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Preface

It is nowadays almost a commonplace that a chemist finds it practically
impossible to keep abreast of important developments in chemistry
generally, not to mention developments in his own field of special interest.
College teachers as a group are perhaps more conscious of this information
problem than are some other segments of the chemistry profession. This
is really not surprising. Because of their responsibility for the education
~ of chemists-to-be, college teachers feel obliged not only to keep their
oourse materials in step with new developments but also to have some
understanding of advances in other areas of chemistry. Yet, as those of
us who have been teaching during the past forty years know so well, there
has been no significant change in the time available to the teacher for
study and assimilation of the steadily inereasing flow of new ideas and
information. In moments of ‘'despair, when a teacher tries to picture the
situation which could lie ahead, he is likely to conclude that chemistry
instruction might soon lag hopelessly behind the real chemical world—a
state of affairs which would be without precedent in academic history.
Ways of forestalling such an outcome appear to be rather limited at this
point in time. One way would be to improve the means of communication
between the research frontier and the teacher; another would be to in-
crease the “study” time available to the teacher; the best of all, however,
would be the combination of improved tranamsslon of information to the
teacher and the deliberate increase in his “study” time. -

 The Sm'vey of Progress in Chemistry which is being launched with this
volume is an attempt to improve the transmission of new material to
the college chemistry teacher. Its aim can be expressed neatly in terms of
& simile borrowed from J. D. Bernal. We can view the traditional dis-
semination of chemiocal information through scientific journals as being
on a par with the most primitive level of wind-pollination in certain
plants. The more pollen grains released—above a certain number—the
more tiss the stigmata waiting to cateh them. What is needed in the
oase of chemistry teachers is a more advanced mechanism corresponding
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viii . PREFACE

to the selective stage of insect-pollination where, with far less pollen,
more gets to the right flowers. It is our hope that the Survey will be a
definite step toward the more advanced and efficieni mechanism, and
will serve to brmg to the teacher authoritative discussions of recent
- developments in chemistry that he, as a teacher, should be acquainted
with but does not have tmle to glean from the pubhshed hterature by
himself. | = -
Although the primary “target” of the Swrvey is the chemxstry teacher
it is hoped, of course, that the Survey will meet the needs of many other
groups of chemists who would like to know what is happening - in
ohemxs’a'y outside their own fields of activity. For obvious reasons, the
series should be-helpful also to the beginning graduate student and the
ambitious undergraduate who are seekmg an mh'oduohon to some topw
| 'not yét covered in the typical textbook.
.~ In putting togethér this first volume of the Survey the edltnr mtumlly
faced seme interesting polioy questions with respect to topics, contribu-
- torsj-and the “level of presentation.” In considering topics there seemed
’tab&nogoodreamtoadhmtothetra&honalsubdlwmom ofehemmt.ry
~ and devote one chapter to physical .chemistry, another to- organic
chemistry; and-so on. Indeed, on the MofWWhNay
there ate many points where attack is by a combination: of two or more of
‘these divisions; witness, for example, such new fields as “organic photo-
chemistry” and inoramo biochemistry.” Although it is our intention
to include, in a single volume; chapters: -dealing with several areas of
chemioal activity, the selection: of topics for any one volume is dependent
toaomeextentonwhamspamthehmtownteiorﬂmtmm
- volume; for it-in axiomatioc these days that & chemist. who. is at:the fore-
Ifmnt of his field of research is an éxceedingly busy individual. In pre-
-paring his chapter each contributor has kept the college teacher in mind
and has employed whatever mode of presentation he deemed best. This

is another way of stating that the articles in the Survey are not intended.

 to be the usual type of review article which serves another, quite different
purpose. To enable the authors to “see” the same. group of . readers the
editor advised them to assume 4he. typical reader to be a college teacher
who had ecompleted his graduate studies about ten years ago. It is be-
lieved that this description of the potential teacher-reader takes in- the
“'major fraction of the present -group of chm teachers and likewise
" the major fraction of active chemists. = |
In conclusion, it is noted with both pleamre and m’abude that mnny
aohvemmbehummhavepvengqnemumpporttome&wey

~ proj ject: by eneouragement, by mggeshom -of topuea and authors, and by
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consenting to prepare chapters for this or future volumes of the Survey.
The editor is especially indehted to the contributors to this first volume

because of their willingness to join in the experiment and also for their
full cooperation in carrying it out.

