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TABLE 111: Calculated Barrier Heights (kcal/mol) for SiH3 + SiH, 
MP-SAC2 MP-SAC4 

basis H F  MP2 MP4 SiH A2 SiH A2 
6-3 1 G(d) 22.0 16.4 15.2 9.6 10.6 9.6 9.4 
6-31G(d,p) 21.5 16.0 15.2 13.6 13.5 14.0 13.2 
6-31G(2d,p) 22.5 16.1 15.2 13.5 13.7 13.9 13.4 
6-31G(d,2p) 21.2 14.6 13.6 13.0 a 13.4 a 
MC-311G(d,p) 21.2 15.0 a 13.0 12.9 a a 

Not available. 

polarization functions should be included on hydrogens. 
Table 111 shows reasonably consistent barrier heights a t  the 

MP-SACn level from all basis sets with polarization functions on 
hydrogens. The results are not very sensitive to other details of 
the basis set or to which choice is made for 3,. In addition there 
is much better agreement between the MP-SAC2 and MP-SAC4 
barrier heights than between those calculated by the MP2 and 
MP4 methods. The predicted barrier height is in the range 13.4 
f 0.6 kcal/mol for all these calculations. These calculations 
indicate good convergence both with respect to the level of per- 
turbation theory and the number of polarization functions and 
also with respect to expanding the valence basis from double f 
to triple l. The results are very suggestive that the MP-SAC2 
calculations are more reliable than MP4 calculations and equally 
as reliable as MP-SAC4 calculations with the same basis set, 
although the MP-SAC2 results are much less expensive. The 
barrier calculated by the MP-SAC2 method with the largest basis 
set and the Si-H value of 32 is 13.0 kcal/mol. 

The MP-SACn option for energies, geometries, and frequencies6 
has been added to the GAUSSIANEZ~ program at North Dakota 
State University and at  the Minnesota Supercomputer Center, 
and to the G A U S S I A N ~ ~ ~  program at  San Diego Supercomputer 
Center," and it should not be very difficult to implement in other 
versions of the GAUSSIAN programs. We hope that the conclusions 
about basis sets and 3, values given in the present paper will be 
useful for studying a wide variety of reactions. 
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Ultrasonic absorption of aqueous zinc(I1) formate, acetate, and propionate is measured in the metal-rich concentration regions 
with a pulse technique over the frequency range 3-260 MHz. The single relaxations observed in all cases are attributed 
to the complex formation of zinc( 11) carboxylates via the Eigen-Tamm mechanism of stepwise association. The reaction 
parameters are determined from the concentration dependences of the relaxation frequency and amplitude. Both the association 
constant of outer-sphere complex and the rate constant of ligand substitution indicate ligand dependences; the former is larger 
while the latter is smaller with the higher carboxylate. However, the uncertainties involved in these reaction parameters 
prevent the elucidation of the above feature. The volume changes of the outer-sphere complexing are substantially less than 
those of the ligand substitution; the volume change of the latter is larger for the higher carboxylate. 

Introduction 
Thanks to the development of relaxation kinetics,' considerable 

information on the association behavior of labile metal ions with 
various ligands has now acc~mula ted .~ ,~  The experimental results 
have almost been well interpreted by the stepwise complexation 
mechanism proposed by Eigen and Tamm.2 It consists of rapid 
formation of an outer-sphere complex and the subsequent ligand 
substitution for a water molecule coordinated to the metal to form 
the inner-sphere complex; thus, the substitution rate is controlled 
by the rate of the water liberation from the metal. 

In previous  paper^,^^^ we have reported that the ultrasonic 
absorption of aqueous zinc(I1) thiocyanate can well be interpreted 

virtually by a single-step complexation mechanism while that of 
cadmium(I1) thiocyanate by the two-step association mechanism. 
Encountering somewhat puzzling results, we have felt that further 
investigations are necessary on the association behavior of zinc 
ion with the other ligands. In earlier ultrasonic absorption 
studies,@ particular interest has been directed to those on zinc(I1) 
sulfate, where one to three relaxation peaks found in the spectra 
were interpreted by the two- or three-step association mechanism. 
However, the investigations have come to substantially different 
conclusions as to the rate of ligand substitution on the metal ion. 
Unfortunately, lack of data with other techniques like rate of 
solvent exchange by N M R  makes it difficult to properly assess 
the above results. 

