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Variable-temperature and pressure !0 NMR studies of the water exchange on [M(H,0)4](ClO,), in water, with M =
Mn, Fe, Co and Ni, yield the following parameters (k,,2*® (s™!), AH* (kJ mol™), AS* (J K! mol™), AV* (cm® mol™)):
Mn?*, 2.1 X 107, +32.9, +5.7, +5.4; Fe**, 4.39 X 10, +41.4, +21.2, +3.8; Co**, 3.18 X 105, +46.9, +37.2, +6.1; NiZ*,
3.15 X 10% +56.9, +32.0, +7.2. The volumes of activation are obtained by using the full Swift-Connick equations and
are found independent of pressure within experimental limits. The results are interpreted as evidence for a gradual changeover
of mechanism from an associative interchange I, for Mn?* to a dissociative interchange I for Ni**. The available information
on the rate of complex formation on these four ions is reviewed and is not in contradiction with this evidence. It is shown
that the operational definition of an intimate interchange mechanism given by Langford and Gray is not a sufficient criterion
for the assignment of mechanisms of complex formation reactions, when “hard” nucleophiles react with “hard” centers,
and that the use of the volume of activation is more adequate. An attempt is made to rationalize the trend going from
Mn?* to Ni** in terms of the monotonous decrease in ionic radius which leaves less and less space for the entering ligand
to come in and in terms of the increasing occupancy of the ty, orbitals of the cation hindering the approach of the seventh
molecule. Prediction is made that the earlier octahedral (O,) members of the series react associatively. Due to the expected
small dependence of rates of associative I, substitution reactions on aquo ions on the entering ligand, the importance of
the usual Eigen-Wilkins approach as a predictive tool for the rate of both dissociative I and associative I, substitution

reactions remains effective.

Introduction

The fundamental reaction needed to understand the kinetics
of complex formation on both transition and nontransition
octahedral hexasolvated metal ions is the symmetric solvent
exchange reaction.* For the nonlabile trivalent transition-
metal ions where the solvent exchange may be studied by using
isotopic dilution techniques, the volume of activation proved
of great utility in determining whether the exchange occurs
via a dissociative or an associative activation mode.* Recently,
we have begun to measure the volumes of activation of labile
solvent exchange on both diamagnetic? and paramagnetic ions
by using both proton®'? and oxygen-17'3 high-pressure NMR,
the first such measures of the pressure dependence of these
fast symmetrical reactions. The results obtained for the
methanol exchange on the first-row divalent transition-metal
ion series from Mn?* to Ni?* were particularly surprising.
Co?* and Ni?* gave positive values for AV* considerably
smaller than the partial molar volume of the solvent and were
readily interpretable in terms of a dissociative interchange,
14, mechanism. However, Fe?* showed an almost zero value,
and the value for Mn?* was clearly negative. These results
could only be rationalized in terms of a mechanistic changeover
along the series with Mn®* showing associative behavior and
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(6) Merbach, A. E.; Vanni, H. Helv. Chim. Acta 1977, 60, 1124-1127.
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2142-2148,
(11) Vanni, H.; Merbach, A. E. Inorg. Chem. 1979, 18, 2758-2762.
(12) Meyer, F. K.; Newman, K. E.; Merbach, A. E. J. Am. Chem. Soc. 1979,
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Ni?* dissociative. Prior to this work nobody had ever seriously
questioned the dissociative nature of complex formation re-
actions on first-row divalent transition-metal ions. The
mechanistic assignments for these reactions were based almost
exclusively on complex formation rate constants in aqueous
solution. We have recently measured the volume of activation
of water exchange on Ni?* which is well in accord with an Iy
mechanism and it is clearly desirable to extend such mea-
surements to earlier members of the series in order to see if
the mechanistic changeover shown by the methanol 'H NMR
results also occurs for water.

Experimental Section

Manganese perchlorate hexahydrate (Mn(Cl10,),»6H,0, Fluka),
iron perchlorate hexahydrate (Fe(ClO,4),-6H,0, Alfa), and cobalt
perchlorate hexahydrate (Co(ClO4),6H,0, Fluka) were used without
further purification. All samples and blanks were acidified with 60%
perchloric acid (HCIO,, Merck).

Two Mn(H,0)* solutions (1.10 X 10~% and 4.31 X 107 m in
manganese and 0.06 and 0.10 m in HCIO,, respectively), four Fe-
(H,0)¢** solutions (0.1123,0.1115, 0.1354, and 0.2251 m in iron and
0.129, 5.46 X 102,9.79 X 1072, and 0.378 m in HCIO,, respectively),
and four Co(H,0)s2* solutions (4.35 X 1072, 9.01 X 1072, 9.75 X 107,
and 0.197 m in cobalt and 0.125, 0.183, 2.44 X 1072, and 8.46 X 1072
m in HCIO,, respectively) were prepared by direct dissolution of the
weighed salt in suitable amount of oxygen-17-enriched water (25.53
atom %, normalized in 'H, Yeda), 3 times distilled in vacuo before
use (concentrations: m = mol of solute/kg of solvent or P, = ratio
of the moles of water in the bound site to the total moles of water).
The Fe(H,0)¢* solutions were prepared in a nitrogen glovebox to
prevent oxidation.

The variation of the transverse relaxation time T, with temperature
was measured by 70O FT NMR at 8.13 MHz under the same con-
ditions as described in an earlier publication.!?

The line width measurements as a function of pressure were
performed up to 250 MPa. The titanium high-pressure bomb used
was very similar to the one described earlier,!>!* except for the
thermostating system which was by circulation of heated or cooled
gaseous nitrogen. The temperature inside the bomb was determined
with a precision of 0.2 K.!* The spectrometric parameters were
the same as for the variable-temperature study, except the v/2 pulse

(14) (a) Vanni, H.; Earl, W. L.; Merbach, A. E. J. Magn. Reson. 1978, 29,
11-19. (b) Earl, W. L.; Vanni, H.; Merbach, A. E. Ibid. 1978, 30,
571-576.
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length which was 4 us. The real part of the Fourier transformed and
phased spectra was transferred to a minicomputer via-a floppy diskj
and the relaxation time was obtained by nonlinear least-squares fit
to a single Lorentzian function. The results are estimated to be
accurate to 5%.

