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Fractionation of deuterium between 3,3-dimethyl-2-butanone and water has been
studied at 298.15 K in different H,O—D,0 liquid mixtures. A value of 0.840(6)
was obtained for the fractionation factor of 3,3-dimethyl-2-butanone and a value
of 2.85(6) for the equilibrium constant of the disproportionation reactions of the
substrate, assuming the equilibrium constants of the two disproportionation re-
actions to be equal to each other. The effect of a breakdown of the rule of the
geometric mean in the isotope disproportionation reactions of the substrate and
the solvent water on the isotope fractionationation equilibria of substrates with

three exchangeable hydrogens is discussed.

In previous papers,'~ the deuterium isotope frac-
tionation equilibria of substrates with one and
two exchangeable hydrogens were studied in the
H,0-D,0 solvent system. When fractionation
factors for substrates containing three exchange-
able hydrogens are measured, there are two iso-
tope disproportionation equilibria of the sub-
strate in addition to the isotope disproportion-
ation reaction of solvent water to be taken into
account in discussing the fractionation equilibria.
To simplify the calculations, the rule of the geo-
metric mean* (RGM) is usually assumed to be
valid for the isotope disproportionation equili-
bria. There is, however, no experimental ver-
ification of the applicability of the RGM to the
substrates with three exchangeable hydrogens.
On the other hand, it has been shown that the
RGM does not hold for the isotope dispropor-
tionation equilibrium of solvent water*~* and
that the neglect of the deviations from the RGM
in the isotope disproportionation reaction of sol-
vent water may introduce an error of about 6 %
in the fractionation factors.’® The aim of this
work was to obtain more experimental informa-

*Parts I, II and III. See Refs. 1-3.
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tion on the hydrogen isotope disproportionation
equilibria in the liquid phase and on the com-
bined effect of the isotope disproportionation in
substrate and solvent water on the fractionation
equilibria.

Experimental

Materials. 3,3-dimethyl-2-butanone (Fluka AG,
purum) was distilled once before used.

For the equilibration experiments, the sodium
hydroxide—sodium deuteroxide solutions, in
which the deuterium isotope mole fraction of wa-
ter varied between 0.1 and 0.9, were prepared as
described in Ref. 3.

The deuterium oxide used was a product of
Norsk Hydro-elektrisk Kvaelstofaktieselskab.
The deuterium isotope mole fraction of D,0 was
reported to be 0.998.

Equilibration experiments. The performance of
equilibrations was similar to that described in
Ref. 3. The concentration of the catalyst was 0.07
mol dm~3, the volume of the catalyst — water solu-
tion was 40 cm®, the amount of substrate was
0.0046 mol and the time of equilibration was 3 h.
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Table 1. Mole ratios of deuterium and protium in 3,3-
dimethyl-2-butanone equilibrated in different
H,0-D,0 mixtures and the experimental
fractionation factors ¢’'(SH,) at 298.15 K.

n(D;SL,)®

. a ' b
x(D;L.0) n(R:SL) ¢'(SH,)
0.116 0.1105(14) 0.842(11)
0.213 0.222(2) 0.821(8)
0.325 0.400(6) 0.832(13)
0.434 0.639(9) 0.833(11)
0.509 0.873(8) 0.842(8)
0.600 1.266(6) 0.844(4)
0.721 2.181(8) 0.844(3)

2x(D;L,0) is the deuterium isotope mole fraction of
water.

®Mean values of 4-5 determinations with standard
errors of mean.

‘The experimental fractionation factor is defined by
¢'(SH;) = {n(D;SLy)/n(H;SL,)} : {x(D;LOY[1 -
x(D;L,Ol}.