(1) Eigen, M.; De Maeyer, L. In Technique of Organic Chemistry, 2nd 
ed.; Friess, s. L., Lewis, E. s., Weissberger, A., Eds.; Wiley-Interscience: New 
York, 1963; Vol. VIII, Part 2, Chapter 18. 

(2) Eigen, M.; Wilkins, R. G. Ado. Chem. Ser. 1964, No. 49, 55. 
(3) Hewkin. D. J.: Prince. R .  H. Coord. Chem. Rev. 1970. 5 .  45. 

(6) Maass, G. 2. Phys. Chem. (Frankfurt) 1968, 60, 138. 
(7) Hemmes, P.; Fittipaldi, F.; Petrucci, S. Acusrica 1969, 21, 228. Fit- 

( 8 )  Fritsch, K.; Montrose, C. J.; Hunter, J. L.; Dill, J. F. J. Chem. Phys. 
tipaldi, F.; Petrucci, S. J. Phys. Chem. 1967, 71,  3414. 

1970. 52. 2242. 
(4j Tamura, K. J. Chem.'Phys. 1985,83, 4539. 
( 5 )  Tamura, K J Phys Chem 1987, 91, 4596. 

(9) Bechtler, A,; Breitschwerdt, K. G.; Tamm, K. J. Chem. Phys. 1970, 
52, 2975. 
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Figure 1. Ultrasonic absorption spectra of aqueous zinc(I1) formate 
solutions, at 25 OC and I = 2 M. The number in parentheses corresponds 
to the sample number in Table I. The solid curves are the calculated 
single-relaxation curves. The arrows indicate the relaxation frequencies. 

Therefore, it appears most important at present to obtain certain 
information on the rate of ligand substitution on zinc ion and also 
to examine the dependence of the rate on the nature of the ligand. 
For the above purpose, we studied in this work ultrasonic ab- 
sorption of aqueous zinc(I1) formate, acetate, and propionate. The 
complexation kinetics of zinc(I1) acetate has already been reported 
by Maass6 in his ultrasonic absorption studies, but with limited 
ranges of frequency and concentration. Therefore, it may also 
be interesting to study the system in more detail. As has been 
demonstrated a l r e a d ~ , ~  the experiments over a wide concentration 
range will enable us to determine the reaction parameters solely 
from the concentration dependences of the absorption parameters 
and thus will provide us with the unambiguous result. 

Experimental Section 
All chemicals used were of reagent grade. Sample solutions 

were prepared by dissolving Zn(N03)2-6H20 and the corre- 
sponding sodium carboxylate, Le., HC02Na,  CH3C02Na.3H20, 
or C2H5C02Na, in distilled water. The ionic strength, I ,  of the 
solutions was kept a t  2 M by the addition of N a N 0 3 .  The pH 
of the solutions was adjusted with HN03 and/or NaOH. 

The ultrasonic absorption was measured by the pulse technique 
over the frequency range 3-260 MHz and the velocity of sound 
at  3 MHz. The methods of measurements are similar to those 
described previ~usly.~ The frequencies of sound were calibrated 
with a Hewlett-Packard electronic counter, Model 5345A. The 
absorption coefficient a t  each frequency was determined by the 
average of a t  least three measurements; the experimental errors 
were within *2%. 

All the measurements were carried out a t  25.00 f 0.05 OC. 

Results and Data Treatment 
Table I shows the experimental conditions together with the 

density p and the velocity of sound c. Here, C Z n  and E X  denote 
the stoichiometric concentrations of zinc(I1) and carboxylate ions, 
respectively. As shown in Table I, the experiments were carried 
out in the concentration range of CZn = 0.1-0.8 M and E X  = 
0.1-0.4 M, where the concentration ratio C Z n / C X  was selected 
as high as possible for minimizing the formation of higher com- 
plexes. The pH of the solutions lies in the range from 4 to 6, 
whereas most of the experiments were carried out a t  pH 5. The 
above pH range was adopted for ruling out the absorption due 
to the protonation reaction of carboxylate ions and also for avoiding 
the hydrolysis of zinc ion.'O Preliminary experiments confirmed 
that blank solutions of either zinc nitrate or sodium carboxylates 
showed no discernible relaxation effect in the observed frequency 
range 15-260 MHz. Thus, the relaxation absorptions, observed 
in all solutions containing zinc and carboxylate ions, are really 
attributable to zinc(I1)-carboxylate interactions. 

