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Hydrogen Isotope Disproportionation and Fractionation
Equilibria in H,0—D,0 Solvent System. IIL.* Fractionation of

Deuterium between Methoxymethyl Phenyl Ketone and Water
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Fractionation of deuterium between methoxy-
methyl phenyl ketone and water has been studied
in different HO—D;0 liquid mixtures. A value
of 1.045(15) was obtained for the fractionation
factor of methoxymethyl phenyl ketone and a
value of 2.02(5) for the equilibrium constant of
the isotope disproportionation reaction of the
substrate. The effect of a breakdown of the
postulate of the geometric mean in the isotope
disproportionation reactions of the substrate and
the solvent water on the isotope fractionation
equilibria of substrates with two exchangeable
hydrogens is discussed.

A breakdown of the postulate of the geometric
mean> (PGM) in the isotope disproportionation
equilibria has straightforward consequences for
the isotope fractionation equilibria in H;O-D,0
solvent system. For the deuterium isotope frac-
tionation in substrates with only one exchange-
able hydrogen the deviations from the PGM are
confined to the solvent water alone. The break-
down of the PGM in the isotope disproportiona-
tion equilibrium of the solvent water is reflected
in the dependence of the measured fractionation
factor on the deuterium content of water.! The
situation will be more complicated when frac-
tionation factors for substrates containing more
than one exchangeable hydrogen are measured.
In these cases the disproportionation of hydrogen
isotopes in the substrates as well as in the solvent
water must be taken into account in discussing
the fractionation equilibria. It has been custom-

* Parts I and II. See Refs. 1 and 2.
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ary to assume that the PGM holds for the isotope
disproportionation equilibria because by means
of the PGM the calculations can be appreciably
simplified. The possibilities of a detailed ex-
perimental study of the applicability of the PGM
to isotope disproportionation equilibria have
been rather limited. Nearly all the experimental
studies carried out are associated with the gas
phase.*!! The only liquid phase reaction studied
is the disproportionation reaction between H,O
and D,0.11%15

In this work fractionation factor measurements
for methoxymethyl phenyl ketone dissolved in
water of varying deuterium content were carried
out for the purpose of getting more experimental
information about the hydrogen isotope dispro-
portionation equilibria in the liquid phase and
about the effect of a breakdown of the PGM on
the isotope fractionation equilibria of substrates
with two exchangeable hydrogens in the
H,0-D,0 solvent system.

EXPERIMENTAL

Materials. Methoxymethyl phenyl ketone was
synthesized by a Grignard reaction as described
by Moffet and Shriner.'

For the equilibration experiments the sodium
hydroxide—sodium deuteroxide solutions, in
which the deuterium isotope mole fraction of
water varied between 0.1 and 0.9, were prepared
by weight from pure H,O and D,0, adding a
suitable amount of NaOL (L=H,D) just before
the equilibrations. When calculating the solvent
deuterium isotope mole fraction of each solution,
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the increase of H,O or D,O coming from the
added catalyst solution was taken into considera-
tion. The aqueous sodium hydroxide solution was
prepared from a standard Titrisol solution (E.
Merck AG). The corresponding sodium deuter-
oxide solution was made by dissolving metallic
sodium in deuterium oxide under toluene in a
separating funnel. The base concentration of the
sodium deuteroxide solution was determined by
titration with known acid solution.

The deuterium oxide used in the experiments
was a product of Norsk Hydro-elektrisk Kvaelsto-
faktieselskab. The deuterium isotope mole frac-
tion of D,O was reported to be 0.998.