NMR measurements. The measurements were
made with a Jeol INM-PMX 60 NMR spectro-
meter immediately after the substrate was extrac-
ted from the equilibrium mixture. In 3,3-di-
methyl-2-butanone, only the a-hydrogens are ex-
changeable under the conditions used in the
experiments. Thus the peak due to the protons of
the fert-butyl group remains unchanged during
deuteration and acts as an internal standard in
the measurements. The positions of the NMR
peaks wused in the measurements were
4 [C(CH,);] = 1.09 ppm and & (CH,) = 2.05
ppm. 5 to 10 successive integral recordings were
carried out from each extract. Before the inte-
grals of the equilibrated substrates, the integrals
of undeuterated 3,3-dimethyl-2-butanone were
recorded. The results from the equilibrations are
listed in Table 1. In the following text notation
SH, is used for 3,3-dimethyl-2-butanone
(CH,),CCOCH,.

Discussion
Calculation of K(SH,D) and K(SHD,)

When the substrate SH, containing 3 isotopically
exchangeable hydrogens is dissolved in water of
arbitrary deuterium content, the following inde-
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pendent equilibria, written for one exchangeable
hydrogen, are set up: disproportionation equili-
brium (1) between isotopically different waters,
isotope disproportionation equilibria (2) and (3)
of the substrate SL, (L = H,D) and isotope frac-
tionation equilibrium (4) between the substrate
and the solvent water. Other isotope exchange
equilibria involved can be presented by combi-
nations of the equilibria (1)—(4).

$ H,0 + 4 D,0 = HDO (1)
3SH, + i SD, = SH,D )
1SH, + % SD, =SHD, 3)
1SH, +  D,0=1%SD, + } H,0 )

In the following approach, it is assumed that in
the expressions of equilibrium constants, the ac-
tivities can be replaced by mole fractions. The
equilibrium constants of the equilibria (1), (2),
(3) and (4) are expressed by eqns. (5), (6), (7)
and (8). respectively.

x(HDO)

KHDO) = S0y x0.0 v
x(SH,D)

KOID) = S 5D ) ©
x(SHD,)

KD = St <D v

x(SDy) |} [ x(H,0) !
#SH) = [x(SHS)] [x(DZO)] ®

In the equilibrated substrate SL,, the mole ratio
of deuterium and protium expressed in terms of
the mole fractions of the different SL, species is
given by eqn (9).

n(D;SL;) 3x(SD,) + 2x(SHD,) + x(SH,D)
n(H;SL,) ~ 3x(SH,) + 2x(SH,D) + x(SHD,)

©)

Replacing x(SH,D) and x(SHD,) in eqn. (9) by
the expressions from eqn. (6) and (7) and then
using eqn. (8), eqn. (10) can be derived for the
computation of the equilibrium constants
®(SH,), K(SH,D) and K(SHD,) from the experi-
mental data given for 3,3-dimethyl-2-butanone in
Table 1.
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, x(D,0)]? . n(D;SL;) x(D,0) .
X(H,0) o(SH,* + ]2 — ——n(H;SLs) K(SHD,) XH.0) @(SH,)

x(D,0)]*
x(H0) | ~

+[1 o MDSL) K(SH,D) x(D.0) shy) — 3OSk _ 10
n(H;SL,) x(H,0) fo(sH,) - n(H;SL,) (10)
[2x(D;L,0) — 1] K(HDO)
41 - x(D;L,0)]
\/[Ex(D L,0) — 1] K(HDOY* + 16x(D;L,0) [1 — x(D;L,0)] an

41 - x(D;L,0)]

The ratio [x(D,0)/x(H,0)]}! is a function of the
deuterium isotope mole fraction of water,
x(D;L,0), and can be calculated from eqn. (11)
with different values for x(D;L,0) in Table 1.
Eqn. (11) has been derived in the previous pa-
per.!

The calculations were performed with a DEC
system-10 computer. A value of 3.76' was used
for K(HDO)?. The computed optimum values
are @(SH;) = 0.833(4), K(SH,D) = 2.77(4) and
K(SHD,) = 2.94(2).

