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Progressive increase in minimum proton exchange rate with
maturation of liquor
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Abstract

Proton exchange rate measurement was carried out by 7O-NMR spectroscopy using mother liquors of malt (aged for 0 to 15
years) and grain (aged for 0 to 8 years) whiskies, and of shochu (aged for 1 to 21 years) and awamori(aged for 0 to 10 years) of
Japanese traditional spirituous liquor, and commercially available whiskies (aged for 5 to 21 years) and brandies (aged for 5 to 45
years). Through the examination of proton exchange rate based on '7O-NMR half width - pH curve plots, it has been found that
the minimum proton exchange rate increases as the period of maturation of liquor becomes longer. © 1999 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Unlike immature liquor, mature liquor has a favour-
able effect on vital functions of subjects as well as good
smell and taste as evidenced in our previous paper
(Haseba et al., 1993). In an experiment on mice, the
latter resulted in earlier sobering and less reduction in
rectal temperature and longer time to death due to acute
alcoholism. We presumed that maturation alleviates
alcoholic toxicity of liquor.

By leaving distilled alcohol in a storage cask for a
long period, it is transformed into ‘spirituous liquor’,
not just aqueous alcohol that is irritant and undrink-
able. Based on the speculation that reactions of eluates
from cask wood and constituents of liquor might
account for this transformation, microanalyses (Schoe-
neman et al., 1971; Baldwin & Andreasen, 1974) have
been made to identify trace components. Nevertheless,
‘spirituous liquor’ cannot be produced just by mixing
identified components with aqueous ethanol. For eluci-
dation of liquor maturation, it is therefore necessary to
turn to a basic investigation of solution structure of
ethanol and water which are approx. 99% of the com-
ponents of ‘spirituous liquor’.

In studies of maturation, contradictory speculations
have so far been reported about the relationship
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between maturation and molecular cluster size in solu-
tion, i.e. the cluster size decreases with maturation
(Tamaki et al., 1986; Aishima et al., 1988, 1991; Mat-
sushita et al., 1990) or contrarily it increases with
maturation (Akaboshi & Ohkuma, 1984; Saita, 1993;
Nishi & Saita, 1994). Matsushita et al. (1990) reported
the result that '"O-NMR half width of water contained
in mature liquor was narrowed by maturation. Based on
this result, they suggested that maturation reduced the
degree of water molecular clustering and made mole-
cular motion faster. On the contrary, Akaboshi and
Ohkuma (1984) reported the result of 'H-NMR mea-
surement at 241K, indicating that the half width
increased as the maturation period of commercial liquor
was longer. On the basis of this result, they presumed
that the degree of molecular clustering in aqueous solu-
tion increased with progress of maturation. Also, Nishi
and Saita (1994), based on an analysis in which liquor
samples were atomized in vacuum, expanded adiabati-
cally and analyzed by mass spectrometry (Nishi et al.,
1988), pointed out that the degree of molecular clustering
increased with maturation.

In our previous paper (Okouchi et al., 1994a,b,c,
1995) we revealed that '7O-NMR half width represents
as a function of proton exchange rate and rotational
motion of water molecules, and that the half width of
water and aqueous ethanol solution is widened appreci-
ably in the vicinity of neutrality (a difference between
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the maximum and minimum half widths is as large as
approx. 100 Hz) due to possible changes in proton
exchange rate attributable to alteration in pH. The
proton exchange rate represents how fast protons of
water molecules are exchanged with one another or
those of hydroxyls of alcohol molecules, successively.
Then, we pointed out a fallacy in the presumption that a
value of '7O- and 'H-NMR half widths directly repre-
sents the degree of molecular clustering.

Through our present measurement of maximum half
width values at different pH levels, we found that var-
iation up to approx. 20 Hz (10%) occurs depending on
the period of maturation. Since a value of T, (spin-lat-
tice relaxation time) is constant under a condition that
the concentration of ethanol remains the same (Okouchi
et al., 1994b), variation in maximum half width with the
degree of maturation must be caused by possible chan-
ges in proton exchange rate (Meiboom, 1961; Halle &
Karlstrom, 1983; Dratsaoglu et al., 1990; Okouchi et al.,
1994a). Therefore, we attempt to explain the maturation
mechanisms in terms of proton exchange rate. If the
proton exchange rate is proved to change with matura-
tion, it will become possible to unravel solution struc-
ture modifications caused by maturation.

