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Micellar Effects upon the Reactions of Complex lons in Solution

Part 4.1,2—Kinetics of Aquation and Base Hydrolysis of some
cis-(Chloro)(amine)bis(ethylenediamine)cobalt(iil) Complexes in the Presence of Neutral

and Anionic Surfactants in an Aqueous Medium

Anadi C. Dash,* Jayashree Prusti, Jyotsnamayee Pradhan and Prafulla K. Das
Department of Chemistry, Utkal University, Bhubaneswar-751004, India

The binding of the substrates cis-[Co(en),BCI]?* (en = 1,2-diaminoethane, B = alkylamines, imidazole, N-
methylimidazole) to the micellar surface of sodium dodecyl sulphate resuilted in the retardation of their disso-
ciative aquation rates, the effect being sensitive to the hydrophobicity of the nonlabile amine ligand B. A
contrastingly small rate acceleration for the corresponding ethanolamine and propan-2-ol amine complexes was
observed under similar conditions. Triton X-100 {0.02 < [Triton X];/mol dm~2 < 0.1) had virtually no effect on
the aquation rates of such complexes except for cis-[Co{en),(C¢H,,NH,)CI]?*, in which case a small rate retar-
dation was also observed. The rates of base hydrolysis of the cobalt(i) substrates were strongly retarded by the
anionic micelles of SDS; the neutral micelles of Triton X-100 were effective in decelerating the rate of base
hydrolysis of the cyclohexylamine complex cis-[Co(en),(CsH,,NH,)CI]?* only. The pseudo-phase ion-exchange
equilibrium model satisfactorily explained the binding of the cationic substrates to the anionic micellar pseudo-
phase of SDS. The values of the ion-exchange equilibrium constant and the relative base hydrolysis rates
(k"/k™) indicated that both micellar binding and retardation of hydrolysis are governed by hydrophobic and

electrostatic interactions.

Previous studies from this laboratory have indicated that the
rates of base hydrolysis of suitable carboxylatoamineco-
balt(i1) complexes are significantly mediated by the micelles
of cationic and anionic surfactants.'~* Both hydrophobic and
electrostatic interactions of the micelles with the substrates
appeared to control their reactivities. However, further work
was necessary for the proper assessment of the relative
importance of these effects. We believed that this could be
possible through the investigation of the aquation and base
hydrolysis of a series of cationic octahedral halogeno-
aminecobalt(in) complexes with non-labile ligands of varying
hydrophobicity in the presence of neutral and anionic sur-
factants. The present study is an attempt in that direction,
and reports the kinetics of aquation and base hydrolysis of a
series of cis-(chloro)amine)bis(ethylenediamine)cobalt(1)
cations in the presence of Triton X-100 and sodium dodecyl
sulphate in an aqueous medium.

Experimental
Materials

cis-(Chloro)(amine)bis(ethylenediaminejcobalt(i)  chlorides,
cis-[Co(en),(B)CI]Cl, (B = amine ligand, see table 1) were
prepared by the method of Bailar and Clapp® and converted
into their diperchlorates or dinitrates by repeated crys-
tallisation from aqueous perchloric acid or aqueous nitric
acid under ice-cold conditions. The Co and CI~ analysis data
for the complexes agreed to better than 0.2% with the calcu-
lated values.

Sodium dodecyl sulphate (SDS) (E. Merck, F.R.G., >99%
pure) and Triton X-100, CgH,,Ph(OC,H,), sOH, (B.D.H)
were used as received. The pH measurements were made with
an Elico digital pH meter LI 120 using a combined glass Ag/
AgCl, C1~ (2 mol dm~3 NaCl) electrode Cl 51; NBS buffers
of pH 4.01, 6.86 and 9.20 were used to celibrate the pH meter.
Surface tension measurements were made at room tem-
perature (30°C) using a Du Nuoy surface tensiometer. The

critical micelle concentration (CMC) of SDS agreed well with
the reported value (0.008 mol dm™3).% The spectral measure-
ments were made with a Hitachi model H 200-20 UV-visible
spectrophotometer.