According to the RGM, the equilibrium con-
stants K(SH,D) and K(SHD,) are equal to one
another. It seems quite improbable that
K(SH,D) and K(SHD,) would differ as much as
the values obtained by the method above indi-
cate. Obviously the accuracy of the experimental
data is not satisfactory for a determination of
K(SH,D) and K(SHD,) separately. Therefore,
the values of K(SH,D) and K(SHD,) were also
determined assuming that K(SH,D) = K(SHD,).
This assumption is justified, e.g., on the basis of
the theoretical calculations made for the dispro-
portionation reactions of ammonia, 2 NH; + ND,
= 3 NH,D and NH, + 2 ND, = 3 NHD,; the val-
ues K(NH,D)* = 24.61 and K(NHD,)’> = 24.53
can be calculated from the partition function ra-
tios.™ These values correspond to a value of 2.91
for both K(NH,D) and K(NHD,). Likewise, the
values of 25.87 and 25.89 have been calculated®
for the equilibrium constants of the dispropor-
tionation reactions of lyonium ions, 2 H,O* +
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D,0* = 3 H,DO* and H,0* + 2 D,O* = 3
HD,O", respectively. These values correspond to
a value of 296 for both K(H,DO') and
K(KD,0%).

The fractionation factor ¢’(SH,), which can be
determined experimentally, is defined by eqn.

(12).

n(D;SL;) n(D;L,0)
n(H;SL;) * n(H;L,0)

¢'(SH,) =

_ 3x(SD,) + 2x(SHD,) + x(SH,D)
" 3x(SH,) + 2x(SH,D) + x(SHD,)

2x(H,0) + x(HDO)
" 2x(D,0) + x(HDO)'

(12)

Using eqns. (5), (6), (7) and (8), an expression
(13) can be derived for ¢'(SH,). Assuming then
that K(SH,D) = K(SHD,) = K(SL,) and solving
eqn. (13) for K(SL3) eqn. (14) is obtained for the
computation of the equilibrium constants ¢(SH;)
and K(SL,).

With different values of ¢'(SH;) and [x(D,0)/
x(H,0)]* (Table 1 and eqn. (11)), the values
K(SL,) = K(SH,D) = K(SHD,) = 2.85(6) and
@(SH;) = 0.840(6) can be computed for the equi-
librium constants of reactions (2), (3) and (4), re-
spectively.
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3 4D:0) SH,)? + 2K(SHD)) [@]’ SH,) + K(SH,D)
(SH) - x(H,0) @(SH,) ( 2 x(H,0) @(SH, 2 - o(SH.)
P «D,0)|" X(D,0) |
3+ 2KHD) | 7| @(SHy) + K(SHD,) Tt g(SH,y
x(D,0) |} x(D,0) |}
' [x(HZO)] K(HDO) 3 A{ L(H 0)] "”'(SH”}
, (13 - . 2 ,
oyl P K= g (o] 9
xm,0) | +KHDO) { “H0) | 76

In eqn. (14), the expression for the numerator is

x(D,0) | * x(D,0) ]!
A “(H.0) » ¢'(SH,) :{2 *(H.0) +K(HDO)}¢’(SH3)

x(D,0) {2 N [x(DzO)
x(H,0)

" x(H,0)

and the expression for the denominator is

H
] K(HDO)} #(SH,)’,

(D) x(D,0)]* x(D,0)]*
B Aho) | P =12+ wHo)| KHDO) { EL.0) (p(SH3)+1}

Effect of Values of K(SH,D), K(SHD,) and
K(HDO) on ¢(SH,)

The dependence of the measured fractionation
factor @'(SH;) on the equilibrium constants
K(SH,D), K(SHD,) and K(HDO) can be dis-
cussed in terms of a relative fractionation factor
@.(SH,)%, for which an expression is here derived.

