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Nuclear magnetic resonance at high pressures has
recently proven to be a useful technique to obtain
volumes of activation of inter- [1, 2] and intramolec-
ular [3] exchange reactions. Using this technique, we
have obtained a volume of activation AV* of +10.9
+ 0.6 cm® mol™! for the exchange reaction (1). This
value is interpreted as an indication of a

Ni(CH;0H)?"+ *CH,0H 2
Ni(CH;0H)s(*CH;0H)**+ CH;0H (1)

dissociative interchange 14 mechanism for the solvent
exchange reaction.

The determination of inorganic substitution reac-
tion mechanisms in solution has aroused a great deal
of interest over the past twenty years, Classically, the
separation of these reactions into associative, inter-
change and dissociative mechanisms has been accom-
plished by studying their kinetics as a function of
temperature, varying chemical composition and con-
centration. The simplest substitution reactions are
those of exchange involving replacement of a solvent
molecule bound to a metal ion by another solvent
molecule from the bulk. The determination of the
mechanisms of solvent exchange reactions is com-
plicated by the fact that the concentration of the
free ligand cannot be changed. Furthermore, chang-
ing the nature of the ligand implies a serious modifi-
cation in the solvent and is likely to change the
mechanism of the reaction. Consequently, in the
case of solvent exchange, the enthalpy AH* and en-
tropy AS* of activation are frequently interpreted
to indicate the mechanism of the reaction. Solvent
exchange has been studied for slow reactions by iso-
topic dilution and for rapid reactions by nuclear
magnetic resonance. With the latter technique the
values reported for the entropy of activation have
notoriously low presicion [4]; Funahashi and Jordan
[5] have pointed out the embarrassingly large range
of activation enthalpies obtained from studies osten-
sibly on the same system. The accuracy has improved
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in recent work due to more accurate temperature
measurements and by using non-linear least squares
curve fitting techniques to fit the experimental spec-
tra with the calculated ones obtained from the NMR
relaxation equations including AH* and AS*. Never-
theless, the mechanistic interpretation of these acti-
vation parameters for solvent exchange reactions is
often ambiguous. As a typical example the reaction
given in (1) has been studied by Luz and Meiboom by
'H NMR as a function of temperature. They obtained
a AH* of 10.6 kcal mol™! and AS* of —9.0 cal K!
mol™! [6] from the methyl protons linewidths of
the bound methanol, and a AH* of 15.8 kcal mol™?
and AS* of + 8.0 cal K™! mol™! [7] from T, and T,
measurements on the OH and CHj lines of the bulk
methanol.

The volume of activation AV* is an activation
parameter available from measurement of the change
of the rate constant as a function of pressure. The
transition state theory gives equations (2), and it
follows that the

(aln k) _AvH
P /oy RT

effect of pressure on the rate constant depends on the
sign and magnitude of the volume of activation. It is
clear that in a simple dissociative reaction there is an
increase in volume upon going from reactants to the
activated complex and that the inverse is true for a
simple associative reaction. This simple correlation
applies for solvent exchange reactions where no
charges are formed or neutralised during the reaction;
the electrostrictive contribution to the volume of ac-
tivation is then negligible [8], and AV* can be direct-
ly related to the partial formation, the rupture, or the
stretching of a bond during the activation process.
Dry [Ni(CH3;0H)](ClO,), was prepared from the
hydrated salt and methylorthoformate using van
Leeuwen’s procedure [9]. The metal content of the
crystalline product was obtained by EDTA titration
and the composition determined to be the hexa-
methanolate. Dilute acidic methanol was obtained
by adding aqueous HCIQ, to methanol and removing
the water by reaction with a slight excess of methyl-
orthoformate. NMR solutions were prepared by
weighing the crystalline salt and slightly acidic
methanol, and adding a small amount of TMS as a
shift and linewidth standard. The high pressure NMR
probe is the same as described previously [2, 10],
with the exception that we have added an external
fluorine lock. Rate constants were measured from the
linewidth of the methyl protons in the bulk methanol.
The results of five independent determinations of
AV* using a linear least-squares fitting of Ink versus P
are given in the Table. The average of these values
obtained between 303 and 310K is + 109 0.6 cm?®
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TABLE. Volume of Activation AV* for Methanol Exchange between Ni(CHgOH)g+ and Solvent at an Average Temperature of

307 K2

Sample [Ni(CH;0H)2"] Temperature Ponax Number of Avx
(m) X) (bar) Data (em® mol™

1 0.196 310 1250 6 +13.5°

2 0.490 303 1250 6 +10.0

3 0.289 303 1200 10 +11.8

3 0.289 310 1300 6 +10.7

4 0.167 308 2000 10 + 93

Average +10.9 1 0.6°

8The temperature dependence of AV* is negligible in a small temperature range. PIndividual values obtained from linear least-

squares fittings. ®Standard deviation of the mean.

mol~}. The data were also fitted to an equation
quadratic in pressure. This gives an average volume of
activation at zero pressure AVZ of +12.0 £ 1.7 cm?
mol™! and an average compressibility coefficient of
activation Af* = —(dAV*#/0P)p of +1.8 + 3.0 cm®
mol™! kbar~!. The value of AB* is small or even zero
within experimental error; its large standard deviation
is due to scatter of the data and to the relatively low
pressures used for the measurements.

The positive sign of AV* implies that the solvent
exchange (1) has a dissociative D activation mode.
For a dissociative D mechanism one would expect
a value of the order of the molar volume of methanol
which is 40.5 cm® mol™! at 307 K. The relatively
small observed AV* is a good indication for a dis-
sociative interchange Iy mechanism. Further work
with other +2 and +3 ions and with other solvents,
for example water using high pressure oxygen-17
NMR, will give more insight into the understanding of
fast solvent exchange mechanisms.
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