September 1963 | ARTHUR F. Scb'r'r
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I.. Introduction -

The development of a totally new research tool is & rare event indeed
and has frequently in the past obtained the well-deserved recognition of
a Nobel Prise. In the present chapter only: magnetic resonance methods.
have been of such recent development. More often the. appreciation by
chemists in general of the potent: force-of a partioular tool is the result
of improvement and simplification of an instrument which:allows broader
use by nonspecialists. As more information is obtained: with' the.particu-
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2 RILEY SCHAEFFER

lar tool the technique gradually spreads until it is in broad general use.
Probably the last area a particular tool reaches is the undergraduate
teaching laboratory. The majority of tools described in this chapter have
been 1n limited use by specialists for much or all of the first half of this
century but have only recently become available to the majority of
workers. In fact we have chosen to include some tools still largely in the
hands of speclahsts in the belief that they will find increasing general
use 1n the coming decade.

The primary purpose of this chapter is to introduce the reader to new
tools of the research chemist and some of the newer uses he has made
of older tools. The Jimited space here does not permit detailed treatment
of any individual tool and future chapters in this series will be devoted
to many of them. Rather we have sought to show some of the major areas
of usefulness of a number of common tools and indicate some of the
limitations in their use. The reader must consult the references for fur-
ther details. | -

* Contribution No. 1101.

II Magnetic Resonance Met"hOﬁS

} - s- . rﬂ

A, NUCLEAB MAGNETIC RESON ANCE , | .
“I'my sorry, but the electrons don’t confide in me” was the answer often |

given -by a well-known professor of chemlstry When a. questmn asking

for t.oo detailed information was asked by a Btudent Snrely every chemist
has wished at times that he had a way of talking directly, or even
through a translator, to his favorité molecules and of-asking them ques-
tions "about their structure and chemlcal behavior. Nuclear ‘magnetic
resonance (NMR) affords the chemist a way of ‘asking some very de-
tailed ‘questions of molecules and receiving quite straightforward replies,
although he must still learn the “language” to be able to translate the
replies into a useful form (see Jackman, 1959; Roberts, 1959, 1961
Brownstein, 1959; Strong, 1959). Typical questions that. & moledule might
be asked are:

‘Do you contain: hydrogeﬁ (or a.lmoat a.ny other element) a.nd if so,
how mueh?” . N 't

“What pereentage of an unusual motope of an element do you con-
tam?” gt |
- What is the ﬂrrahgemmt of: the at.oma mbhnn you?” |

“Dy you exchange atoms with other mleoules (of your own chemlca}
type or:another) very often?” . - ' |
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‘In your travels through solution have you recently had an unpaired
electron or come near to a molecule or ion with an unpaired electron?”

Surely a tool that is capable of giving answers to such questions as
these well deserve the high regard of the research chemist and also our
present attention.

In principle NMR can be used to ask such questions as the foregoing
of any molecule that contains an atom of an element of which some
1sotope exists which 18 either of odd atomic number or of odd atomic
mass. Nearly every element has some stable isotope which satisfies this
requirement although, unfortunately, in many cases the isotope may
occur in only very low natural abundance. Thus for studies of oxygen
compounds only the oxygen-17 isotope is satisfactory, and it is present in
normal oxygen only to the extent of 0.037%. Some further limitations
apply which will become apparent below, but fortunately some elements
of very ‘great chemical interest are well adapted to study using NMR.
It is exceedingly fortunate that the method is so readily applied to
compounds contalning hydrogen since nearly all of the millions of organic
compounds will give answers to questions asked by NMR. In addition
fluorine, phoephorus, and boron are well adapted to NMR study, and
studies of compounds contammg a host of other elements (mcludlng
ea.rbon ‘hitrogen, oxygen, and silicon) have been carried out.

" The. equipment necessary. for the observation of NMR is sunple in
.- pnnelple' 'albbough,t as with most other .instruments, the practice is con-
siderably morée eomplex. An' NMR speetrometer consists of a magnet
capable .of producing a highly uniform ‘magnetic field, ‘'a radio trans-
mitter operatmg at a frequency of -between 1 and 60 Me, depending on
the leotope to ‘be studied, and a radio receiver carefully tuned to the
same frequency. Probably the most difficult condition to achieve is the
necossary umfermxty of magnetic field (uniform to about ‘one part per
hundred million in the frequency range generally used for hydrogen)
and the procedures used to assure this uniformity are fairly: complex.
Nevertheless, the'effect itsel? can be observed with less complicated equip-
ment. Thus-it is possible to utilize the magnetic field of the earth itself to
obserwe the effect, and a design that may be copied in the home labora-
tofy and uses only a.common permanent. magnet. has been described by
St.rong (1959); however scientiﬁc wOrk requmea large, ﬁnd at pl‘eaent
costly, equipment.

