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n Chapter 9, we gave an exposition of the most generally useful and practical 
spectroscopic methods currently employed in modern organic laboratories. 
However, in our discussions of nmr spectra, we passed rather quickly over the 
basis of understanding why some lines are broad and others sharp, why rate 
effects can cause chemical shifts to be averaged, and how to correlate spin- 
spin splitting with the energies of nmr transitions. These topics will be dis- 
cussed in this chapter along with a brief explanation of the remarkable effects 
on nmr spectra associated with some kinds of chemical reactions, namely, 
chemically ind~iced dynamic nuclear polarization (CIDNP). 

In addition to the spectroscopic methods covered in Chapter 9, there are 
a number of other spectroscopic techniques that are less generally used, but 
can provide, and have provided, critical information with regard to specialized 
problems. Because some of these are relatively new and may become more 
widely used in the next few years, it is important that you be aware of them and 
their potentialities. However, because they may be peripheral to your present 
course of study, we have reserved consideration of them to this chapter. 
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2 7 - M O W  CAN WE UNDERSTAND LINE-WIDTH 
DIFFERENCES IN NMR SPECTROSCOPY? 
THE UNCERTAINTY PRINCIPLE 

If you look at the nmr spectra of many different kinds of organic compounds, 
you will notice that some resonances are sharp and others are broad. In a few 
spectra, all of the peaks may be broad as the result of poor spectrometer per- 
formance, but this is not true for the spectra of Figures 9-29 (p. 3 12) and 24-2 
(p. 1173) where, within a given spectrum, some resonances will be seen to be 
sharp and others broad. We can understand these differences by consideration 
of the lifetimes of the magnetic states between which the nmr transitions 
0ccur.l The lifetimes of the states can be related to the width of the lines by 
the Heisenberg uncertainty principle. 

You may have heard of the uncertainty principle, but if you have not 
studied chemical physics you may have little idea of its possible importance 
to organic chemistry. The usual statement of the principle is that there are 
limits to how precisely we can specify the momentum and the position of a 
particle at the same time. An alternative statement has more relevance to 
spectroscopy and chemistry, namely, that the precision with which we can 
define the eizergy of a state depends on the lifetime of the state. The shorter 
the lifetime, the less the certainty with which we can define the en erg^.^ 

Let us consider an example. Suppose a magnetic nucleus in a ground 
state with a long lifetime and rather precisely defined energy goes to an excited 
state with a short lifetime, At.3 The uncertainty principle tells us that the 
energy of the excited state cannot be defined precisely. I t  will have an inherent 
uncertainty in its energy so that an imprecise v, having an uncertainty in fre- 
quency Av, will take the nucleus from the ground state to the excited state. 
The imprecision of the energy AAE, or the imprecision A v  in the transition 
frequency, v, depends on At, and is given approximately by the relationship 

h 1 
AAE - - X - - hAv 

2 n  At (27- 1 ) 

in which h is Planck's constant. What this means is that the absorption line 
corresponding to the transition will have an uncertainty in line width that is 
inversely proportional to At (see Figure 27-1). 

IIt may be helpful to you before proceeding to review the introductions to Section 9-10 
and 9-10A in which the general characteristics of the nuclear magnetic states are 
described. 
'A brief exposition of the basis of the uncertainty principle is given by R. P. Feynman, 
Lect~lt-es in Physics, Addison-Wesley, Reading, Mass., 1963, Vol. 1, pp. 6-1 0. 

:'The uncertainty principle will be applied in this section to nmr spectroscopy but, as 
we will see later, it is applicable to all other forms of spectroscopy. 
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Figure 27-1 Schematic representation of the range of absorption fre- 
quencies involved in a transition from a long-lived ground state to an 
excited state of short (right) and longer (left) lifetime. The line width 
A v  can be taken to be the width of the line in frequency units at half 
maximum height. 

It is most convenient to think of line widths in frequency units because 
most of our spectra are plotted this way. If the scale is wavelength or energy, 
it can be converted to frequency by the procedures given previously (Section 
9-3). Division of Equation 27-1 by h leads to the relationship Av - 1/(2n 
x At). In nmr spectroscopy, we may wish to consider spin-spin splittings or 
chemical shifts involving lines no farther than 1 Hz  apart. However, two lines 
1 Hz  apart will not be clearly distinguishable unless Av of each is less than 
about 1 Hz, which corresponds to a At, the lifetime of the excited state, of 
1/(2n) = 0.16 sec. If AV is 2 2 Hz, lines that are 1 Hz  apart will be so poorly 
resolved as to appear as one line (cf. Figure 27-2). A A v  of 2 H z  corresponds to 
a At of 1/(2 x 2n) = 0.08 sec. Clearly, line separations observed in nmr spec- 
troscopy and, in fact, in all forms of spectroscopy, depend on the lifetimes of 
the states between which transitions take place. The lifetime of 0.16 sec re- 
quired for Av to be 1 H z  is a long time for a molecule! During 0.16 sec, a mole- 
cule such as ethanol in the liquid phase may undergo 1011 collisions with other 
molecules, 101° rotations about the C-C bond, and 1012 vibrations of each of 
the various bonds, and may even undergo a number of chemical changes. The 
properties of magnetic states that have lifetimes of this order clearly must be 
an average over all of these happenings. 

It  is possible to shorten the lifetime of an excited nuclear magnetic state 
(or increase its relaxation rate) in a number of ways. For a liquid, the simplest 
way is to dissolve in it paramagnetic metal ions, such as Cu(II), Fe(III), 
Mn(II), and the like, or other substances (0,, NO, and so on) that have un- 
paired electrons. Another way is to reduce the rate of motion of magnetic 
nuclei in different molecules with respect to one another, which is easily done 
by increasing the viscosity. Without going into details of the mechanisms by 
which substances with unpaired electrons or increased viscosity shorten the 
lifetime of excited nuclear magnetic states, it is important to know that dra- 
matic line broadening thereby can be produced. Thus the proton resonance 
line of water is enormously broadened by adding paramagnetic Mn(I1) ions 
or by freezing (water molecules in ice move much more slowly relative to 
one another than in liquid water). 
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Figure 27-2 Two overlapping nmr resonances separated by 1 Hz and 
each with a Av of (left) 1 Hz and (right) 2 Hz 

27-2 USE OF THE UNCERTAINTY PRINCIPLE 
TO MEASURE THE RATES OF CHEMICAL 
TRANSFORMATIONS 

We have seen how the uncertainty principle relates the attainable line widths 
in different kinds of spectroscopy to the lifetimes of the states-the shorter 
the lifetime, the greater the spread in energy of the states and the greater the 
spectroscopic line width. So far we have associated short lifetimes with ex- 
cited states, but this need not necessarily be so. Short lifetimes also may be 
associated with chemical or conformational changes. As a specific example, 
suppose we have a magnetic nucleus in the +I12 state located in a chemical 
environment whereby it experiences a magnetic field H such that H = H,, 
(1 - 0). This nucleus will have a particular magnetic energy, call it E. Now 
suppose the nucleus has a lifetime At before it moves to a different chemical 
environment where it experiences a different field H '  = H ,  ( 1  - G' )  and has a 
different energy E'. Clearly, there will be an uncertainty in the energy E 
depending on the lifetime of the +l/2 nucleus in the particular chemical en- 
vironment before it switches to the new environment with a different shielding 
and a different energy. 

