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a five-coordinate in te rn~edia te .~~ 
In the case of palladium, rate constants for reaction 7 are listed 

in Table I1 for a series of entering ligands L. The large spread 

Pd(H20),2' + L" $ Pd(H20)3L(2-n)+ + H 2 0  (7) 
in the kl values speaks in favor of an associative mode of activation. 
The replacement of a water molecule by Me,SO is much slower 
than the rate of substitution of water for halides, which is contrary 
to the expectation for a sulfur-bonded ligand. A mechanism 
similar to that proposed for the formation of Me2S0 complexes 
of p l a t i n ~ m ( I 1 ) ~ ~  might be operating (eq 8), with the rate-de- 

termining formation of an oxygen-bonded form, followed by a 
rapid intramolecular isomerization to the thermodynamically more 
stable sulfur-bonded complex. The experiments so far give no 
conclusive support of such a mechanism, however. The rate 
constant for substitution with Me2S0 is ca. 12 times smaller than 
the water-exchange rate constant, without taking possible statistical 
factors into account. From the above discussion, it follows that 
Me2S0 is an even poorer nucleophile in the case of palladium than 
in the case of platinum. 

The activation entropies for both forward and reverse processes, 
listed in Table I, have large negative values, in accord with the 
attribution of the associative mode of activation anticipated. The 
two corresponding volumes of activation are negative also. 
However, the large value of AV, cannot be immediately inter- 
preted as a support for a strong associative character of reaction 
1. For unsymmetrical reactions, the partial molar volumes of the 
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reactants and products can be very different. A closer inspection 
of the volume profile of the overall reaction is necessary before 
definite mechanistic conclusions can be drawn. In the present 
case, the volume profile of Figure 6 shows that the volume of the 
transition state is much smaller than the volume which would result 
from a smooth change along the reaction coordinate (Figure 6, 
dashed line), suggesting a strongly associative reaction. This is 
even more so, since formation of a fifth bond in a trigonal-bipy- 
ramidal transition state is expected to be accompanied by some 
axial bond lengthening, which will produce a positive contribution 
to the volume of activation. If the reaction takes place via an 
intermediate 0-bonded complex, however, the interpretation of 
the volume changes will be even more complicated. 

In conclusion, although an associative mode of activation can 
undoubtedly be assigned to the forward as well as to the reverse 
process of reaction 1, an evaluation of their degree of associative 
character must be postponed until more volumes of activation are 
collected for similar simple reactions of square-planar complexes. 
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Water exchange on hexaaquatitanium(II1) has been studied as a function of temperature (249-369 K) and pressure (up to 235 
MPa, at  several temperatures) by oxygen-17 FT-NMR spectroscopy at 1.4,4.7, and 8.4 T. The samples, in up to 20% "0-enriched 
H 2 0 ,  contained Ti3+ ( -0 .3  m), H+ (2.0-3.0 m), and trifluoromethanesulfonate as noncoordinating counterion. The following 
kinetic parameters were obtained: k,,298 = (1.81 i 0.03) X lo5 s-', AH" = 43.4 i 0.7 kJ mol-', AS* = +1.2 i 2.2 J K-' mol-', 
AVO* = -12.1 i 0.4 cm3 mol-', and A@* = -( 1.9 k 0.4)  X cm3 mol-' MPa-I. This volume of activation is the most negative 
value measured so far for a water-exchange reaction on a hexaaqua ion and is close to the value of -13.5 cm3 mol-' suggested 
by Swaddle4 for a limiting associative A mechanism. These results are discussed together with available data for complex formation 
reactions involving hexaaquatitanium(II1). 

Introduction 
The study of the effect of pressure on the rate of a chemical 

reaction has become an important aid in mechanistic elucidation 
in recent  year^.^^^ It has been shown to be particularly useful 
for a better understanding of the dynamics of exchange at solvated 
metal ions, the ubiquitous precursors of metal complexes in so- 

(1) High Pressure NMR Kinetics. 29. For part 28, see ref 3. 
(2) This work was presented at the XXIIIrd International Conference on 

Coordination Chemistry, Boulder, CO, July 1984. 
(3)  Helm, L.; Lincoln, S .  F.; Merbach, A. E.; Zbinden, D. Inorg. Chem. 

1986, 25, 2550. 
(4) Swaddle, T. W. Adu. Inorg. Bioinorg. Mech. 1983, 2, 95. 
(5) Merbach, A. E. Pure Appl.  Chem. 1982, 54, 1479. 

lution. For example, the high-pressure oxygen-I7 N M R  study 
of water exchange on divalent metal ions across the first-row 
transition-metal series allowed us to demonstrate the unpredicted 
changeover from associative interchange I, to dissociative inter- 
change Id mechanisms along the This changeover has 
been rationalized in terms of steric effects due to changes in ionic 
radius and of filling of d orbitals: increasing eg antibbnding 
electron population favors dissociation, and increasing t2g 
"between-bond" electron population disfavors association. 

