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PREFACE

This booklet was for a long time used by Varian as an educationg@rambtional handout. In the
70’s it amounted to an introductory NMR course for chemistry studewtsvauld-be instrument
operators. It is widely quoted in NMR literature but it becametmally unavailable. Which is a
pity because it has a historic value and — despite all those years — many educatitsal me

As an Editor, | am grateful to Jim Shoolery and his wife Judith for their enthusiasticsentemt of
this freely available re-edition. | also wish to thank warmly the Bubli of the ¥ Edition, Varian
Inc, for their courteous permission to proceed with this initiative.

Today, there are two categories of readers who can benefitlireext. The first category are still
chemistry students who approach NMR for the first time and likdot@o following a historic
perspective. The exposition of the intricacies of 1D NMR specitiach the correlations between
NMR parameters and molecular structure are still valid anduluskfpresent-day student should
only skip those Sections which regard instrumental aspects of NMR they are based on the now
obsolete continuous-wave (CW) techniques. In addition, the student shouldlearare the peak
ringing present in practically all the shown spectra. Such “wg&jghre a principal — and ubiquitous
- artifact of the CW technique.

The second category of readers comprises those interested irsttrg bf NMR instrumentation
who are likely to concentrate nostalgically on exactly thosgosscwhich should be skipped by a
modern NMR novice. |, for example, have found it interesting to noti€&gi22 that the early 220
MHz spectra were acquired in CW mode. To think about it, it is &gimce Fourier Transform
(FT) techniques emerged only at the very end of the 60’s, while aierv200 and 220 MHz
superconducting systems were born in 1964 an 1965, respectively. But | hays &nded to
associate supercons with FT, and it never crossed my mind thatvireréimes when commercial
supercon instruments were still run only in CW mode.

| do not know Jim Shoolery personally — a fact which | sincerelgeteg) started doing NMR in
1964 at a polymer research institute in Prague where we hadlade@60 MHz instrument. At
that time Jim was already a household name for every chermistcathe world using &arian
AssociateNMR instrument but I, as deolUser and a physicist, was not in his orbit. Nevertheless,
| got glimpses of him at conferences, and since my daily work indabegvice for chemists, |
could have hardly done without his “Shoolery Rules”. The latter, of cowese, nothing less than
the first successful advances in the important field which is tedawn as “prediction” of NMR
parameters (chemical shifts and coupling constants) for organic compounds.

But the importance of Jim as a key figure in the early yelMR goes far beyond his “rules”. |

had to grow up and talk about him with personalities like Herbert Gltotesfully appreciate his

historic role. In a sense, he was a prototype of the figure whittunmsnt manufacturers call
“application lab chemist” - and he certainly set the standardkabfprofession very high! The
importance of Company application-lab scientists for the developmevtiaé scientific areas and
the respective instrumentation does not always receive the itrddgerves. In their daily work,

they carry out the highest-quality, innovative measurements on otheeisespmples and, alas,
sometimes receive less than a “thanks” for it, even when the vetskpgblished. Over the years,
they accumulate an enormous experience and become essential hg phattdirections in which

the instrumentation should evolve.



Jim’s position atvarian Associateshowever, was not exactly that of a plain employee. He joined
the Company in 1952 and thus belonged to the core of people who have stHriddhite it right,

he was an Associate (though not a Partner) and the only chemist teatheHis foresight and
enthusiastic embracement of NMR as a new technique of chenmabisia and his extremely
active proselytism (together wittohn D.Robertsat Caltech and a few others) were crucial for the
spectacularly rapid acceptance of NMR by the worldwide chemaaimunity. When he retired
from Varian in September 1990, Jim had on his credit a long list of specific M€bveries and
hardware advances (one being the introduction of microcoils in 1979), andaRG@ papers. But

| am sure that his main and most ever-lasting contribution to thenhsf NMR isthe bridge he
has cast between the physical aspects of NMR and its chemical applications

Stanislav Sykora,
November 30, 2008, Castano Primo, Italy,

Further reading about early activities at Varian Associates and about Jimr§kaole:

Lenoir T., Lécuyer C.,

Instrument Makers and Discipline Builders: The Case of Nuclear Magnetic Respnance
Perspectives on Scien8g245-276 (1995).