Consider a specific example, 2,2,3,3-tetrachlorobutane. This substance 
can exist in three different conformations, 1, 2, and 3. By reference to the dis- 
cussions in Section 5-2, you will recognize that 1 is achiral, whereas 2 and 3 
are enantiomers: 

Clearly, if we could separate 1 from 2 and 3, the protons of its methyl groups 
would have diferent chemical shifts from those of 2 and 3 (which, as enan- 
tiomers, would have their methyl proton resonances at the same frequency). 
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Figure 27-3 Proton nmr spectra of 2,2,3,3-tetrachlorobutane in 2-pro- 
panone solution at different temperatures. The curves on the left are 
experimental curves and those on the right are theoretical spectra cal- 
culated in accord with the uncertainty principle for different values of 
At. The large peak at -44" corresponds to 1, the smaller one to the 
enantiomers 2 and 3. The change of At with the temperature indicates that 
the energy barrier to rotation is about 14 kcal mole-'. 

Now consider a mixture of the conformations 1, 2, and 3 in which the 
ltfetimes of the conformations before they convert one into the other are At. 
Assuming that the lifetimes of the +l/2 and -l/2 magnetic states are long com- 
pared to At, then uncertainty In the transition energies will depend on the life- 
times of the chemical states (conformations) with different chemical shifts for 
the protons. The chemical-shift difference between 1 and 2 or 3 at -44", as 
shown by Figure 27-3, is about 5 Hz. From Equation 27-1, we can see that 5 Hz 
also will be the degree of the uncertainty in the frequency when At - 1/(2nAv) 
= 1/(2n X 5 HZ) = 0.03 sec. Thus if 1 has a lifetime much longer than 0.03 
sec, say 1 sec, before going to 2 or 3, it will give a sharp resonance of its own 
and, of course, 2 and 3 will also. However, if 1, 2, and 3 have lifetimes much 
shorter than 0.03 sec, say 0.001 sec, then we expect one average resonance 
for 1, 2, and 3. 

Either condition can be realized for 2,2,3,3-tetrachlorobutane by taking 
the proton nmr spectrum at different temperatures (Figure 27-3). At -44", 
at which At is 1.0 sec, we see the separate peaks for 1 and for 2 and 3. At 
-20°, at which At is 0.045 sec, the uncertainty is such that the lines have 
coalesced and we no longer can see the separate peaks. When the spectrum is 
taken at room temperature, at which At is about 0.00005 sec, a single very 
sharp line is observed. We get a sharp line at this temperature because, for 
practical purposes, there is no uncertainty about the average chemical shift 
of 1, 2, and 3. The line width now is determined again by the lifetimes of the 
+l/2 and -l/2 magnetic states, not by the lifetimes of the conformations. 
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Exercise 27-1 The lifetime for rotation about the C-C bond in ethanol is - 1 0-lo sec 
at room temperature. Approximately what (large) chemical-shift difference, in Hz, 
would a given hydrogen (marked with *) have to have between 4 and either of the 
conformations 5 and 6 to permit the observation of separate chemical shifts for the 
CH, hydrogens in these conformations? Show your reasoning. 

Exercise 27-2 The 19F nmr spectrum of 1,2-difluorotetrachloroethane shows two 
peaks with unequal areas separated by about 0.90 ppm at -120" but a single sharp 
resonance at room temperature. Explain this change in the spectrum. 

Exercise 27-3 The nmr spectrum of the tert-butyl protons of 3,3-dibromo-2,2-di- 
methylbutane is shown as a function of temperature in Figure 27-4. Explain the two 
peaks observed at -64". Calculate the approximate mean lifetime of the process that 
causes the lines to coalesce at -33". 

Figure 27-4 Proton spectra of 3,3-dibromo-2,2-dimethylbutane in 
CF,CI, as solvent at various temperatures 
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Exercise 27-4 Referring to Figure 9-8 (p. 271), we see that the microwave spectrum 
of 1-iodopropane shows separate rotational peaks for the trans and gauche forms. 
Peaks about 0.35 GHz apart are clearly resolved. What lower limit can we then put on 
At for the lifetime of interconversion of the trans and gauche forms of 1-iodopropane? 
Show your reasoning. 

Exercise 27-5 Figure 9-29 (p. 312) shows some rather remarkable changes in the 
spectrum of ethanol as a function of concentration in CCI, solution. 
a. Explain the origin of the approximately 5 Hz, 1 :2:1 triplet observed for the HO pro- 
ton at 10% concentration. 
b. The washing-out of the triplet splitting of the HO resonance in 100% ethanol is a 
consequence of intermolecular HO proton exchange (C2H50H:" C2H50H 7-' C2H50H 
+ C2H,OHZk). Any given proton then experiences a +5 Hz spin-spin interaction on 
some molecules, a net of zero spin-spin interaction on other molecules, and a -5 Hz 
spin-spin interaction on still others. Notice that the H 0  resonance in 100% ethanol in 
Figure 9-29 is quite broad in comparison with that in Figure 9-23 (p. 296), which is of 
ethanol containing a trace of HCI to make the exchange very fast. Calculate an ap- 
proximate lifetime before exchange, At, for the hydroxyl proton in 100% ethanol that 
is in accord with the spectrum of Figure 9-29. 
c. Explain why the CH, resonance in 100% ethanol in Figure 9-29, but not in Figure 
9-23, is much less sharp than the CH, resonance. 

27-3 WHY SPIN-SPIN SPLITTING? 

In Section 9-106 ,  we outlined the structural features that lead to observation 
of spin-spin splitting in the nmr spectra of organic compounds. Rules for pre- 
dicting the multiplicities and intensities of spin-spin splitting patterns also were 
discussed. However, we did not discuss the underlying basis for spin-spin 
splitting, which involves perturbation of the nuclear magnetic energy levels 
shown in Figure 9-21 by magnetic interactions between the nuclei. You may 
wish to understand more about the origin of spin-spin splitting than is provided 
by the rules for correlating and predicting spin-spin splitting given previously, 
but having a command of what follows is not necessary to the qualitative use 
of spin-spin splitting in structural analysis. However, it will provide you with 
an understanding of the origins of the line spacings and line multiplicities. We 
will confine our attention to protons, but the same considerations apply to other 
nuclei (13C, 15N, 19F, and "'P) that have the spin I -- l/2. The  main differences 
between proton-proton splittings and those of other nuclei are in the magnitudes 
of the splitting constants (J values) and their variation with structure. 