Several types of spectrometers have been bullt but a bnef descnptnon
will be given only of the operation of one of the common commercial
- types. A small sample of the substance to- be studied is placed into a
sample. tube (thin-walled '5-mm Pyrex tubing is frequently used) and
the sample inserted into a "probe” which contains the radio transmitter
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coils and receiver coils mounted accurately at right angles to one another
and to the applied magnetic field. AdJustments are made to minimize
the amount of signal picked up by the receiver. The magnetic field is
then slowly increased from lower to higher fields. At certain “resonant”
fields the nuclei in the sample are affected by the transmitted frequency
and a signal is induced in the receiver coils which is then amplified and
recorded. The resultant spectrum is & plot of receiver voltage against
applied field. To understand and interpret the spectrum we must look a
bit deeper into the source of the effect itself. |

The fact is well known te chemists in general that electrons possess &
property called spin and behave in many ways as though they were
small charged spheres constantly spinning 6n an axis; it is perhaps less
well known that many nuclei also possess the property of spin and may
be mgned a quantum number for nuclear spin generally ealled I. An
isoptope is suitable for NMR study if its nucleus has nonzero spin. As a
general rule the spin of a nucleus is geré only if it is compoaed of an
even number of protons and an even number of neutrons. The spin of the
nuocleus (or the electron) causes it to behave in many ways as though it
were 8 amall bar magnet; that is to say, it possesses & magnetic moment.
Conuqumt.ly, if a nucleus possessing & spin is placed in & mamet.m field
an interaction takes place which orients the nuslear spin axis with. respect
to the applied field and causes it to precess about the field axis somewhat
like & gyroscope. Quantum restrictions similar to those governing the
" behavior of electrons apply to nuolei -a8 well; in fact, in the present case
there are just 21 - 1. ways in which the angular momentum of the nucleps
" may be. oriented with respect to the field. In a. number of the nuclei
useful for NMR -(for example, hydrogen and fluorine) the spin of the
nueleus is 4.80 that the number of possible orientations is 2 X 4 + 1 = 2;
the nuclear spin precession axis may be aligned with or against the ﬁeld
In most of the dlacussmn to.follow we shall confine ourselves to those
nuclei of I = }.

In the absenoe of a mapetw ﬁeld a.ll onentatlons of nuclear spin are

equally hkely, but when a magnetie. field is applied this degeneracy. is .
removed and, a-definite energy difference exists between the two pessible
spin orientations. Unlike most spectroscopio experiments, the: energy dif-
ference between these two states can be varied at will sinece it depends
directly on the strength of the magnetlc ﬁeld employed aeeordmg to- an
aqnatmnoffheform | L

) = kH - . |
m wh!ch h is Planek’s constant. v is the framency of the tranahon

(analogous to the frequency of an infrared or ultraviolet transition in
ordinary optical spectroscopy), &k is a constant which may be expressed
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as & combination of more fundamental atomic constants, and H, is the
applied field. For technical reasons which we need not go into at this
time, it is advantageous to work at the highest practical magnetic fields
which can be maintained uniform to the necessary degree. With present
commercial instruments this is somewhat in excess of 14,000 gauss, and
many current instruments operate at about 10,000 gauss. Each nucleus
will . possess a characteristic absorption frequency, and in fields of the
magnitudes mentioned above this is found experimentally to be in the
‘range of & number of megacycles per second—a convenient radiofre-
quency range. Table I lists characteristic NMR frequencies for some
common motopea ina 10 000 gauss field.

TABLE I

Cﬁumrmmc NMR anqmclm IN Mc/snc FOR A 10,000 GAb‘SB FieLp
| . Natura.l abundanoe NMR frequency

~ lsotope  BpipI | (%) o (10,000 gauss)
. : ¢ Y 09.98 42.577
Bu 3 81.2 13.660
N 1 99.635 3.076
Nu } 0.365 ' 4.315
ov § 0.037 5.772
e } 100.00 40.055
pn -} 100.00 | 17.285

- It would appear from what has thus far been said that all nuclei of a
given isotope would respond to an apphed radioirequency at exactly the
same applied field and, indeed, this is true to a very high degree; thus,
if a sample of ethanol is inserted between the coils, a smgle somewhat
broad resonance is observed unless the magnet:e field is very uniform.
Even: this single signal can be used, however, since the intensity of an
NMR signal depends under normal operating conditions only on the
number of nuelei contained between the coils of the probe. Thus through
‘the use of ‘standards a -¢onvenient method may be worked dit ‘for the
analysis of concentration of aleohol (in & nonproton-containing sotvent).
In a sensitive spectrometer, however, each chemmally different nucleus
.mthemolemhgweurisetoteepmhe resonarce {or as will be seen
below, several resonanees) at slightly different ficlds. The 'reason for this
lstobefotmd nmplymﬁhe fact that the phenomenonlssrmctearbneand