By the courtesy of the Authors, you may download a draft of this article for personat uses a
http://www.ebyte.it/library/downloads/1995 NMR_Lenoir_InstrumentMakers $elé pp.313-321.

Von Hippel E.,

The Sources of Innovatipn

Oxford University Press, Paperback Edition 1994.

Available online ahttp://web.mit.edu/evhippel/www/books.htiSee pp.143-152.

Shoolery J.N.,
NMR in the Beginning
Analytical Chemistry65 (17), 731A-741A (1993). DOI 10.1021/ac00065a002.

Reinhardt C.,

A Lead User of Instruments in Science: John D. Roberts and the Adaptation of Nuclear Magnetic
Resonance to Organic Chemistry, 1955-1975

Isis 97, 205-236 (2006). DOI: 10.1086/504732.
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INTRODUCTION TO NMR SPECTROSCOPY. 1I.

What is NMR Spectroscopy?

Nuclear Magnetic Resonance Spectroscopy is the name of a technique
for quantitatively detecting the presence of certain chemical elements
by measuring the amount of energy absorbed from a radio-frequency coil
surrounding the sample. Elements with one or more isotopes whose
nuclei possess a magnetic moment, i.e., act like a small magnet, can

be detected in this way when the experiment is conducted in a strong

magnetic field.

If either the magnetic field strength or the radio-frequency is kept
constant and the other is swept over a range of values, or spectrum,
small shifts in the absorption peaks are observed which can be
interpreted in terms of the various chemical environments of the
particular element being studied. Splitting up of some of the peaks

into multiplets occurs due to interactions between the various magnetic
nuclei within the molecules, and this gives further information regarding

the structural relationships of the atoms to one another.

Which Elements can be Studied?

While over 60 chemical elements have been detected by the NMR technique,
some of which have several isotopes with favorable nuclear properties,
only a limited number possess sufficiently strongly magnetic nuclei to
allow routine practical application to chemical problems. If we confine
our interest to these we find that of the common elements listed in

Figure 1, only 1y, 19F, and 31P have both high enough natural abundance
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and sensitivity to justify widespread analytical applications, and
consequently Varian's T-60 is designed to study these three elements.
Since 19F and 31P are much less frequently encountered than lH, which
is present in all organic substances, the Varian EM-300 and EM~360

NMR spectrometers are designed for proton NMR work exclusively.

How is the Sample Prepared?

With few exceptions, solid samples absorb energy over too wide a
range of frequencies to provide sharply resolved spectra for solving
analytical chemical problems. Samples must therefore be dissolved
in a solvent, preferably one with no background absorption due to
nuclei of the same type under study, since the solvent is normally

present in great excess.

Proton NMR studies are usually conducted in deutero-chloroform, CDClj,

if possible, in order to standardize the interaction between the sample
and solvent, which makes comparison of data from model compounds and
unknown samples easier and more reliable. The residual CHC13 in the
solvent gives a small peak which is generally easily distinguishable

from those arising from the sample. When solubility in CDCl3 is too

low, other deuterated solvents are available. Some samples can be run
only in water solution in which case it is necessary to accept the intense

background absorption by the solvent.

A much wider variety of solvents can be used for studies of 9% or 31P,

since the effects of solvent molecules are usually much smaller than the

effects of the molecular environment,



Why are Nuclei of Some Elements Mugnetic?