Why does splitting occur? Let  us start by comparing the two-proton systems 
of 7 and 8: 
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Figure 27-5 Total magnetic energies and transition energies for the 
protons of CI,CH-C,CI,-CHO, 7, at close to 60 MHz. The horizontal 
lines represent the sums of the magnetic energies of the two protons 
taken in accord with Figure 9-24, with the lowest state having both spins 
-t1/2 and the highest both - l /2.  Notice that there are four transitions that 
come in two equal pairs; see Figure 27-7. The four transitions correspond 
to chemical shifts of 350 Hz and 580 Hz relative to TMS at exactly 60 MHz. 

The protons in each compound will have the shift differences typical of C1,CH- 
and -CHO and, at 60 MHz, can be expected from the data in Table 9-4 (p. 308) 
and Equation 9-4 to be observed at about 350 Hz and 580 Hz, respectively, 
from TMS. Now consider a frequency-sweep experiment4 arranged so that the 
-CH=O proton will come into resonance first. 

For 7 the two protons are separated by seven bonds in all (five carbon- 
carbon and two carbon-hydrogen bonds), thus we expect spin-spin splitting to 
be negligible. We can construct an energy diagram (Figure 27-5) for the magnetic 
energies of the possible states of two protons at 60 MHz with the aid of Figure 
9-24. (If this diagram is not clear to you, we suggest you review Section 9- 10A 
before proceeding.) 

Now consider C1,CH-GI-I=O, in which the protons are in close proximity 
to one another, three bonds apart. Each of these protons has a magnetic field 
and two possible magnetic states that correspond to a compass needle pointing 
either north or south (see Figure 9-21). The interactions between a north- 

*We will use frequency sweep simply because it is easier to talk about energy changes 
in frequency units. However, the same arguments will hold for a field-sweep experiment. 
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Figure 27-6 Total magnetic energies and transition energies for the 
possible states of the protons of CI,CH-CH=O at close to 60-MHz 
observing frequency. The energy levels on the left are without correction 
for the spin-spin interactions, those on the right include the corrections. 
The chemical shifts with respect to TMS at exactly 60 MHz are 350 Hz 
and 580 Hz. The resulting line positions are shown in Figure 27-7. 

north set of orientations (f1/2, +l/2 or <) of the two protons or a south-south 
set (-l/2, or F) will make these states less stable, whereas the inter- 
actions between either a north-south (+l/2, -l/z -) or a south-north (-l/2, 
+I12 t=5) orientation will make these states more stable. Why? Because north- 
south or south-north orientations of magnets attract each other, whereas 
north-north or south-south repel each other.5 Let us suppose the +l/2, +l/2 or 
i1/2, -l/2 orientations are destabilized by 1.25 Hz. The +l/2, -l/2 or -l/2, 
states must then be stabilized by I .25 Hz. Correction of the energy levels and 
the transition energies for these spin-spin magnetic interactions is shown in 
Figure 27-6. 

5Such interactions with simple magnets will average to zero if the magnets are free to 
move around each other at a fixed distance. However, when electrons are between the 
magnets, as they are for magnetic nuclei in molecules, a small residual stabilization (or 
destabilization) is possible. Because these magnetic interactions are "transmitted" 
through the bonding electrons, we can understand in principle why it is that the num- 
ber of bonds between the nuclei, the bond angles, conjugation, and so on, is more im- 
portant than just the average distance between the nuclei in determining the size of 
the splittings. 
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Figure 27-7 Predicted line positions for C12CH-CHO and CI,CH- 
C,CI,-CH=O relative to TMS at 60 MHz as deduced from Figures 27-5 
and 27-6, assuming identical chemical shifts for both compounds. The 
5-Hz splitting between the lines of C12CH-CH=O is the spin-spin 
coupling constant, J. The numbers besides the lines correspond to the 
numbers of the transitions in Figures 27-5 and 27-6. 

There are four possible combinations of the magnetic quantum numbers of 
the two protons of CHCl,CHO, as shown in Figure 27-6. Because the differ- 
ences in energy between the magnetic states corresponding to these four com- 
binations is very small (see Section 9- 1 OA), there will be almost equal numbers 
of CHC1,CHO molecules with the (+l/2, f1/2), (-l/2, +1/2), (f1/2, -l/2), and 
(-l/2, --l/2) spin combinations. The transitions shown in Figure 27-6 will be 
observed for those molecules with the two protons in the (+l/2, +l/2) state 
going to the (-l/2, +l/2) state or for the molecules with (f1/2, +l/2) to (f1/2, -l/2) 
as well as from (-l/2, +l/2) ---j (-l/2, -l/2) and (+l/2, 4 2 )  ---j (-l/2, - l / ~ ) . ~  It 
is very important to remember that the transitions shown in Figure 27-6 in- 
volve molecules that have protons in diferent spin states, and by the uncertainty 
principle (Section 27-1) the lifetimes of these spin states must be long if sharp 
resonance lines are to be observed. 

Now if we plot the energies of the transitions shown in Figures 27-5 and 27-6, 
we get the predicted line positions and intensities of Figure 27-7. Four lines in 
two equally spaced pairs appear for C1,CH-CH=O, as expected from the 
naive rules for spin-spin splitting. 

Exercise 27-6" Notice that Figures 27-5 and 27-6 show that the total magnetic 
energy for the protons in the +'/2, +I/;! state is 60 MHz less than for those in the -l/2, 

+l/2 state. Why then should we expect the observed transitions from +I/;!, +I/:! to +'I;!, 

T h e  transitions (+l/2, +l/2) + (-l/2, -l/2) and ( 4 2 ,  +l/2) - (+l/2, 4 2 )  are in 
quantum-mechanical terms known as "forbidden" transitions and are not normally 
observed. Notice that the net spin changes by tl for "allowed" transitions. 
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-l/2 and the transition from -l/2, +l/2 to -'/2, -I12 to have the same intensity? (Review 
Section 9-1 OA.) 

Exercise 27-7* Suppose you have three kinds of protons with chemical-shift differ- 
ences of I00 Hz, 60 Hz, and 40 Hz from TMS. Suppose the +l/2, +l/2 state of the 100, 
60 Hz pair is destabilized by a mutual spin-spin magnetic interaction of 5 Hz; the 
+l/2, +l/2 state of the 100, 40 Hz pair is destabilized by 3 Hz; and the +l/2, +'I2 state 
of the 60, 40 Hz pair has zero interaction. Draw energy diagrams analogous to Figures 
27-5 and 27-6 showing the total energy for the three nuclei (the levels correspond to 
+l/2, +l/2, +l/2; -l/2, +l/2, +l/2; -t1/2, -I/2, +l/2; -t1/2, +l/2, -l/2; and so on), first without 
and then with correction for the spin-spin interactions. You should have eight energy 
levels for each diagram. Now calculate and plot the transition energies as in Figure 
27-7. What are the resulting J values? What relative intensities would you expect for 
the lines? (If you work through this problem, you will understand the simple basis of 
spin-spin splitting. You also will see why it is desirable to carry forward the calcula- 
tions for more complicated systems with a digital computer.) 

