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Electrical conductance data for Ni(NCS), in DMSO and Cu(ClO,), in MeOH at 25° are reported. They indicate the two
electrolytes to be associated in the two solvents with association constants Knjngg* =989 M~ in DMSO and K¢gycio,+ =
193 M "' in MeOH. Pressure<jump relaxation kinetic data are reported for Ni(NCS), in DMSO at 20, 25, 30, and 35°. “The
analysis of the data reveals the mechanism to be interchange dissociative (Id) with the rate constant of ligand penetration in
the first coordination sphere of Ni** to be of the same order of magnitude as the pseudo-first-order rate constant for solvent
exchange. The activation enthalpy confirms the above. Ultrasonic relaxation data of Cu(ClO,), in MeOH at 257 also indi-
cate the mechanism to be Id with k,, = k ycp. Previous findings in MeOH and DMSO indicating slower rates of substitu-
tion are suggested to be due to the structure of the ligand, specifically to the multidenticity of it in the case of previous
studies in DMSO. The general validity of the Eigen interchange dissociative mechanism for monodentate ligands is reaffirm-

ed.

Introduction

Conflicting results for the mechanism of solvent substitu-
tion around the first coordination sphere of first-row transi-
tion metals exist in the literature for the case of MeOH and
DMSO.

Ellgen and Pearson showed that the dissociative inter-
change (Id) mechanism explains data of complexation of
Ni?* with several ligands in MeOH eminently well.> How-
ever, data for complexation of first-row transition metals
and Mg?* with metabenzenedisulfonate anions could not be
fitted by this mechanism.®> The doubt that some properties
of the ligand were responsible for such behavior was con-
firmed by Hoffmann, ef ¢l.,* in a study of several metal
cations with C1” in MeOH and Mg?* with trifluoroacetate
anion showing the Id mechanism to be operative. Similarly,
Caldin and Bennetto® found rate constants far lower than
expected on the basis of the product Kpygsskexen for Niz*
in DMSO. They attributed this behavior to the structure of
the solvent and found correlation between the parameter
n = kfexptl)/Kgyosskexen 2a11d properties of the solvents such
as fluidity and heat of evaporation. However, Hoffmann®
showed that Ni** with NCS™ and C1~ complexed vig an 1d
mechanism in DMSO.

It was of paramount interest to extend the work of
Hofmann to Cu®* in MeOH where recent nmr solvent-ex-
change data have become available.” Similarly, it was of
interest to confirm the data and findings of Hoffmann®
in DMSO by investigating the activation parameters of the
reaction and performing equilibrium association measure-
ments to make sure that indeed the first complexation step
between Ni** and NCS™ had been measured.®

Ultrasonic relaxation for the case of Cu®* with C10,~
in MeOH and Pjump relaxation for Ni** with NCS™ in
DMSO proved to be appropriate tools to study the kinetics
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of complexation. FElectrical conductance data provided
equilibrium formation constants.

Experimental Part

Instrumentation, The instrumentation and procedure for the
electrical conductance,® P jump,® and ultrasonics® have been de-
scribed already.

Materials. Ni(NCS), (K & K reagent) was dried at 102° to con-
stant weight, DMSO (Fisher reagent) was distilled in vacuo twice
over P,O; collecting the middle third fraction only. MeOH (Fisher
reagent) was distilled over Al amalgam in a 5-ft all-Pyrex Vigreaux
column. Cu(ClO,), in MeOH was prepared in two ways. The first
method'® was metathesis of anhydrous CuCl, and AgClO, predried
at 110° (CuCl, was anhydrous (Baker reagent); AgClO,, anhydrous
(Smith, Cleveland, Ohio)). The solution was filtered through a fine-
fritted disk followed by analysis of the filtrate by cation exchange
and acidimetry. The second method was refluxing Cu(Cl10,),-6H,0
in MeOH over molecular sieves by an extraction apparatus'® already
described!® for at least 5 hr followed by analysis of the solution as
before. Solutions prepared in both ways of the same concentration
gave results for ultrasonic relaxation data within experimental error
(£2%). On the other hand, solutions of Cu(ClO,),-6H,0 of the
same salt concentration as anhydrous ones gave the same results by
ultrasonic relaxation showing that small quantities of water had no
apparent effect on the data.

Similarly, solutions for conductance wotk, in the case of Cu-
(Cl0,), in MeOH prepared either by the metathesis method or by
partially dehydrating a salt (by exposure over P,O, for several weeks),
gave the same results within experimental error.