Fundamental particles such as protons, neutrons, and electrons behave as

if they are spinning on an axis, and consequently exhibit the property of
angular momentum. If a nucleus contains an even number of protons and an
even number of neutrons, the spins pair up, i.e., for each nucleon spinning
in one direction there is one spinning the other way, and the total nucleus
exhibits no spin. But if there is an odd number of nucleons in the nucleus,
as in lH, 19F, 3lP, there will be a net spin angular momentum which will

be some multiple of 1/2 (h/2ﬂ), where h is Planck's constant. The spin

angular momentum is given the symbol, T.

Associated with a spinning charged particle will be a magnetic field, since
the charge moving in a closed circular path acts like a current flowing in
a loop of wire. The nucleus then behaves as if it possesses a magnetic

dipole moment which is given the symbol, 1.

What Happens When You Put the Sample in The Magnet?

In the absence of a magnetic field the nuclei are oriented randomnly,
i.e., the north-seeking poles of the tiny nuclear magnetic dipoles can
point in any direction with equal probability. Application of a strong
magnetic field to the sample containing an ensemble of many such nuclei

leads to the magnetic polarization of the sample. TFor nuclei with

I =1/2 there are just two possible energy states; the magnetic moment
can align parallel to the field analagous to a compass needle in the

earth's field, or amti-parallel to the field. The parallel orientation

is the more stable by a very small amount of energy, 2uH. The entire
system is in a state of dynamic equilibrium due to the jostling of the

molecules by one another associated with their thermal motions. A nucleus



cannot remain in one energy state very long without being disturbed enough
so that it either absorbs energy and goes from the parallel to the
anti-parallel state, or gives up energy with the reverse transition. When
equilibrium between the populations of the two states is reached, it is
found that the parallel state is slightly more populated. The magnitude of
this population difference is small, and inversely proportional to the
absolute temperature, and directly proportional to the magnetic moment and
the field strength. For 14 nuclei in a field of 14,092 G at 300°K (room
temperature) there are 1,000,010 nuclei parallel to the field for every
1,000,000 anti-parallel. The 10 nuclei out of every 2,000,000 which represent
the excess population in the parallel state account for the development of

a weak magnetic polarization of the entire sample.

How Long Does it Take the Sample to Polarize?

Figure 2 shows that the polarization of the sample grows towards its
equilibrium value exponentially with a time constant, T called the thermal
relaxation time. This time constant depends essentially on two things:

a) The amount of molecular motion in the sample which is effective in
jostling the nuclei from one state to the other. This is affected by

temperature and viscosity.

b) The strength of the interaction between the nuclei and the rest of the
sample. Since nuclei are embedded in the atoms they are protected from direct
collisions, and can only be jostled by the interaction between their own
magnetic field and the fluctuating magnetic fields of their moving neighbors.
Thus, Tl also depends upon the magnitude of p and the magnetic moments of
other atoms and molecules within the sample. It is further affected by the

degree to which the atom being studied is exposed or shielded from close

approach by the structure of the molecule containing it.

5
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How is the Absorption of Radio-Frequency Energy by the Sample Made to Occur?
The energies of the two states corresponding to parallel and anti-parallel
orientation of the nuclei differ by 2pH. Figure 3 shows the energy levels
of the two spin states for I = 1/2. If electromagnetic radiation with the
correct energy is provided, the excess population of nuclei aligned with

the field will absorb energy and become opposed to the field. The energy
can be supplied by a coil of wire surrounding the sample and carrying an
oscillating current of the correct frequency. The oscillating magnetic
field associated with this current exerts forces on the nuclei which result
in the absorption of energy. The amount of energy absorbed is measured with
a detector (radio-receiver) which is sensitive to changes in the voltage

across the coil.

Let us calculate the frequency at which the nuclei will absorb energy.
If the energy difference is 2uH, and the energy of electromagnetic

radiation is given by

E = hy Einstein relation
then ) = 2uH
h

The frequency therefore depends both on the strength of the nuclear

magnetic moment and on the strength of the applied field.

In the case of hydrogen nuclei, when H = 14,092 G., v = 60.000 Miz. Most

analytical NMR instruments operate at this field and frequency.
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