the important field in the foregomg eguatmn for resonance is the one ac-
tually eﬂectwe at the nucleus. This may be different from the applied field
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owing to several different causes: (1) The electrons present in the mole-
cule both in the lower lying levels in the atoms and, of more importance,
in the valence shells exert some magnetic effects—the nucleus is “shielded”
to a degree from the effects of the applied field. If two nuclei of a given
type are not shielded to exactly the same degree there will be a slight
“‘chemical shift” in the position of their resonances. (2) Each of the other
nuclei of non-zero spin will slightly alter the field seen by a particular
nucleus. This leads to the phenomenon of “spin-spin” coupling and will be
discussed further on. To observe the interplay of these two factors in giv-
ing useful chemical information the more detailed spectrum of ethyl aleo-
hol is often used as an example and is treated briefly below. (3) The pres-
ence of any magnetic particles in the solution studied may effectively
change the field at the nucleus of the observed atom. It is this effect which
enables one to answer t/he Iast question asked in the first, paragraph of
this section.

As the resolution of the instrument giving only a single absorption for
cthano! is 1mproved the single absorption splits up into three different
resonances (one ansmg from each of the chemically different hydrogen
atoms) as ghown in Fig. 1. A great benefit of the dependence of signal

F1a. 1. The lqw resolution spectrum of ethnnol. [Reprmted with permmuon
from Jackmnn (1959}] | - . .

mtensxty only on the nnmber of nuclel responslble for the axp&} can be: _
seen at once: the three peaks Are in the intensity ratio of 1:2:3 corre-
spondmg to one O«—H proton, two,CH, protons, and three. CH, pro-
tons, reapectlvely. It can easily be seen. that such a subtle difference as.
that between a.CH, and a CH, group is auﬁclent 1o give a readily appar-
ent chemical shift between the two resonances (the difference does. not
depend wholly on the presence of the OH group since resonances from
hoth CH, and CH, groups can readily be observed for even a molecule
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such as propane, although it is substantially smaller in such a case). The
three signals appear at slightly different values of the field since there
are slight differences in the extent of shielding of the different protons by
the valence electrons.

As the field homogeneity is improved still further (spinning of the
sample tube on an axis through the two sets of coils helps to even out
field inhomogeneities), the three basic lines split up once more into more
complicated patterns. 1f the ethanol contains a slight trace of acid the
pattern next appears as in Fig. 2. The CH, resonance has become a

—CHs

F1a. 2 The high resolution spectrum of ethanol containing a trace of acid.
[Reprinted with permission from Jackman (1959).]

triplet of relative intensity 1:2:1, whereas the CH, has become a quartet.
with peaks in the ratio of 1:3:3:1, and the OH line, under these condi-
tions, remains as a single peak. The effect of thé nuclear spins of the CH,
protons .is felt by the CH, protons and vice versa through spin-spin
coupling. The pattern produced is quite prediotable: the total spin of the
two methylene group protons is 4 3 =1 leading to (2X 1) +1=3
different orientations of their total spin and thus three fields and conse-
quently three lines for the meihyl resonances. Since there is only one way
for the two methylene resonances both to add or both to subtract from
the applied field and there are two ways in which their spins can cancel
one another in the effect on the applied field, the central line is of twice
the intensity of the outer two. In general, for spin coupling to more than
one hydrogen, the intensities will be in the ratio of the binomial coeffi-
cients of the same order: equal intensity for two lines if spin coupled to
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one hydrogen; 1:2:1 intensities for two 1:3:3:1 for three; 1:4:6:4:1 for
o gty Thus the vgkaicne lgm Sy et e pamh 2
- fact that they are spin coupled to the three methyl protons. "

- If the acid present in the ethanol is now carefully removed, a still more
complex spectrum results. The hydroxyl proton splits as it is affected by
the two CHj:protons into.a 1:2:1 triplet similar to that of the methyl
group, but-having only one-third the intensity of the latter since there
are only one-third as many protons in the group. At the same time the
methylene group protons are split once more by spin-spin coupling to the
hydroxy! proton, resulting in the over-all pattern shown in Flg 3. At this

iy i

— C'Ha

Fia. 8. The high resolution spectrum of hlghly punﬁed ethanol [Reprinted
with permimon from Jmhan (19569).] -

stage the ocomplete che:moal stmct,ure of ethanol could ‘be wrked out
from the NMR spectrum a.lone, although the detalls of bond anglea and
distances are of course not given. .

The effect of ‘excess acid on the speotmm of ethanol is striking and
leadausnahmﬂytomomarmfulremﬂt.lntheprmmofmn |
amounts of either acid or base, the hydroxyl protons gain lability and
begin to be passed between aloohol molecules at a rate which depends
on the acid or base concentration. As the acidity is increased slowly, the
hydroxy! triplet of pure ethanol begins to gradually change as the outer
two lines move in and shrink and the central line grows until one broader
line results. The effect arises from a relatively simple cause: if the proton