b 

(10) Barnum, D. W. Inorg. Chem. 1983, 22, 2297. 
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Figure 2. Ultrasonic absorption spectra of aqueous zinc(I1) acetate 
solutions, at 25 OC and I = 2 M. The notations and remarks are the 
same as in Figure 1. 
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Figure 3. Ultrasonic absorption spectra of aqueous zinc(I1) propionate 
solutions, at 25 O C  and I = 2 M. The notations and remarks are the 
same as in Figure 1. 

Representative sound absorption spectra are shown in Figures 
All the absorption spectra can be expressed by the sin- 1-3. 

gle-relaxation equation 

where a is the absorption coefficient and f the frequency of sound; 
f, and A are the relaxation frequency and amplitude, respectively; 
B is the high-frequency value of a/f. The absorption parameters 
f,, A,  and B were determined by fitting the data to eq 1 with a 
least-squares routine5 and are listed in Table I. 

According to the equilibrium studies,"-13 the following reaction 
equilibria exist in solution under the present experimental con- 
ditions 

H X + H + X  KH (2) 

MX,, + X + MX, K ,  ( n  = 1-3) (3) 
where H,  M, and X denote hydrogen, zinc, and carboxylate ions, 
respectively; the charges of the ions are omitted for simplicity. 
The KH is the dissociation constant of carboxylic acid, and K,'s 
(n = 1-3) are the equilibrium constants for the successive com- 

(1 1) Perrin, D. D. Stability Constants of Mefal-Ion Complexes; Pergamon 

(12) Filipovic, I.; Matusinovic, T.; Mayer, E.; Piljac, I.; Bach-Dragutinovic, 

(13) Portanova, R.; Tomat, G.; Cassol, A.; Magon, L. J .  Inorg. Nucl. 

Press: New York, 1983; Part B. 

B.; Bujak, A. Croat. Chem. Acta 1970, 42, 541. 

Chem. 1972, 34, 1685. 
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TABLE I: Experimental Conditions and Ultrasonic Absorption Parameters' for Aqueous Zinc(I1) Carboxylate Solutions at 25 OC and Z = 2.0 M 
sample 1 0 1 7 ~ ,  1 O I ~ B ,  

no. X Z n , M  C X , M  PH p ,  g cm-) c, m s-l h, MHz cm-' s2 cm-' s2 

1 0.100 
2 0.200 
3 0.200 
4 0.300 
5 0.400 
6 0.400 
7 0.400 
8 0.500 
9 0.600 

10 0.600 
1 1  0.700 
1 26 0.800 
1 3c 0.800 

14 0.100 
15 0.200 
16 0.200 
17 0.300 
18 0.400 
19 0.400 
20 0.400 
21 0.400 
22 0.400 
23 0.500 
24 0.600 
25 0.600 
26b 0.800 
27b 0.800 

28 0.100 
29 0.200 
30 0.300 
31 0.400 
32 0.400 
33 0.400 
34 0.400 
35 0.600 
36 0.600 
3 7b 0.800 
386 0.800 

0.100 
0.100 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.150 
0.200 
0.200 
0.200 
0.400 

0.100 
0.100 
0.200 
0.100 
0.100 
0.100 
0.100 
0.200 
0.200 
0.100 
0.100 
0.200 
0.100 
0.200 

0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.200 
0.100 
0.200 
0.100 
0.200 

5.02 
5.01 
5.00 
5 .OO 
4.00 
5.00 
5.80 
5.00 
5.00 
5.00 
4.99 
5.00 
5.01 

5.00 
5.00 
5.00 
5.00 
4.00 
5.00 
5.69 
4.08 
5.00 
5.00 
5.00 
5 .OO 
5.00 
5.00 

5.00 
5.00 
5.00 
4.00 
5.00 
5.88 
5.00 
5.00 
5 .OO 
5.00 
5.00 

Formate 
1.1058 1576 
1.1076 1578 
1.1098 1579 
1.1124 1569 
1.1118 1559 
1.1121 1560 
1.1112 1558 
1.1122 1557 
1.1093 1546 
1.1111 1545 
1.1126 1541 
1.1263 1546 
1.1350 1549 

