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Solid State Kinetic Parameters and
Mechanism for Deamination-Anation
of Trans-[Co''(acacen)(amine),].NCS

M. Amirnasr*, R. Vafazadeh! and S. Alavi-Shoushtari'

The solid state kinetic parameters for deamination-anation of trans-[Co(acacen)(amine)2].NCS
(with amine = piperidine (pprdn), 1, benzylamine (bzlan), 2, morpholine (mrpln), 3, pyrrolidine
(prldn), 4, and acacen = N,N’-ethylenebis(acetylacetoneiminato) dianion) have been studied
by thermogravimetric measurements under both isothermal and nonisothermal conditions, and
infrared and visible spectroscopy. Heating at controlled temperature and time, indicated that
compounds 1, 3 and 4 produce trans-[Co(acacen){(amine){NCS)], whereas compound 2 gives
trans-[Co(acacen)(amine)(SCN)]. The values of the activation energy and the activation entropy
were 112.5 £ 15.9 kJ mol~1 and —49.8 £ 4.9 J K~! mol~! for 1; 126.5 &= 2.3 kJ mol~! and
~512.1 £ 6.7 J K=! mol~?! for 2; 98.0 & 8.3 kJ mol~! and —102.0 £ 2.5 J K~ mol~? for 3;
and 132.0 £19.7 kJ mol=! and —15.1 £5.9 J K= mol~! for 4. A dissociative mechanism is
proposed with an activated complex of square-based-pyramidal geometry.

INTRODUCTION

Solid-state reactions of coordination compounds have
been studied for many years [1-7]. The deamination-
anation reactions of the type:

[M(A-A)3]Xa(s) - [M(A-A)2 Xo]X(s) + (A-A)(g),

have been investigated, where M = Cr(III), Co(III),
Fe(II) or Ni(II); X = Cl, Br, I, NCS, etc. and {A-A)
= bidentate groups [1,8]. Studies have also been
conducted using hexaammine complexes, and Ohyoshi
et al. [9] have studied the deamination of [Cr(NH3)s] X3
(where X is Cl or Br) in the solid state using thermal
methods. In a recent review, House {10] has provided
an elegant outline of the many factors which must be
taken into account when considering the kinetic data
and the mechanisms for anation reactions in the solids.
It is generally accepted that the deamination-anation
reaction can, in most cases, be interpreted in terms
of formation of a nonionic Frenkel defect. That is,
the reaction begins with the loss of an amine molecule
and proceeds by the diffusion of the Frenkel defect
through the lattice (Scheme 1). Although the intimate
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Scheme 1. Formation of a nonionic Frenkel defect in a
deamination-anation process.

mechanism may be dissociative, there will be some
differences in the kinetic parameters and the form of the
rate laws depending on the nature of the coordinated
amines.

In this paper, the results obtained by isothermal
and nonisothermal measurements on the complexes
trans-[Co(acacen)(amine)s] NCS, 1-4, are given and
the influence of the amine ligand on the magnitude of
the kinetic parameters are explained.

EXPERIMENTAL SECTION

The complexes trans-[Co(acacen)(amine),] NCS, 1-4,
were prepared by the methods described elsewhere
[11]. Infrared spectra were recorded on a Shimadzu
435 IR spectrophotometer. Samples were prepared by
using the KBr technique. Electronic absorption spectra
were recorded in solution on a Shimadzu UV-240
spectrophotometer. Thermogravimetric measurements
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were performed using Polymer Laboratories Model
STA 625 and Polymer Laboratories Model TGA 1500
instruments under nitrogen gas (10 ¢cm® min~!), the
sample size being in the range of 4-7 mg. The heating
rate for nonisothermal experiments was 2°C/min. To
resolve the nonisothermal T'G curves, the widely em-
ployed approximation of Coats and Redfern [12] was
used.