Kinetic Procedure

Aliquots (5.00 cm?®) were withdrawn from the thermally
equilibrated reaction mixture at known time intervals and
delivered quickly to a dilute nitric acid-acetone mixture
chilled in an ice bath. Rates of hydrolysis were followed by
titrating the liberated chloride potentiometrically against
0.010 mol dm~2 AgNO,. The titre value for complete hydro-
lysis (V,,) was determined by subjecting the reaction mixture
(5.00 cm?) to base hydrolysis, acidifying the content with
HNO, and then working up in the usual way. Preliminary
experiments showed that NaCl [(2—4) x 1072 mol dm~3] in
the presence of varying amounts of SDS, HNO; and acetone
could be quantitatively titrated potentiometrically against
0.010 mol dm~ > AgNO,. The pseudo-first-order rate con-
stants (k,) were calculated from the gradients of the plots of
log(V,, — V,) against time (t); values of k,, from replicate runs
agreed to within ca. 5%.

Results and Discussion

Effect of SDS and Triton X-100 on the Rates of Aquation of
cis-[Co(en),(B)CI]* *

Table 1 presents the rate constants of aquation of various
cis(chloroamine)cobalt(iir) substrates at varying [SDS];:

ky

[Co(en),(B)CI]** [Co(en),(B)OH,1** + CI™. (1)

H:0

k, attained limiting value at [SDS]; > 0.020 mol dm 3. The
value of the rate constant for the micelle-bound complex was
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Table 1. Effect of SDS on the rates of aquation of cis-[Co(en),(B)C1]**; [HCIO,]; = 0.01, [complex], = (2.20-2.30) x 103 mol dm 3

[SDS],/mol dm 3

0.00 0.020 0.030 0.050 0.080 0.10

B k,/107% 51 KM/1075 s71b KM i €

CH,NH, 2.62 231 — 243 — 246 2.40 + 0.10 092 + 0.04
CH,CH,NH, 249 2.11 — 222 — 224 219 + 0.07 0.88 + 0.03
CH,(CH,),NH, 291 1.53 1.68 1.62 + 0.05¢ 175 1.46 1.61 + 0.1 0.55 + 0.03
CH,CH(CH,)CH,NH, 2.75 1.72 1.57 1.50 147 167 1.59 + 0.10 0.58 + 0.03
C HCH,NH, 1.84 0.80 0.78 0.56 0.72 0.74 0.72 + 0.09 039 + 0.05
C,H,,NH, 6.71 3.26 3.01 3.10 4 0.20 342 3.08 3171016 0.47 + 0.02
OH(CH,),NH, 122 14.2 14.1 14.8 + 0.5¢ 14.9 14.9 14.6 + 0.4 1.20 + 0.04
OHCH(CH,)CH,NH, 9.30 12.1 — 12.0 — 11.5 119+ 03 128 + 0.03
imH* 3.67 247 2.28 2.02 + 0.20¢ 220 239 229 4+ 020 0.62 + 0.05
imMe* 3.20 2.14 227 207 1.69 1.70 197 + 0.26 0.61 + 0.08

“T =550+001°C for B=C4H,;NH, and 59.8 + 0.1°C for all other amines; all values of k, are an average of at least two runs unless
otherwise stated. * Average of k, at [SDS]; = 0.02-0.10 mol dm™>. ° Values calculated using k* = k, at [SDS]; = 0. ¢ Average of k, at
[HCIO,] = 0.005, 0.010 and 0.050 mol dm ~3. ¢ imH = imidazole, imMe = N-methylimidazole.

taken to be the mean of k, at [SDS]; = 0.020-0.100 mol
dm ™3 (see table 1). The calculated values of k™/k¥W, where kM
and k% denote k, in the micellar and aqueous pseudophases,
respectively, indicate that micellar binding resulted in retar-
dation of the aquation of most substrates (except for
B = ethanolamine and propanolamine), and this effect
increased with increasing hydrophobicity of the non-labile
amine ligands (see table 1). On the other hand, multivalent
anions are reported to accelerate the rate of aquation of
acidoaminecobalt(iil) complexes significantly via the forma-
tion of reactive ion pairs.” The present study demonstrates
that the anionic micelles do not behave as multivalent anions
as far as rate effects are concerned. The ligands imidazole,
N-methylimidazole and alkanolamines are relatively more
hydrophilic than the alkylamines; micellar retardation is less
for B = imidazole and is replaced by small rate acceleration
for B = alkanolamines. A small rate acceleration (kM/
kY = 1.3 at 35°C) for the aquation of (NH,);CoCI>*, a sub-
strate with no hydrophobic carbon skeleton, by SDS micelles
has been observed by Tachiyashiki and Yamatera.® These
dipositive substrates are likely to be positioned in the water-
rich region of the micelle-bulk aqueous interface. This is sup-
ported by the fact that their absorption spectra (A = 260-600
nm) are virtually unperturbed by the SDS micelles. Since the
electrostatic effects remain constant, the observed trend in
reactivity may be attributed to the effect of a hydrophobic
interaction of the substrates with the SDS micelles. The
hydrophobic interaction is likely to be significant if the
diffuse structure of SDS micelles, as proposed by Menger, is
considered.” The activation enthalpies and entropies
for the aquation of cis-[Co(en),(C¢H,,NH,)CI]** and cis-
[Co(en),(NH,CH,CH,OH)CI]?** in the micellar pseudo-