Solutions for kinetic work were prepared by volume dilutions of
stocks for the case Ni(NCS), in DMSO and by freshly prepared solu-
tions for the case of Cu(ClO,), in MeOH. For conductance work,
solutions were prepared by weight and analyzed by weight burets
with EDTA solutions for the cations. For both salts additions of
weighed samples of stock solutions to the solvent were performed
directly in the conductance cell in a drybox.

The temperature was maintained within £0.05° at room tempera-
ture and £0.1° at —50° for the kinetic work. For the conductance
work the temperature was maintained equal to 25.00 = 0.001° as
measured by a Mueller bridge and calibrated Pt thermometer.

The only change in equipment with respect to the previous work?
was the material of the P-jump cell because of the use of DMSO. It
was found that Delrin (acetal molding) was adequate in mechanical
strength, chemical inertness, and rigidity to withstand the 30-atm
transients with DMSO solutions. On the contrary, Teflon proved to
be not rigid enough, the electrodes of the conductance cells® vibrating
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Table I. Equivalent Conductance (27! cm? equiv™') and Table II. Relaxation Times at the Various Concentrations and
Concentration (M) of Ni(NCS), in DMSO and Temperatures Investigated and kg > Akgand ky + Ak at the
Cu(Cl0,), in MeOH at 25° Corresponding Temperatures for Ni(NCS), in DMSO
10°C A 10°C A 104C A Temp,
°C cM 10°7, sec 10%kg M™! sec™ ky, sec™!

Electrolyte Ni(NCS),

024425 44293 09065 41.137 4.057¢ 35.223 20 008 S 008 56g+04y 89 +18
0.39447 43.68p 1.448) 40.093 6.6728 3243 0'010 2'3 N 0'00
0.5871g 42.734 2.403¢ 37637 9.791¢ 29.53¢ 0‘018 1'9 N 0'112
0.72873  42.105 0.025 16 %0.07
Electrolyte Cu(Cl0O,), 0.050 1.2 +0.02
1st run 2nd run 25 0.001 4.2 + 0.06 8.94 £ 0.37 136 + 27
076554 121.50 22438 114.90 13507 11844 0.005  2.2:0.02
12952 11866 26259  113.56 27123  113.19 0.010 1.6 0.04
1.7821 11661 3.2886  111.64 4.0194 109.46 0.018 1.3 *0.04
54215 106.17 0.025 1.15 £ 0.02
0.050 0.82£0.01
excessively during the explosion (with a resulting noisy signal on the
scope). Attempts to build a pressure-jump cell of stainless steel 30 0'081 2.6 f 0.05 13.5: 04 196 = 33
coated by Teflon were also unsuccessful because of electrical shortage 0'015 1.5 N 0'0§
at the edges of the cavities withholding the electrodes (the authors 8813 (1).2136—+0.0
are grateful to Dr. G. Macri for these efforts which resulted in the 0‘025 0'69 N 881
construction of a Delrin cell). 0'050 0'55 N 0.08
Results and Calculations 35 0.001 1.9 +0.04 19304  302%31
Table I reports the electrical conductance data and the 0.005  0.95+0.01
corresponding concentrations for Ni(NCS), in DMSO and 0.010  0.75 £ 0.007
Cu(Cl0,), in MeOH at 25°. 008 o800l
These data have been analyzed by the Fuoss-Edelson meth- 0050  0.370.01

0d'? already described.!® Plots of the quantity A* vs.

are shown in Figure 1 according to the equation'?
50

K
A% =g =X 1)
where K 5 corresponds to the equilibrium Me?* + L™ =
MeL*. The results for Ay and K, , after recycling with the
calculated A, by least-squares analysis, are as follows: for
Ni(NCS),, Ag =46.55 £ 008 27! cm? equiv'! and K, =
989 + 18 M1 for Cu(Cl04),, Ap = 129.67 £ 0.05 Q7! cm?
equiv! and K, =193+ 3M ™", Data for the Noygg- =29.20
in DMSO'* and \°gq,- =70.8 £ 0.2 in MeOH have been
taken from the literature, in order to analyze the conductance
databyeq 1.