From nonisothermal TG curves, several temper-
atures were selected in the anation interval to carry
out the isothermal TG runs necessary to calculate the
kinetic parameters. Under isothermal conditions, the
Arrhenius method was used.

RESULTS AND DISCUSSION

Typical TG and DSC curves for trans-
[Co(acacen)(amine);] NCS, 1-4, are shown in Figure
1. These complexes endothermically lose one of the
amine ligands (the H-bonded one) to produce trans-
amineisothiocyanato complex from 1, 3 and 4 and
trans-aminethiocyanato from 2. The thermal decom-
position reaction can be expressed by Equation 1:

trans-[Co(acacen)(amine);]. NCS 2,
trans-[Co(acacen)(amine)(NCS)] + amine, (1)

where amine = pprdn, bzlan, mrpln, prdin.

The cobalt complexes produced from Equation 1
were also synthesized directly as reported elsewhere
[11]. The thermal decomposition products were thus
identified from the results of UV-Vis and IR spectral
measurements and a comparison with the spectroscopic
properties of those produced by direct synthesis (Table
la). The product of compound 2 was identified as the
S-bonded thiocyanato complex from the results of UV-
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Figure 1. Typical TG and DSC curves for trans-
[Co(acacen)(amine),]. NCS (amine = pprdn). The reaction
is endothermic.
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Table la. Spectral data for complexes 1-4 and their
thermal products [11].

Complex* /\m;xé:m) ”(:(‘1:1511\110)5)
1. [A(pprdn)2].NCS 437 2052
[A(pprdn)(NCS)]d 442 2122
[A(pprdn)(NCS)]t 442 2122
2. [A(bzlan),].NCS 406 2061
[A(bzlan)(NCS)}d 430 2120
[A(bzlan)(SCN)]* 445 2138
3. [A(mrpln)y].NCS 444 2065
[A(mrpln)(NCS)d 449 2122
[A(mrpln)(NCS)]t 449 2122
4. [A(prldn)2].NCS 417 2065
[A(prldn)(NCS))d 438 2122
[A(prldn)(NCS)]t 438 2122

*A = Co(acacen), d = by direct synthesis,

t = by thermal anation.

Vis and TR spectral measurements.

The single sharp band due to v¥(CN) of the NCS
anion [13] (hydrogen bonded to the coordinated amines
[11]) which appears at 2052, 2061, 2065, and 2065
c¢cm~! in the IR spectra of the parent complexes 1, 2,
3 and 4 respectively, disappears upon heating (Figure
2). However a new sharp band appears at about
2120 cm~! in the IR spectra of the thermal products
resulted from 1, 3 and 4 and at 2138 cm~! for that
resulted from complex 2. The new band is indicative
of a coordinated NCS group which, in the case of
1, 3 and 4, appears to be N-bonded while it is S-
bonded in the thermal product of complex 2. The
stretching frequency of a bridging NCS ligand also
increases to 2135-2180 cm™?! [14]. Therefore, a bridged
complex may also be speculated as the thermal product
of complex 2. However, a comparison between the
results of this experiment and the reported data on
the infrared and electronic spectra (vide infra) of some
related cobalt complexes [14,15] gives no support to this
alternative. The v(CN) of the bridging NCS appears
at 2170, 2175, 2180 cm ™! for [(NH;3)s CoSCNCo(CN)s],
[(NHg)sCONCSCO(CN)5] and K4[(CN)5CO(NCS)2
Co(CN),] complexes respectively [14]. Most impor-
tantly, a bridged species would necessitate the presence
of ¥(CN) band of free SCN™ in the infrared spectrum
due to the stoichiometry of the system [15]. Character-
istic changes are also observed in the (N-H) stretching
regions (Figure 2). Since only one v(N-H) is observed in
the N-H stretching region of the coordinated amine in
the thermal products of 1, 3 and 4 (3145, 3175 and 3180
cm~! respectively), the hydrogen bonded amine is pre-
sumably replaced by NCS group. The N-H stretching
region of the thermal product of 2 is somehow different
from that of trans-[Co(acacen)(bzlan)(NCS)] with an
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Figure 2. Infrared spectra of complex 1. a: before
heating; b: after 1h; c: after 2h; d: after 4h; e: after
prolonged heating; (at 110°C) f: thermal product by
direct synthesis. The 2300-2000 cin ™! region has been
expanded. The spectra of other complexes show similar
changes (see Table 1a).