phase of SDS are very similar in magnitude to those for the
aqueous phase (see below), a result which lends support to
the belief that the micelles do not alter the intimate mecha-
nism (Id)!° of reaction.

AH?/ AS*/
complex kImol™' JK ! mol™!?
cis-[Colen),(C4H,,NH,)CI]2* 618+19 —137+6
(646 +74) (=136 + 22)
cis-[Cofen),(NH,CH,CH,OH)CI]>* 927+ 4.1  —43+ 12
@83+ 11) (—53+3)

(Values in parentheses are for [SDS]; = 0.08, [HCIO, ]; = 0.01 mol
dm 3, other values are for [SDS]; = 0 at the same acidity).

The neutral micelles exert virtually no effect on the rates of
aquation of most complexes, except in the case of the most
hydrophobic cyclohexylamine complex, for which a small
[Triton X-100];-dependent rate retardation was observed
(see table 2). This is consistent with scheme 1, for which the
pseudo-first-order rate constant is given by

kY + KMKMD,]

Y7 1+ KMD,] @

where kW and kM are as defined earlier, KM denotes the micel-
lar binding constant and [D,] = [Triton X-100}; — CMC.
Since the CMC of Triton X-100 is ca. 10~* mol dm 3,
[D,] = [Triton X-100]; was assumed. Taking k% =k, at
[Triton X-100]; = O, the rate data for the cyclohexylamine
complex at [Triton X-100]; = 0.0050-0.100 mol dm™3

Table 2. Effect of Triton X-100 on the rates of aquation of cis-[Co(en),(B)C1]**; [HCIO,]; = 0.010, [complex]; = (2.20-2.30) x 1073

mol dm~?
[Triton X-100],/mol dm 3
0.000 0.0020 0.0050 0.010 0.020 0.050 0.100
B k,/1075 514

C¢H,,NH, 5.81 5.65 5.35 5.14 4.98 4.89 475
C.H,CH,NH, 1.84 — — 1.82 1.84 1.86 1.85
imH 3.67 3.61 3.62 3.57 3.62 3.58 3.57
OH(CH,),NH, 3.82 — 398 395 4.04 3.96 3.96
OHCH(CH;)CH,NH, 3.28 3.39 3.48 3.50 349 3.55 3.65

“T =598+ 0.1°Cfor B=CHCH,NH, and 50.0 + 0.1 °C for other amines.


http://dx.doi.org/10.1039/ft9908600507

Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 06 October 2011

Published on 01 January 1990 on http://pubs.rsc.org | doi:10.1039/FT 9908600507

J. CHEM. SOC. FARADAY TRANS, 1990, VOL. 86
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Scheme 1. C2* = cis-[Co(en),(C¢H, ,NH,)CI1]**.

yielded k™ =(4.71 +0.10) x 107> 57! and KM =152+ 23
dm?® mol ! (50.0 + 0.1 °C) from the intercept and gradient of
the least-squares best-line plot of (A" — k)~ vs. [D,]*
[eqn (2)]. Relatively weaker micellar binding and a smaller
rate retardation (k™/k% = 0.8 for Triton X-100) are observed
for the neutral micelles as compared to the anionic micelles,
thereby indicating that the electrostatic effect dominates over
the hydrophobic effect. However, the combined effects of low
polarity of the intermicellar zone (dielectric constant =~ 40),'"
in which the reactants are positioned, as well as the less
favourable solvation of the substrates by water molecules
owing to their hydrophobic interactions with the micelles,
resulted in only a small rate retardation.

For the substrates with a non-labile amine ligand (B)
endowed with a hydrophilic group, the rate retardation by
the neutral micelles is practically unobservable and is
replaced by a small rate acceleration for ethanolamine and
propan-2-ol-amine complexes (see table 2). However, the
observed rate effects are too small to warrant further expla-
nation.