Subtraction from the final A, values gives \oyj+ = 17.4
0.3 Q7! cm? equiv™! in DMSO and A%, =58.9 £+ 0.25 Q!
cm? equiv™! in MeOH. Previous results from the literature
for limiting ionic conductances of the two cations are A%yp+=
18.4 7! cm? equiv™! in DMSO' and Ng 2+ = 60.9 £ 1.2
07! cm? equiv™! in MeOH?® at 25°. For the case of Cu®*, the
present figure is believed to be more reliable than the previ-
ous one® which was obtained by a long extrapolation of a
Shedlovsky plot on CuBDS data. For the case of Ni(NCS),
the reported figure for K, is in good accord with Hoffmann’s
kinetic result® for K, =10 M~ in DMSO at 20°.

Table II reports the relaxation times for Ni(NCS), in 123l
DMSO at the various concentrations and temperatures in- ‘ ‘ } .
vestigated. The data at 20° are in excellent accord with the ° ! et ¢
data by Hoffmann.$ ) . i
For an unambiguous interpretation of the relaxation spec- Figure 1. Tuoss-Edelson method: A% ws. x for Ni(NCS), in

s f . X DMSO and Cu(ClO in MeOH at 25°.
tra for Ni(NCS), in DMSO, attention must be given to the and Cu(ClO,), in McOH at 25

species present in solution at the concentration range of . .
tﬁis Wo§<. g This problem has been already dealt with by Hoffmann,

etal.® These authors noticed that two relaxation times

were observable for this system in the concentration range
(12) R. M. Fuoss and D. Edelson, J. Amer, Chem. Soc., 73, 269

(1951). 2 X 107%2-10"! M. The fast one on the order of 0.1 msec
(13) (a) P. G. Sears, G. R. Lester, and L. R. Dawson, J. Phps. was measured by a shock tube; the slow one on the order
g‘hfrln-(,lggb;“% (1956); (b) F. Accascina and G. Craia, Sci. Tec., of 1.0 msec was measured by the Pjump technique. At
" (14) W. Libus and M. Pilarczyk, Buli. Acad. Polon. Sci., Ser, C=0.1M, the amplitude of the relaxation curve for the fast

Sei. Chim., 22, 539 (1972). process was larger than for the slow process.® With increas-
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ing dilution toward C=107% M the amplitude of the fast
process decreased rapidly while the amplitude of the slow
process was slightly diminished ® The fast process was
associated with the formation of the bis complex and the
slow one with the formation of the mono complex. Fur-
ther, since the relaxation times for the two processes are
separated by a factor of 10, coupling between the two
processes was neglected. Each process was treated as an
independent step on a time scale. The two average forma-
tion constants from the kinetic data were® K; = 1140 and
K, =35M"". Inthislaboratory we also noticed, for con-
centrations larger than 0.05 M, that the relaxation spectra
determined by the P4ump technique could not be fitted by
a single relaxation process {nonlinearity of the log displace-
ment vs. time). We therefore maintained the concentra-
tion of the electrolyte in the range where a single relaxation
was observable, namely, up to 0.05 M.

Failure to observe a second relaxation however is not
necessarily a proof of the existence of a single species. In
fact it could be argued that such a criterion is dependent on
the sensitivity of the method of detection of the relaxation
process.

[t is important therefore to check whether the observations
by Hoffmann, ez l.,® are consistent with the stoichiometric
calculations, By combining the two mass action expres-
sions K; = [ML]/[M][L] and K, = [ML, ]/ [ML][L] with the
mass balance equations €%y = [M] 4+ [ML] + [ML,}and
C%, =[L1+ [ML]+ 2{ML,], one can calculate the average
ligand number n, where

:COL“ [L] _ £ [L] + 2K1K2 [LP
C%ue 1+ K L1+ KK, L

In the above [M] and [L] are the concentrations of free
metal and free ligand. At [L]=10"% 44, n =0.56 whereas
at [L] =1072 M, n =1.18 retaining® X, = 1140 M * and
K, =35M"*. Henceat [L]=107%M,since n = 1.18 the
presence of the second complex should be observable. At
the stoichiometric concentration CONi(NCS)2 =2.5X 1072
M the first complexation is almost complete, [NINCS*] =
[NCS™1, while [Ni?*] is one order of magnitude smaller.
Therefore [NCS™} =2 X 107> M. Tt is significant that
Hoffmann noticed the presence of a second relaxation down
to C° NiNCS), = 2.5 X 1072 M. This is consistent with the
above calculation.

The question to consider next is the possibility of coupling
of the two processes.