The limit value for the fractionation factor
@'(SH;) (v. eqn. 13), when the deuterium con-
tent of water approaches zero, is given by eqn.
(15). In the previous paper®, an expression (16)
was given for the relative fractionation factor
@(SH) of a substrate with one exchangeable hy-
drogen. When comparing eqns. (16) and (13), it
can be seen that the last factor of eqn. (13) can be
replaced by 2K(HDO)™! ¢,(SH).
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2
DO 00" (D,0)]’
_ *(1,0) @'(SH,) 4 2 XH,0) + K(HDO) { *(L,0) @(SH,) + 2} )

lim ¢'(SH;) = ¢,(SH;) = 3K(HDO)™! K(SH,D)
AP0 =07 g(SH,), (15)

¢(SH) = $K(HDO)

Dividing eqn. (13) by eqn. (15), an expression
(17) is obtained for the relative fractionation fac-
tor ¢,(SH,).




@'(SH;) »
PuSHy) @(SH,) = 3K(SH,D)™! ¢,(SH)
x(D,0) x(D,0)
3 700) @(SH,)* + 2K(SHD,) [x £.0)

3
] ®(SH,) + K(SH,D)

HYDROGEN ISOTOPE FRACTIONATION IV

(17)

x(D,0)
x(H,0)

3 + 2K(SH,D) [

As in the case of the deuterium fractionation be-
tween SH, and water,’ an accurate determination
of the deuterium — protium ratio in the equili-
brated SL; by the NMR method is quite difficult
at higher solvent deuterium content. With the in-
creasing deuterium content of the substrate, the
NMR integral ratio for SL, is even more un-
favourable than it is for SL,. In addition, only
one model for SH, was examined in this work.
Therefore, in the following, the dependence of
the fractionation factor ¢’'(SH,) on the deuterium
content of solvent water is illustrated by giving
some different values for K(SH,D) and
K(SHD,). A value of 3.76t is used for K(HDO).
If the RGM were valid for the isotope dispro-
portionation equilibria (1), (2) and (3), ¢'(SH,)
would be a constant and the relative fractionation
factor ¢,(SH;) would be unity over the whole
range of x(D;L,0). Using the value of 0.833 com-
puted for ¢(SH,) from eqn. (10), the relative
fractionation factor ¢,(SH,) was calculated from
eqn. (17) with different values for K(SH,D) and

] @(SH,) + K(SHD,) ——

x(D;0)

o) PR’

K(SHD,). The values used in the calculations
are: K(SH,D) =2.77 and K(SHD,) = 2.94, which
are the values obtained in this work for K(SH,D)
and K(SHD,) separately from eqn. (10),
K(SH,D) = 2.73 and K(SHD,) = 2.96, which are
the lower and higher error limits of K(SH,D) and
K(SHD,) respectively, K(SH,D) = 2.81 and
K(SHD,) = 2.92 which are the higher and lower
error limits of K(SH,D) and K(SHD,) respec-
tively, obtained in this work. The relative frac-
tionation factor ¢ (SH,) was also calculated as-
suming that K(SH,D) = K(SHD,) = K(SL,) =
2.85(6) and @(SH,) = 0.840 which are the values
computed from eqn. (14). The calculated values
of ¢,(SH,) are listed in Table 2.

The maximum value of |1 — ¢,(SH,)| presents
the greatest error introduced into the values of
@(SH;) by neglecting the deviations from the
RGM in the isotope disproportionation equilibria
(2) and (3). The error seems to increase the more
the values of K(SH,D) and K(SHD,) differ from
each other. From Table 2, it can also be seen that

Table 2. Relative fractionation factor ¢,(SH;) calculated with different values for equilibrium constants K(SH,D)

and K(SHD,)*

x(D;L,0)* @{SH,)

K(SH,D) = 2.77 2.73 2.81 2.79 2.85 291

K(SHD,) = 294 2.96 2.92 2.79 2.85 291
0.1 1.015 1.022 1.011 1.006 1.002 0.999
0.2 1.031 1.042 1.020 1.013 1.005 0.998
0.3 1.043 1.059 1.029 1.020 1.008 0.997
0.4 1.053 1.072 1.035 1.027 1.012 0.997
0.5 1.060 1.081 1.041 1.036 1.016 0.997
0.6 1.064 1.086 1.044 1.045 1.020 0.997
0.7 1.065 1.085 1.045 1.054 1.025 0.997
0.8 1.061 1.079 1.043 1.065 1.030 0.998
0.9 1.053 1.067 1.039 1.076 1.036 0.998
2K(HDO) = 3.76!. The values of ¢,(SH) needed in the calculation of ¢,(SH,) are given in the earlier paper.’

ox(D;L,0) is the deuterium isotope mole fraction of water.