Data Treatment and Results

Variable Temperature. For the analysis of the variable-
temperature data, the full Swift and Connick equation' had
to be used, because, for Co?*, Fe?*, and Mn?*, the water
exchange as a function of pressure was studied at various
temperatures in the intermediate region as well as in the ex-
change controlled region. The equations used to interpret the
data have been given elsewhere.!? The relaxation time of the
bound water molecule (7,,) was defined as a function of a

mean electronic correlation time 7., A more complete

treatment involves two different correlation times, 7., and 7.,
for this relaxation process, and has the form!” in eq 1, where

Lo ry+ —22 (1
oo oy T
Ty ! 1+ 7%,

the constant C is proportional to the coupling constant 4 (eq
2) and 7. and 7., are given by eq 3 and 4. Ineq 3 and 4,

472 A\?

C= TS(S + D(Z) 2)
1 1 1
el S
11,1 @

Te2 Tm T2e

T, and T,, refer to the longitudinal and transverse relaxation
times of the electron, and 7, is the exchange lifetime of the
nucleus. For Ni?*, Co?*, and Fe?*, the relationship between
T and T, is unknown, and thus, it is generally assumed that
they are equal'®® (eq 5) and obey an Arrhenius dependence
(eq 6). For Mn?*, where T, and T, are much longer than

T e=Ty=r1, &)

r= 1-298exp[ %(I/T— 1/298.15)] | (6)

for Ni?*, Co?*, or Fe?*, we do not need to make this as-
sumption since McLachlan2® has developed equations (eq 7
and 8) to relate T}, and T, in the case where T, is much

4
_1_ = _3.2 2 Ty + Ty )
T, 25 1+ rlw? 1+ 47,%02
1 32 . 57, 27,
— =202 3r, + + 8
T, 50 T 1+ 7202 1+ 4122 ®)

greater than 7, (which is the case for Mn?*2!), In these
equations, A is a measure of the amplitude of modulation of
the zero-field splitting and 7, is the correlation time for this
modulation, which is assumed to have an Arrhenius behavior,
according to eq 6.

The experimental relaxation and chemical shift data are
shown on Figure 1 for the water exchange on Co?* and on

(16) Swift, T. J.; Connick, R. E. J. Chem. Phys. 1962, 37, 307-320; 1964,
41, 2553,

(17) Abragam, A. “The Principles of Nuclear Magnetism”; Oxford Univ-
ersity Press: London, 1961.

(18) Bechtold, D. B.; Liu, G.; Dodgen, H. W.; Hunt, J. P. J. Phys. Chem.
1978, 82, 333-337.

(19) Hoggard, P. E.; Dodgen, H. W.; Hunt, J. P. Inorg. Chem. 1971, 10,
959-963.

(20) McLachlan, A. D. Proc. R. Soc. London, Ser. A 1964, 280, 271.

(21) Zetter, M. S,; Lo, G. Y.-S,; Dodgen, H, W.; Hunt, J. P. J. Am. Chem.
Soc. 1978, 100, 4430-4436.
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Figure 1. Aw, and In (1/7) for [Co(H,0)6] (C10,), bulk water as
a function of reciprocal temperature. The curve through the ex-

perimental points is the result of a simultaneous fit of all the data:
(0), Pp = 4.20 X 10°% (W) P, = 1.04 X 10%; (@) P, = 2.10 X 10°2.
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Figure 2. Aw, and In (1/7,) for [Fe(H;0)s](ClO,); bulk water as
a function of reciprocal temperature. The curve through the ex-
perimental points (except the three circles at high temperature, see
text) is the result of a simultaneous fit of all the data: (Q), P, =
1.202 X 107% (0), Py, = 1.211 X 107% (W), P,, = 1.211 X 1072 with
ascorbic acid added (see text); (@), P, = 2.400 X 1072,

Figure 2 for the water exchange on Fe?*. On both figures,
the solid line through the points is a nonlinear least-squares
simultaneous computer fit using the full Swift and Connick
equations for both T, and shift. The parameters optimized
were AH*, AS*, A/h, 7, and E,. The value of k%%, the value
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Table I. Kinetic and NMR Parameters Derived from Relaxation and Chemical Shifts of Co(H,0),** and Fe(H,0),** Bulk Water as a

Function of Temperature?®

Ducommun, Newman, and Merbach

AS*,TK! Ee, kI
cation 1075k, 2%%, 57! AH *,kJ mol ! mol ! A/h, MHz 10! 27,298, s mol! ref
Co** 1.35 +334 -17.1 14.8 <5 16
2.38 300 K) +43.5 +22.1 17.0 0.5 456 K) 22
245+0.1 +49.7£3.0 +44.3b 13.5 0.9 23,24
2.24 £ 0.05 +43.00.8 +21.322.4 120+ 0.2 19¢
3.18+£0.17 +46.9 1.2 +37.2+3.7 15.7 £ 0.1 5.2+0.8 202 this work
Fe>* 3.2 +32.2 -12.5 11.9 <14 16
4.39+0.25 +414+1.2 +21.2+ 4.8 9.4+ 0.1 1005 35 this work
@ Errors quoted are standard deviations. ? Calculated. € 2 M in NH,NO,, pH 4.2.

Table II. Kinetic and NMR Parameters Derived from Relaxation of the Mn(H,0), %" Bulk Water as a Function of Temperature®

1077k, ", AH *, ] AS*, TK™ Aln,  1077,29%, 1071042, Ey,  10°T,¢**,
st mol™ mol™! MHz s s7? kJ mol™! $ ref
31 +33.9 +12.2 9.2 4,20 0.38 16
2.2 +32.2+04 +3.8+1.7 54+03 1.4 21
2.1+0.1 +32.9+1.3 +5.7+5.0 53+0.5 3.3b 5.6 £3.0 16.3? 1.25 this work
@ Errors quoted are standard deviations. ? Fixed value.
of the rate constant at 298.15 K, is obtained by repeating the 200
curve fit with use of the modified Eyring equation to express
the temperature dependence of 7, (eq 9). At convergence, 190
1 T AH[ 1 1 ,
— =k, = k2 ex —~——(—— ) 9
7 fm T ggg1s P TR\ T T 29815 ©) 180
all the other parameters and their standard deviations are &
identical with the AH*, AS* fit. The values of the parameters =
and their standard deviations are given in Table I, together £ o
with previously reported values from literature.!61%2272¢ A '
small amount of ascorbic acid was added to one of the Fe** 150
solutions. This was done to prevent any oxidation of Fe?* at '
high temperature by traces of oxygen which are difficult to . ‘ L
avoid. Below 333 K, the line widths and shifts of this solution ! '02.0 24 28 12 16 20
are in very good agreement with the line widths and shifts of ' 10T (kY ' )