If the equilibria

kfx
Ni** + NCS~ ;‘—“3 NiNCS*

3
T

qu
NiNCS* + NCS~ k;\ Ni(NCS),

p

are present at the highest concentrations used in this work
(2 X 107 and 5 X 1072 M), the reciprocal relaxation times
should be given by the equation!$

T—II,II =1a{(ay +axn)t \/(011 + tlzz)2 ~ May1az; — A12021)}
where 13

an =ky, * ks NPT+ [NCS™T)

(15) G. G. Hammes and J. I. Steinfeld, J. Amer. Chem. Soc., 84,
4639 (1962).
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ap =k, +kg {[NINCS] + [NCST]}

a1y =k, — kg [Ni*']

@21 = ke {INCST]— [NINCS™]}

The expression for 77!y 5 can be rearranged as

T = Yallan + az) £ (ay — a10)* + daypay,}

As already stated at the stoichiometric concentration
C® nigwesy, =2 X 1072 M, the first complexation is almost
complete, [NINCS*] =~ [NCS~], while [Ni**] is much smaller.
Then the product a,,4,;, under the square root in the above
equation is negligible compared to (a,, —a;1)*.
Consequently

= Yallang + an) t (@ —an)}

and

T = ag =k, + ke {[NINCS™] + [NCST}
T y=ay =k, +ke {[Ni*] + [NCST]}

The two processes are uncoupled (with the exception of the
interdependence between the concentrations of the various
species). The process we have observed by Pjump technique
is the one corresponding to 77, namely, the long relaxation
time.

The last aspect to consider is the possible presence of spe-
cies such as the tetrahedral Ni(NCS),*™ or Ni(NCS);~. Ewi-
dence from visible spectra by Gutmann'® for molar ratios
X = [NCS™]/[Ni%*] < 10 seems to exclude such a possibility.
In fact at the molar ratio X = 10 the spectrum is quite simi-
lar to the one reported by Libus*® for Ni{(C1O,), in DMSO.
Two peaks are clearly visible at A 415 and 630 nm from the
work of Gutmann,!® with respective extintion coefficients
€ ~15and € ~4. Large increases of these two peaks are
only noticed for larger values of the molar ratio X. No evi-
dence of the spin-allowed absorption spectrum due to tetra-
hedral species is evident for X < 10.

The analysis of the Pjump relaxation data has then been
performed on the assumption that the equilibrium responsi-
ble for the observed relaxation is

Ni** + NCS~ = NINCS*

Then17,18
= ki + &, 2)
where!©
YNiY dIn (yn i
g =i Ncs{cNi+ Cres + Curos (71\17NCS/7N1NCS)}
YNINCS dIn Cy

0 has been calculated as shown before!® for a 2:1 electro-
lyte. The 77! ys. 8 plot is shown in Figure 2. Slopes and
intercepts with their standard errors calculated by least-
squares analysis, namely, k; * Akgand k, + Ak, are reported
in Table II. The various k¢’s are correlated by means of the
Eyring expression

kT ( AHF (AS&)
ks = — exp{— ) exp
h RT R

(16) V. Gutmann and H. Bardy, Z. Anorg. Allg. Chem., 361,213

- (1968).
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New York, N. Y., 1971, Chapter II.



Complexation Reactions of Ni** and Cu®*

3000

3.0 = 35°C

= 30°C

o T
N togiolkesT)
9.

=25°C
1000
= 20°C

Figure 2. 7% vs. 6 for Ni(NCS), in DMSO at 20, 25, 30, and 35°,
Insert shows log (kf/T) vs. 1/T for Ni(NCS), in DMSO.

as shown in the insert in Figure 2 where the plot of log (k¢/
T) vs. 1/T is reported. This gives AHs¥ = 13.77 + 0.32 kcal/
moland ASF=104+02 eu.

We first notice that at 25° k¢/k, = 659 M ™! in good accord
with the conductance value of K, =989 M ™! considering the
error involved in the ratio k¢/k,. This ensures that the as-
sumption of the measured process being expressed by eq 2
is correct. [Notice, in fact, that the Fuoss-Edelson approach
for diluted unsymmetrical electrolytes is valid only if the
first equilibrium step of complexation is present. Under
these conditions linearity between A* and x is expected as
reported in Figure 1.] Further, by calculating the hydrody-
namic radii by the Stokes equation

. 0821Z,]
RO, =———

Ay

one gets R®, + R® =6.1 ~ 6 A, Assuming this to be the
interionic distance in the outer-sphere ion pair, the Fuoss
constant