Equilibration experiments. In the equilibra-
tions the substrate—catalyst—water mixtures
were shaken in 50 cm® separating funnels sur-
rounded by a jacket for water circulation. The
system was held at a constant temperature of
25 °C'within +0.1 °C with water circulating from
a Lauda thermostat. The time of equilibration
was maintained about ten times longer than the
time that was found necessary just to attain the
equilibrium. In the equilibrations the concentra-
tion of catalyst was 0.05 mol dm™, the volume of
catalyst—water solution was 40 cm®, the amount
of substrate was 0.006 mol and the time of
equilibration was 3 h. After the equilibrium was
reached, 10 cm® samples were taken from the
equilibrium mixtures by means of a semiautoma-
tic 3pipette. The samples were transferred to 25
cm’ separating funnels containing an acid solu-
tion for neutralization of the sample and carbon
tetrachloride for extraction of the equilibrated
substrate. From each equilibrium mixture six
samples were taken. To get the reference spec-
trum from undeuteriated methoxymethyl phenyl
ketone in the conditions corresponding to those
of the equilibrations, the CH;OCH,COC¢H;s—
NaOH-H,0 mixture was also shaken at the
same time with CH3;0CH,COC¢Hs—
NaOL-L,0 mixtures (L=H,D). All the mix-
tures were handled in the same way after
equilibration. After the extraction the deuterium
content of the equilibrated methoxymethyl
phenyl ketone was determined by 'H NMR
measurements.

NMR measurements. The measurements were
made with a Jeol INM—-PMX 60 NMR Spectro-
meter immediately after the substrate was ex-
tracted from the equilibrium mixture. In
methoxymethyl phenyl ketone only the a-hy-
drogens are exchangeable under the conditiops
used in the experiments. Thus the peak due to
the protons of the methoxy group remains
unchanged during deuteriation and acts as an
internal standard in the measurements. The
positions of the NMR peaks used in the measure-

ments were & OCH;)=3.36 ppm and
&(CH;)=4.50 ppm. Five to ten successive integral
recordings were carried out from each extract.
Before the integrals of the equilibrated sub-
strates, the integrals of undeuteriated methoxy-
methyl phenyl ketone were recorded. The results
from the equilibrations are listed in Table 1. In
the following text notation SH, is used for
methoxymethyl phenyl ketone.

DISCUSSION

Calculation of K(SHD). When a substrate SH,
containing two exchangeable hydrogens is dis-
solved in water of arbitrary deuterium content,
the following independent equilibria, written for
one exchangeable hydrogen, are set up: dispro-
portionation equilibrium (1) between isotopically
different waters, isotope disproportionation
equilibrium (2) of the substrate SL, (L=H,D)
and isotope fractionation equilibrium (3) be-
tween the substrate and the solvent water. Other
isotope exchange equilibria involved can be
presented 'by combinations of the equilibria

M-0).

iH,0+iD,0=HDO (1)
iSH,+{SD,=SHD )
1SH,+1D,0=4SD,+iH,0 3)

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

x(HDO)
x(H;0)x(D,0)}

K(HDO) 4

x(SHD)

D)= SH, (5D,

©)

x(SD,) ]% [ x(H;0) 1t

sHy)= |
$SH)= |5,y | | =D,0) ©)
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. (7).
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. Replacing x(SHD) in eqn. (7) by the expres-
(D;SL;) = 2x(SD;)+x(SHD) (7)  sion obtained from eqn. (5) for x(SHD) and then
n(H;SL;)  2x(SH,)+x(SHD) using eqn. (6), a relationship (8) (Scheme 1) is

I(Dzo)

obtained for the computation of the equilibrium

n(DSLy) _o

n(D;SLy) || x(D;0) |t
2 x(H,0) $(SHy)*+ [1’ n(H;SLy) ][ x(H,0) ] K(SHD)¢(SH2)_2'n"(H—;SLz)_— ®)
[x(DZO) ! [2x(D;L,0)-1]K(HDO)
*[,0) |~ q1-xD;L,0)]
®
V [21(D;L,0)~1PK(HDOY*+16x(D;L,0)[1-x(D;L,0)]
4[1-x(D;L,0)]
, _ n(D;SLy)  n(D;L,0)
¢ SH)=—IHs,)  WELL0)

_ 2(SDp)+x(SHD)  2¢(H,0)+x(HDO) "
= (S, *x(SHD)  Zx(D;0)+x(HDO) (10)
[ *(D0) ]2 #(SH,)+ K(SHD) 2+[ HD0) ]% K(HDO)