A harder matter to explain, and what indeed is beyond the scope of this book to 
explain, is why, as the chemical shift is decreased at constant spin-spin inter- 
actions, the outside lines arising from a system of two nuclei of the type shown 
in Figure 27-7 become progressively weaker in intensity, as shown in Figure 
9-44. Furthermore, the inside lines move closer together, become more intense, 
and finally coalesce into a single line as the chemical-shift difference, 6, ap- 
proaches zero. All we can give you here is the proposition that the outside lines 
become "forbidden" by spectroscopic selection rules as the chemical shift 
approaches zero. At the same time, the transitions leading to the inside lines 
become more favorable so that the integrated peak intensity of the overall 
system always remains c o n ~ t a n t . ~  

In a similar category of difficult explanations is the problem of why second- 
order splittings are observed, as in Figure 9-32. The roots of the explanation 
again lie in quantum mechanics which we cannot cover here, but which do 
permit very precise quantitative prediction and also qualitative ~nderstanding.~ 
The important point to remember is that whenever the chemical shifts and 
couplings begin to be of similar magnitude, you can expect to encounter nmr 
spectra that will have more lines and lines in different positions than you would 
expect from the simple treatment we developed in this chapter and in Chapter 9. 

In extreme cases, such as with the protons of 4-deuterio-1-buten-3-yne, 
shown in Figure 27-8, none of the line positions or spacings correspond directly 
to any one chemical shift or spin-spin coupling. However, it is important to 
recognize that such spectra by no means defy analysis and, as also is seen in 
Figure 27-8, excellent correspondence can be obtained between calculated 
and observed line positions and intensities by using appropriate chemical shift 
and coupling parameters. However, such calculations are numerically labori- 
ous and are best made with the aid of a high-speed digital computer. 

7A relatively elementary exposition of these matters is available in J. D. Roberts, 
An Introduction to Spin-Spin Splitting in High-Resol~ttion Nuclear Magnetic Reso- 
nance Spectra, W. A. Benjamin, Inc., Menlo Park, Calif., 196 1. 
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Figure 27-8 Observed (upper) and calculated (lower) nmr spectra of 
4-deuterio-I-buten-3-yne (CH,=CH-CECD) at 60 MHz. The calculated 
spectrum is based on chemical shifts of 300, 297, and 283 Hz and 
coupling constants of 18.0, 11.5, and 2.0 Hz. The deuterium substitution 
was made to simplify the spectrum by eliminating small long-range 
couplings involving the double-bond hydrogens and the alkyne hydrogen. 

27-4 CHEMICALLY INDUCED DYNAMIC NUCLEAR 
POLARIZATION (CIDNP) 

One of the most startling developments in nmr spectroscopy since its incep- 
tion has been the discovery of chemically induced dynamic nuclear polarization 
or CIDNP. An especially dramatic example is provided by irradiation of 3,3- 
dimethyl-2-butanone with ultraviolet light. 

Prior to irradiation, the proton nmr spectrum (Figure 27-9a) shows the ex- 
pected two peaks in the ratio 3:9. However, on irradiation, the spectrum 
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Figure 27-9 Observation of CIDNP-induced enhanced absorption and 
emission resonances produced by irradiation of 3,3-dimethyl-2-butanone 
(a) before irradiation and (b) during irradiation. (Courtesy of Professor 
H. Fischer.) 

changes drastically (Figure 27-9b). A host of new resonances appear, some 
inverted (which means emission of radio-frequency energy), and the intensity 
ratio of the peaks of the ketone itself changes to about 3 : 18. When the light 
is turned off, the spectrum rapidly changes to almost exactly its original form. 
After 20 minutes in the dark, there are no emission lines and only the faintest 
traces of resonances corresponding to the many resonances observed only 
after the light was turned on. Similar phenomena are observed in the nmr 
spectra of many other reacting systems, some induced by light, others not. 

The CIDNP effect is a complicated one and we will not attempt to ex- 
plain it in detail. It is observed exclusively for radical reactions. However, 
it is not expected for chain-propagation steps, but only for termination steps. 
Furthermore, chemically dissimilar radicals have to be involved at some stage 
in the reaction sequence. Let us now consider how these considerations apply 
to the irradiation of 3,3-dimethyl-2-butanone. 
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Absorption of light by a ketone can give several reactions, but an es- 
pecially important one, which will be discussed in more detail in Chapter 28, 

0 
I I 

is cleavage of C-C bonds to give radical pairs. For 3,3-dimethyl-2-butanone 
there are two possible cleavage reactions of this type: 

The heavy lines drawn over the radical pairs indicate that the radicals in the 
pairs are in close proximity to one another. Combination of the radicals in the 
pairs regenerates the ketone, whereas separation of the radicals can lead to 
formation of other products. The radicals in a pair can combine with each other 
only if the odd electron on one radical has its spin opposite to the spin of the 
odd electron on the other radical. This is necessary for formation of an elec- 
tron-pair bond. 

CIDNP arises because the radical combination products have non- 
equilibrium distribution~ of their proton magnetic states. How can nonequi- 
librium distributions arise? First, we must recognize that the radicals formed 
by irradiation of the ketone can have different proton magnetic states. For 
example, the methyl protons of any given CH3CO- radical will be in one of the 
proton states: -t1/2, +l/2, +l/2; m1/2, +l/2, +l/2; . - . ; -l/2, w1/2, -l/2 states (8 in 
all; see Section 27-3). The effect of the different proton magnetic states is to 
cause the two unpaired electrons of the radical pairs to become unpaired at 
diflerent rates. In other words, RT + R'J, pairs produced by irradiation are 
converted to RT + R'T at different rates, depending on the proton magnetic 
states of RT and R'J. Thus, a particular pair of proton magnetic states for 
RT and R'J, can favor radical-pair recombination over radical-pair separation 
while another pair of proton magnetic states for RT and R'J can favor separa- 
tion over combination. The result is a "sorting" of proton magnetic states, 
some appearing preferentially in particular products and others appearing in 
other products. Thus one product may have more than the normal equilibrium 
value of a higher-energy magnetic state and hence will emit radio-frequency 
energy to get back to equilibrium, while another product may have an ab- 
normally low concentration of the higher-energy magnetic states and hence 
exhibit an enhanced absorption intensity. Figure 27-9 shows that recombina- 
tion of the radical pairs produced in photolysis of 3,3-dimethyl-2-butanone 
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forms ketone with a higher-than-normal magnetic energy in the protons of 
the methyl group (reduced absorption) and lower-than-normal magnetic energy 
in the protons of the tert-butyl group (enhanced absorption). 