4nNa®
F~ 3000 exp(h)

in DMSO at 25° is Ky =30 M™* (b = |Z,Z_1e* [aDkT).
If one now assumes an interchange dissociative Eigen
mechanism for the complexation of Ni%* by NCS™ in DMSO
K oy
Ni**§, + NC§~ = Nx”Sé,NCS";*-': NiS,NCs* (3)

32

one obtains k; = Kgkys and k3 =3 X 103 sec™ at 25°. This
figure is of the same order of magnitude of the rate constants
for solvent exchange in DMSO for Ni** which have been re-
ported by various authors to be kgye = 3.2 X 103,12 5.2 X
10°2°9.3 X 1032 and 7.5 X 10% sec™ 22 a1 25°.
Slmllarly, by virtue of the same mechanism (eq 3)

AH23¢ = AHf:*:_ AHO
AS23$ = LXSf:t - ASO

AH® and AS® are calculable as reported before?® to be
AH® =0.57 kcal/mol and AS® = 8.65 eu, which give
AHy3¥ =132 kcal/mol and AS,3¥=1.7 eu.
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Table III. Ultrasonic Results for Cu(ClO,), in MeOH at 25°¢

10'74, 10'7B,
oM fe, MHz cm™ sec? cm™! sec?
0.195 18 225 40.0
0.133 15 164 36.0
0.090 12 121 36.5

@ The values of B are estimated to be precise within +0.5 X 10™7
cm™ sec?. The calculated A and f, values are precise within #5-10%.

sec”.

Literature data for the AH¥, ., and AS¥, ..y, have been
teported as AHF g = 13.0,'° 12.1,2° 7.3, and 8.0 kcal/
mol® and ASFyen =432, -1.3°-16+22  and ~14 ¢
7eu? At least for the AH¥,,,, one can say that the values
are of the same order of magnitude as AH¥,; reported above.

For AS¥, e the scatter is too large to arrive at any con-
clusion, except that AS* »3 is in reasonable accord with two of
the reported figures.

Another check of the validity of our and Hoffmann’s
analysis for the Ni(NCS), data is evident by comparing
the value of the forward rate constant for Ni(NCS), at 20°
with the one for NiCl,.6 The two values (5.6 = 0.4) X 10*
(TableIl) and (7 + 1) X 10* M~ sec™!, respectively, are in
good accord. For NiCl, spectral evidence collected by
Griffiths?* shows unambiguously that for a ligand to metal
ratio X =2 only one complex species, namely, NiCl*, is
present in DMSO at 25°.

Figure 3 reports the ultrasonic absorption data as a/f? vs.
ffor Cu(ClO,), in MeOH at 25° at the three concentrations
investigated, o is the sound absorption coefficient (neper
em™) and £ the frequency (Hz).

The solid lines are calculated functions according to a
single relaxation process'®

« A

sE=—————+B 4)

AR X 0//AK

with A4 = 2u,.../uf,, f; the relaxation frequency, » the sound
velocity, and uy,,, the maximum excess sound absorption.
B is the background absorption. Results for f, 4, and B are
reported in Table III.

It should be noticed that the values of B (Table II1) are
larger than the value of the solvent absorption since®® &/
f2=30X 1077 cm™ sec? at 25°. Having taken B > a°/f?
means to have cut off the presence of possible relaxations
occurring at frequencies above our instrumental range. This
may be seen in the insert of Figure 3 where, for C=0.195
M, the excess sound absorption u vs. frequency fis reported.
The solid line has been calculated according to the function
for a single relaxation'®

_ 1t
M= 2/~lmax1 +(f/fr)2

where u = o, (u/f), Qexe = — Bf?, and pm,, has been calcu-
lated from the determined 4 in Table III (from which f, is
also taken). In Flgure 3 the open circles correspond to B =
40 X 10717 ¢cm™! sec® whereas the triangles indicate the val-
ues of y assuming B =a®/f?. There are two possibilities to
consider for B > a®/f?. Either, as already suggested, other
relaxations due to the solute exist or the solvent sound ab-
sorption is altered by the presence of the electrolyte because
of structural modifications affecting its shear or volume vis-
cosities. S

(%)

(24) T. R. Griffiths and R. K. Scarrow, J. Chem. Soc. A, 827
(1970).