AR 2+[ XD;0) F #(SH,)K(SHD) 2[M i+K(HDO)
“*(H0) 2 x(H;0)
lim ¢'(SH,)= ¢o(SH,)=K(HDO) ™' K(SHD)$(SH,) (12)
x(D;L,0)—0
_,  K(HDOYx(D,0)+2x(HDO)
$dSH)=4- 2¢(D;0)+x(HDO) (13
| K(HDO)[%E—II_)IZ—?);-IH
$SH)=}K(HDO) — 0] 1 : (14)
2})@4 +K(HDO)
2[1(13_20)_F #(SH,)+K(SHD)
) B0
ST~ = $<SH2)=9(SH)2ZK(SHD)"! 1 (15)
’ 2+[ XD0) r¢(SH )K(SHD)
x(H;0) 2

Scheme 1.
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Table 1. Mole ratios of deuterium and protium in
methoxymethyl phenyl ketone equilibrated in
different H,0-D,O mixtures and the ex-
perimental fractionation factors ¢'(SH,) at
298.15 K.

. a M ’ b,c
WOLOy T ¢'(SHy)
0.108 0.1302(13) 1.075(10)
0.214 0.293(3) 1.077(9)
0.322 0.503(4; 1.058(9)
0.400 0.709(7 1.063(10)
0.528 1.159(5) 1.036(5)
0.626 1.770(13) 1.057(8)
0.731 2.758(11) 1.015(4)
0.797 4.01(3) 1.020(8)

% x(D;L,0) is the deuterium isotope mole fraction of
water. ® Mean values of six determinations with stan-
dard errors of mean. ¢ The experimental fractionation
factor is defined by ¢'(SH;)={n(D;SL,)/n(H;SL,)}:
{x(D;L.0)/[1-x(D;L,0)}}.

constants ¢(SH,) and K(SHD) from the ex-
perimental data given for methoxymethyl phenyl
ketone in Table 1. 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. (9) with different values for x(D;L,0) in
Table 1. Eqn. (9) has been derived in the
previous paper.! The calculations were per-
formed with a DECsystem 10 computer. A value
of 3.76 was used for K(HDO)?.! The computed
optimum values are ¢(SH;)=1.045(15) and
K(SHD)=2.02(5). Within the experimental error
the value of K(SHD) is the same as the PGM
value 2.

Effect of Values of K(SHD) and KX(HDO) on
¢(SH;). The dependence of the measured frac-
tionation factor ¢'(SH;) on the equilibrium
constants K(SHD) and K(HDO) can be discus-
sed in terms of a relative fractionation factor
¢:(SH,), for which an expression will be derived.
The experimentally determinable fractionation
factor ¢'(SH,) is defined by eqn. (10). Replacing
x(SHD) and x(HDO) in eqn. ?10) by expressions
from eqns. (5) and (4) and then using eqn. (6),
the experimental fractionation factor ¢’'(SH,)
can be presented in the form of eqn. (11). The
limit value for the fractionation factor ¢'(SH,),
when the deuterium content of water closes on
zero, is given by eqn. (12).

In the previous paper® an expression (13) was
given for the relative fractionation factor ¢.(SH)
of a substrate with one exchangeable hydrogen.
Eqn. (13) can be presented in the form of eqn.

(14), replacing x(HD?) in eqn. (13) by
K(HDO)x(H,0)x(D,0)? [cf. eqn. (4)]. Compar-
ing eqn. (11) with eqn. (14) it is found thdt the
last factor in eqn. (11) can be replaced by the
expression 2K(HDO)'¢(SH).Dividing then
eqn. (11) by eqn. (12), an expression (15) is
obtained for the relative fractionation factor
¢r(SH2)'