Acetate 
1.1052 1578 
1.1060 1568 
1.1077 1572 
1.1059 1563 
1.1040 1557 
1.1053 1554 
1.1078 1559 
1.1042 1553 
1.1092 1560 
1.1051 1547 
1.1046 1539 
1.1084 1543 
1.1217 1541 
1.1247 1546 

Propionate 
1.1069 1580 
1.1081 1579 
1.1072 1568 
1.1053 1562 
1.1078 1560 
1.1070 1559 
1.1122 1563 
1.1065 1543 
1.1109 1554 
1.1227 1543 
1.1250 1549 

7.9 f 1.0 
7.8 f 0.6 
9.2 f 0.5 

10.4 f 0.4 
10.1 f 0.5 
11.0 f 0.6 
10.9 f 0.5 
11.2 f 0.4 
11.1 f 0.8 
11.3 f 0.5 
12.4 f 0.5 
14.2 f 0.8 
13.3 f 0.6 

75 f 13 22.2 f 0.4 
120 f 11 22.5 f 0.4 

23.4 f 0.4 191 f 12 
24.1 f 0.3 185 f 8 

185 f 10 24.5 f 0.4 
180f 10 24.5 i 0.5 
183 f 9 24.5 f 0.5 

25.9 f 0.4 172 f 7 
25.6 f 0.4 130f  10 

178 f 8 25.8 f 0.5 
160 f 7 26.0 f 0.4 
135 f 7 26.2 f 0.5 
319 f 13 30.0 f 0.8 

4.6 f 0.2 592 f 35 22.7 f 0.3 
5.9 f 0.2 563 f 24 22.6 f 0.3 
6.3 f 0.3 1070 f 60 24.2 f 0.6 

23.4 f 0.3 6.4 f 0.2 563 f 22 
237 f 18 23.4 f 0.3 7.6 f 0.4 

23.7 f 0.4 7.5 f 0.2 479 f 19 
7.5 f 0.2 494 f 20 24.5 f 0.4 

24.1 f 0.4 7.7 f 0.3 524 f 23 
7.9 f 0.3 932 f 50 25.5 f 0.7 

24.5 f 0.4 7.8 f 0.3 459 f 19 
24.9 f 0.3 8.4 f 0.2 422 f 11  

804 f 28 27.3 f 0.5 8.9 f 0.3 
9.7 f 0.3 336 f 11 25.7 f 0.4 

28.3 f 0.5 657 f 17 10.0 f 0.2 

4.3 f 0.1 724 f 28 22.8 f 0.2 
24.3 f 0.3 4.7 f 0.2 926 i 48 

5.7 f 0.1 770 f 23 23.9 f 0.2 
6.6 f 0.3 322 f 18 23.5 f 0.3 

24.8 f 0.3 6.1 f 0.2 762 f 29 
24.1 f 0.3 6.7 f 0.2 753 f 26 

6.8 f 0.2 1350 f 56 26.5 f 0.5 
25.7 f 0.3 7.4 f 0.2 596 f 20 

1140 f 24 27.6 f 0.3 7.9 f 0.1 
7.9 f 0.2 538 f 15 26.5 f 0.3 
8.6 f 0.2 993 f 27 28.7 f 0.4 

'The error interval denotes the 99.7% confidence area. 6 I  = 2.3 M. ' I  = 2.2 M. 

TABLE II: Reaction Parametersa for the Formation of Zinc(II) Carboxylates at 25 OC and Z = 2.0 M b  
ligand K12 K23 10-'k2,, s-l 10-7k32, s-I AV12, cm3 mol-' AV2,, cm3 mol-' 

HCOF 1.1 f 0.6 3.6 f 2.8 11.8 f 7.0 3.3 f 0.6 0.2 f 2.4 4.7 f 1.7 
CH,CO, 1.2 f 0.5 4.7 f 2.3 9.1 f 3.3 1.9 f 0.3 2.5 f 3.4 7.7 f 2.3 
C2H5C02- 1.8 f 0.8 4.5 f 2.5 6.7 f 2.5 1.5 f 0.3 -0.2 f 2.9 10.5 f 2.1 