(6) Ducommun, Y.; Newman, K. E.; Merbach, A. E. Inorg. Chem. 1980, 
19, 3696. 

(7) Ducommun. Y.: Zbinden, D.: Merbach, A. E. Helu. Chim. Acta 1982, 
65. 1385 
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For trivalent first-row transition-metal hexaaqua ions, high- 
pressure data have also been published recently. For water ex- 
change on V3+, Cr3+, and Fe3+, the volumes of activation are all 
negative and I, mechanisms were assigned in the three cases.*-*O 
Ti3+ is a relatively large ion with only one electron in the t2g 
orbitals, which would make it an ideal candidate for a limiting 
associative mechanism A. In this work we report a full varia- 
ble-temperature, -pressure, and -frequency oxygen- 17 NMR study 
of water exchange on Ti3+. The experimental difficulties associated 
with the variable-temperature NMR work are such that the early 
results of Chmelnick and Fiat" obtained at  low magnetic field 
can only be taken as rough estimates. To overcome some of these 
limitations, we have used higher magnetic fields, replaced chloride 
by the noncoordinating trifluoromethanesulfonate as counterion, 
and extended the study to variable-pressure experiments. 

Experimental Section 
Chemicals and Solutions. Titanium trifluoromethanesulfonate, 

Ti(CF3S03)3, was prepared in an oxygen-free glovebox by mixing 3.04 
g of TiCI, (Alfa, purum) with 9.56 g of freshly degassed trifluoro- 
methanesulfonic acid, CF3S03H (Fluka, purum; hereafter called triflic 
acid). Degassed water (5.4 g) was vacuum-distilled onto that mixture 
and then, after homogenization of the solution, distilled off together with 
the hydrochloric acid formed by the reaction. A second portion of 5.6 
g of degassed water was again distilled onto and off the mixture, to 
eliminate the residual HCI. Finally, the grayish blue salt was dried by 
heating to 359 K under vacuum (3 X mmHg). Anal. Found 
(calcd): Ti, 9.85 (9.67); F, 34.28 (34.54); S, 19.20 (19.43); CI, 0.26 
(0.00). This corresponds to the formula Ti(CF3S03)2,96Clo,M. 

Three solutions for N M R  measurements were prepared in the glove- 
box by dissolving weighed quantities of titanium triflate in suitable 
amounts of freshly degassed triflic acid aqueous solutions, which were 
set to the desired acid concentrations by adding together the appropriate 
weights of pure triflic acid and I70-enriched water (normalized in 'H,  
Yeda). The solutions had the following compositions: 0.291 m 
Ti(CF3S03),, 1.99 m CF3S03H, 20% 170; 0.303 m Ti(CF3S03)3, 2.01 
m CF3SO3H, 14% I7O; 0.298 m Ti(CF3SO&, 3.03 m CF3S03H, 20% 

Samples for variable-temperature measurements were introduced into 
spherical glass cells that were then flame-sealed and placed into I O  mm 
0.d. N M R  tubes,* and the variable-pressure sample was contained in a 
thin glass tube fitted with a PTFE separator, as previously described.I2 

NMR Measurements. The variable-temperature work was performed 
at three different magnetic fields, with Bruker WP-60 (1.4 T ,  electro- 
magnet), CXP-200 (4.7 T, cryomagnet), and WH-360 (8.4 T, cryo- 
magnet) spectrometers. A 19F external lock was used on the first one, 
while no lock was necessary with the other two for "0 NMR, due to the 
high stability of the field produced by cryomagnets. The field homoge- 
neity was checked by 'H NMR, by using the proton signal of an acidified 
water sample. The sample tubes were thermostated with a flux of ni- 
trogen (below 310 K) or air, regulated by a Bruker B-VT 1000 unit. The 
temperature was measured with a 100-12 Pt resistor, by using a previously 
described substitution technique.13 

The variable-pressure work was performed on the CXP-200 spec- 
trometer with a home-built high-pressure probe.I2 The pressure, gen- 
erated by a Nova pneumatic pump, was measured with a Heise Bourdon 
gauge (0-700 MPa, f0.1 MPa). Temperature control was provided by 
a flux of ethanol, using a MGW-Lauda SK80 cryostat. A 100-Q Pt 
resistor placed in the pressure bomb allowed the determination of the 
temperature, by use of a standard T = f ( Q , P )  conversion table.I4 At 
each temperature chosen for variable-pressure measurements, the ex- 
periments were run from ambient pressure to ca. 225 MPa, and then back 
to ambient pressure. No hysteresis was observed. Throughout the work, 
the spectra were computer-fitted to a Lorentzian function. 