The other CIDNP peaks in Figure 27-9b arise from reactions of the 
separated radicals first formed, and show both enhanced absorption and en- 
hanced emission. You should try to identify the origin of each of the CIDNP 
resonances with the expected reaction products: 

Because thermodynamic equilibrium usually is established between 
magnetic states of protons in a few seconds, the enhanced-absorption and 
enhanced-emission resonances disappear quickly when irradiation is stopped. 

Exercise 27-8 Explain why the irradiation of 3,3-dimethyl-2-butanone might be ex- 
pected to lead to C-C bond cleavage between the C2 and C3 carbons rather than 
between the C1 and C2 carbons. What products would you expect to observe in the 
irradiation of 2-propanone (acetone)? Would CIDNP be expected? 

27-5 PHOTOELECTRON SPECTROSCOPY 

The excitation of electrons to higher energy states through absorption of 
visible and ultraviolet light (usually covering the range of wavelengths from 
200 nm to 780 nm) is discussed in Sections 9-9 and 28-1. We now will con- 
sider what happens on absorption of much shorter wavelength, more energetic, 
photons. 

When radiation of wavelengths on the order of 120 nm is absorbed by a 
molecule of ethene, the excited state has just sufficient energy (about 250 kcal 
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counting rate for 
ejected electrons 

- ionization energy, eV 

Figure 27-10 Photoelectron spectra of ethene, ethyne, and benzene 
induced by 58.4-nm radiation from a helium-discharge lamp. For ethyne, 
the left part of the spectrum is shown with three different sensitivity levels. 
The horizontal scale here is in units of electron volts (eV), which can be 
converted to kcal mole-' by multiplying by 23.06. (Published by permis- 
sion of A. D. Baker and D. W. Turner, and of Accounts of Chemical 
Research.) 

mole-l) to cause the most loosely bound electron to be ejected. With radiation 
of still shorter wavelength, such as the 58.4 nm (490 kcal mole-l) provided by 
a helium discharge tube, these electrons will have, by the Einstein law, a kinetic 
energy of (490 - 250) = 240 kcal mole-l. More tightly bound electrons also 
can be ejected by 58.4 nm radiation, and they will have kinetic energies 
E= hv  - I ,  in which hv is the energy of the absorbed radiation (490 kcal mole-l) 
and I is the ionization energy. If we know hv  and measure the number of ejected 
electrons as a function of their kinetic energies, we can derive a spectrum that 
shows how the probability of excitation correlates with the ionization energy. 
Such spectra, called photoelectron spectra, are shown in Figure 27-10 for 
gaseous ethene, ethyne, and benzene and are quite individualistic. Consider- 
able fine structure is observed as the consequence of a considerable spread in 
the vibrational levels of the excited state. 

Substitution and conjugation have substantial effects on ionization 
energies. We have mentioned how methyl groups are able by their electron- 
donating power to stabilize carbon cations more than hydrogens do (Section 
8-7B). The same effect is very prominent in the ionization of alkenes, the lowest 
energy required to eject an electron from 1-butene being about 11 kcal mole-l 
greater than from cis- or trans-2-butene. The corresponding differences for 
1-hexene and 2,3-dimethyl-2-butene are about 27 kcal mole-l. Conjugation 
produces similar effects. The lowest energy required to eject an electron from 
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ionization energy plotted in eV 

Figure 27-11 Carbon I s  x-ray photoelectron spectrum of ethyl trifluoro- 
ethanoate. The zero point is 291.2 eV. (Kindly supplied by Professor 
K. Siegbahn.) 

1,4-pentadiene with isolated double bonds is 21 kcal mole-l greater than for 
the isomeric 1,3-pentadiene with conjugated double bonds. 

Photoelectron spectroscopy also can be carried on with x rays as the 
source of excitation and in this form often is called "ESCA" (Electron Spec- 
troscopy for Chemical Analysis). The x rays used have wavelengths on the 
order of 0.9 nm (32,000 kcal mole-l) and the energies involved are more than 
ample to cause ejection of electrons from inner shells as well as from valence 
shells. An x-ray photoelectron spectrum of the carbon 1s electrons of ethyl 
trifluoroethanoate is shown in Figure 27- 11. This spectrum is extremely sig- 
nificant in that it shows four different peaks - one for each chemically different 
carbon present. What this means is that the energy required to eject a 1s elec- 
tron of carbon depends on the chemical state of the carbon. The energy range 
for this compound is fully 185 kcal molep1 of the approximately 6700 kcal 
mole-l required to eject a 1s electron. This form of spectroscopy is especially 
well suited to the study of solid surfaces and is being used widely for the char- 
acterization of solid catalysts. 

Exercise 27-9* The photoelectron spectrum of ethyne in Figure 27-10 shows vibra- 
tional fine structure for the carbon-carbon bond in ionization at about 18.5 eV with 
spacings of about 0.27 eV. Explain how one could decide whether the observed vi- 
brational spacings are more associated with the ionized excited state of ethyne 
rather than the ground state. Review Section 9-7B. 
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27-6 MOSSBAUER SPECTROSCOPY 

A different form of molecular excitation is that of changes in the energies of 
the atomic nuclei. In general, enormous energies are involved, and such excita- 
tions will not be of interest to the study of organic chemistry unless the atomic 
energy levels are detectably influenced by the chemical surroundings of the 
nuclei. Usually this is not so, but there is one form of nuclear spectroscopy, 
known as Ndassba-eaer spectroscopy, which is capable of giving chemical infor- 
mation. The technique would be used widely if there were more nuclei with 
the proper nuclear properties. For organic chemistry, probably the most 
important available nucleus is the iron nuclide 57Fe (2.2% of the natural 
mixture of iron isotopes). Iron occurs in many biologically important sub- 
stances, such as hemoglobin, myoglobin, cytochromes, the iron storage 
substance ferritin, and so on, and there are a number of other types of stable 
organoiron compounds including ferrocene, cyclobutadiene iron tricarbonyl, 
and cyclooctatetraene iron tricarbonyl, which will be discussed in Chapter 3 1. 
These compounds present unusually difficult problems in how to formulate 
the bonding between carbon and iron. Important information has been obtained 
for such substances by Mossbauer spectroscopy. 

