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It was in the mid-1950s that chem- 
ists began t o  take an  interest in 
NMR spectroscopy after the publica- 
tion of the high-resolution spectrum 
of ethanol obtained by Arnold, Dhar- 
matti, and Packard ( I ) ,  followed by 
the remarkable thesis work of Ar- 
nold (2) and Anderson (31, who con- 
vincingly demonstrated the enor- 
mous potential of the technique. 
Visionaries such as  Shoolery and 
Gutowsky worked hard to convince 
the chemistry community that this 
strange new piece of physics could 
work wonders for structural chemis- 
try. A few farsighted individuals set 
out to build their own high-resolu- 
tion spectrometers from scratch- 
magnet and all-which was not an 
easy task in a chemistry laboratory. 
A California company, Varian Asso- 
ciates, offered a commercial ma-  

0003 - 2700193/0365 -743A/$04.00lO 
e 1993 American Chemica Society 

Russell Varian; Varian Associates 
refers to the company.) 

Most of these pioneering research- 
e rs  found themselves banished to 
dusty basements over concerns that 
the  heavy iron magnets posed a 
threat because of floor loading regu- 
lations. At that time it seemed quite 
natural to fm the radio frequency (rf7 
and sweep the magnetic field to scan 
the  spectrum, because the field 
drifted rather rapidly. 

A key item in basic NMR instruc- 
tion in those days was the derivation 
of the steady-state solutions to the 
Bloeh equations (4), which described 
the form of the resonance response 
observed under continuous-wave 
(CW), slow-passage conditions. The 
transient solutions that apply to the 
case of pulse excitation did not seem 
to be 80 relevant. Nevertheless, a few 
physicists were already thinking 
about the conceptually more difficult 
pulse excitation problem. Bloch had 
described several pulse experiments 
(41, and Hahn had already detailed 
the spin-echo phenomenon (5). 
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Varian disclosed a patent (6, a 
spectrometer with enhanced sensi- 
tivity that  "excited simultaneous 
resonance of a plurality of resonance 
lines" (Figure 1). Lowe and Norberg 
(7) pointed out that the transient 
free induction decay (FID) and the 
steady-state slow-passage spectrum 
form a Fourier transform (FT) pair. 
Thus it appeared that some type of 
broadband excitation could be used 
for high-resolution spectra and that 
the  resul t ing t rans ien t  s ignals  
should be Fourier transformed to 
give the desired frequency-domain 
spectrum. The idea that steady-state 
slow-passage spectroscopy might not 
be the best way to excite a high- 
resolution spectrum was therefore 
already "in the air," yet nothing con- 
structive was done about it for al- 
most a decade. Almost unnoticed hy 
the NMR community, IR spedrosco- 
pists were beginning to use FT meth- 
ods to improve sensitivity through 
wha t  they  understood as t h e  
"Fellgett advantage" (8). 

One feature of certain chemical ex- 
plosions is the existence of an induc- 
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tion period during which nothing 
seems to be happening. The Fourier 
revolution in NMR spectroscopy had 
a similar induction period while var- 
ious ideas, equipment, and people 
came together at  a crucial time. Re- 
sistance to change also played an im- 
portant role in delaying the inevita- 
ble explosion. 

The advantages of the pulse exci- 
tation method are greatest for high- 
resolution spectra that contain large 
numbers of narrow resonances, but 
physicists were not particularly in- 
terested in these applications. The 
need to derive the FT appeared to be 
a serious obstacle because it was not 
then evident that this should be done 
digitally on a computer. The organic 
chemist could already do so many 
fascinating things with proton NMR 
Spectroscopy that he was too busy to 
worry about revolutionary new tech 
nology-his goose was already lay 
ing some golden eggs! The coura- 
geous few who appreciated the 
potential of high-resolution “ C  
spectroscopy were seriously deterred 
by the low natural abundance of ‘‘C 
(1%) and by a widespread misconcep- 
tion that “C spin-lattice relaxation 
times were inordinately long, render- 
ing this nucleus particularly intrac- 
table to NMR techniques. 