Data Treatment and Results 
Variable Temperature. Immediately before or after each 

measurement of a titanium solution, a reference sample having 
identical triflic acid concentration but free of paramagnetic cation 

1 7 0 .  

Hugi et al. 

( 8 )  Hugi, A. D.; Helm, L.; Merbach, A. E. Helu. Chim. Acfa 1985,68, 508. 
(9) Xu, F.-C.; Krouse, H. R.; Swaddle, T. W .  Inorg. Chem. 1985, 24, 267. 

(10) Swaddle, T. W.; Merbach, A. E. Inorg. Chem. 1981, 20, 4212. 
(11) Chmelnick, A. M.; Fiat, D. J .  Chem. Phys. 1969, 51, 4238. 
(12) Pisaniello, D. L.; Helm, L.; Meier, P.; Merbach, A. E. J .  Am. Chem. 

Soc. 1983, 46, 4528. 
(13) Ammann, C.; Meier, P.; Merbach, A. E. J .  Mugn. Reson. 1982.46, 319. 
(14) Meyer, F. K.; Merbach, A. E. J .  Phys. E 1979, 12,  185. 
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Figure 1. Variable temperature I7O N M R  data for Ti(CF3S03), in 
water, showing Aur and In (1/T2r) vs. inverse temperature. The curves 
are the result of a simultaneous fit of all the data ([Ti3+] = 0.30 m; [H+] 
= 2.0 m (open symbols) and 3.0 m (filled symbols)): 0 and 0 at 1.4 T;  
0 and at 4.67 T;  A and A at  8.4 T.  The solid and dashed fine lines 
of Figure l b  show the contributions of I / T ~  and l/T2,,, respectively, to 
1 I T2r. 

was measured at  the same temperature. The fitted parameters 
of both spectra were then used for the determination of the reduced 
transverse relaxation rate, 1 /  T2r, and the reduced chemical shift, 
Aw,, via the following equations: 

P, is the molar fraction of bound solvent molecules, assuming 
a coordination number of 6,15 1/T2A0 and wA0 are the "0 
transverse relaxation rate and resonance frequency of water in 
the  reference sample, and 1 / T2 and w are the corresponding values 
from the paramagnetic sample. Figure 1 shows the Awr and In 
(1/T2r) data as a function of reciprocal temperature. These data 
were analyzed by means of the slightly modified Swift and Connick 
equations:I2 

(15) Burgess, J .  Metal Ions in Solution; Ellis Horwood: Chichester, 1978; 
p 148. 
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Table I. Kinetic and NMR Parameters Derived from Relaxation and 
Chemical Shift Data as a Function of Temperature" 

10-5p9a s-I 1.81 f 0.03 E,, kJ mol-' 11.65 * 3.26 
AH*, kj mol-' 43.38 f 0.67 A,, s-' 181 273 
AS*, J K-l mol-' +1.19 * 2.23 E,, kJ mol-' 8.45 f 3.21 

A,, s-I 85 f 118 

Reported errors are f 1 u. 

A J h ,  MHz -4.19 f 0.03 102C -4.49 * 0.1 1 

The residence time r, is related to the pseudo-first-order re- 
action rate constant for solvent exchange, k, and its temperature 
dependence may be obtained from transition-state theory: 

AH* and AS* are the activation enthalpy and the activation 
entropy, respectively. The relaxation rate of the bound solvent 
1 7 0  nucleus in absence of exchange, 1 / T2,, is the sum of quad- 
rupolar, scalar, and dipolar relaxation rates, but for the present 
purpose, it may be described by a simple Arrhenius equation:I6 

Similarly for the outer-sphere contribution: 
1/T2m = A m  exp(Em/RT) (6) 

1 /T20, = A,, exp(Eos/RT) ( 7 )  
In some recent solvent-exchange s t u d i e ~ , ~ ~ ~ ' ~  the temperature 

dependence of Aw,, the chemical shift between bound and free 
solvent in absence of exchange, was found to be well described 
by a power series of 1 / T .  In the present case however, no direct 
measurement of Aw, was possible, and it appeared wiser to 
consider only a simple Curie behavior, according to Bloembergen's 
equation:I8 

where W ,  is the Larmor frequency of the nucleus, S is the electron 
spin quantum number, ye and yr are the magnetogyric ratios of 
the electron and the nucleus, and A is the scalar coupling constant. 