the other solutions used. They are also reproducible at a given
temperature over the course of the variable-temperature ex-
periment, even after heating of the solution at 423 K. Con-
versely, the line widths of the samples containing no ascorbic
acid are abnormally broadened above 333 K and are slightly
too narrow at room temperature after this treatment. This
suggests that these samples have undergone some oxidation
to Fe’*. The water exchange on hydrolyzed Fe**, slower than
the corresponding exchange on Fe?*, is in the slow-exchange
region of the Swift-Connick curve at temperatures around 370
K.2* Therefore, any oxidation, even small, of the Fe?* will
result in a substantial broadening of the lines. This is well
shown in Figure 2, by the three relaxation data at high tem-
perature which are in total disaccord with the other experi-
mental points. These data have not been introduced in the
fitting procedure.

For the water exchange on the Mn?* ion, the chemical shifts
are very much smaller than the line widths and are thus not
easily measurable. Figure 3 shows the experimental relaxation
data together with the curve calculated by using the full
Swift-Connick equation. The parameters optimized were
AH*, AS*, A?, and A/h and are given together with k,*8
(obtained as above) in Table II. In the same table are also
shown previously published results from other laboratories.!5?!
The contribution of T, to the overall relaxation time is only
small (see below), and it is thus clear that the data cannot
define well all three parameters (A%, 7,2%, and E,) of T;,. We

(22) Chmelnick, A. M.; Fiat, D. J. Chem. Phys. 1967, 47, 3986-3990.

(23) Zeltmann, A. H.; Matwiyoff, N. A,; Morgan, L. O. J. Phys. Chem.
1969, 73, 2689-2696.

(24) Zeltmann, A. H.; Morgan, L. O, Inorg. Chem. 1970, 9, 2522-2528.

(25) Judkins, M. Ph.D. Thesis, University of California, Berkeley, 1967.

Figure 3. In (1/7,) for [Mn(H,0)¢](ClO,), bulk water as a function
of reciprocal temperature. The curve through the experimental points
is the result of a simultaneous fit of all the data: (®), P, =1.2 X
1074 (0), P, = 4.7 X 107,

have thus fixed E, at 16.3 kJ mol™, the value obtained in the
IH NMR study of Bloembergen and Morgan.?® The kinetic
parameters are very insensitive to changes in this value. We
have also fixed 7,2 at 3.3 X 107257}, the value obtained from
an EPR study?’ which is also close to the values obtained by
IH NMR studies (3.2 X 1071228 and 2.4 X 10712 57126),

In order to explore the contribution of 7T, to the overall
relaxation rate, we may note that for Mn?*, Aw,,2 is very much
less than To, 2 or (T,n7,)" and the Swift and Connick
equation reduces to eq 10.'6

1 1 1 1
— =1/t N —+
T2r /[ C(Tm Tle)]

The three contributions to 75, in eq 10 are also shown in
Figure 3. The maximum contribution of the CT}, term is
about 25% but at the temperatures where the high-pressure
experiments were performed (see below). The contribution
is only about 6%.

Variable Pressure. High-pressure 1/7, measurements were
performed at two temperatures in the slow-exchange-controlled
region (263.3 and 264.6 K for Co?*, 268.0 and 268.8 K for

(10)

(26) Bloembergen, N.; Morgan, L. O. J. Chem. Phys. 1961, 34, 842-850.

(27) Reed, G. H,; Leigh, 1. S., Jr.; Pearson, J. E. J. Chem. Phys. 1971, 55,
3311-3316.

(28) Rubenstein, M.; Baram, A.; Luz, Z. Mol. Phys. 1971, 20, 67-80.
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Fe?*, and 277.9 and 279.1 K for Mn?*), at one temperature
in the intermediate-exchange region for Co** and Mn?* (307.8
K for Co?* and 376.3 K for Mn?*), and at three temperatures
in the intermediate-exchange region for Fe?* (284.6, 286.8,
and 292.0 K). The natural line width of pure acidified water
was substracted from the measured line width, taking into
account its slight pressure dependence.!?

For the Co?* ion, the pressure dependence of the chemical
shift was studied at 307.8 K, the temperature of the varia-
ble-pressure relaxation measurement in the intermediate-ex-
change region. We observed no pressure dependence of the
bulk water chemical shift in this region where the exchange
is fast enough to make the chemical shift independent of the
exchange rate. This gives us confidence that the scalar cou-
pling constant 4/A is not strongly pressure dependent.! On
the other hand, in the temperature range where the relaxation
rate is at its maximum, a change in rate constant should be
reflected by a large change in bulk water chemical shift. A
study of the pressure dependence of the shift at 286.6 K, a
temperature close to that of maximum relaxation rate, was
carried out in addition to the relaxation measurements, re-
sulting in another way of measuring the volume of activation
for this particular solvent exchange process.

The volume of activation AV * was obtained as discussed
elsewhere® by nonlinear least-squares fitting of the data to the
full relaxation or shift equation. The values of the NMR
parameters needed for the analysis were taken from the var-
iable-temperature study and kept at their ambient pressure
values. The pressure dependence of the rate constants was
allowed to vary according to eq 11, where kp and k; are the

VP | AB*P? 0
RT 2RT (1)

rate constants at pressure P and zero, respectively, AB* is the
compressibility coefficient of activation, and AVy* is the zero
pressure volume of activation. The k; value for each data set
was a parameter which was also optimized.!® In the case of
Mn?* water exchange, because the contribution of the T}, term
to the relaxation time is only of about 6%, we could reasonably
assume that any change in 77, with pressure would not affect
the value of AVy* significantly. For each metal ion, a si-
multaneous quadratic fit of all variable-pressure relaxation
experiments was made. For Co?*, it yielded a volume of
activation of AVy* = +6.8 + 0.8 cm? mol™! with a compres-
sibility coefficient of activation 1072A8* = +0.6 %+ 0.8 cm’
mol™ MPa!. For Fe?*, the obtained values were AVg* = +3.8
#+ 0.7 cm® mol™! and 1072A8* = +0.0 £ 0.6 cm® mol™! MPal,
whereas for Mn2*, the obtained values were AVy* = -5.8 +
0.5 cm® mol™ and 102A8* = ~0.4 £ 0.4 cm?® mol~! MPa™!.
The suppression of the AG* term never altered significantly
the sum of the residuals, and therefore, this term was set to
zero and a linear expression used in all calculations. The values
of the volume of activation became AV* = +6.1 + 0.2 cm?
mol™! for the Co®* water exchange, AV* = +3.8 £ 0.2 cm’®
mol™ for the Fe?* water exchange, and AV* = -5.4 £0.1 cm?®
mol™! for the Mn?* water exchange. For Co?*, we were also
able to fit the chemical shift data together with all the re-
laxation data. This latter fit produced the same values of
AVy*, AB*, and AV* as the relaxation data alone, showing that
the shift data are well in accord with the relaxation data.