2. Materials and methods

Samples of mature liquors used were mother liquors
of malt (aged for 0 to 15 years) and grain (aged for 0 to
8 years) whiskies, and of shochu (aged for 1 to 22 years)
and awamori (aged for 0 to 10 years), and commercially
available scotch whiskies (aged for 5 to 21 years) and
brandies (aged for 5 to 45 years). Shochu and awamori
are Japanese traditional spirituous liquor made from
grain. The ages of maturity of commercial liquors were
estimated from their grades using the method proposed
by Ohtsuka et al. (1979). Aliquots having different pH
values of these samples and aqueous ethanol solutions
were prepared with each 0.5 mol/dm? of hydrochloric
acid and sodium hydroxide.

The half width, Hw, and spin-lattice relaxation time,
T), of the naturally abundant 7O of water molecules in
the aliquots were measured by '7O-NMR using a JEOL
JNM-EX270 spectrometer operating at 36.63 MHz at
298 K. The ethanol concentration was measured with a
Perkin-Elmer Head Space Analyzer 8500 and an Anton
Paar Digital Density Meter, DMA60/602.

3. Results and discussion

The proton exchange processes in aqueous alcohol
(Luz et al., 1959) can be expressed by Eqs. (1-7):

k
H;0% + H,O2H,0 + H;0™" (1)

ks
OH™ + H,O0=H,0 + OH™ )
k3
C,HsOH + H30+?C2H50H§ +H,0 (3)
3
k
C,HsOH + OH*§§C2H50* +H,0 (4)
4

C,HsOH? + C,HsOH=>C,HsOH + CHsOHY  (5)

C,H50™ + C,HsOHZS CoH5OH + CoHsO™ (6)
k
C,HsOH + H*OH== C,H;OH* + HOH (7)

where k; to ky, k'3 and k' are the rate constants of
proton exchange. Egs. (1) and (2) represent the water—
water proton exchange processes, Eqs. (3) and (4)
express the ethanol-water proton exchange processes,
Egs. (5) and (6) show the ecthanol-ethanol proton
exchange processes, and Eq. (7) indicates the nonionic
ethanol-water proton exchange process.

In case of water, the relationship between the half
width Hw of '7O-NMR signal and the proton exchange
rate R (Halle et al., 1983; Okouchi et al., 1994a) can be
defined by Egs. (8) and (9).

Hw = 4nJ?/R + 1 /7T, (®)

R = —(1/[H>0])d[H,0]/dt = ki[H;0"] + k2[OH™]  (9)

where J is the coupling constant between proton and
170. The Hw—pH curve of water has a hill shape, i.e. the
half width is narrow and constant on the acidic and
basic sides, and it is maximized in the vicinity of neu-
trality (Halle & Karlstrom, 1983; Dratsaoglu et al.,
1990; Okouchi et al., 1994b).

On the other hand, the proton exchange rate R for
70-NMR in aqueous alcohol can be given by Eq. (10).

R = ka[H307] 4 ko[OH™] + k7[C;HsOH] (10)

where ka = kl —K3k’3/[H20] + kg[CszOH]/[HzO] and
ky, = k>—k' JCo;H5OH]/K4[H>0] + k,[/C,H5sOH]/[H,0]
with the equilibrium constant K;=[C,HsOH, " ][H,0]/
[H;0"] and K4=[C,HsOH][OH"]/[C;HsO~][H 0],
respectively.

Some studies have reported that the rate constants k
and k, of proton exchange in water were on the order of
10°-10'° [dm3-mol~!-s~!] at 298K (Meiboom, 1961; Halle
& Karlstrom, 1983; Dratsaoglu et al., 1990; Okouchi et
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al., 1994a). As to other rate constants of proton
exchange, Luz et al. (1959) reported that constants ks, k4
and kg at 293 K were in the order of 10° [dm?-mol~!-s71],
ks was in the order of 108 [dm*mol~'s~!], and k; was
approx. 0.8 [dm?mol~!-s~!]. The equilibrium constants
K5 and K4 were 0.059 (Guss & Kolthoff, 1940) and 1.3
(Caldin & Long, 1954), respectively. By taking these
constants into account, the third term on the right side
of Eq. (10) can be neglected in the case of the alcohol
concentrations used in this work. Hence, the proton
exchange rate can be expressed by Eq. (11), which is
identical to that for water.

R = ka[H307] 4 ko[OH™] = ky[H;07] + kK, /[H;07]
(11)

where K, is the ionic product of water. The half width
Hw of aqueous alcohol is expressed as a function of pH
by substituting Eq. (11) in Eq. (8). Since the coupling
constant J and T, are independent of pH, differentiating
Eq. (8) by [H30™"] for zero gives Egs. (12) to (14) to a
pH value (pH,.,) at maximum half width (Hw,,,) as
shown below.