Finally, the outer-sphere chemical shift term was assumed to 
be related to Aw, by12 

Aw,, = C Aw, ( 9 )  
The experimental 1/T2, and A q  data a t  three different mag- 

netic fields were simultaneously treated by a nonlinear-least- 
squares computer program using eq 3-9 with eight adjustable 
parameters: AS* (or k298), AH*, A,, E,, A,,, E,,, A ,  and C 
(weighting scheme: W&) = yr2 ) .  The fitted curves are plotted 
in Figure 1 together with the experimental data, and the adjusted 
parameters are given in Table I. Note that the standard deviations 
of the 1 /T2,,, and 1 / T2, parameters are very large; furthermore, 
the correlation coefficient matrix of the computer fit indicates 
a strong correlation between these parameters. This is not sur- 
prising if we consider Figure 1 b: 1 / T 2 ,  contributes to 1 / T,, only 
at low temperature, and the fast-exchange region, in which 1/T2m 
is effe~tive, '~ is hardly reached in the accessible temperature range. 
1 / T2,,, would be better defined if bound water line widths were 
measured, but even at very low temperature no bound water signal 
is observable.20 

It will be seen later that 1 /T,m is badlv defined in the accessible tem- 
perature range, so there is no'point inusing the full equations corre- 
sponding to each relaxation mechani~m.~." 
Newman, K. E.; Meyer, F. K.; Merbach, A. E. J.  Am. Chem. SOC. 1979, 
i n i .  1470. . - - , . . - 
Bloembergen, N. J.  Chem. Phys. 1957, 27, 595. 
Swift, T. J.; Connick, R. E. J .  Chem. Phys. 1962, 37, 307; 1964, 41, 
2553. 
In the case of V3+, the line width of the bound water signal allowed the 
definition of l/Tzm at low temperatures, using the equation l/Tzb = 
l / ~ ~  + 1/T2m.a In this case, however, no bound water signal was 
observed, even at  very low temperature where the exchange rate constant 
is quite small (-5 X lo's-' at 250 K), because of its expected broadness 
and the small value of Aum: from the fitted parameters in Table I, one 
can estimate that the bound water signal would have, at 250 K, a width 
at half-height of about 15 kHz and would lie at about 8 kHz from the 
bulk water signal. 
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Thus, the adjusted values of the 1 / T2, and 1 / T20s parameters 
have little significance, since they are so badly defined. Fortu- 
nately, this does not apply to the kinetic and chemical shift pa- 
rameters, which are well characterized in our temperature domain. 
As a check, we artificially fixed the value of E,, to 25 kJ mol-' 
(approximately 3 times the fitted value),21 and repeated the fitting 
procedure: the kinetic and chemical shift parameters of both 
analyses agree within their standard deviations. 

Another result deserving some discussion at this stage is the 
negative value of the outer-sphere chemical shift parameter C (eq 
9 ) .  In the experimental spectra, the free water signal effectively 
stands at higher frequency than the pure acidified water signal 
a t  low temperature; as the exchange rate increases with tem- 
perature, it comes closer to the reference signal and finally res- 
onates at much lower frequency. Thus the inner-sphere chemical 
shift is opposite in sign to the outer-sphere chemical shift, as was 
postulated by Golding and Stubbs:22 in their theoretical study on 
N M R  shifts in paramagnetic systems, they considered a d' ion 
in a strong crystal field of octahedral symmetry, with six ligands 
all 0.2 nm from the central atom, which incidentally is the situation 
encountered with Ti(H20)63'. Ab initio calculations lead to 
isoshielding diagrams that show the contours of equal chemical 
shift in the xy plane. It appears from their approach that the 
chemical shift is not isotropic around the central ion but that it 
depends strongly on the position of the observed nucleus with 
respect to the central ion and to the six ligands. For instance, 
if one assumes the water molecules of the second coordination 
sphere of Ti3+ to lie about 0.35 nm from the central ion, on the 
faces of the octahedron, they will experience, as we effectively 
observed, a chemical shift opposite in sign to that of the water 
molecules in the first coordination sphere. 

Variable Pressure. The pressure dependence of the rate constant 
of a reaction is derived from transition-state theory, and it is 
usuallyz3 assumed to be a quadratic function of P: 

AVo*P AP*P2 
RT 2RT 

In k p  = In ko - - + - (10) 

where ko is the rate constant a t  zero pressure, AVO* is the acti- 
vation volume of the reaction at zero pressure, and AB* is the 
compressibility coefficient of activation. We must also take into 
account the pressure dependences of other parameters, since the 
NMR experiments do not provide k, but 1/T2.  

First, the pressure dependence of 1/T2,0 is to be considered. 
Variable-pressure I7O N M R  measurements of a 0.05 M HC104 
solution have been performed between 308 and 317 K by Du- 
commun et al.23 From 0.1 to 225 MPa, the water linewidth 
narrows by about 7% of its ambient-pressure value. We repeated 
the experiment with a 2.0 m triflic acid solution at 299 K, and 
we observed also a 7% narrowing between 0.1 and 200 MPa. The 
largest 1/T2,0 contribution to l/Tz occurs for the variable- 
pressure experiment performed at  the lowest temperature (273 
K), where it constitutes about 14% of 1/T2 at 200 MPa, so the 
small variation of 1 / TZAO with pressure will represent less than 
1% of the observed 1/T2.  This is well below the experimental 
uncertainty on 1/ T2 measurements; therefore, we consider 1 / TZAO 
to be pressure independent. 