To take into account any temperature dependence of the
volume of activation, we have introduced the thermal expan-
sivity of activation Aa*,?® according to eq 12, where AV*,4

AV* = AV*zgg + Aa*AV*ng(T— 298.15) (12)

In kp‘= In ko -

(29) Some other authors use the quantity Ay* = Aa*AV*,5. We have used
Aa* to be consistent with the thermodynamic definition of thermal
expansivity: a = 1/V(8V/aT)p.
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Figure 4, Experimental values of RT In (kp/k;) as a function of
pressure. The solid lines are calculated from a simultaneous fit of
all the data by taking into account the temperature dependence of
AV*, (A) [Co(H,0)6](ClO,), water exchange: (@), P, = 1.00 X
102, T =263.3K;(0), P, =89 X 1073, T = 264.6 K; (A), P, =
1.04 X 1072, T = 286.6 K (chemical shifts); (W), Py, = 9.6 X 1073,
T = 307.3 K. (B) [Fe(H,0)¢](ClO,); water exchange: (Q), Py, =
1.202 X 102, T = 268.0K; (@), P, = 1.202 X 1072, T = 268.8 K;
(8), Pp = 1211 X 102, T = 284.6 K; (M), P, = 1.202 X 102, T
= 286.8 K; (0), P, = 1.460 X 102, T = 292,0 K. (C) [Mn(H,-
0)6]1(Cl0O,), water exchange: (0), P, = 12X 107, T =2779K;
(@),P,=12%x10% T=279.1K; (W), P, = 1.2 X 107, T = 376.3
K.

is the volume of activation at 298.15 K. For each metal ion,
all the data have been fitted simultaneously by using eq 11

‘and 12. Figure 4 shows the results of the fit together with the

experimental data. The values of AV*,55 and Aa* obtained
from this fit are AV*,95 = +7.3 & 0.3 cm® mol™! and Aa* =
(+6.8 £ 0.4) X 1073 K~ for Co?*, AV*,55 = +4.5 £+ 0.4 cm?
mol™ and Aa* = (+7.8 £ 4.4) X 1073 K™ for Fe*, and AV*,44
=-55% 0.1 cm® mol™ and Aa* = (-2.7 £0.2) X 1073 K~!
for Mn?*,

Table III summarizes the kinetic parameters for the water
exchange on the divalent metal ions studied to date. We have
repeated two variable-pressure measurements on Ni?* with
the bomb used for Co?*, Fe*, and Mn?* and obtained a
significant reduction-in the scatter of the data. The revised
value of AV* = +7.2 % 0.3 cm? mol™ is almost identical with
the previously reported value, AV* = +7.1 £ 0.2 ¢cm? mol™,
The values of AS* can be neglected (see Table III), and we
thus compare only the volumes of activation obtained from
the linear forms of eq 11. The values of Aa* are small but
significant. It is interesting to note that, for the three cations,
the sign of Aa* is such as to make the AV* become more
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Table IIl. Kinetic Parameters for Water Exchange on Divalent Metal Ions®

an+ Fez+ C02+ Ni2+
k298,571 (2.1 :£0.1) X 107 (4.39 + 0.25) x 10° (3.18+017)>< 10°¢ (3.15 £ 0.08) x 10%?
AH*kJmol1 +329+13 +414+1.2 +469+1.2 +56.9 + 0.8
AS*, 7K™ mol™ 57:5.0 +21.2: 4.8 +37.2£3.7 +32.0+ 3.0°
AV *, cm® mol™! ¢ 54+0.1 +3.8+0.2 +6.1+0.2 +7.2 1 0.3¢
102A8%, cm® mol™* MPa™! € 0 4304 +0.0 £ 0.6 +0.6 £ 0.8 +0.7 + 0.8¢
10%Aa*, Kt f -2.7:02 +7.8 t 4.4 +6.8 £ 0.4

% Errors quoted are standard deviations. b Reference 13.

measurements are as follows:

¢ Obtained by assuming Ag*= 0 and Aa*= 0. The temperature ranges of the
for Mn?**, 277.9-376 .4 K; for Fe?*, 268.0-292.0 K; for Co?*, 263.3-307.3 K; for Ni%**, 309.1-314.4 K.
dataset is fitted separately, the values of AV * (cm® mol™!) are as follows:

If each
for Mn**, —-6.0 0.6 at 277.9K,~6.3 £ 0.5 at 279.1 K,-4.3 : 0.4

at 376.3 K; for Fe®*, +3.6 £ 0.3 at 268.0 K, +3.6 = 0.3 at 268.8 K, +3.2 = 0.7 at 284.6 K, +3.4 + 0.5 at 286.8 K, +5.0 + 0.4 at 292.0 K for

Co?™,+74+05at263.3K,+4.9+1.4at264.6 K, +7.4£1.5at307.8K,+6.1 +1.6at286.6 K (shifts).
€ Obtained by assuming Aa* = 0.

slightly different from the previously published value.!® See text.

-1
RTUn (kp/ky) (kJ mol’)

0 50 100 150 200 250
P(MPa)
Figure 5. Experimental and calculated values of RT In (kp/k;) as

a function of pressure at 298 K for the water exchange on Mn(II)
(m), Fe(Il) (O), Co(1I) (@), and Ni(II) (O, new data).

positive as the temperature increases. For comparison, the
thermal expansivity of pure water is about 0.5 X 1073 K™,
However, in view of the lack of interpretation of this parameter
coupled with the fact that it may be very sensitive to non-
random errors in the data, we choose to restrict discussion to
values of AV* obtained with Aa* set to zero. The value of
Aa* is anyway small enough not to change significantly the
value of AV*. Figure 5 shows the variation of rate constant
with pressure for the four systems.