Effect of SDS and Triton X-100 on the Rates of Base
Hydrolysis of cis-[Co(en),(B)CI|**

Rate data for the hydrolysis of a series of cobalt(iir) substrates
at ca. pH 8 (40.0 £+ 0.1°C), 0.00 < [SDS];/mol dm~3 < 0.10
and 0.00 < [NaClO,]/mol dm~3 <020 are presented in
table 3. The reaction in the absence of SDS is essentially
base-catalysed hydrolysis:!°

cis-[Co(en),(B)CI]**

ky

(cis + trans)[Co(en),BOH]?*" + Cl~ (3)

OH- ,H20
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as the spontaneous aquation of all such substrates at the
experimental temperature in a fully aqueous medium is negli-
gible [k.yeq (40°C)/1075 s~1 = 0.20, 0.21, 1.8, 0.37, 0.17 and
0.10 for B= CH;NH,, CH,CH,NH,, CcH,,NH,, imH,
imMe and C¢H,CH,NH,, respectively].!? The retarding
effect of ionic strength!® on the base hydrolysis rate, as
evident from the variation of k, with [NaClO,], is small.
However, a considerable rate retardation by SDS as a conse-
quence of micellar binding of the substrates is evident. The
micellar effect virtually attains the saturation limit at
[SDS]; = 0.02 mol dm~2 in the absence of added NaClO,.
However, adding a large excess of NaClO, at constant
[SDS]; (0.05 mol dm™3) resulted in a small but definite
increase of k,, from its limiting value, which is not compatible
with the expected ionic strength effect. This behaviour is con-
sistent with the fact that both Na* and the dipositive
complex ions compete for micellar binding, and the pseudo-
phase ion-exchange equilibrium!-'# (see scheme 2) is shifted
in the direction favouring an increase in the number of reac-
tive complex ions in the aqueous pseudophase with increas-
ing [Na*].

For scheme 2, the observed pseudo-first-order rate con-
stant (k,) is given by

kY + kMK, JYF
V=TT T v @
1+K,/YF

where k¥ and kM are as defined earlier and K, is the pseudo-
phase ion-exchange equilibrium constant:

[CW'IYF
Ky=—5— 5
ex [C\2N+ ] ( )

2%+ 2Nat <= 24 NGt
W ~— Cjy
L———products—’]

Scheme 2.

Table 3. Effect of [SDS]; on the rate of base hydrolysis of cis-[Co(en),(B)CI]2* at 40.0 + 0.1 °C; [tris base], = 0.100, [HCIO,]; = 0.050,

[complex]; = 2.1 x 1073 mol dm~3

[SDS],/mol dm ™3

0.000 0.020 0.050 0.100
B [NaClO,],/mol dm 3 k/1075 s~ (pH)®

CH,NH, 0.000 252 (8.18) 1.51 (8.16) 0.88 (8.25) 0.87 (8.28) 28.8

C,H,CH,NH, 0.000 407 (8.22) — 1.24 (8.15) 1.26 (8.15) 326

imMe 0.000 440 (8.20) — 1.32 (8.15) 1.34 (8.28) 330

imH 0.000 473 (8.20) 1.65 (8.24) 1.47 (8.23) 1.44 (8.22) 31.1 091 + 0.33
0.020 46.6 (8.19) — 1.75 (8.08) —
0.050 432 (8.20) — 221 (8.07) —
0.100 39.7 (8.21) — 3.01 (8.07) —
0.200 355 (8.22) — 4.36 (8.09) —

CH,CH,NH, 0.000 27.3 (8.22) 0.86 (8.23) 0.75 (8.25) 0.64 (8.23) 36.4 1.7+ 04
0.020 24.0 (8.12) — 0.69 (8.09) —
0.050 23.0 (8.10) — 0.77 (8.08) —
0.100 21.0 {8.09) — 1.26 (8.10) —
0.200 19.9 (8.10) - 1.81 (8.11) —

C(H,,NH, 0.000 104.0 (8.24) 1.34 (8.24) 1.17 (8.23) 1.27 (8.22) 82.5 32401
0.020 87.4 (8.22) — 1.25 (8.18) —
0.050 76.2 (8.19) — 1.22 (8.15) —
0.100 732 (8.18) — 1.30 (8.18) —
0.200 71.6 (8.19) — 1.51 (8.18) —

4 Values in parentheses are for pH.
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Y = ([Nay]/[Nay])’
and

F = y4(Na")/yn(C**).