Second, even though we performed the variable-pressure 
measurements in a temperature range where the main contribution 
to 1/T2,  is k (273-298 K), the nonkinetic parameters 1/T2,,,, 
l /T2, , ,  and Aw, cannot be ignored, and their variations with 
pressure, if any, can influence the determination of the activation 
volume. No independent measurements of these pressure de- 
pendences are feasible, but reasonable predictions can be made 
on the basis of theoretical considerations. In the first coordination 
sphere of a tripositive ion, solvent electrostriction results in a large 

~ ~ ~ 

(21) ''0 NMR studies of comparable systems, but where the outer-sphere 
contribution is well-defined, yielded E,, values of 20.4 kJ mol-l for 
V(H20)62+7 and 26.6 kJ mol-l for V(H20)63+.8 

(22) Golding, R. M.; Stubbs, L. C. J .  Magn. Reson 1979, 33, 627. 
(23) Ducommun, Y.; Earl, W. L.; Merbach, A. E. Inorg Chem. 1979, 18, 

2754. 
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Table 11. Kinetic and N M R  Parameters Derived from Relaxation and Chemical Shift Data as a Function of Pressure 
fitting Avo*, 102A@*, Av,*, 1 0 4 ~ , ,  

procedure" cm3 mol-' om3 mol-l MPa-' cm3 m o P  MPa-' 
I -10.48 i 0.13 -6.06 i 0.35 

-12.08 i 0.38 -1.86 f 0.42 -5.66 f 0.32 
I1 -11.99 i 0.41 -1.74 f 0.46 -6.52 i 0.31 
111 -12.37 f 0.27 -1.62 i 0.30 -5.58 i 2.1 1 
IV -12.41 i 0.24 -1.79 f 0.27 -3.52 f 2.32 1.38 f 0.35 

'Fits I and 11 were performed with relaxation data only, while fits 111 and IV used also chemical shift data. In all fits, the function of In k with 
pressure was quadratic, except for fit I ,  where a linear equation was also used. The details of each procedure are given in the text. 

compression, typically of the order of g i g a p a s c a l ~ . ~ ~  Thus, an 
externally added pressure of about 200 MPa will not produce 
noticeable changes in bond lengths, and the scalar coupling 
constant, A, which depends on the distance between the metallic 
cation and the oxygen nucleus, is not expected to vary much during 
a variable-pressure experiment. Consequently, Aw, should show 
a very small pressure dependence, as will be demonstrated later. 
Further, changes in 1 / T2, and 1 / Tzas can be ascribed to variations 
of reorientational correlation times, due to viscosity changes. As 
electrostriction is less severe in the second coordination sphere, 
1 / Tzas is expected to be more sensitive than 1 / T2, to the externally 
applied pressure. Effectively, 1 / Tzm merely increased with 
pressure in the systems where it could be independently ob- 
~ e r v e d , ' ~ . ' ~  while the variation of 1 /  T20s was significant enough, 
in the study of M e 8 0  and DMF exchanges on Fe3+, to be treated 
by the equation 

The values of AV,* obtained for these exchanges were respectively 
-7.6 and -7.5 cm3 

Our variable-pressure experiments were performed at 1.4 T with 
a 0.3 m Ti(CF3S03)3 and 2.0 m CF3S03H solution, a t  four 
different temperatures. The relaxation data are presented in 
Figure 2b; quite obviously the pressure dependence of 1 / T2, is 
different at each temperature and is not simply related to the rate 
constant. Thus, an overall analysis is necessary, using the full 
Swift and Connick equation (eq 3), and considering at least k and 
1 / T,, to be pressure dependent, via eq 10 and 1 1  (a simpler 
treatment where only k varies with pressure could not fit the 
experimental data). In this analysis, a t  each temperature, Awm, 
1 / T,,, ko, and ( 1  / T2,J0 were fixed to their values found with 
the parameters given in Table I. The adjustable parameters were 
then AVOS* and either A V '  if a linear equation for the pressure 
dependence of k is used or AVO* and A@* with a quadratic 
equation. Both sets of results are given in Table 11, fit I. Since 
the fitted A@* value is significantly different from zero, the 
quadratic equation was then used throughout the rest of this 
analysis. 

A variation of l/Tzm with pressure of +0.1% MPa-I, similar 
to that observed for the formylic proton in Ln(DMF)83+ (the 
largest known for comparable systems), was then introduced in 
the computer program. The adjusted kinetic parameters (fit 11) 
are practically identical with those obtained in the previous fit, 
as could be expected considering that 1/T2, has little effect on 
1/Tzr in the chosen temperature range. It is thus justified to 
consider 1 / T,, as pressure independent for our kinetic analysis. 