Discussion

The values of the volumes of activation for solvent exchange
on the first-row divalent transition-metal ion series in both
aqueous and nonaqueous solvents are summarized in Table
IV. For Ni** and Co?*, the values are always positive but
considerably less than the solvent partial molar volume. The
negative values for both water and methanol exchange on
Mn?*, and the small values for exchange of these solvents on
Fe?*, give us confidence that the change in sign of AV* along
the series is a general trend and is not due to some solvent
anomaly. This trend is given added credence from the fact
that the values for Co?* are always slightly less than for Ni**,
The detailed arguments whereby volumes of activation may
be used as mechanistic criteria for solvent exchange have been
given recently,>!? and we will thus restrict discussion to certain
key points.

The mechanistic classification most frequently used in the
discussion of substitution reactions at metal centers is due to
Gray and Langford.3! These authors differentiate three
mechanistic pathways: associative A, dissociative D, and in-
terchange I. Their criteria are in principle very simple and
are based on kinetic tests which may be applied to give evi-
dence for “long-lived” intermediates; “long-lived” implies long
enough for the intermediate and its solvation shell to relax,
i.e., lose memory of its precursors and hence exhibit the

(30) Monnerat, A.; Moore, P.; Newman, K. E.; Merbach, A, E., Inorg.
Chim. Acta, in press.

(31) Langford, C. H.; Gray, H. B. “Ligand Substitution Processes”; W. A.
Benjamin: New York, 1966.

d These data make this value
f Obtained by assuming Ag*=0

Table IV. Volumes of Activation AV * (cm® mol™!) for Solvent
Exchange on Divalent Metal lons

solvent Mn?* Fe?* Co?* Nij** ref
H,0 -5.4 +3.8 +6.1 +7.2 this
(298 K) (298 K) (298 K) (298 K) work
CH,0H -5.0 +0.4 +8.9 +11.4 12
279 K) (255 K) (279 K) (307 K)
CH,CN +7.7 +9.6 10
(286 K)* (294 K)
DMF +6.7 +9.1 10
(296 K) (297 K)

@ The value obtained by 'H NMR was AV *= +9.9 (260 K).!°
This more accurate value of AV * has recently been obtained by
using 1 2°C NMR.2% A value of AV *= +6.7 (between 265.4 and
272.3 K) has been obtained recently by ** N NMR by T. W,
Swaddle and co-workers (personal communication).

properties of the intermediate. An intermediate of increased
coordination number implies an A mechanism and one of
reduced coordination a D mechanism. If no evidence can be
found for an intermediate, in effect, if the intermediate does
not exist long enough to manifest its properties, or if there is
truly no minimum in the reaction coordinate, then the
mechanism is classified as interchange I. These mechanistic
criteria are thus structural in nature although evidence for the
structure is based on kinetic grounds. For the interchange
mechanism, a further subdivision is made on whether the
reaction rate.is much more sensitive to variation of the leaving
group than to variation of the entering group (dissociative
interchange I,) or if it is approximately as sensitive, or more
sensitive, to variations of the entering group as to variations
of the leaving group (associative interchange I,). This latter
subdivision is thus made on kinetic grounds rather than on the
structure of the transition state.

For symmetric solvent-exchange reactions, it is clear that
these kinetic tests are not operational since the nature of the
entering group cannot be varied. However, we do wish to
reiterate the argument given previously that, for solvent ex-
change reactions, symmetry requires that, at the transition
state, the extent of bonding to both entering and leaving solvent
molecules must be identical. This is nothing other than the
principle of microscopic reversibility. However, for a metal
ion reacting via an I; mechanism, where there is, by definition,
only weak bonding to the entering solvent, there must also only
be weak bonding to the leaving solvent. Conversely, for an
I, mechanism, where there is, also by definition, considerable
bonding to the entering solvent, there must also be considerable
bonding to the leaving solvent. From a structural viewpoint,
the difference between an I4 and an I, reaction is the degree
of expansion of the transition state. AV* the difference be-
tween the volumes of the transition state and reactants, is a
direct measure of this degree of expansion. A corollary of this
idea is that one may envisage a continuous spectrum of
transition states ranging from the highly compact, very asso-
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Table V. Comparison of the Rates of the Interchange Step for
the MSO, Formation (k7(SO,))? and for Water Exchange
(k1(H,0)) Reactions at 298 K

Mn?* Fe?* Co?* Ni** ref
kp(H,0), 2.1x 107 4.39x 10° 3.18 X 10% 3.15 X 10* this
st work
k1(SO,), 24x 107 24x10¢ 1.1x10° 24x10* 370
s-!.
k1(S0,)/ 1.1 0.6 0.4 0.8
k[(H,O)
k1(80,), 4.8x 107 1.8 x 10° 38
s—l
k1(SO,)/ 2.3 0.6

k1(H,0)

4 Obtained by ultrasonic absorption. ? Latest values from the
Eigen and Tamm research groups.

ciative I, (or A) mechanism, right through to the highly
noncompact, very dissociative Iy (or D) mechanism. We have
recently shown that bond length changes in the nonexchanging
ligands between reactants and transition state are generally
fairly small and that the changes in sign of AV* going from
Mn?* to Ni?* could only be explained in terms of a gradual
changeover of mechanism from I, to I5.3%

One could imagine that the small values of the volumes of
activation for both water and methanol exchanges on Fe?* do
not arise from a single interchange process with expanded
transition state but from the simultaneous existence of two
kinetic pathways, one with dissociative character and the other
with associative character. In other words, a mechanistic
crossover would occur along the series, from an associative
favored pathway for Mn?* to a dissociative favored pathway
for Ni?*, Should this crossover effectively be taking place,
it would be reflected by an important variation of the volumes
of activation for Fe?* solvent exchange with temperature and
pressure. The thermal expansivity of activation Aa* and the
compressibility coefficient of activation AB*, respectively,
describe the temperature and pressure dependence of AV*, and

" these two parameters have been shown to be very small or
negligible. We can therefore reject the idea of crossover and
reaffirm the idea of a mechanistic changeover going from
Mn?* to Ni?*,