AHWmax = HWpax — 1/7T) = 413 /Rinin

12

=211 /(k koK) (12

Ko = 21J% / AHW . x 10PHMaX (13)
kb — 2TCJZ/AHWmaX X 1014—pHmax (14)
pH,.. = log(k,/k,K)"? (15)

where R, is the minimum proton exchange rate. It is
therefore possible to determine a value of minimum
proton exchange rate, R,in, using AHw,,,x on the Hw—
pH curve plotted with respect to experimentally altered
pH values of liquor.

Fig. 1 demonstrates an example of the Hw—pH curve of
mature liquor, which is very similar to that of water, and
AHw,.« can be determined as indicated in Fig. 1. This
similarity of mature liquor to water can be interpreted as
being due to the approximate equality in hydrogen
bonding strength between ethanol and water (Nishi et
al., 1988).

Fig. 2 shows AHw,,., data for malt and grain whisk-
ies, shochu and awamori, commercial liquors of scotch
whiskey and brandy, and aqueous ethanol samples at
various concentrations. At the same concentration level,
AHw,,, of any mature whiskey and brandy samples
was smaller than that of its comparable aqueous ethanol
samples.

Also, to examine an effect of dissolved trace compo-
nents on AHw,,,,, we prepared aqueous ethanol samples
each containing acetic acid (0.08%) as acids, ethylacetate
(0.15%) as esters, acetaldehyde (0.02%) as aldehydes
and fusel oil (0.3%) in the same manner as that taken by
Akaboshi and Ohkuma (1984), and carried out AHw .«
measurement of each sample. The parenthesized con-
centration values are almost equal to the maximum
concentrations of these components contained in com-
mercial whiskey and brandy. Acetic acid reduces its
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Fig. 1. Plots of Hw—pH curve for mature liquor (commercial brandy)
at 298 K.
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Fig. 2. Relationship between AHw,.x and alcohol concentration for
mature liquors and aqueous ethanol solution at 298 K.
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AHw,,« In proportion to concentration. But, at the
maximum concentration level of acetic acid in commer-
cial mature liquor, this AHw,,,, reduction effect of
acetic acid was far smaller than that of maturation.
Other trace components had no significant effect on
AI_Ivvmax-

Fig. 3 shows the relationship between periods of
maturation and maximum half width values attained by
evaluating AHw,,,x in Fig. 2 on a basis of 43 vol%
alcohol concentration. The evaluated maximum half
widths, AHw,,, decrease as the period of maturation
becomes longer.

Fig. 4 shows the relationship between periods of
maturation and values of minimum proton exchange
rate, Ry, estimated by Eq. (11) with the proton
exchange rate constants k, and ky, in Eqgs. (13) and (14)
usingAHw,,, in Fig. 3. As can be seen in Fig. 4, the
proton exchange rate R,,;, increases as the period of
maturation becomes longer, i.e. there is a correlation
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Fig. 3. Effects of maximum half widths, AHw,,s, on the periods of
maturation for maturation liquors based on 43% alcohol concentra-
tion.
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Fig. 4. Effects of minimum proton exchange rate, R,,;,, on the periods
of maturation for maturation liquors based on 43% alcohol con-
centration.

between R, and maturation. The broken line in Fig. 4
indicates the minimum proton exchange rate of water.
Some mature liquor samples had a value of minimum
proton exchange rate faster than that of water. In con-
trast, the spin-lattice relaxation time T, has proved to be
independent of maturation if the concentration of etha-
nol is constant (Okouchi et al., 1994b). It can therefore
be conceived that maturation has no effect on molecular
motion (rotation) in aqueous solution. Also, effect of
the chemical shift by '"H-NMR on maturation was not
observed (Akaboshi & Ohkuma, 1984; Mizuno et al.,
1995).

4. Conclusion

From the above discussion, we think that the liquor
maturation process modifies the solution structure so
that the protons are exchanged/shifted readily, instead
of affecting molecular rotational motions. Taking into
consideration the work of Nishi and Saita (1994), sug-
gesting that the degree of molecular clustering increases
with maturation, it is presumed that alcohol and water
molecules combinationally form a hydrogen-bonded
network structure in which exchanges of protons are
liable to occur, resulting in an increase in molecular
cluster size. Although the details of molecular clustering
by maturation are not yet apparent, a solution structure
having a higher minimum proton exchange rate is con-
sidered to influence enzymic reactions and information
transfer in an organism. We therefore conclued that
favourable vital reactions of mice to mature liquor
(Haseba et al., 1993) reflect solution structure modifica-
tions resulting from an increase in the minimum proton
exchange rate.
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