On the other hand, l/Tzr depends strongly on Aw, at  tem- 
peratures around that of coalescence. To determine to what extent 
Aw, varies with pressure, we found it necessary to consider also 
the Aw, data at variable pressure and to treat them simultaneously 
with the relaxation data (eq 3 and 4). As the Aw, data are 
determined in a less direct manner than the l/Tzr data,26 we had 
first to verify that they do not produce systematic errors in the 
fit. Hence, the same procedure a s  for fit I was applied, that is 

(24) Swaddle, T. W. Inorg. Chem. 1983, 22, 2663. 
(25) Meyer, F. K.; Monnerat, A. R.; Newman, K. E.; Merbach, A. E. Inorg. 

Chem. 1982, 21, 774. 
(26) The detailed procedure for the obtention of Awr is available in the 

supplementary material. 
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Figure 2. Variable-pressure I7O N M R  data for Ti(CF3S03), in water, 
showing A q  and In ( l /T2f)  vs. pressure (0.30 m Ti", 2.01 m H*): 0 
at 273.1 K; 0 at 282.1 K; 0 at 289.8 K; W at 297.6 K.  

with only k and l/T2, as pressure-dependent variables. The 
adjusted parameters (fit 111) agree with the results of fit I within 
their standard deviations, and we may thus be confident that the 
Aw, data added to the fit are coherent with the 1/T2, data. 

Then we allowed Aw, to vary with pressure, but since the second 
coordination sphere is more compressible than the first one, Aw, 
should vary at  least as much as Aw,. To simplify, we assumed 
the same pressure dependence for Aw, and Awes: 

Again, (Aw,),, (Aw,),,, l/Tzm, ko, and (1/T2,),, were set to their 
ambient pressure value, and the adjustable parameters were AVO*, 
A@*, AVOS*, and B, (fit IV). The fitted Aw, curves are plotted 
in Figure 2a, together with the experimental data. The allowance 
for a pressure dependence of  the chemical shifts induces a marked 
diminution of AV,*, but this parameter is in any case poorly 
defined and is of little importance; as for the variable-temperature 
study, we consider this outer-sphere term mainly as a corrective 
one. On the other hand, the kinetic parameters are almost identical 
with those of fit 111, and as the fitted value of B, is indeed very 
small, ca. 0.01 9% MPa-',27 it is justified to consider Aw, as pressure 

(Ami) = (AwJo(l + B,P) (i = m, os) (12) 
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Table 111. Complex Formation Rate Constants, kf (M-' s-l), for the 
Reaction of Ti(H20)2+ with Various Ligands in Water 

(27) The largest known B, was found for the exchange of DMF on lan- 
thanide ions, where the fitted values averaged 0.05% MPa-l.12 However, 
these exchanges were studied by 'H NMR, on the formyl proton. Since 
the distance between this proton and the lanthanide ion is larger than 
the oxygen-titanium distance in our study, and since the proton and the 
lanthanide ion are not bound together, it is understandable that the 
pressure dependence of Aq,, is smaller in our case. See also: Nielson, 
R. M.; Dodgen, H. W.; Hunt, J. P.; Wherland, S.  E. Inorg. Chem. 1986, 
25, 582. 

ligand 
CICH2COOH 
CH$OOH 

H20 
C12CHC00- 
CICHZCOO- 
CHpCOO- 

HOOcCH2C00- 
HOOCCH(CH3)COO- 

N C 8  

HOOCCOO- 

PK, kf , ref 
0.7 X l o3  (288 K) 32 
1 X l o3  (288 K)  ' 32 

-1.84 8 X 10' (281-282 K) 30 
-1.74 8.6 X IO3  (285 K)" this work 

1.25 1.1 X lo5 (288 K) 32 
2.46 2.1 X IO5 (288 K) 32 
4.47 1.8 X IO6 (288 K) 32 
1.23 3.9 X lo5 (283 K) 31 
2.43 4.2 X IO5 (288 K) 33 
2.62 3.2 X IO5  (288 K)  33 

"This rate constant corresponds to the exchange of one of the six 
coordinated water molecules and is converted to second-order units, i.e. 
6kZn5 ( s - ' ) / 5 5 . 5  (M). 

fields, because Aw,,, is proportional to the field strength, while I/T,,, 
is independent of it. 