Prior to the advent of the variable-pressure NMR studies
of solvent exchange on the series Mn?* to Ni?*, it had been
generally accepted that complex formation reactions on all
octahedral divalent metal ions proceeded via I; mechanisms.
This idea, first put forward by Eigen?? and Wilkins* arose
from the simultaneous availability of NMR-derived water-
exchange rates on the labile first-row transition-metal ions by

Swift and Connick!® and ultrasonic relaxation studies on

aqueous metal sulfates by Eigen and Tamm.*s Although there
was subsequent controversyS over whéther three relaxation
processes (as Eigen postulated) were involved, or two, the
overall interpretation of the ultrasonic results was not in
dispute: the first relaxation process(es) involve(s) the fast
formation of an outer-sphere complex (frequently referred to

as an encounter complex) followed by a slow-interchange step -

between a solvent molecule in the first coordination sphere and
the SO,? ligand. Thus, the scheme of the reaction may be
formulated (by neglecting charges and with L = SO,) as in
eq 13. The close similarity between the rate of the interchange
step ky(L) in reaction scheme 13, and the rate of water ex-

(32) Newman, K. E.; Merbach, A. E. Inorg. Chem. 1980, 19, 2481-2482,

(33) (a) Eigen, M. Z. Electrochem. 1960, 64, 115. (b) Eigen, M. Pure Appi.
Chem. 1963, 6, 97.

(34) (a) Wilkins, R. G.; Eigen, M. Adv. Chem. Ser. 1965, No 49. (b)
Wilkins, R. G. Acc. Chem. Res. 1970, 3, 408-416.

(35) Eigen, M.; Tamm, K. Z. Electrochem. 1962, 66, 93, 107.

(36) Jackopin, L. G.; Yeager, E. J. Phys. Chem. 1970, 74, 3766~3772,
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k(L)
M(H,0)s + L = M(H,0)¢L — M(H,0);L + H,0

(13)

change k(H,0) (=k,,) led Eigen and Wilkins to the conclusion
that k(L) may be identified with ky(H,O) and, hence, is
independent of the nature of the entering ligand (I3 mecha-
nism). The early study of Eigen and Tamm has been repeated
since,’* and we have listed the most recent data in Table
V, where the water-exchange rates from this work are also
given. We have calculated the ratio of k;(SO,) to k(H,0),
which should be independent of the metal center if an I
mechanism is assumed. One may notice that for Mn?*, the
values are larger than the corresponding values for the other
cations (3 to 4 times the Co?* values). The variation of the
ratio along the series is not large by kinetic standards, and the
scatter of the data is important. If the replacement of a water
molecule by a sulfate on Mn?* proceeds via an associative I,
mechanism, the resulting effect on k;(SO,) may well be small.
For this reason, we believe that the results obtained so far by
ultrasonic absorption are not incompatible with the concept
of changeover in the series, even if the evidence is not striking.

The ultrasonic absorption method should be the method of
choice to study complex formation reactions, since it gives
directly the rate of the interchange step. However, because
of the technical problems inherent to this method, most studies
have involved either stopped-flow or temperature-jump tech-
niques where the overall rate of complex formation is obtained.
It may readily be shown that the observed pseudo-first-order
rate constant kg, is related to the constants appearing in
reaction scheme 13 by eq 14, For virtually all cases, K[L]

Kowsa = Koski(L)[L] /(1 + Ki[L]) (14)

&« 1, and the overall second-order rate constant k¢ is given by
eq 15. In order to compare the rate constants for complex

ki = Kki(L) (15)

formation on Mn?*, Fe?*, Co?*, and Ni?*, we have used the
recent compilation by Margerum and co-workers.?® In this
tabulation, one can observe large discrepancies between the
results emerging from. different research groups. For this
reason, we have decided to restrict discussion to the results
obtained by groups which have made comparative studies on
two or more of the four cations. For Co?* and Ni?*, there are
nearly 50 values to compare, among them, four involving
monodentate ligands, whereas for Mn?* and Fe?*, the data
are extremely sparse: there are only eight Mn?* and four Fe?*
complex formation studies which are readily comparable with
their Co?* and Ni** analogues.  We have summarized, in
Table VI, the rate constants for complex formation reactions

- of the four cations in: the series with all the monodentate

ligands studied arid with the multidentate ligands for which

- a comparative study involving all, or at least three, of the

cations exists. The stability constants quoted by the authors
of these studies have also been included in the table. From
an examination of this table, there is evidence that the for-
mation rate constants often depend on the nature of the in-
coming ligand, especially for Mn?* complexes. There are too
many superimposed effects to question the validity of the
Eigen—Wilkins mechanism at this stage. The first complication
arises from the fact that the measured rate constant is not
ky(L) but k;. In order to obtain k;(L), according to eq 15, it

(37) Bechtler, A Breltschwerdt K. G.; Tamm, K. J. Chem. Phys. 1970, 52,
2975-2982.

(38) (a) Atkinson, G.; Kor, S. K. J. Phys. Chem. 1965, 69, 128-133; 1967,
71, 673-677. (b) Kor, S. K.; Rai, G.; Bhatti, S. S. Z. Phys. Chem.
(Leipzig) 1968, 388-390,

(39) Margerum, D, W,; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G.
W. “Coordination Chemistry”; Martell, A. E., Ed.; American Chemical
Society: Washington, D.C., 1978; Chapter 1, Vol. 2.
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Table VI. Rate Constants k¢ (M™! s7*) and Stability Constants K (M~*) for Complex Formation on Divalent Aquometal Ions at 298 K

an+ Fez+ C02+ N'2+

ligand® kg K ks K ks K ks K techn ref
NH,? 095 x 10° 1.3x10* 3.3x10%® 19x10® TJ 40
imidazole 1.3x 10° 26x 10 50x10* 19x10® TI 41
HF 22 % 105 c 14 x 10° c 5.5 % 10° c 31x10% ¢ PFNMR 42
F- 27x10%  3.7¢ 9.3 X 10° 1.6 1.8x 10° 1.8 8.4x10® 4 ""FNMR 42
PADA® >5%x10° 5 04 x 10° 6 x 10° 4% 10° ~2x10* T3 43
phen' 1.2x10% 4x10° 1.2 x 10% 2x 107 1.2x10° 3.2x10%® SF 44
bpy 1.6 x 10° 2% 10% 0.63x 10° 1x10¢ 16x 10° 32x 10" SF 44
terpy 1.1 x 105 5x 10° 0.8 x 10° 12x 107 0.24x10° 25x10® 14x10° 5x 108 SF 44
murexide & ~90x 10° 1.2x 10? 1.5 x 10° 29x 102 1.0x10° 24x10®° T3 45
g-alanine”® 0.5 x 10° 0.75 x 10° 1x 10* 10x 10® 4x 10* T] 46
ATP* >10° ~1x 10° 9.2 x 107 46x10* 41x10° 11x10°® TI 47