15*
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Fig. 1. Dependence of fractionation factor ¢'(SH,)
upon the deuterium isotope mole fraction of water,
x(D;L,0), with different values for equilibrium
constants K(SH,D) and K(SHD,). At solvent
composition of x(D;L,0) = 0.5, the value of ¢'(SH,)
was in each case fixed at 0.837, the mean value of
the experimental fractionation factors measured for
3,3-dimethyl-2-butanone (Table 1). The other values
of ¢’(SH,) for drawing the curves in the above figure
were calculated using the ¢ (SH,) values given in
Table 2. The circles represent the experimental
¢'(SH;) values from Tabie 1.
——————— = K(SH,D) = 2.81, K(SHD,) = 2.92

= K(SH,D) = 2.77, K(SHD,) = 2.94
-------------- = K(SH,D) = 2.73, K(SHD,) = 2.96.

the deviations from the RGM in the hydrogen
isotope disproportionation in L,O and SL, cancel
each other almost completely when K(SH,D) =
K(SHD,) = 2.91, which is a value involving
about the same degree of deviation from the

@(SHy) K(SLy)=
oss | 2.79
2.85
0.84 2.9
3.00
080 "l ] 1 L
0 02 04 06 08 1
x(D;L 50)

Fig. 2. Dependence of fractionation factor ¢'(SH,)
upon the deuterium isotope mole fraction of water,
x(D;L,0), with different values for K(SL;), assuming
K(SH,D) = K(SHD,). At solvent composition of
x(D;L,0) = 0.5, the value of ¢'(SH,) was in each
case fixed at 0.837, the mean value of the
experimental fractionation factors measured for 3,3-
dimethyl-2-butanone. Other values of ¢’(SH;) for
drawing the lines in the above figure were calculated
using the ¢,(SH,) values given in Table 2. The circles
represent the experimental ¢'(SH,) values measured
for 3,3-dimethyl-2-butanone (Table 1).
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RGM value 3 as the value 3.76! for K(HDO)
from the RGM value 2. In such cases, the errors
introduced into the values of ¢(SH,) are negli-
gible.

Fig. 1 illustrates the dependence of the frac-
tionation factor ¢'(SH;) upon the deuterium iso-
tope mole fraction of water, x(D;L,0), with dif-
ferent values for equilibrium constants K(SH,D)
and K(SHD,). The dependence of ¢’(SH,) upon
x(D;L,0), calculated on the assumption that
K(SH,D) = K(SHD,) is illustrated in Fig. 2. If
K(SH,D) and K(SHD,) are given the RGM value
3, the deviations from the RGM would be con-
fined to the solvent water, and the relative frac-
tionation factor ¢,(SH,) would be the same as
@ (SH). The dependence of ¢'(SH,) upon
x(D;L,0) would also be the same as for the frac-
tionation of a single hydrogen site, the greatest
error being about 6 %. The correction of ¢'(SH;)
to obtain @(SH,) would be the same as that of
¢'(SH) given in the previous paper.' From Figs. 1
and 2, it can be seen that the dependence of
@'(SH;) upon x(D;L,0) does not support any
great deviations from the RGM. However, since
small deviations exist and since the cancellation
of the deviations between the isotope dispropor-
tionation equilibria of substrate and solvent wa-
ter may not be complete, it is preferable to carry
out the fractionation factor measurements at a
solvent composition close to x(D;L,0) = 0.5
rather than at either end of the x(D;L,0) range
to obtain the value of the equilibrium constant
@(SH;) of the fractionation reaction (4).
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