'The error intervals denote 99.7% confidence area. bThe equilibrium constants used are the following: pKH = 3.56 (ref 13), K, = 5.0 f 0.3, K2 
= 2.4 f 0.6, and K3 = 1.3 f 0.5 (ref 12), for the zinc(I1) formate system; pK, = 4.59 (ref 13), K, = 7.0 f 0.6, and K2 = 3.3 * 0.4 (ref 12), for the 
zinc(I1) acetate system; pK, = 4.73 (ref 13), KI = 9.9 f 0.7, K2 = 0.93 f 0.55, and K, = 15 f 9 (ref 12), for the zinc(I1) propionate system; the 
error intervals denote the standard errors. The pK, values are those at 20 O C  and I = 1 M. 

plexation equilibria. The values of K,'s used in this study are those 
by Filipovic et al.12 obtained from the potentiometric studies and 
are given, together with the pKH values,13 in the footnote of Table 
II. The results of the equilibrium analysisI4 confirm that the 
concentrations of only species M, X, and MX are of reasonable 
order of magnitude over all concentration ranges studied. 
Therefore, the relaxation absorptions under study can be ascribed 
mainly to the complexation equilibria of n = 1 in eq 3. If one 
adopts the Eigen-Tamm mechanism of stepwise association,2 the 
complexation reactions are described as 

M + X M(OH2).X & MX (4) 
k2l k32 

where M(0HJ.X and MX denote the outer-sphere and inner- 
sphere complexes, respectively. In the above mechanism, the first 
step represents the diffusion-controlled formation of an ion pair 
with,the metal ion and ligand stiil separated by one water molecule. 
The second step represents the substitution of one of the water 
molecules in the inner coordination sphere of the metal by the 
ligand and corresponds to the rate-determining step of the com- 
plexation. 

The relaxation frequencyf, for the above scheme is given by 

where the square brackets indicate molar concentrations at  
equilibrium. The quantities Kl2 (=k12/k21) and K23 (=k23/k32) 
are the equilibrium constants of the first- and second-step reactions, 
respectively, of eq 4 and are related to the complex formation 

(14kThe hydrogen ion concentration was calculated by the equation [HI 
= 1o-P /0.86, where the denominator is the mean activity coefficient of2 M 
HNO, solution at 25 Oc [Robinson, R. A,; stokes, R. H. EIectrolyte soh-  
tions, 2nd ed.; Butterworths: London, 1959; p 4911. 
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Figure 4. Concentration dependence off, for aqueous zinc(I1) carbox- 
ylate solutions, at 25 OC and I = 2 M: (0) formate; (0) acetate; (0) 
propionate. 

I 

constant K1 as K1 = KI2( 1 + K23). The protolytic reaction of the 
carboxylate ions reaches equilibrium much faster than the met- 
al-complex r e a c t i ~ n , ~ ~ J ~  and it can be assumed to be in equilibrium 
at  all times. However, the contribution of this equilibrium to the 
relaxation effect can be ruled out under the experimental con- 
ditions studied,17 and thus this effect has been ignored in eq 5. 
The inner-sphere formation constant K23 in eq 5 can be determined 
from the relation K23 = KI/KI2 - 1, with the known value of the 
complexation constant K1 and an assumed value of the outer- 
sphere association constant K12. Thus, the observedf, was fitted 
to eq 5 by using K I 2  and k23 as adjustable parameters. The results 
for the three reaction systems are shown in Figure 4. Each of 
the straight lines in the figure expresses the calculated f,, which 
agrees well with the observedf, in the entire concentration range 
studied; the rms percentage deviations between the calculated and 
observed values off, are 5.9,4.6, and 5.2 for the formate, acetate, 
and propionate systems, respectively. The reaction parameters 
determined are shown in Table 11. 