ferrocene cyclobutadiene iron cyclooctatetraene 
tricarbonyl iron tricarbonyl 

The essence of the Mossbauer technique as applied to 57Fe follows. A 
radioactive 57Co nucleus captures an electron and is converted to an excited 
"Fe nucleus, which then emits a y ray and becomes an ordinary 57Fe nucleus. 
If the excited 57Fe nucleus is in a rigid material so that there is no recoil motion 
associated with the emission of the y ray, then this ray is extraordinarily mono- 
chromatic (has a very small Av, Section 27-1) even though of great energy 
(14.4 KeV = 3.3 x lo5 kcal molew1). When such a y ray passes through a 
sample containing 57Fe atoms (also held rigidly), the y ray can be absorbed 
to produce another excited 57Fe nucleus. The chemical environment of the 
iron atoms can change the wavelength at which this absorption occurs. The 
problem is how to vary the wavelength of the y rays to match the nuclear 
absorption frequency. The way this is done is almost unbelievably simple- 
move the sample back and forth a few mm sec-l in the path of the y rays and 
measure the velocities at which absorption takes place. The velocity of light 
is 3 x 1011 mm sec-l. Therefore, a Doppler effect of 1 mm sec-I corresponds 
to a difference of only one part in 3 x 10ll. However, the selectivity of the 
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Doppler velocity, mm sec-I 

Figure 27-12 Mossbauer spectrum of cyclooctatetraene iron tricarbonyl 
in octane at 78°K. Notice that a spread of Doppler velocities of about 
3 mm sec-I is enough to give the full spectrum. (Courtesy of Professor 
R. C. D. Breslow and the Journal of the American Chemical Society.) 

recoilless y rays emitted from excited 57Fe nuclei is on the order of one part 
in 5 x 1O+l3 (equivalent to about a 7-cm variation in the distance from the 
earth to the sun!). 

A Mossbauer spectrum that has helped to corroborate the structure of 
cyclooctatetraene iron tricarbonyl is shown in Figure 27- 12. The separation 
of the two absorption peaks in Figure 27- 12 corresponds to a sample Doppler 
velocity of 1.23 mm sec-l. This Doppler effect means that there is the very 
small energy difference of 1.4 x kcal mole-I in the two transitions shown. 

Exercise 27-10 The purpose of this exercise is to investigate the importance of the 
uncertainty principle for some kinds of spectroscopy other than nmr, as discussed in 
Section 27-1. (You may wish to use the wavelength-energy conversion factors given 
in Sections 9-3 and 9-4.) 

a. The lifetime of an excited 57Fe nucleus undergoing y-ray absorption in a Moss- 
bauer experiment is 9.9 x sec. Calculate the range in AAE in frequency units 
and kcal mole-' that this corresponds to, and also the ratio of the uncertainty of the 
energy of the quantum absorbed to its total energy (14,400 eV). 
b. When a sodium atom in the vapor state absorbs radiation of 589.3 nm (sodium D 
line; Section 9-4) the lifetime of the excited state is 1.5 X sec. Calculate the Av 
that corresponds to the lifetime of the excited state and convert this into a AX for the 
line width of the absorption in nm. 

27-7 FIELD- AND CHEMICAL-IONIZATION 
MASS SPECTROSCOPY 

As we mentioned in connection with our discussion of mass spectroscopy in 
Section 9- 1 1, one problem with the practical application of mass spectra to 
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structure analysis involving the production of ions by electron impact is that 
the M+ peak may be very weak. In many situations we would like to have 
mass spectra with less intensive fragmentation than that obtainable by electron 
impact. There are two ways of achieving ion formation without imparting as 
much energy as by electron impact-in other words, "soft" rather than "hard" 
ionizations. Field ionization is one such method, in which ionization results from 
passing the molecules through an electric field of 107-108 volts cm-I. This may 
seem like a practically unattainable electric field. However, it can be achieved 
easily by impressing a potential of l o4  volts across a pair of electrodes, one of 
which has a very sharp radius of curvature (- cm), as can be achieved 
with a very fine metal point, very fine wire, or a sharp edge. Field ionization of 
a molecule differs from electron-impact ionization in that the electron nor- 
mally is ejected from the molecule in its ground state. As a result, the parent 
ion M+ peak is very strong, even for molecules for which the M+ is virtually 
absent on electron impact. 

Chemical ionization is, as might be expected from its name, more chem- 
ically interesting and is closely allied to ion cyclotron resonance, which will 
be discussed in the next section. The principle of chemical ionization is simple. 
The molecule to be studied is injected into the ionizing region of the mass 
spectrometer in the presence of 0.5-1.5 mm Hg pressure of a gas, usually meth- 
ane. Electron impact causes ionization of the methane, which is present in 
relatively large concentration. The ionization products of methane then react 
with the compound to be analyzed and convert it to ions. The gas mixture then 
exits into a low-pressure zone (lo-, mm) and the ions are analyzed according 
to mle in the usual way. 

What happens to CH, when it is bombarded with electrons at, say, 1 mm 
pressure? The simplest reaction is formation of the Mt ion from CH, + e@- 
CH,@ + 2eq but CH,@ and CH,@ also are produced by electron impact. If 
there is sufficient CH,, a variety of rapid transformations take place between 
each of the ions produced by electron impact and the neutral CH,. The 
principal ions formed are 

CH,@ + CH, -+ CH,@ + CH,. AH0 = 1 kcal 

CH,@ + CH, --+ c,H~@ + H2 AH0 = -25 kcal 

CH,@ + CH, --+ c,H,@ + H2 + He 

C2H3@ + CH4 -+ c,H~@ + H2 

Of these, the methonium cation, CH5@, is formed in largest  amount^,^ the ethyl 
cation, C2H5", is next, and there is a smaller amount of the C3H5@ cation 
(2-propenyl cation; Section 8-7B). These ions then react with the substance 

sThe structure of the CH,@ cation provides a nice theoretical problem. The best 
evidence seems to be that it is basically a complex of CH,@ and H,, which can be 

,.,,v 
formulated as H3C.Q I . The dashed lines represent a two-electron three-center bond, 

-Ii 
as postulated for diborane (pp. 183- 184, Exercise 6-2 1). 
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mle ---, 

Figure 27-13 Electron-impact (a) and chemical-ionization spectra (b) 
of I-(3,4-dimethoxypheny1)-1-ethanone. (Kindly furnished by the Finnegan 
Corporation.) 

to be analyzed, thereby converting it into ions. Different reactions are possible, 
but if we have an unsaturated compound, call it RH, then 

CH,@ + RH + CH, + H, + R@ m/e = (M - 1)+ 

C2H5@ + RH ---+ (RHC~H,)' m/e = (M + 29)+ 

c,H,@ + RH ---+ (RHC,H~)@ m/e = (M + 41)+ 

We then have a strong ( M  - 1)+ peak and weaker ( M  + 29)+ and ( M  + 41)+ 
peaks. The larger cations probably are similar to those formed in cationic 
polymerization (Section 10-8B), whereas formation of the (M - 1)+ cation 
corresponds to the hydrogen-transfer reaction discussed in Section 10-9. 