The activity coefficient ratio, y3(Na*)/y(C>*), for the micel-
lar pseudophase was assumed to be constant and equal to
unity. Note that the measured pH of the aqueous pseudo-
phase maintained by tris-hydroxymethylaminomethane and
HCIO, is little perturbed by the added SDS, indicating that
the tris base and its monoprotonated form predominantly
prefer the aqueous pseudophase. Hence the overall micellar
binding parameter (f), defined in. terms of the net fraction of
the micellar surface charge compensated by the bound ions
under consideration (i.e. Na* and C?%), is given by

_ [Nay] + 2[Cy"]
(D] [D,]

where the analytical concentration of the micellised sur-
factant ion [D,] = [SDS]; — CMC; [Nay] and [C&']
denote the analytical concentration of the micelle-bound
Na* and the complex ion (C**), respectively. It can be easily
shown that

Y = (8 — 2m)[D,)/{[Na*]; — (8 — 2m)[D,1})>.  (6)

For SDS added electrolytes reduce its CMC appreciably,®
and the value of B is taken to be 0.7 + 0.1.1> With 8 =0.7,
CMC = 0.002 mol dm~3 and m¢ = [C?*],/[D,] the values
of Y were calculated. The activity coefficient factor, F, was
calculated using the Davies equation®® for the activity coeffi-
cient of the ions, the ionic strength of the aqueous pseudo-
phase being computed from the relationship

I, = 3{CMC + [SDS]; — (8 — 2m})[D,1}
+ [HCIO ] + [NaClO,]; + [complex];.

p

— S S
= my, + 2m;

The value of ™ for any complex was taken to be the mean of
ky at [SDS]; = 0.020-0.10 mol dm > and [NaClO, ], = 0. k,,
at {SDS]; = 0.05 mol dm™~32 and [NaClO,}; = 0.10 and 0.20
mol dm~? was used to calculate K, from the knowledge of
kY (= k, at the corresponding [NaClO, ], and [SDS]; = 0).
The high value of K, (103 see table 3) for the divalent
cobalt(ur) substrates is worth noting. The value of K,, also
increases with increasing hydrophobicity of the amine ligand
B (C4cH, NH, > CH;CH,NH, > imH, table 3). The calcu-
lated values of kW/kM (table 3) for different non-labile amine
ligands (B) at virtually the same pH (ca. 8) follow the trend
CH;NH, < C¢gH,CH,NH, < CH;CH,NH, < imH < imMe
< C¢H,;NH,, which also indicates that, since the electro-
static effect remains constant, the rate-retarding influence of
the anionic micelles stems at least partly from the hydropho-
bic interaction effect. However, the remarkable inertia of the
substrates in the anionic micellar pseudophase towards the
base-catalysed hydrolysis must be attributed to the fact that
the pH of the intermicellar region in which the reactants are
positioned is significantly lower than the measured pH of the
aqueous pseudophase.

Effect of [Triton X-100], on the rate of Base Hydrolysis of
cis-{Co(en),(B)CI]**, B = C{H,,NH, , CCH;NH, , imH

Fig. 1 depicts the effect of Triton X-100 on the rate of base
hydrolysis of some complexes at 40°C and pH 8. [Triton
X-100] has no effect on the base hydrolysis of the complexes
with B = benzylamine and imidazole. A small but definite
rate retardation was observed for the most hydrophobic
cyclohexylamine complex. With an increase in [Triton
X-100] the rate retardation increased and tended to attain a
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Fig. 1. Effect of [Triton X-100]; on the rate of base hydrolysis of
cis-[Co(en),BCI]>* [B=imH (a, C4H,CH,NH, (b)) and
C¢H,NH, (c)] at 40.0 + 0.1 °C and pH 8.22 + 0.02 (tris buffer). Plot
of k,/10™* s~ * vs. [Triton X-100];/mol dm 3.

limiting value at high surfactant concentrations, indicating
appreciable micellar binding of this substrate and reduced
reactivity of the micelle-bound complex. The rate data [curve
(@) of fig. 1] were analysed in accordance with eqn (2) to yield
K™ =108 + 20 and k™ = (8.20 + 0.21) x 10~ * s~ !. Note that
the value of kY/k™ (1.3) for Triton X-100 is considerably
lower than the value for SDS. The results thus indicate that
the hydrophobic interaction assists micellar binding of the
substrates, and that the micellar environment has a rate-
retarding effect which is governed by both electrostatic and
non-electrostatic forces.
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