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4.3: Proton Exchange in Ethanol-Water Mixtures

The work of Weinberg and Zimmerman® on the hydroxyl resonance in mixtures of ethanol and water is particularly interesting
because it rounds out the picture of proton-exchange phenomena discussed earlier in connection with mixtures of acetic acid and
water. We shall consider first mixtures of ethanol and water with relatively high water content.
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Fig. 4-4. Proton resonance spectra of ethanol-water mixtures.

The NMR spectrum (Fig. 4-4) of such a mixture with 30 per cent water shows three principal groups of resonance lines. The two
groups at high fields arise from the ethyl protons as evidenced by the customary four-three pattern of spin-spin splitting. The large
peak at low fields is the hydroxyl resonance and represents an average ethanol-water hydroxyl resulting from rapid exchange. As
will be seen from Fig. 4-5, the position of this line is relatively insensitive to the composition of the mixture, down to about 25 per
cent water. Now, the spectrum of ethanol containing only little water (and no acid or base or other substance which might catalyze
exchange between the hydroxyls) is seen in Fig. 4-4 to have a quite different appearance from ethanol containing water in which
exchange is rapid. At low fields, two groups of peaks appear instead of one. These represent the separate resonances of the water
and the hydroxyl protons of ethanol in the mixture and can be easily distinguished by the fact that the alcohol hydroxyl resonance is
split into three because of spin-spin coupling between the hydroxyl and methylene protons. The protons of the individual water
molecules are, of course, equivalent, and their respective resonance is not split. In nonexchanging ethanol, the methylene resonance
is seen to be substantially more complex than for exchanging ethanol. This is because the protons of the methylene group are
coupled to both the methyl and the hydroxyl protons. If the coupling constants were equal, the methylene resonance would be
expected to be split into five lines. This is approximately what is observed although complications are introduced because the
respective J's are not exactly equal.
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Fig. 4-5. Chemical shifts of hydroxyl resonance of ethanol-water mixtures as a
function of composition. (Courtesy of J. R. Zimmerman and the Journal of
Chemical Physics.)

When rapid exchange sets in, the splitting caused by coupling between the hydroxyl and the methylene protons disappears
somewhat sooner than the water and alcohol hydroxyl resonances merge to a single line. The splitting disappears with rapid
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exchange because as a given hydroxyl proton moves from alcohol to water to alcohol, etc., it experiences local fields produced by
different combinations of the two spins of the methylene protons of different alcohol molecules. It does not stay on any one
molecule long enough to give a resonance line corresponding to its particular spin combination. Instead, the exchanging proton acts
as though it were experiencing an average of the possible CH, magnetic quantum numbers which is zero and, of course, would
produce no splitting.

The reason that the spin-spin splittings between the hydroxyl and methylene protons disappear somewhat before the two hydroxyl
lines merge into an average is because a splitting of about 5 cps will be averaged to zero by a process having a mean proton
lifetime in the various states of less than 0.07 sec. On the other hand, two hydroxyl lines some 30 cps apart will be averaged by
exchange only when the mean lifetime is less than about 0.015 sec. This type of situation where the same reaction process causes
differently spaced lines to be averaged separately is particularly advantageous, since it allows determination of more than one rate
constant as a function of temperature or concentration. Thus, two values of the rate of hydrogen exchange between water and
alcohol as a function of concentration can be obtained by increasing the amount of water in the alcohol so as to wash out
successively the hydroxyl-methylene spin-spin couplings and the separate hydroxyl resonances. Similarly, with a given alcohol-
water composition, the rate of exchange could be ascertained at two different temperatures by determining the temperatures for
separate averaging of the spin-spin couplings and the chemical shift, respectively.

The data presented in Fig. 4-5 show that the mean lifetime of a proton before exchange on the left of the transition point is greater
than 0.015 sec, less than 0.015 sec on the right of the transition point, and about 0.015 sec in the neighborhood of the transition
point. Acids and bases are powerful catalysts for the hydroxyl exchange, since alcohol samples which show the three-line hydroxyl
resonance immediately give a single hydroxyl resonance when minute amounts of a strong acid or base are added. The kinetic
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order of acid or base in causing this exchange has not as yet been obtained accurately.
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Fig. 4-6. Proton NMR spectra of ethyl acetoacetate at 40 Mc, pure liquid at
room temperature and in the presence of some of the sodium enolate at various
temperatures,

3 I. Weinberg and J. R. Zimmerman, J. Chem. Phys., 23, 748 (1955).
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