With many compounds there is little fragmentation on chemical ioniza- 
tion. An example of a comparison of the spectra resulting from electron impact 
and chemical ionization is given in Figure 27- 13. The simplicity of the spectra 
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makes chemical-ionization mass spectroscopy especially useful for continuous 
analysis of the effluent from gas-liquid chromatographic columns (Section 9-2). 

A problem with all mass spectroscopy of large molecules is how to get 
them into the vapor phase so that they can be ionized and their fragmentation 
patterns determined. Simple heating may cause excessive degradation and 
formation of ions not corresponding to the desired substance. Two useful 
methods that involve only intense short-term local heating of the sample appear 
to have promise in this connection. One method uses a burst from a powerful 
infrared laser to volatilize part of the sample, and the other uses bombardment 
by heavy and energetic particles from fission of californium-252 nuclei to raise 
the local temperature of the sample to about 10,000". The latter technique both 
volatilizes and ionizes the sample molecules. 

Exercise 27-11 The chemical-ionization mass spectrum produced from octadecane 
(C,,H,,) by attack of the ions produced by electron impact on CH, is shown in Fig- 
ure 27-14. 
a. Why are M -t 29 and M + 41 peaks not visible in this spectrum? - w 
b. Would you expect c,,H,,cH,@ or an ion such as C,,H,,CHCH, to be the most likely 
(M - I ) +  ion formed from C,8ti38 and C H ~ ?  Why? 
c. Account for the many, but evenly spaced, fragmentation peaks in the spectrum 
seen at mle = 57, 71, 85, 99, 1 13, 127, 141, 155, 169, 183, 197, 21 1 ,  225, and 239 by 
reasonable decomposition reactions of the (M - I ) +  ion(s). 

Figure 27-14 Chemical ionization mass spectrum of octadecane. (Kindly 
supplied by the Finnegan Corporation.) See Exercise 27-1 1. 
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27-8 ION-CYCLOTRON RESONANCE 

A gaseous ion in a magnetic field moves in a circular orbit with an angular 
frequency o, such that o, = (e/m)(H,/c), in which elm is the ratio of charge 
to mass, H, is the applied magnetic field, and c is the velocity of light. The 
frequency o, is called the "cyclotron frequency" and is the basis of the 
cyclotron particle accelerator used in nuclear physics. Now suppose a radio- 
frequency field is imposed on the ions from a variable oscillator, as shown in 
Figure 27- 15. When the frequency of the oscillator o equals o,, the ions absorb 
energy and move faster through larger orbits, but at the same frequency o,. 

Ion-cyclotron resonance combines features of mass spectroscopy in 
that the ratio elm is involved, and of nmr spectroscopy in that detection de- 
pends on absorption of energy from a radio-frequency oscillator. The chemical 
applications depend on reactions between the ions during the time they re- 
main in the cyclotron, which may be many seconds. Suppose then that we 
generate OHe by electron bombardment of a gaseous mixture of water and 
2-methyl-2-propanol (tert-butyl alcohol). The OHe ion can be detected by its 
characteristic frequency o = (e/m)(H,/c), in which elm = 1/17. Now, because 
the reaction (CH,),COH + OHe - (CH3),COe + H20 occurs, a new 
ion of elm = 1/73 appears. The reverse reaction, (CH3),COQ + H20  --+ 
(CH,),COH + OHe, does not occur to a measurable extent. From this we can 
infer that (CH,),COH is a stronger acid than H20  in the gas phase. These 
experiments clearly are related to chemical-ionization mass spectroscopy 
(Section 2'7-7), and provide the basis for determining the gas-phase acidities 
of alkynes and water, discussed in Section 11-8. A detailed gas-phase acidity 
scale has been established by this means. 

sensitive ammeter 

orbit of ion / 

radio-frequency 

Figure 27-15 Detection of ion-cyclotron resonance. When w = w,, energy 
is absorbed by the ions and the ammeter registers a current. 
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time (msec) 

Figure 27-16 Ion-molecule reactions in gaseous CH,CI as determined 
by the ion-cyclotron resonance method. (Figure courtesy of Dr. J. L. 
Beauchamp.) 

Many unusual reactions occur between ions and neutral molecules in 
the gas phase, which can be detected by ion-cyclotron resonance; a few ex- 
amples are 

0 
CH,F@ (from electron impact) + CH,F ---+ CH,FH + CH,F (H. atom transfer) 

CH,FH@ + N, -+ CH,N,@ + HF (nucleophilic displacement) 

CH,FH@ + Xe ----+ CH,X~@ + HF (nucleophilic displacement) 

Clearly, in gas-phase reactions IIF is an extremely good leaving group in being 
rapidly displaced both by Xe and N,. From our discussions of leaving groups 
in Section 8-7C, we can infer that H,F@ must be a very strong acid in the gas 
phase and the available evidence indicates that this is so. 

It is possible to measure the concentrations of the ions as a function of 
time and thus determine the rates of reaction of ions with neutral molecules in 
the gas phase. Figure 27-16 shows the results of a typical experiment wherein 
a sequence of reactions occurs that involves chloromethane as the neutral 
molecule and begins with the ion CH,Cl@ formed by a short burst (10 msec) 
of 16 KeV electrons. The originally formed CH,Cl@ ions react with CH3C1 to 
yield CH3ClHB + CH,Cl. The buildup of CH,ClH@ and the disappearance 
of CE-3[,C1° clearly are coupled. A slower reaction, CH,ClH@ + CH,Cl - 
(CH,),Cl@ i- HCI, then takes over the action. 
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Exercise 27-12 Electron impact on 1,2-dibromoethane produces a positive ion of 
mass 188, which is converted rapidly to a rather stable positive ion of mass 108. 
In the presence of 1,4-di bromobutane the mass 108 diminishes in concentration and 
the equivalent amount of a new positive ion of mass 136 appears. What are the likely 
structures of these ions? Explain how they are formed and why the one of mass 136 is 
formed at the expense of the one of mass 108. 

27-9 ELECTRON-SPIN RESONANCE (ESR) SPECTROSCOPY 
OF ORGANIC RADICALS 

An important method of studying radicals is electron-spin resonance (esr) 
spectroscopy. The principles of this form of spectroscopy are much the same 
as of nmr spectroscopy, but the language used by the practitioners of these 
two forms of magnetic resonance spectroscopy is different. 