@ The following ligand abbreviations have been used: PADA = (pyridine)-2-azo-p-dimethylaniline, phen = 1,10-phenanthroline, bpy = 2,2'-
bipyridine, terpy = 2,2',2"'-terpyridine, ATP *~ = adenosine 5'triphosphate. 2293 K. ¢ K'=K(F") X K, HF); Ko HF) = 1.23 X 10"* M.

dpH >4. ©288K. F284 K. £283K.

is necessary to know K, which is, in general, not measurable
but is frequently calculated by using the Fuoss equation.*® The
problems inherent in the use of this equation have been fre-
quently discussed: the theory treats the ion and ligand as
charged spheres in a dielectric continuum, and thus its use for
irregularly shaped, neutral, or dipolar ligands is highly spec-
ulative. A further complication in comparing k(L) with
k1(H,0) may be that, in the outer-sphere complex, the ex-
change of certain water molecules is less likely to bring about
complex formation than others due to their unfavorable pos-
itions and one may therefore introduce a statistical factor F
to take this into account. Thus, for an I; mechanism, where,
apart from the statistical term F, the interchange step k(L)
may be identified with the water-exchange rate k;(H,0), we
may write eq 16. In view of the uncertainties in both K and

ke = KosFkiy(H;0) (16)

F, agreement within a factor of 10 between the calculated rate
constants k;(L) and the water-exchange rate k;(H,0O) has been
considered acceptable to assign an I; mechanism.

K is expected to be virtually independent of ion along the
series Mn?* to Ni?*, the only slight change being a monotonous
one due to the monotonous change of the ionic radii. One
would also expect F to be a constant. Thus, any two cations
reacting with the same ligand by the same mechanism should
yield similar values for the ratio k;/k;(H,O). From the wealth
of data available, at both ambient* and high!? pressure, there
is no doubt that the Eigen—Wilkins I4 mechanism is appro-
priate for Ni**. Thus, we can introduce the ratio R(M/Ni)
defined in eq 17, to compare the other cations with Ni**, Any

kMK N (H,0)

: 17
k™ (H,0) an

R(M/Ni) =

change in R(M/Ni) should yield information about differences
in mechanism between those and Ni?*, The R(M/Ni) values
calculated from the data in Table VI are given in Table VII.
Since R(M/Ni) is a composite of four measurements, com-

(40) Rorabacher, D. B. Inorg. Chem. 1966, 5, 1891-1899.

(41) Hammes, G. G.; Steinfeld, J. 1. J. Am. Chem. Soc. 1962, 84,
4639-4643.

(42) Eisenstadt, M. J. Chem. Phys. 1969, 51, 44214432,

(43) Wilkins, R. G. Inorg. Chem. 1964, 3, 520-522.

(44) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. G. Inorg.
Chem. 19685, 4, 929-935; 1966, 5, 622-625.

(45) Geier, G. Helv. Chim. Acta 1968, 51, 94-105.

(46) Kustin, K.; Pasternack, R. F.; Weinstock, E. M. J. Am. Chem. Soc.
1966, 88, 4610-4615.

(47) Hammes, G. G.; Levison, S. A. Biochemistry 1964, 3, 1504-1506.

(48) Fuoss, R. J. J. Am. Chem. Soc. 1958, 80, 5059-5061.

(49) Pasternack, R. F.; Angwin, M.; Gipp, L.; Reingold, R. J. Inorg. Nucl.
Chem. 1972, 34, 2329-2338.

Table VII. Ratios R(M/Ni) = ksMkNi(H,0)/kM(H,0) at 298 K 2
Calculated from the Data in Tables III and IV

ligand R(Mn/Ni) R@Fe/Ni) R(Co/Ni)
HF 1.08 3.28 1.77
F- 0.49 0.81 0.21
PADA? >0.13 0.09
phen® 0.10 0.82
bpy 0.73 0.39
terpy 0.12 042 0.17
murexide ¢ 8.18 1.23
p-alanine © 0.007 0.077
ATP* >0.4 0.22

% When the temperature at which the complex formation has
been studied is not 298 K, kIM(H2O) is calculated at the same
temperature, by usingeq 9. 2 288 K. © 284 K. 9283 K. © 293
K. T Aratio of 0.26 is obtained by using more recent kg values
for Co** and Ni**, published by the same research group.*® There
is no new value reported for Mn?*.

pounding of errors may be serious, and the absolute values have
to be regarded with caution. Nevertheless, it would be un-
realistic to conclude that the R(M/Ni) values are equal and
close to unity. The other values of R(M/Ni) for Co?*/Ni?*,
not given here, show a similar scatter. Many of the data refer
to chelating ligands where slow ring closure may affect the
rate. This effect should be even more important for faster
substituting ions. For example, the very low value of R(M/Ni)
for Mn?* with B-alanine may be due to chelation-controlled
substitution. Thus, the results with multidentate ligands should
be treated with caution. The monodentate ligands should
provide more reliable information. Unfortunately, in the only
existing study, the scatter and uncertainty are large,’® and one
is really unable to decide whether there is an influence of the
entering ligand on the interchange rate or not. At this point
of the discussion, we hope to have shown that it is very dubious
to use the available complex formation rates, even for the
sulfato complex, to prove a constancy in mechanism along the
series.