(25) T. A. Litovitz and C. M. Davis in "Physu:al Acoustics,” Vol.
2, W. P. Mason, Ed., Academic Press, New York, N. Y., 1965, Part A.
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Figure 3. off?vs. ffor Cu(ClO,), in MeOH at 25° at the various con-
centrations investigated. Insert shows u X 10° vs. ffor Cu(ClO,), at
C=0.195M: 0,B=40X%X 107" cm™ "' sec?; V,B=30X%X 107" cm™*

sec?.

In the present case we lean toward the former hypothesis
because of the evidence shown in Figure 4 of a relaxation
process at very high frequency for the same systems at —50°.
A quantitative interpretation of this process is not possible,
unfortunately, from these data because at f> 200 MHz the
solvent also starts showing a relaxation (Figure 4). However,
the electrolyte absorption a/f? decreases (with increasing
frequency) at frequencies below the one where the solvent
shows an onset of downward inflection in a/f%. This means
that we prabably are observing a process associated with Cu-
{C10,), not observable at +25°.

In Figure 4 data for Zn{ClO,4), and Ni(Cl04),?¢ at —50°
show a similar behavior. For 0.11 M Zn(C10,), at 25° no
relaxation is observable (in contrast to Cu(Cl0,),) but only
a constant excess absorption Aa/f? =6 X 107" cm™ sec?
is seen in the frequency range 10-150 MHz. Similarly 0.14
M Ni(Cl0,), shows no relaxation at +25° but a slight in-
flection of the excess Aq/f* 7 X 10717 ¢cm™ sec? at f >
150 MHz.

We therefore advance the hypothesis that the relaxation
observed for Cu(ClO,), at 25° is associated with the penetra-
tion of the ligand ClO," in the axial position of the tetrag-
onally distorted Cu(MeOH)¢?*, this process being loosely
coupled to an outer-sphere diffusion-controlled process (hav-

(26) A. Fanelli, Ph.D. Thesis, Polytechnic Institute of Brooklyn,
(1971).
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Figure 4. o/f? vs. f for Cu(ClO,),, Zn(ClO,),, and Ni(CIO,), at the
various concentrations investigated in methanol at —~50°.

ing a relaxation frequency above the range of our instrumen-
tation, as the evidence at ~50° suggests). In fact the rate
of solvent exchange for Ni(MeOH),** is slower than for Cu-
(MeOH)¢** (see Figure 6 below) and indeed no relaxation
for the former cation is visible at +25°.

The proposed process, similar to eq 3, is expressable as

2 Fi Wi
CuS,* + CI0,” = CuS,*,Cl0,” = CuS,ClO,* 6)
21 32

A plot of 77! (=27f,) vs. 0 (calculated as in the case of Ni-
(NCS),) is shown in Figure 5.

In the calculation of 8 the value of the approach distance
between free ions, a, has been taken equal to 7 X 1078 ¢m.®
This figure is obtained as the sum of the two Stokes radii
R%cy+=5.1 X 107 cmand R%gyo,- = 2.1 X 107® cm calcu-
lated through ionic conductance and the relation R, =
1Z, 1082/ . n. The average slope forcing a straight line
thx_olugh the origin (k, 2 0)isk¢=(1.1 £0.1) X 10" M!
sec™t.

Similarly least-squares analysis (dotted line) according to
eq 2 gives slope k¢=(1.31 £ 0.08) X 10*® ™! sec™! and
intercept (—1.8 £ 0.7) X 107" sec™. Retaining kg=1.1 X
101 M1 sec™ for the forward rate constant, according to
eq 2, assuming the outer-sphere process to be faster than
the solvent substitution, one gets

ke = KizKas

By retaining for K, the Fuoss constant, which in methanol
at 25° s Kp = 1163 M™!, gives kys = (9.4 £ 0.1) X 107 sec™.
This figure is in reasonable accord with the pseudo-first-order
nmr solvent-exchange rate constant Keye, = 7.4 X 107 sec™
reported recently by Luz.® This accord is expected on the
basis of a dissociative mechanism.

Objections could be raised for having assumed the pre-
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Figure 5. 77 vs. 6 for Cu(ClO,), in MeOH at 25°.

equilibration condition leading to k¢ = K;,k,5 for the case
of a fast solvent-exchanging cation like Cu?*. The more pre-
cise equation

ke=kizkas/(kay + K23) @)

based on the steady state on the intermediate in (6) should
be used.