For obvious technical reasons, neither multifrequency mea- 
surements nor an overall computer analysis was feasible two 
decades ago, and this accounts for the differences between our 
results (Table I) and those obtained by Chmelnick and Fiat" (k298 
= 1.0 X lo5 s-I; A H *  = 26 kJ mol-'; AS* = -63 J K-' mol-'). 
It is clear from Figure l b  that the simplified equation they used, 
assuming 1/T2, = I / T ,  before coalescence, leads to a In ( k / T )  
slope less steep than it should, thus yielding values of A H *  and 
AS* that are too small. It should also be emphasized that we used 
CF3S03- instead of CI- as counterion, to avoid any complexation 
that may occur with halides a t  high concentration. It has been 
shown that these anions form complexes with V3+, whereas triflate 
does not.8 

The strongly negative AS* value found by Chmelnick and Fiat 
was used as an argument for an associative activation mode; this 
is no longer evident with our value, apart from the fact that AS* 
is not a very reliable parameter in this kind of study." Another 
approach to determine the activation mode for ligand substitution 
on a metal ion is to compare complex formation rate constants, 
kf, obtained with various ligands (including water-exchange rate). 
For early first-row trivalent ions, it has been done with V3+,28 
Cr3+,9 and Fe3+,29 and the large variations of kf with the basicity 
of the incoming ligand, about 3 orders of magnitude, has been 
interpreted as the sign of an associative activation mode for 
substitution on these ions. This conclusion was corroborated by 
markedly negative activation volumes found for water exchange 
on these aqua ions.8-'0 For Ti3+, Chaudhuri and Diebler3G33 
performed several complex formation studies (Table 111). The 
obtained kf values span 3 orders of magnitude as well and show 
a general increase with the ligand basicity, as expressed by their 
pK,'s. Moreover, the kf value for acetate is about 18 times larger 
than the water-exchange rate constant at 288 K. Such a difference 
cannot be explained by electrostrictive or outer-sphere association 
constant effects and supports the associative activation mode 
concluded for Ti3+. 

These variable-ligand studies, however, give only a qualitative 
answer and do not quantify the relative degree of associative 
character of substitution reactions on a given metal ion. Also, 
the comparison between ions is delicate. First, the lists of ligands 
chosen with different ions do not always overlap (for instance, 
there is only one ligand studied with both Ti3+ and Cr3+: SCN-). 
Second, metal ions have widely different reactivities, because of 
crystal field stabilization effects (about IO orders of magnitude 
between substitution rates on Ti3+ and on Cr3+); it is thus very 
hazardous to compare selectivities, because a series of fast reactions 
usually exhibits less selectivity than a comparable set of slow ones? 
Still, it is worth noticing that Ti3+ is a little more selective than 

(28) Perlmutter-Hayman, B.; Tapuhi, E. Inorg. Chem. 1979, 18, 2872. 
(29) Grant, M.; Jordan, R. B. Inorg. Chem. 1981, 20, 55. 
(30) Diebler, H. Z .  Phys. Chem. (Munich) 1969, 68, 64. 
(31) Chaudhuri, P.; Diebler, H. J .  Chem. Soc., Dalton Trans. 1977, 596. 
(32) Chaudhuri, P.; Diebler, H. Z .  Phys. Chem. (Munich) 1984, 139, 191. 
(33) Chaudhuri, P.; Diebler, H. J .  Chem. SOC., Dalton Trans. 1986, 1693. 
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Fe3+, although substitution rates on Ti3+ are about 2 orders of 
magnitude faster than on Fe3+.*9 

A quantitative way to appreciate the dissociative or associative 
character of a given reaction is to determine its activation volume, 
A V .  This approach is particularly well suited to solvent-exchange 
reactions, because there is no significant development of charge 
or dipole during the process; hence, solvent electrostriction does 
not vary. Therefore, A P  is essentially the result of changes in 
internuclear distances within the reactants upon going to the 
transition state, and its sign is an immediate diagnostic of the 
activation mode: dissociative when A P  is positive, associative 
when A V  is negative. 

However, in the absence of a method to detect an intermediate 
of increased or reduced coordination number in solvent-exchange 
studies, it is not obvious to distinguish between interchange and 
limiting mechanisms. Over the years, some theoretical models 
have been used to predict the extreme values A V  could reach, 
based on simple geometrical appro ache^.^^?^^ More recently, 
S ~ a d d l e ~ ~ , ~ ~  presented a model inspired from the semiempirical 
equation (1 3), in which the "absolute"37 partial molar volume pabs 
pabs = 2.523 X 10-6(r + 238.7)) - 

18.07n - 417.5zZ/(r + 238.7) (13) 

(in cm3 mol-') of an aqueous metal ion is related to its effective 
ionic radius r (pm), its coordination number n, and its charge z .  
The three terms on the right-hand side of eq 13 represent re- 
spectively the volume of the solvated ion M(HzO)$+, the loss of 
the contribution of n water molecules to the volume of the free 
solvent, and the electrostrictive effect of M(H20),'+ on solvent 
beyond the first coordination sphere, treated as a continuous 
dielectric (Born-Drude-Nernst equation). The term added to 
r in the parentheses, 238.7 pm, represents the effective "thickness" 
of the first coordination sheath and was determined by fitting eq 
13 to a large number of experimental pOabs, obtained with aqueous 
metal ions of various charges ( z  = 1-4) and coordination numbers 
(n = 4, 6,  8, or 9).36 

