogen-15 have a m g n e t i c  moment and may be detected i n  an NRR 

Both n i t r o -  

spectrometer.  

resonance and is  ava i l ab le  from &stman Kodak Co. f o r  about '$300 per gram of 

nitrogen-15 i n  60% concentrat ion.  

Nat ional  Labora tor ies  have made s t u d i e s  on the  ammonia-ammonium carbonate system 

Nitrogen-15 may be used i n  tracer experiments wi th  nuclear  magnetic 

Clewett and h i s  r e sea rch  group a t  the Oak Ridge 

and on the n i t r i c  ac id -n i t r i c  oxide system. They es t imate  that a plant  could prepare 

95% N1' a t  the  rate of a pound per day f o r  a c o s t  of  about  $4.21 per gram. T h i s  
c) 
a f i g u r e  would go down by approximately one-fourth f o r  a 5 pound per day p lan t .  

There is a g r e a t  d e a l  of d i f fe rence  between t h i s  f i gu re  and Eastman's cu r ren t  p r i ce  
Q 
Q 
4= 
0 
cb f o r  Oxygen-17 is the on ly  isotope of oxggen wi th  a magnetic moment. This 

* I do n o t  mean t o  be c r i t i c a l  o f  B s W n  Kodak's g r e a t  con t r ibu t ion  t o  research.  
They are the only c o m r c i a l  company in America who have undertaken t o  make 
these  stable isotope concent ra t ions  ava i l ab le  and have thereby cont r ibu ted  
g r e a t l y  t o  science and industrj- .  
expensive Pater ia l  i s  needed. 

But now more highly enriched and less 
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17 
occurs  in n a t u r a l  oxygen t o  the ex ten t  of .037%. Enhanced concentrat ions of 0 

a re  c u r r e n t l y  ava i lab le  through var ious d i s t r i b u t o r s  from the  Weizmann I n s t i t u t e  

in I s r a e l .  

d7. 
The c o s t  has been about $65.00 per gram f o r  miterial  containing 0.7% 

The advent o f  t h i s  new t r a c e r  and chemical s t ruc tu re  ana lys i s  E t h o d  w i l l  

c r e a t e  a g r e a t  need f o r  more reasonably pr iced  nitrogen-15 and carbon-13 concen- 

trates and f o r  017 i n  reasonable concentrat ions a t  almost any p r i ce .  

It would not  be fair f o r  me t o  d i scuss  a novel method sucn as this without 

d i scuss ing  something o f  the l i m i t a t i o n s  of t he  technique. The priillary l i m i t a t i o n  

of the p re sen t  technique is  i n  the s i z e  of the sample that is required t o  give an 

adequate s i g n a l  to noise r a t i o .  

some 10 

iibr carbon-13, deuterium, nitrogen-15 and oxygen-17 
16 18 20 

atoms a re  the minimum t h a t  can be de tec ted  theo re t i ca l ly”  and 10 - 10 
atoms usually needed t o  make a measurement. S izes  of samples a r e  cu r ren t ly  

r e s t r i c t e d  t o  about 3 cc . ,  bu t  we m e  hoping t o  increase t h i s  several-fold i n  the 

near  f u t u r e .  

t h i s  analTytical procedure emphasizes the need of t h i s  country f o r  adequate 

The f a c t  t h a t  so  m y  atoms, r e l a t i v e l y  speaking, are  required by 

q u a n t i t i e s  of these c r i t i c a l  s t a b l e  i so topes  a t  reasonable pr ices .  

9 i 2-1/2 
3 x lofs atoms; 

** V a r i a n  Associates ,  611 Hansen Way, P a l o  Al to ,  Cal i forn ia .  