The “prayer wheel” 
Seeds of the FT concept in  N M R  
spectroscopy can be traced to Vari- 
an’s idea (6) of exciting the nuclei 

with a wide band of frequencies from 
a noise generator to cause all the 
resonances to occur at  once. One of 
his proposals was to convert the sig- 
nals to audio frequencies (by hetero- 
dyne action) and to record them on 
magnetic tape. After the recording 
was complete, the magnetic tape 
would be made into a continuous 
loop that could he played hack at  dif- 
ferent speeds. A fixed-frequency fil- 
ter and an integrator would then se- 
lect different frequency components, 
creating a crude Fourier analyzer. 
The  N M R  spectrum would be 
scanned (but not in real time) by 

Figure 1. Front page of an early patent obtained by Russell Varian. 
The apparatus includes a broadband rl swrce (54) and slgnal pmcesslng via a Fourier analyzer (65). The 
dual-sample fieldbquency regulation scheme is inddental ta the main theme. 

phase-sensitive detectors, each pro- 
vided with the appropriate reference 
signal. No field (or frequency) sweep 
would be necessary; each transmit- 
ter-receiver unit would simply a m -  
mulate signals continuously from the 
appropriate point in the high-resolu- 

known as the 

rotated about 
c motor. The 
inder was ma- 

annel detection 

side the cylinder so that they couli 
be demodulated by the chopping ef- 
fect of the alternating light and dark 
bands. The output from each level of 
the cylinder was fed to a separate 
photoelectric detector combined with 
an integrator. The voltage on each 
integrator increased with time as it 
accumulated signals from one fre- 
quency component of the NMR spec- 
trum, increasing the signal-to-noise 
ratio. The system was designed to 
operate in real time witb no delay for 
signal processing. One embodiment 
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I of this idea in the form of a disk 
rather than a cylinder is shown in an 
extract from Anderson's laboratory 
notebook (Figure 3). 

The prayer wheel was never used. 
Although the  cylinder was con- 
structed, the tricky part of installing 

such a manner as to ens 

completed. As luck wo 
much better idea came 
the prayer wheel was 

grounds that it had pla 
tant role in the tho 
that led to the lW re 

(Emst was awarded t 
Prize in Chemistry for 
tions to modem NMR 

Fourier transformetlo 
During the 1960s Technical Me 

, instrumenicalled a computer of nver 
< . Jhaan&i  - .I-- 

ciannel  storage device was so01 
adopted by NMR spectroscopists t, 
improve sensitivity by accumulating 
several consecutive spectra in exact 
frequency registration. Today this 
technique is commonly known as time 
averaging. 

The original version of the CAT 
had only 400 channels. Anderson 
and Emst appreciated the fact tha 
this concept was essential if on, 
wanted to exploit the advantage of 
pulse excitation. The free induction 
signal after each rf pulse, converted 

Figure 2. Prayer 1 

obtaining an NMR 
b of audio frequencies 
the resulting NMR responses. 

In practice about 20 film 

sician prefers to play individual 
notes one at a time rather than to 
drop the instrument onto a hard con- 
crete floor to elicit the impulse re- 
sponse. The FT was therefore an es- 
sential component of the new NMR 
revolution. 

Strangely enough, it did not seem 
to occur to other NMR spectrosco- 
pists that the sensitivity improve- 
ment from pulse excitation would be 
so dramatic and well worth the extra 
trouble. Those who did appreciate 
the principle were physicists unin- 
terested in the problems of high- 
resolution NMR spectroscopy; clearly 
it was a field for chemists. Fortu- 
nately, Anderson was working in a 
company in which the seientific and 
commercial importance of high- 
resolution techniques was clearly 
understood and Erns t  had been 
trained as a chemist. 

. . . .,. .. . . 
. .  
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Figure 3. Extract from Anderson's laboratory notebook dated Sept. 10, 1962, 
describing a disk arrangement instead of a cylinder for generating a comb of 
audio frequencies and for demodulating the NMR response. 
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Considerable practical problems 
had to be overcome, not the least of 
which was the reluctance of referees 
to recognize a really fundamental 
breakthrough when it was carefully 
explained to them (9).  Some ideas 
are just too revolutionary. Fortu- 
nately, the authors had faith in their 
new method and disclosed a patent 
(10) just to be on the safe side. 

Multiplex advantage 
It is useful to spend a moment exam. 
ioing how the sensitivity advantage 
of the FT method arises. In a CW 
slow-passage experiment, individual 
NMR lines are broadened and dis- 
torted unless the sweep rate is kept 
sufficiently slow. The most promi- 
nent feature is a decaying oscillation 
on the trailing edge of each line: the 
‘Wiggles.” 