First, let us discuss the similarities. The important point is that an 
unpaired electron, like a proton, has a spin and a magnetic moment such that 
it has two possible orientations in a magnetic field. The two orientations cor- 
respond to magnetic quantum numbers +I12 and -I12 that define two energy 
states. These states differ in energy by AE = (hy)H, in which y is the gyro- 
magnetic ratio of the electron. (See Section 9-10A for a discussion of the 
analogous situation for protons.) Transitions between these states occur with 
absorption of radiation of frequency v = yH. Because y for free electrons is 
about 1000 times larger than y for protons, the frequency of absorption v of 
electrons is about 1000 times that of protons at the same magnetic field. At 
magnetic fields of 3600 gauss the absorption frequency of free electrons is 
about 10,000 MHz, which falls in the microwave, rather than the radio-wave 
region. 

The basic apparatus for esr spectroscopy is similar to that shown in 
Figure 9-22 for nmr spectroscopy, except that the sample is irradiated with a 
microwave generator. The spectra produced by esr absorptions of unpaired 
electrons are similar to those shown in Figure 9-25, except that esr spectro- 
meters normally are so arranged as to yield a plot of the first derivative of the 
curve of absorption against magnetic field rather than the absorption curve 
itself, as shown in Figure 27-17. This arrangement is used because it gives 
a better signal-to-noise ratio than a simple plot of absorption against magnetic 
field. 

The sensitivity of esr spectroscopy for detection of radicals is very high. 
Under favorable conditions, a concentration of radicals as low as 10-12M can 
be detected readily. Identification of simple hydrocarbon radicals often is 
possible by analysis of the fine structure in their spectra, which arises from 
spin-spin splittings involving those protons that are reasonably close to the 
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Figure 27-17 Plots of (a) absorption and (b) derivative esr curves 

centers over which the unpaired electron is distributed. Methyl radicals, CH,., 
generated by x-ray bombardment of methyl iodide at - 196" show four reso- 
nance lines of intensity 1:3:3: 1, as expected for interaction of the electron 
with n + 1 protons (see Section 9-106). 

The chemical shift generally is much less important in esr spectroscopy 
than in nmr. One reason is that the lifetimes of the electrons in the +I12 and 
-I12 states generally are very short sec or less) so esr lines are quite 
broad by comparison with nmr lines (see Section 27-1). Esr chemical shifts 
~rsually are measured in terms of "g factors," which, like nmr 6 values, are 
field-independent. The resonance frequency is given by v = gpoHo/h, in which 
,uo is the magnetic moment of the electron. 

Spin-spin splittings arising from proton-electron interactions are very 
large in esr spectra and usually are reported in gauss, under the heading hyper- 
fine interactions. The proton-electron splitting in the methyl radical is 23 gauss 
(64.4 MHz), which is vastly larger than the 7-Hz proton-proton splitting in 
ethanol (Figure 9-23). The large splittings (and broad lines) typical of esr 
make it possible to run esr spectra on solids or highly viscous materials, for 
which the fine structure typical of high-resolution nmr spectra would be wholly 
washed out (see Section 27-1). 

Esr spectra are subject to exchange effects in the same way as nmr spec- 
tra. A specific example is provided by electron exchange between sodium 
naphthalenide and naphthalene. Naphthalene has a set of ten 7-molecular 
orbitals, similar to the six 7-molecular orbitals of benzene (Figure 21-5). The 
ten naphthalene 7 electrons fill the lower five of these orbitals. In a solvent 
such as 1,2-dimethoxyethane, which solvates small metal ions well, naphtha- 
lene accepts an electron from a sodium atom and forms sodium naphthalenide, 
a radical anion: 
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The additional electron goes into the lowest unoccupied molecular 
orbital of the naphthalene, which means the electron circulates over all of the 
carbons. The electron resonance is split into a total of 25 lines by electron- 
proton magnetic interactions. The reason for the complex splitting can be un- 
derstood if we notice that there are eight protons in two sets of four. One set 
splits the electron signal into five lines (n -t- 1) of intensity 1 : 4 : 6 : 4 : 1 with a 
spacing of 5.0 gauss, while the second set splits each of the five lines into 
another 1 : 4 : 6 : 4 : 1 quintet with a spacing of 1.9 gauss. So, in all, there are 
twenty-five lines -five sets of five. 

If excess naphthalene is added to a solution of sodium naphthalenide, 
intermolecular electron exchange occurs: 

This means that the electron goes from naphthalene A with a particular set of 
+l/2, -l/2 proton nuclei to naphthalene B with a different set. The result is that 
the lines broaden and, if the exchange is very fast, the splitting vanishes. Be- 
cause the splittings are about 5 gauss (14 MHz), the mean lifetime before 
exchange has to be about sec or less to obscure the splitting (see Sections 
27- 1 and 27-2). 

The most exciting applications of esr are in the study of radical inter- 
mediates in organic reactions. Considerable use has been made of the technique 
in biochemical reactions and it has been shown that radicals are generated 
and decay in oxidations brought about by enzymes. Radicals also have been de- 
tected by esr measurements in algae that "fix" carbon dioxide in photosyn- 
thesis. The character of the radicals formed has been found to depend upon 
the wavelength of the light supplied for photosynthesis. 

Exercise 27-13 The esr spectrum shown in Figure 27-18 is a first-derivative curve 
of the absorption of a radical produced by x irradiation of 1,3,5-cycloheptatriene 
present as an impurity in crystals of naphthalene. Sketch this spectrum as it would 
look as an absorption spectrum and show the structure of the radical to which it cor- 
responds. Show how at least one isomeric structure for the radical can be eliminated 
by the observed character of the spectrum. 

Exercise 27-14 Diphenylmethanone (benzophenone) in diethyl ether solution adds 
an electron from a sodium atom and forms a radical anion: 
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Figure 27-18 Electron-spin resonance spectrum of cycloheptatrienyl 
radical produced by x irradiation of 1,3,5-cycloheptatriene. See Exer- 
cise 27-13. 

The esr of the radical anion shows splitting of the electron resonance by the ring pro- 
tons and a small splitting by sodium (23Na with I = 3/2) that gives four lines. When 
excess d iphenylmethanone is added, fast electron exchange occurs. This exchange 
wipes out the splitting by the protons but not the splitting by the 23Na nuclei. 
a. What can you say about the degree of ionic dissociation of the -0-Na bond 

0 0 
(-0-Na c-=. -0 + Na) in the radical anion in the absence of excess diphenyl- 
methanone? Why? [Notice that there is no 23Na splitting of the electron resonance of 
sodium naphthalenide in 1,2-dimethoxyethane, but such splittings are observed in 
oxacyclopentane (tetrahydrofuran); see Sections 8-7F and 15-1 1 E for discussion of 
possible differences between solvents in their ion-solvating powers.] 

b. Write a mechanism for the electron-exchange in diethyl ether that is consistent 
with the loss of the electron-proton splitting but retention of the electron-sodium 
splitting. Why does the electron-sod ium splitting disappear when 1,2-dimethoxyethane 
is the solvent? 
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