N-bonded NCS group, which has been prepared by
direct synthesis [11]. This would be expected, because
the S-bonded thiocyanato would not participate in in-
termolecular hydrogen bonding as the N-bonded isomer
does. Therefore, a less complex N-H stretching region
is observed for the S-bonded thermal product.

The electronic spectra of the thermal products
show a longer Apax(LF;) relative to that for the parent
complexes. The observed shift, which is due to replac-
ing one of the axial amines by a weaker NCS ligand,
is more noticeable for prldn (21 nm) and bzlan (39
nm) than for mrpln (5 nm) and pprdn (5 nm) (Table
la). The relatively high shift for complex 2 is due
to the formation of the S-bonded complex which is in
agreement with similar cases reported in the literature
[14,16]. There is a red shift of about 15 nm in the Apax
of the first ligand field absorption band on going from
the N-bonded to the S-bonded thiocyanate in a series
of Co(IlI) complexes (Table 1b). The first ligand field
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Table 1b. Amax(LF1) for the linkage isomers of
thiocyanatocobalt(III) complexes.

Complex Amax A Ref.
(nm) | (nm)
[(CN)5Co-5CN]3- 378 [14]
[(CN)sCo-NCS]3~ 363 15 [14]
[(NH3)5Co-SCN]?+ 512 [14]
[(NH3)5Co-NCS]2+ 497 15 [14]
trans-[(acac)2 (py)Co-SCN] 571 [15]
trans-[(acac)2(py)Co-NCS] 558 13 [15]
trans-{(acacen)(bzlan)Co-SCN] 445 p.w.*
trans-[(acacen)(bzlan)Co-NCS] 430 15 p-w.*

* p.w. = present work

band for trans-[Co(acacen)(bzlan)(NCS)], produced by
direct synthesis, appears at 430 nm, whereas that for
the deamination-anation product of complex 2 appears
at 445 nm. The observed difference of 15 nm in the
Amax Of the first ligand field band, along with the
infrared spectral data, indicates that the S-bonded
structure is the most probable for the thermal product
of complex 2.

KINETICS

The Coats-Redfern [12] method was applied to the
data obtained from the deamination anation reactions.
Analysis by Coats-Redfern method involving the func-
tion g(a) which depends on the processes controlling
the solid state reaction rates, gave the best fit using
computer simulations.

Kinetic parameters are very difficult to calculate
only by nonisothermal TG curves [17-19] due to ig-
norance of the true g(«) expressions. It is necessary
to compare the results obtained by nonisothermal and
isothermal TG measurements for all the g(a) expres-
sions in order to calculate the true activation energy
and to infer the physical mechanism for the solid state
process. Therefore, not only the nonisothermal TG
curves (Figure 1), but also the isothermal TG curves
at three different temperatures (Figure 3) for each
compound have been recorded. Using the isothermal
data, the best fitting function of a group of Avrami
Erofeyev functions (Table 2) was found. Figure 4 shows
the degree of fitting for the best function. It is expected
to obtain a straight line for the best function. Based
on the results obtained from curve fitting, the functions
F; and Ag/, give the best fit for deamination-anation
reaction of 1, 3 and 4 complexes and that of complex
2 respectively.

A typical first order rate plot for the deamination-
anation reaction of 1, 3 and 4 complexes which fit the
first-order equation:

—In(l — @) =kt
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Figure 3. Isothermal TG curves (indicating the
temperature) for trans-[Co(acacen)(prldn)2]. NCS 1
(compounds 2, 3 and 4 show very similar curves).