Taking into account the fact that with the
increasing deuterium content of SL, an accurate
determination of the deuterium—protium ratio in
SL, by the NMR method becomes more difficult,
the values obtained at solvent compositions of a
higher deuterium content may not be as reliable
as those obtained at solvent compositions of a-
lower deuterium content. Therefore, it would
perhaps not be quite justified to compute any
exact value for K(SHD) from eqn (8). In addi-
tion, only one model of SH, was examined in this
work. Thus in the following the dependence of
the fractionation factor ¢'(SH,) upon the deuter-
ium isotope mole fraction of water, x(D;L,0), is
discussed by giving somg different values for
K(SHD). A value of 3.761 is used for K(HDO).!
If the PGM were to be valid for the isotope
disproportionation reactions (1) and (2), the
experimental fractionation factor ¢’'(SH,) would
be constant and the value of the relative frac-
tionation factor ¢,(SH;) would be unity over the
whole range of x(D;L,0). Using the value 1.045
for ¢(SH;) the relative fractionation factor
¢(SH,) was calculated from eqn (15) with
different values for K(SHD). The values used in
the calculations are: K(SHD)=2.02, which is the
value computed for K(SHD) in this work,
K(SHD)=1.97 and 2.07, which are the error
limits of K(SHD) obtained in this work,
K(SHD)=1.94, which for equilibrium (2) corres-
ponds to the same deviation from the PGM as
3.767 for the disproportionation of hydrogen
isotopes in water. Calculations were carried out
also with the PGM value 2 and with two values of
K(SHD) which are appreciably lower than the
PGM value. 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
PGM in the disproportionation equilibrium (2).
If the deviation from the PGM for the dispropor-
tionation of SHD is the same as for the dispro-
portionation of HDO, the value of |1- ¢,(SH,)| is
practically zero over the whole range of
x(D;L,0) and the cancellation of the deviations
from the PGM between the disproportionation
equilibria (1) and (2) is complete. In this case the
measured fractionation factor is constant and
independent of x(D;L,0), representing the real
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Table 2. Relative fractionation factor ¢.(SH,) calculated with different values for equilibrium constant

K(SHD).®
x(D;L,0)" $,(SH,)

K(SHD)=1.80 1.90 1.94 1.97 2.02 2.07
0.1 1.016 1.005 1.000 0.997 0.994 0.992 0.986
0.2 1.032 1.009 1.000 0.994 0.988 0.983 0.973
0.3 1.048 1.013 1.000 0.991 0.982 0.975 0.961 .
0.4 1.064 1.018 1.001 0.988 0.976 0.967 0.948
0.5 1.080 1.022 1.001 0.985 0.970 0.960 0.936
0.6 1.096 1.026 1.001 0.982 0.964 0.952 0.924
0.7 1.112 1.030 1.000 0.978 0.958 0.944 0.912
0.8 1.128 - 1.034 1.000 0.975 0.952 0.937 0.901
0.9 1.144 1.038 1.000 0.972 0.946 0.929 0.889

 K(HDO)=3.76,! The values of

(SH) needed in the calculation of ¢.(SH,) are given in the

¢
previous paper.’ b x(D;L,0) is the deuterium isotope mole fraction of water:

equilibrium constant ¢(SH,) of the fractionation
equilibrium (3). If the PGM is valid for the
disproportionation of SHD, i.e. if K(SHD)=2,
the deviations from the PGM are confined to the
solvent water. In this case ¢,(SH,)=¢(SH), and
the dependence of ¢'(SH;) upon x(D;L,0) is the
same as for fractionation of a single hydrogen
site, the greatest error being about 6 %. The
correction of ¢'(SH,) to obtain ¢(SH,) is in this
case the same as that of ¢'(SH), given in the
previous paper.!

K(SHD) =

(SH,)
g5ty 1.80

112

1.08 1.90

1.94
1.9
2.00
2.02

207

1.04

1.00

0 0z o0& 06 08 10
x{D:L,0)

Fig. 1. Dependence of fractionation factor
¢'(SH;) upon the deuterium isotope mole frac-
tion of water, x(D;L,0), with different values for
equilibrium constant 6SHD). At solvent com-
position of x(D;L,0)=0.5 the value of ¢’§SH2)
was in each case fixed at 1.050, the mean value of
the experimental fractionation factors measured
for methoxymethyl §)henyl ketone (Table 1.) The
other values of ¢'(SH,) for drawing the straight
lines were calculated using the ¢,(SH,) values
given in Table gZ& The circles represent the
experimental ¢'(SH;) values from Table (1).
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The values in Table 2, which present the
dependence of ¢.(SH;) upon x(D;L,0) with
different values for K(SHD), were calculated
using the value 1.045 for ¢(SH,) in eqn. (15).
When different values for ¢(SH,) were used
[0.5<¢(SH,)<1.2] it was found that the value of
the fractionation factor itself does not have much
effect on the dependence of the relative frac-
tionation factor ¢.(SH;) upon the deuterium
content of water.