According to Swaddle's model, partial molar volumes can be 
calculated with eq 13 for a given aqua ion and for the corre- 
sponding intermediate of reduced or increased coordination, and 
the difference between these values yields then the limiting A V  
for a dissociative or associative process, respectively. The key 
feature of this model is to account for the increase of r with the 
coordination number, in accordance with Shannon's compilation39 
of ionic radii (for hexaaqua ions, e.g., 6r N f6 pm when n changes 
to 7 or 5) .  Among some interesting aspects pointed out by 
Swaddle24 about l A P l i m l  values calculated this way, the most 
pertinent to our results is that lAPli,,,l depends so little on r that 
it has about the same value, 13.5 f 1.0 cm3 mol-', for all first-row 
trivalent hexaaqua ions. Thus, the actual A P ' s  observed with 
these ions can be directly compared, a possibility that was not 
obvious a priori and a significant advantage over complex for- 
mation studies. Notice also that our experimental value for Ti3+, 
-12.1 cm3 mol-', is very close to the limiting value calculated above. 

Kinetic parameters of water-exchange reactions obtained with 
early first-row trivalent hexaaqua ions are presented in Table IV. 

Hugi et al. 

(34) Stranks, D. R.  Pure Appl.  Chem. 1974, 38, 303. 
(35) Swaddle, T. W. Inorg. Chem. 1980, 19, 3203. 
(36) Swaddle, T. W.; Mak, M. K. S. Can. J .  Chem. 1983, 61, 473. 
(37) At infinite dilution, 298 K,  and 0.1 MPa, relative to Pa, = -5.4 cm3 

mol-' for aqueous H+.38 
(38) Millero, F. J.  In Water and Aqueous Solutions; Horne, R .  A,; Ed.; 

Wiley-Interscience: New York, 1972; Chapter 13. 
(39) Shannon, R. D. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. 

Gen. Crystallogr. 1976, A32, 751. 

Table IV. Kinetic Parameters for Water Exchange on Trivalent 
First-Row High-Soin Hexaaaua Ions 

electronic confign 

tal  t2: t2g3 t28,e,2 
cation Ti(II1) V(III)b Cr(III)c Fe(II1)" 
I,, pm' 61 64 61 64 
AH*, kJ mo1-I 43.4 49.4 108.6 64.0 
AS*, J K-I mol-' +1.2 -27.8 +11.6 +12.1 
AG*29s, kJ mol-' 43.0 57.7 105.1 60.4 
k298 s-l 1.8 X los  5.0 X lo2 2.4 X lo4 1.6 X 10' 
AVO*, cm3 mo1-I -12.1 -8.9 -9.6' -5.4e 
1O2AP*, cm3 mol-' -1.9 - 1 . 1  

MPa-' 

Reference 39. Reference 8. Reference 9. dReferences 29 and 
10. e Linear function of k .  

Before focusing on the activation volumes, it is interesting to 
examine briefly some other parameters with respect to mechanistic 
interpretation. A fair correlation has been found between the 
labilities of octahedral ions, i.e. k298 or AG*298, and the crystal 
field activation energies,40 but this correlation is equally good 
whether the CFAE's are calculated for an associative or a dis- 
sociative mechanism;41 therefore, the activation mode cannot be 
inferred from these parameters. Activation entropy, AS*, has 
often been used for mechanism  assignment."^^^ Indeed, among 
the water-exchange reactions on divalent and trivalent hexaaqua 
ions that have been investigated, AS* happens to be smaller for 
those shown independently to have an associative activation mode 
than for those with a dissociative 0ne.j However, the imprecision 
of AS* determination from NMR data of paramagnetic systems" 
and the difficulty in interpreting the magnitudes of experimental 
values hamper the use of AS* as a versatile diagnostic tool for 
mechanisms. 

By contrast, activation volumes are accurately measurable, and 
simple models exist to interpret the results (see above). The 
sequence of A P ' s  for water exchange on the early first-row 
trivalent ions shows a definite trend in activation mode, from 
strongly associative (Ti3+) to moderately associative (Fe3+). This 
trend is most likely attributable to the same steric and electronic 
effects invoked for the divalent ion series mentioned in the In- 
troduction. 

To conclude, the associative character of Ti(H20)63+ substi- 
tution reactions had already been established by complexation 
kinetic studies prior to this work. Our variable-pressure study 
of water exchange on this ion yielded the most negative A P  
measured so far for a hexaaqua ion, -12.1 cm3 mol-'. This result 
not only confirms the former conclusion but also comes quite close 
to the estimated limiting value calculated with Swaddle's model. 
This persuades us that the mechanism for substitution on 
Ti(H20)63+ is A or nearly A. 
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