Equation 7 reduces to the expression k¢ = K1,k,5 only if
kg >> kys. Retaining g =7 X 1078 ¢m and assuming the
validity of the Debye-Smoluchowski?” and Eigen®® theories,
we obtain

ki, =k =§M b
D™ 3000n 1-¢*
2T b ®)
k21_k‘D—'7m?eb_l

One gets in methanol at 25° ky; =5.99 X 101 M~! sec™?
and k,; =5.14 X 108 sec™!. From eq 7 one then calculates
kys = 1.1 X 108 sec™ in good agreement with the above
figure for k3 = 0.94 X 108 sec™. Further support of the
dissociative Id mechanism is shown in Figure 6 where the
Kexcn values in MeOH, taken from the literature, 7273 are
plotted vs. the ket also in methanol. It may be seen that
all the metal cations follow closely the straight line inclined
at 45° which is required by a dissociative mechanism. Also
Ni?* being the slowest and Cu®* the fastest exchanging
cations is in accord with crystal field stabilization theory
and Jahn-Teller theorem.

Discussion

The above work for Ni?* in DMSO and Cu?* in MeOH con-
curs with the hypothesis that the Eigen interchange dissocia-
tive mechanism is operative in these two solvents.

Previous results in CH;CN support the same conclusions.!?
Still Caldin and Bennetto® reported a 200-fold change in the
ratio

ke
kexchKF

from acetonitrile to DMSO. For all the ligands so far in-
vestigated in this laboratory and by Hoffmann,® namely,

n=

(27) M. von Smoluchowski, Z, Phys. Chem. (Frankfurt am Main),
92, 179 (1917); P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).

(28) M. Eigen, Z. Phys. Chem. (Frankfurt am Main), 1, 176
(1954),

(29) Z. Luz and S. Meiboom, J. Chem. Phys., 40, 2686 (1964).

(30) S. Nakamura and S. Meiboom, J. Amer. Chem. Soc., 89,
1765 (1967).

(31) H. H. Glaeser, H. W. Dodgen, and J. P. Hunt, Inorg. Chem.,
4, 1061 (1965).
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Figure 6. Plot of Kexen(MeOH), sec™!, ¥5. kgupsr(MeOH), sec™, for
Ni**, Mg?*, Co?*, Fe?*, and Cu®* at 25°. The values used are as

foll . N':Hr,k =1.0 X 3’29 =1X 3 ~1.2 2+
Koo = 4.7 % 1055 1bot L 105 et i L
1083 Kgapep = 1.75 X 107 sec= 3% Fe™, Kopop = 5.0 X 10°,%
ksubst =5 X 10% sec™? 4 CU“, kexch =74 % 107, ksubst =94 X
107 sec™ (this work). (The data for Ky referring to Mg?*, Co®*,
and Fe?* are at 20°.%)

ClO," in acetonitrile and C1™ and NCS™ in DMSO, the ratio
nis about 1.

It is noteworthy that the ligands used in this laboratory
previously!? in CH,;CN and in the present work as well as
by Hoffmann® are monodentate ligands whereas both
Macri® and Bennetto® used potentially bidentate ligands.
Whereas the structure of the metal disulfonate complexes
is not known, it is well known that dipyridyl is a chelating
ligand. So at least for the case of Bennetto’s work it is
possible to state that a chelate complex is the ultimate prod-
uct of the reaction. But then!S

k23k34

ki=K
f 12k32+k34

where k44 is the rate constant for ring closure. Bennetto and
Caldin by writing k; = K,k,3 assumed implicitly that k44 >>
k3, which has proven to be true in water.3? It is at least con-
ceivable that the quantity n

ke ky
K12k23 k32+k34

n

may vary from solvent to solvent especially when, as in the
case of DMSO, the converse condition k3, > k44 may arise
because of the high donor ability?® of the solvent with re-
spect to water.

If one writes the equilibrium including the solvent

kiy PN L L
Me**S, + LL = MeS§,, LL== MeS,~-LL + S= MeS,<| +§
kZl 32 k43 L

it is clear that the solvent and the second end of the ligand
are in competion for the intermediate MeS;-LL. This com-
petition may shift from solvent to solvent, the case of DMSO

(32) R. H. Holyer, C. D. Hubbard, S. F. A, Kettle, and R. G.
wilkins, Inorg. Chem., 4, 929 (1965); 5, 622 (1965).
(33) V. Gutmann, Rec. Chem. Progr., 30, 171 (1969).
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being possibly one in which the latter is favored over the
ligand.