The maximum ex= absorption per wavelength, p,,, (=cAf,/2), 
for the reaction scheme is expressed by5 

where R is the gas constant, T the absolute temperature, and p, 
the adiabatic compressibility of the solution; AV,, and AV23 are 
the reaction volume changes of the first and second steps, re- 
spectively, of eq 4. The r term represents the following quantity: 

The observed pm was fitted to eq 6 by using AV12 and AV23 as 
adjustable parameters. The results are shown in Figures 5 and 
6 with the plots of ( ~ R T & J ~ ~ / T I ' ) ~ / ~  vs (1 + K12([M] + [X])]-l. 
The straight lines express the calculated pm's. The rms percentage 
deviations between the calculated and observed values of pm are 

( I S )  Sano, T.; Miyazaki, T.; Tatsumoto, N.; Yasunaga, T. Bull. Chem. 
SOC. Jpn. 1973, 46, 43. 

(16) Jackopin, L. G.; Yeager, E. Technical Report No. 35, ONR Contract 
No. 1439(04), Project No. 384-305, Western Reserve University, 1969. 

(17) By including the rapid protolytic reaction of the carboxylate ions, the 
relaxation frequency is expressed by 2 ~ f ,  = k23{K126/(l + K126) + 1/K23), 
where 9 = [M]/(l + y) + [XI and y = [H]/([X] + KH). However, the 
quantity y is less than 0.013 under the experimental conditions in Table I and 
can be ignored compared with unity in the second expression. 
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Figure 5. (2R773ym/?rI')'/* vs {l + K12([M] + [XI))-' plot for aqueous 
zinc(I1) formate and acetate solutions, at 25 O C  and I = 2 M: (0)  
formate; (0) acetate. 
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Figure 6. (2RT6ym/rI')L/2 vs (1 + K12([M] + [XI))-' plot for aqueous 
zinc(I1) propionate solution, at 25 "C and I = 2 M. 

8.3,6.9, and 3.9 for the formate, acetate, and propionate systems, 
respectively. The determined values of AV12 and AV23 are shown 
in Table 11; the error intervals include the effects of the uncer- 
tainties involved in KI2. 

Discussion 
In the above data treatment, a reaction pathway via the neutral 

ligand HX has been omitted. If the pathway was included in the 
mechanism, kZ3 in eq 5 would involve an additional term pro- 
portional to hydrogen ion concentration. Nevertheless, as shown 
in Figure 4, the calculated f, agrees uniformly well with the 
observed f, in the pH range 4-6, for all three reaction systems, 
without including an additional hydrogen ion dependent term. We 
may therefore conclude that, within experimental error, the major 
contribution to the relaxation expression involves only the term 
arising from the scheme of eq 4. 

The values of the outer-sphere association constant KI2 in Table 
I1 are of the same order of magnitude as that found previously 
for cadmium(I1) thiocyanate, Le., KI2 = 1.05 (at 25 OC and I = 
3 M),5 which has been shown to be in reasonable agreement with 
the value estimated from the Fuoss equation.'8 The rate constants 
kz3 of ligand substitution in Table I1 lie in the range (7-12) X 
lo7 s-'. These values can be compared in magnitude with the value 
3.2 X lo7 s-l (at 20 O C  and Z = 0) reported by Maass6 for the 
complex formation of zinc(I1) acetate and also with the value 7 
X lo7 s-l (at 25 O C  and Z = 0) obtained by Miceli and Stuehr19 

(18) Fuoss, R. M. J.  Am. Chem. SOC. 1958,80, 5059. 
(19) Miceli, J.  A,; Stuehr, J. E. Inorg. Chem. 1972, I Z ,  2763. 
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for the complexing of zinc( 11) glycinate with the temperature-jump 
technique. 

A noticeable feature of the present results is that the K I 2  and 
k23 values indicate ligand dependences; i.e., the association constant 
K I Z  is larger while the rate constant k23 is smaller with the higher 
carboxylate. For the confirmation of the above result, in the first 
place the experimental data were examined by a method of analysis 
analogous to that given by Brintzinger and Hammes.20 Rear- 
ranging eq 5, we obtain 

where 7 is the relaxation time with T-' = 27rf,. The T vs { l  + 
Kl( [M]  + [X]))-' plot gave a straight line for each reaction system. 
The reaction parameters evaluated from the s l o p  and intercepts 
of these lines agree with those of Table 11. In the second place, 
the effects of the medium on the reaction parameters should be 
examined; the high ionic strength adopted in this study might 
affect the activity coefficients of the systems studied in different 
ways for the different carboxylate ions to result in the ligand 
dependences observed. According to the potentiometric studies 
by Gerding?' the K1 value of cadmium(I1) acetate decreases only 
7% by the variation of the ionic strength from 0.25 to 2 M. Thus, 
the medium effect on the activity coefficient factor of K , i s  would 
be, even if it differed from system to system, of this order of 
magnitude. As for the rate constant kZ3, the medium effect should 
be much less, since the rate constant involves the ratio of the 
activity coefficients of the outer-sphere and activated complexes 
which is expected to be approximately unity for the analogous 
structures of these complexes. 