Another approach would be to compare the activation pa-
rameters of k;(H,0) and k;(L). They are difficult to obtain
for K, since there is considerable uncertainty in the tem-
perature dependence of this constant. Furthermore, in the
particular case of the stopped-flow experiment, where the
variation of the rate of reaction with temperature is very large,
the “kinetic window” is too small to cover a wide temperature
range, which is necessary to obtain reliable values for AH*
and AS*, The difficulties encountered in using AS* to assign
a reaction pathway have been discussed elsewhere.®® The

(50) The author of the study estimates k¢ to be accurate to a factor of 2.
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Table VIII. Activation Volumes AVy* for Water Exchange
Reaction and the Interchange Step for Complex
Formation Reactions in Water®

ligand Co?* Ni%* techn ref
H,O +6.1 0.2 +7.2:0.2 '"ONMR this work
NH, +48+07 +60+03 TJ 52
PADA +7.2:02 +7.7+03 TJ 52
glycinate’ ? +5+ 2 +7¢1 TI 53
murexide™ ¢ +8.7t15 TJ 54
imidazole +11.0+1.6 TI 55

% The observed volume of activation AV¢* is the sum of the vol-
ume of activation for the interchange step, AVy*, and the volume
of reaction for outer-sphere complexation, AV .°. This later
term is assumed equal to zero for uncharged ligands. b AV o® =
3.2cm® mol™1.5% € AV,¢® = 3.4 cm® mol™* .54

factors which affect this parameter are poorly understood and
nonrandom errors are often associated with the determination
of AS*, The volume of reaction, AV{*, another measurable
parameter, is the sum of two contributions, as shown in eq 18.

AV* = AV, + AVM(L) (18)

In this equation, derived by differentiation of eq 15, AV, 0 is
the volume of outer-sphere complex formation and AVy*(L)
is the volume of activation for the interchange step in complex
formation reactions, which may be identified with the volume
of activation for water exchange, AVi*(H,0), when an I4
mechanism is assumed. There are a few variable-pressure
studies of complex formation reactions on Co?* and Ni** to
compare with the volume of activation for water exchange.
They are listed in Table VIII. Grant’® has estimated AV,
to be +3.2 cm?® mol™! for nickel(II) and cobalt(II) glycinate-
(1-), and Jost> has estimated a value of +3.5 cm? mol™ for
nickel(II) murexide(1-); for neutral ligands, the value of AV, 0
must be negligible. With the sole unexplained exception of
imidazole, all the values in Table VIII are well in. accord to
show that the rate-determining step in these substitution re-
actions on Co?* and Ni?* is the leaving of a water molecule.
The Iy mechanism is also confirmed by the positive sign and
the magnitudes of AVy*(L). It would be very useful to have
the same information for Mn?*. Unfortunately, there is no
pressure-dependence study of complex formation reactions with
this cation to compare with that of the corresponding AVy*-
(H;0). Suitable reactions are very difficult to find for Mn?*,
but, it is to be hoped that, with the advent of the high-pressure
techniques applied to the study of fast reactions, volumes of
reactions will now also become accessible for substitution
reactions on this ion. '

According to the HSAB principle,” Mn?* is a “hard” center
and will react preferentially with “hard” nucleophiles. The
nucleophilic power of potential ligands is related to their po-
larizability, and thus, the selectivity of Mn?* toward various
ligands must be poor, and the influence of a change in ligand
on the interchange rate will be small. Therefore, even for
substitution reactions where the interchange step has an as-
sociative character, the rate k(L) will be close to the rate of
water exchange.’ Using the mechanistic criteria of Langford
and Gray, one is led to the conclusion that, because of the low
sensitivity to entering groups, the mechanism would be de-

(51) Pearson, R, G. Science 1966, 151, 172.

(52) Caldin, E. F.; Grant, M. W_; Hasinoff, B. B. J. Chem. Soc., Faraday
Trans. 1 1972, 68, 2247-2258.

(53) Grant, M. W. J. Chem. Soc., Faraday Trans. 1 1973, 69, 560-569,

(54) Jost, A. Ber. Bunsenges. Phys, Chem. 1978, 79, 850-855.

(55) Yu, A. D.; Waissbluth, M. D.; Grieger, R. A. Rev. Sci. Instrum. 1973,

44, 1390-1392.
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scribed as a dissociative interchange. This is not compatible
with the structure of the transition state where the coordination -
number has increased, and thus, the Langford-Gray opera-
tional definition of an intimate interchange mechanism, used
as sole criterion, is not sufficient. Fortunately, the volume of
activation can be used as another, powerful criterion for the
assignment of substitution mechanisms, especially when “hard”
nucleophiles react with “hard” centers.

One may try to rationalize the experimentally observed trend
toward dissociative behavior: the changeover occurring
gradually along the series is paralleled by a monotonous de-
crease in ionic radius going from Mn?* to Ni?*. The smaller
the central cation, the smaller the space left for the entering
ligand to come in and the less favorable it is for a seven-co-
ordinate structure to be formed at the transition state. This
decrease in ionic radius will thus go along with an increasing
dissociative behavior. Additionally, one may suppose that
increasing occupancy of the ty; orbitals of the cation going from
Mn?* to Ni?* also influences the associative character of
substitution reactions on these ions. The approach of the
seventh molecule toward the face of the octahedron is not
electrostatically favored when the t,, orbitals of the metal ion
are highly occupied, and therefore, the formation of a seven-
coordinate transition state is less probable for Ni?* than for
Mn?*, The next step would be to extend these arguments to
predict the behavior of the earlier regular octahedral members
of the series, V2* and Ti**. For V2%, the ionic radius is in-
termediate between the ionic radii of Fe?* and Mn?*, and the
t,, orbital occupancy is the same as for Mn?*. Looking only
at these two aspects, we would expect the character of sub-
stitution reactions on V?* to be less associative than for that
of Mn?*, but, we have also to take the changes in e, orbital
occupancy into account. These orbitals are ¢ antibondging, and
it can be supposed that their filling will produce an increasing
dissociative character. For V2%, the eg orbitals are vacant,
whereas for Mn?*, they are partially filled, which means that
V2% should react with more associative character than Mn?*,
It is thus very difficult to make predictions on whether sub-
stitution reactions on this ion will show more associative
character than those on Mn?* or less, but one can be sure that
it reacts more associatively than Fe*, For its left neighbor,
Ti?**, the vacancy of the e, orbitals and both the ionic radius
and the ty; occupancy arguments predict an increase of the
associative character compared to Mn?*. . Because of the
above-discussed low sensitivity of the substitution rates of these
ions to changes in the incoming ligands, confirmation of these
predictions will not be easy to obtain, and the AV* method
may be the only investigation tool available. Finally, due to
the expected small dependence of associative interchange I,
substitution rates to the entering ligand, the importance of the
Eigen—Wilkins approach as a predictive tool for the rate of
both dissociative I4 and associative I, substitution reactions
remains effective. '
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