Suppose we are dealing with the 
natural linewidth, determined by the 
reciprocal of the spin-spin relax- 
ation time T2. True slow passage (to 
minimize the wiggles) requires that 
the time taken to sweep through the 
line be on the order of T2. In practice 
this requirement can be somewhat 
relaxed because the lines are broad- 
ened predominantly by instrumental 
effects (magnetic field inhomogene- 
ity), usually represented by a shorter 
decay time constant T;. Slow pas- 
sage then requires the sweep rate to 
be slow enough that the linewidth A 

is scanned in a time of nT;, where n 
is a small number, about 2 or 3. If 
the total width of the spectrum is F 
Hz, the total time in seconds for a 
complete slow passage is nT; F/A. 

In the FT experiment the free in- 
duction signal must be sampled for a 
sufficiently long time that it decays 
to a negligible level; otherwise, the 
resonance lines after transformation 
are broadened and distorted, with 
decaying oscillations on each side of 
the line, resembling a sine function. 
The decay time constant is TZ; hence, 
the free induction signal should be 
acquired for a time equal to mT:, 
where m is a small number, about 2 
or 3. The pulse excitation scheme 

Figure 4. Extract from Anderson’s laboratory notebook dated June 3, 1964, 
outlining the idea of pulse-excited. high-resolution NMR spectroscopy. 
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sitivity improvement of this magni- 
tude renders many more chemical 
problems amenable to NMR spectro- 
scopic analysis. Today we can con- 
template using submicrogram quan- 
tities of sample for proton NMR 
spectroscopy. Every element with a 
gyromagnetic moment has  been 
studied a t  one time or another, 
bringing the inorganic chemist into 
the fol&along with the biochemist 

with minute amounts of 

An FT modification for an existing 

e to try to put our- 
s of an NMR spec- 
mid- 1960s. When 

son started this re- 

PDP-8 minicomputer with 4 KB of 
memory was purchased. This amount 
of memory seems ridiculously small, 
but at that time it was adequate for 
the task at hand. This crucial im- 
provement meant that the FT could 
be performed in house with direct 
transfer of the data between com- 
puter and spectrometer, greatly re- 
ducing turnaround time. Moreover, 
the computer itself sewed as a time- 



averaging device. (In later years it 
became clear that a computer would 
have to be part of the spectrometer 
itself and that i t  could then take on 
some of the control functions of the 
experiment.) 

There was, however, a serious 
drawback The transformation pro- 
gram used a t  tha t  time required 
about 20 min. Imagine demonstrat- 
ing this marvelous new technique to 
a prospective customer: “Let’s go and 
have a coffee while the FT is being 
calculated.” It  took a great deal of 
faith to believe that anyone would 
have the patience to use the new 
technique. 

Two gentlemen had in fact already 
supplied the remedy, just in time for 
the NMR project. Cooley and Tukey 
(1.2) realized that the standard FT 
algorithm then in use was far from 
efficient. It used too many multipli 
cation operations, one of the slowes 
steps in many calculations on a digi 
tal computer. By introducing a re 
striction that the data se 
comprise 2” items, where I 
teger, they showed that the pmblen 
could be factored in a manner the 
greatly reduced the uumher ofmulti 
plications. The transformation wai 
speeded up enormously and com 
pleted in a matter of seconds rathe 
than minutes. Finally, ET spectros 
copy had become a practical proposi 
tion. 

Computer speeds have increasec 
considerably in the  interveninl 
years, and even multidimensiona 
FT may now be contempl 
equanimity. The induct 
was over, and the explo 
now begin. Soon everyone ww UBI 
BT-NMR techniques. 

lime-dependenl experiments 
Although this enormous sensitivit: 
improvement was the crucial fad0 

lines of a high-resolution spectrun 
(13), but only one line could be mea- 
sured a t  a time. Considerable pa- 
tience and spectrometer time were 
required. 

Fourier methods could be used to 
examine the entire high-resolution 
spectrum and follow the time devel- 
opment of each line in the spectrun 
during a spin-lattice relaxation ex 
periment (14). There soon followed a 

rash of papers on relaxation, artic- 
ularly those involving the C nu- 
cleus (15, 16). 

Chemically induced nuclear polar- 
ization (17) was another obvious can- 
didate for study by FT spectroscopy. 
At last i t  was possible to use NMR 
spectroscopy to take a snapshot of an 
evolving process without “blurring 
the image.” It  was as if the old plate 
camera that required the subject to 
sit perfectly still for a long period 
had been replaced by a modem high- 
speed camera. 