Although the above is speculative, it could rationalize some
of the discrepancies noticed earlier® in terms of kinetic che-
lating effect already documented in aqueous solutions.** On
the other hand, Wilkins®® had warned in the first place that
the findings by Caldin and Bennetto were subjected to the
assumption of a “normal” substitution mechanism® for the
bidentate ligands used.

As suggested also by Wilkins,®® another source of possible
discrepancy between the product K ka0, and k; could be
having taken® K, equal to a constant (K =0.1) for all the
solvents. This was® a consequence of having retained the
Fuoss formula Ky = (47V23/3000) exp(h) with » =0 for a
cation-neutral molecule interaction (b = 1Z, Z_le* /aDkT).

In fact objections could be raised for having taken the ion-
dipole energy equal to zero. The Fuoss association theory®
applied to the case of a cation associating with a dipole in a
continuum of permittivity D would read

- ﬂ’i -U/kT
3000

where ¢ would assume the significance of the distance be-

tween the center of the cation and the center of the dipole

when at contact; U would be the ion-dipole potential energy.
According to Gurney,®” the ion~dipole energy is

ey
D(* —d%)
where d is the dipole radius and r is the distance between

the center of the cation and the center of the dipole. When
at contact

Ulpn=-

ey
Ulg) = — ——
@==p—a
and
4nNa® eu
Kin=K= e
12 3000 Xp(D(aZ*d2)>

Rationalization of a factor of 200 in the ratio of the param-
eter 1 = Kk¢/K 2kexen, Detween CH,CH and DMSQ, if attri-
butable only to the Ky,’s, would mean a ratio

exp(~Upwmso/kT) _

exp(—Ucu,on/kT)
considering ¢ to be independent of solvent nature. Stated

in other terms UCH3CN - UYDMSO =530kT=2.18X

1072 erg.  On a molar scale this converts to 3.1 kcal/mol.
Such a quantity seems too large for this difference. To have
an idea of the order of magnitude of the energy required one
may calculate the ion-dipole energy for the hypothetical
case where D =40, u =1 X 107® esu,3® ¢ =5 X 107® cm, and
d=3X 1078 cm, giving

48X 10728
40(25-9) X 10716
= —0.18kT

200

Ua) =~

=—0.75 X 107" erg
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Interscience, New York, N. Y., 1959, Chapter XVI.
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tions, New York, N. Y., 1953.
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Petrucci, ef al,

at 25° which, on a molar scale, converts to ~108 cal/mol.
[Notice that even using the 1959 triple ion or ion~dipole
association theory of Fuoss,* as modified by Jagodzinski,
one obtains comparable results. In fact the modified Fuoss
equation® reads

40

Afvze*:i 2

Kin =Ka = -U/kT
2O 1000

and a factor of 200 between two n’s is still expressable as

exp(—~Upmso /_k_T_) -
exp(~ UCHSCN//kT)

200

if v, the volume of the ion~dipole complex is taken to be the
same for all the solvents.]

The last possibility one ought to consider in trying to
rationalize the data of Bennetto and Caldin® is to abandon the
interchange mechanism of Eigen and assume a dissociative
mechanism, ignoring the bidentate character of dipyridyl.
This in fact is what Bennetto and Caldin® basically proposed.

Then one may write

kl
MS, == MS, + S
k-—l
kl
MS, + L = MS,L
k—Z
Writing the rate equations for the mechanism, with the
assumption of the steady-state condition for the intermediate
d[MeS;])/dr =0, leads to the relation for the overall forward
rate constant of complexation k;

kiks

kg =
Koy + kL]

Since Bennetto and Caldin® used small concentrations of
ligands (1075 A), one may assume the condition k-1 >
ka[L]

ks,
ke = Kexcn T

with kexen =K. According to this mechanism, one might
speculate that the competition ratio k,/k-1 between ligand
and solvent for the intermediate MSs is ~1-10 for solvents
like water and methanol and <1 for DMSG. This rationaliza-
tion, however, fails to explain why, for the same solvent
DMSO, in the case of NCS™ the ratio appears equal to 10-30
whereas for bipyridyl it is <1 (both ligands binding to Ni?*"
through nitrogen atoms). [Notice also that in the P-jump
work presented above, the ligand concentration is not
negligible with respect to the metal cation and the condition
k_; ® k, [L] may not be valid. However, this should lower
k¢ (in the case of NCS™) with respect to the dipyridyl value
(if the ratio k, /k-; were the same), contrary to what is
found experimentally ]
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