The dependence of the fractionation factor
¢’(SH;) upon the deuterium isotope mole frac-
tion of water with different values for K(SHD) is
illustrated in Fig. 1. Taking into account the
uncertainty of the experimental ¢’'(SH;) values at
higher deuterium contents of solvent water, there
seems to -be an apparent trend in the ex-
perimental values of ¢’'(SH,) in the direction
required by a value of K(SHD)=2. In any case
the trend in the experimental ¢’(SH,) values
does not support a value of K(SHD) lower than
1.94.

Since it is apparent that small deviations from
the PGM exist also in the disproportionation
reactions of substrates with two exchangeable
hydrogens and that the cancellation of the devia-
tions between the disproportionation equilibria
of substrate and solvent water may not be
complete, it is better to carry out the fractiona-
tion factor measurements at a solvent composi-
tion close to x(D;L,0)=0.5 rather than at either
ends of the x(D;L,0) range to obtain the value of
the equilibrium constant ¢(SH,) of the fractiona-
tion reaction (3).

Acknowledgements. Financial aid from the
Emil Aaltonen Foundation, and from the Finnish
Cultural Foundation is gratefully acknowledged.



534

Pirketta Scharlin

REFERENCES

1.

2
3.
4

© o N o

10.
11.

12.
13.
14.
15.
16.

Scharlin, P. Acta Chem. Scand. A 36 (1982)
117.

. Scharlin, P. Acta Chem. Scand. A 38 (1984)

275.
Bigeleisen, J. J. Chem. Phys. 23 (1955) 2264.

. a. Pyper, J. W. and Long, F. A. J. Chem.

Phys. 41 (1964) 1890; b. Pyper, J. W. and
Liu, D. K. J. Chem. Phys. 67 (1977) 845.

. a. Pyper, J. W. and Newbury, J. J. Chem.

Phys. 52 (1970) 1966; b. Wolfsberg, M.,
Massa, A. A. and Pyper, J. W. J. Chem.
Phys. 53 (1970) 3138.

. Friedman, L. and Shiner, V. J., Jr. J. Chem.

Phys. 44 (1966) 4639.

. Pyper, J. W., Newbury, R. S. and Barton,

G. W., Jr. J. Chem. Phys. 46 (1967) 2253.
Pyper, J. W., Newbury, R. S. and Barton,
G. W., Jr. J. Chem. Phys. 47 (1967) 1179.

. Jones, N. A., Friesen, R. D. and Pyper, J.

W. Rev. Sci. Instrum. 41 (1970) 1828.

r, J. W. and Christensen, L. D. J.
Chem. Phys. 62 (1975) 2596.
Pyper, J. W., Dupzyk, R. J., Friesen, R. D.,
Bernasek, S. L., May, C. A., Echeverria, A.
W. and Tolman, L. F. Int. J. Mass Spectrom.
Ion Phys. 23 (1977) 209.
Holmes, J. R., Kivelson, D. and Drinkard,
W. C. J. Chem. Phys. 37 (1962) 150.
Kresge, A.J. and Chiang, Y. J. Chem. Phys.
49 (1968) 1439.
Gold, V. Trans. Faraday Soc. 64 (1968)
2770.
Gold, V. and Tomlinson, C. Chem. Com-
mun. (1970) 472.
Moffet, R. B. and Shriner, R. L. Org. Synth.
Coll. Vol. 3 (1955) 562.

Received January 19, 1984.

Acta Chem. Scand. A 38 (1984) No. 7