2D spectroscopy 
In 1971, in the midst of this popular 
revolution, another anarchist was 
plott ing his  own revolutionary 

t scheme. Jean Jeener had been con- 
templating an experiment that might 
produce data that in some way re- 
flected the theoretical “relaxation 
matrix.” He applied two pulses to the 
sample and varied their separation, 
the “evolution period” t,. The signal 
was detected as the FID S (tz) follow- 
ing the second pulse. Because it was 
inconvenient to gather data during 
t,, the behavior of the spins during 
this period was deduced indirectly by 
FT of the detected signal as a func- 
tion of both t, and ta This gave a 2D 
matrix of intensity as a function of 
two frequency parameters j, (the 
transform oft,) and& (the transform 
of tz). 

Jeener realized that this 2D spec- 

spectrometer 

waveragin( 
computer 

Figure 5. Cartoon outlining the first FT-NMR experiments in 1965. 
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local lab supplier. 
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trum in fact told him not the relax- 
ation properties but the pattern of 
couplings between the spins. Al- 
though similar information could be 
obtained from a series of double- 
resonance experiments performed in 
the frequency domain, Jeener saw 
that the new 2D technique gave a 
very clear picture of the connectivi- 
ties and that the sensitivity was es- 
sentially as high as a conventional 
1D experiment. Unfortunately, these 
first 2D spectra were never pub- 
lished; the only reference to this 
work is in a set of lecture notes for a 
summer school (17). 

surprisingly useful as a general 
method for assigning NMR spectra. 
More important, as demonstrated by 
Ernst (18, 19), it is the prototype of 
an entire family of 2D experiments 
discovered during the past 15 years. 

Of particular importance to the 
study of biochemical molecules is an 
offshoot of COSY known as nuclear 
Overhauser enhancement spectros- 

eaks is the nu- 

intensity of one 
e resonance of a 

This technique, which was compre- 

I .  

onses that lie 
1 and indicate !f the main di 

attracted to a third 

32 

30 28 

F; ( P P N  

- 
art of the 2D proton correlation spectrum (COSY) of erythromycin 

showi Figurm ingle pair of cross peaks, indicating that proton a is spin-coupled to 
proton b. 
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Quality. Reliability. 
Reproducibility. When you are 
deciding which column to use in 
your new method, you must con- 
sider all of these factors. That's 

I REpoRr 

slice-first in one spatial dimension 
and then in an orthogonal dimen- 
sion-followed by 2D FT spectros- 
copy. This technique, initially called 
Fourier zeugmatography, has been 
widely adopted for medical imaging. 

Offshoots of ZD spectroscopy 
Two-dimensional spectroscopy be- 
came the catalyst for a host of new 

niques. Previously, high- 
spectroscopists working 
samples had given little 

why Millipore offers the Waters 
NovuPak@ column product line. 
But what good is a column that 
offers all these features if it isn't 
the size column you want? 
Millipore knows that a variety of 
column choices is just as impor- 
tant as the quality of the column 
you buy. That's why we are 

expanding o 
line from 3 
include NE 

spectroscopy. Now "spin 
" became an essential 

isable 

2D experiment that traces the car- 
bon backbone of the molecule one 
link at  a time. This technique (21) 
relies on the presence of two directly 
adjacent ''C spins and is therefore of 
low sensitivity. It excites ''C double- 
quantum coherence during the evo- 
lution period and reconverts it into 
observable magnetization during de- 
tection. Thus not only is each "C 
spin pair labeled in an unambiguous 
manner, but the intense and unde- 
sirable signals from isolated 13( 
spins are suppressed. The result is 
surprisingly faithful representation 
of the carbon-carbon connectivity in 
which chain branching and ring for- 

ation are clearly identified. 

agnetlc resonance lmaglng 

onance methods were applied to de- 
rive spatial images of living objects 
by exciting proton resonance in in- 
tense magnetic field gradients (22). 
The intent was to investigate anom- 
alies in the physiology (e.g., tumors) 
by obtaining maps of proton density 
within the body. Later, these ideas 
were expanded to cover angiography, 
organs in motion such as the beating 
heart, tissue differentiation through 

e word for this 

projected densities contain enough 
information to reconstruct a 2D pro- 
ton density map. This data process- 
ing scheme, called projection-recon- 
struction, is inspired by earlier work 
in X-ray tomography. 

Ernst showed that there is a much 
more efficient method (23) in which 
the time dependence of the NMR sig- 
nal is followed while gradients are 
applied in the plane of the selected 

Unfortunately, the use of this  
technique restricts the Sam ling rate 
too severely for practical p3C spec- 
troscopy. However, by using compos- 
ite refocusing pulses, made up of the 
90" (x), 180" (y), 90" ( x )  sequence, the 
same refocusing effect can be 
achieved for much lower rf power 
(26). Then the pulses can be applied 
continuously, but to avoid cumula- 
tive errors they must be made part 
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