Thus, as far as the above investigations are concemed, the ligand 
dependences of K12 and kz3 seem to be realistic. However, in view 
of the small differences in the reaction parameters compared with 
the statistical uncertainties involved, together with the errors 
originating from the uncertainties of the complexation constants 
used,z2 it is difficult a t  present to elucidate the above feature. A 

full interpretation must await further accumulation of the ex- 
perimental data. 

The signs of the volume changes are not determined from the 
absorption data alone since the square of the linear combination 
of the volume changes is involved in pm; hence, the signs of the 
AV23's were taken to be positive on the basis of the electrostriction 
effect of the metal ion. As shown in Table 11, the AV12 values 
lie in the narrow range of -0.2 to 2.5 cm3 mol-', being substantially 
less than the AV23 values. They are also much less than the volume 
change 7-9 cm3 mol-' reported for the outer-sphere complexing 
of magnesium and manganese However, considering 
the weak electrostatic interaction for the 2-1 valent ion  pair^.:^,^^ 
together with the effect of the high ionic concentration of the 
medium,z6 the AV,2's in Table I1 are of reasonable magnitude. 
Table I1 also shows that the AV23 value increases almost linearly 
with the number of hydrocarbon chains of the carboxylate ions. 
Here, it is interesting to note that the same tendency has also been 
observed for the volume changes on protonation of the carboxylate 
ions.27 

Through the above investigation, kinetic behaviors of the 
complexation of zinc(I1) formate, acetate, and propionate all 
proved to be similar; the concentration dependences of the re- 
laxation parameters together with the obtained values of the 
reaction parameters are wholly consistent with the Eigen-Tamm 
mechanism. Although the result reveals a feature that the rate 
of ligand substitution depends on the nature of the ligand, the 
uncertainties inolved preclude definite conclusion a t  present. 
Recently, we studied the complex formation of zinc ion with 
thiourea, a highly nucleophilic ligand, and noticed that the rate 
constant of ligand substitution on the metal is 2 X lo8 s-', which 
is much larger than those of Table 11. The detailed result will 
be reported in due course. 
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19-7; propionic acid, 79-09-4. 
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Cyanoethylbenzenes 
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Rates of the thermal unimolecular decomposition of amino-, hydroxy-, and cyanoethylbenzenes have been determined by 
the very low pressure pyrolysis technique. Assuming equal A factors, these rates, relative to the rate of dissociation of ethylbenzene, 
yield the following ortho, meta, and para, respectively, substituent effects on benzylic C-C bond strengths (kcal/mol): NH2, 
-2.7, -0.3, -1.7; OH, -1.7, -0.7, -1.1; and CN, -0.3,0.4, -1.5. These effects are generally smaller than those for substituted 
anisoles and follow different trends. Along with the results of ESR studies of Nicholas and Arnold (Can. J .  Chem. 1986, 
64,270), the present substituent effects indicate that a 1-G change in the benzylic hyperfine coupling constant corresponds 
to a 1.8 kcal mol-' change in bond strength. 

Introduction 
The effect of a substituent on reaction thermodynamics is 

perhaps the most fundamental of "substituent effects". In free- 

These thermodynamic effects can be expressed as differences 
in bond dissociation energies in substituted and unsubstituted 
molecules, ABDE, as illustrated below for benzyl radicals: 

radical reactions, other factors, most notably "polar effects", are ABDE = BDE(XC6HdCH2-R) - BDE(C6H5CHZ-R) (1) 
tvpicallv deduced from deviations in thermodvnamic/rate cor- 
rkiations. A detailed understanding of radical iubstituent effects 
therefore requires thermodynamic information. 

In the present work, we report ABDE (R = methyl) values for 
hydroxy, amino, and cyano substituents. These values are derived 
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