Table 2. Selected functions used for kinetic studies.

Function
Notation g(a)
F1 ~In(1 — o)
Azya [~ln(1 — &)]?/3
Az [~In(1 — a)]*/?
A3 [~In(1 — e)]*/3
A4 [In(1 — a)]t/*
Ri a
Ro 1—(1—a)l/2
Rs 1-(1—a)t/3
D o?
D> Q-a)n{(l—a)+ o
Dy | [1—(1- )32
Dy (1 —20/3) ~ (1 —a)?/3

is shown in Figure 5a, and the rate plot for complex
2 which fits the A3/, rate equation,

[—In(1 — a)]¥/® =kt,

is shown in Figure 5b. The temperature dependence of
the rate constants conform to the Arrhenius rate law
(Figure 6). The rate parameters of 1, 3 and 4 were also
determined from their corresponding nonisothermal
curves using the expression:

In[-In(1—a)/T?) =In[(AR/E,)(1-2RT/E,)]
— E./RT,

and the following relation (with n = 3/2 ) for complex
2,

{1 - (1-a)'™")/T*(1-n)} =

In[(AR/E,)(1 — 2RT/E,)] — E./RT,
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Figure 5a. Plots of first-order rate equation (F1) for
deamination-anation reaction of prldn complex 1.
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derived by Coats and Redfern [12]. The kinetic
parameters for complexes 1-4 obtained by the linear
heating method agree well with those from isothermal
measurements (Table 3). The activation enthalpy
(AH#) and entropy (AS#) were calculated by the
following equation:

AH* =E, —RT and
AS* = R[In(Ah/kkpT) — 1],

where « is the transmission constant (x = 1) and R, A,
h, kg and T, have their usual meanings.

From the results of Table 3, two points are found
for discussion: (a) E, is low, in all the cases; (b) E.
varies with the amine ligands.

With regard to (a) and according to the mecha-
nisms proposed by House [20] for the thermal anation
reactions of solid complexes, high values of E, have a
better correspondence with an Sy2 mechanism (form-
ing a Schottky-type defect) while low values have a
better correspondence with Sy1 (forming a Frenkel-
type defect). In this case, in spite of the proximity
of NCS to the metal center, an Sny2 mechanism is
unlikely for the anation reaction. In an Sy2 process the
formation of a seven-coordinated complex (pentagonal
bipyramidal) based on a crystal field model requires
8.25 Dq [21] (Dq being in the range of 27.0 - 29.5
kJ mol~! for complexes 1-4 [11]), that is about 230
- 251 kJ mol~! greater than the E, found. The energy
required for the formation of an activated complex
with an octahedral wedge geometry is only 3.63 Dq
(about 98 - 107 kJ mol~?, being close to the E, found).

Table 3. Rate constants and kinetic parameters of the deamination-anation reactions for complexes 1-4.

Complex Function k x 10% s—1 Eato AHZ + o AS* + o A
(amine) (Temp., °C) | (kJ mol=1) | (kJ mol—%) | (J K~ *mol~1) s—1
(1) F, 2.61 (110) 112.5 109.3 -49.8 5.50 x 1010
(pprdn) +0.03 +15.9 +15.9 +4.9
3.71 (115)
6.39 (120)
(2) Asjo 4.85 (130) 126.5 123.1 -512.1 1.22 x 1012
(bzlan) +0.04 +23 +23 +6.7
7.77 (135)
12.09 (140)
(3) F, 1.03 (120) 98.0 94.6 -102.0 1.07 x 108
(mrpln) 4+0.02 +383 +383 +2.5
2.04 (130)
3.18 (135)
(4) F, 1.31 (125) 132.2 128.8 -15.1 3.70 x 1012
(prldn) +0.03 +19.7 +19.7 +59
2.45 (130)
3.44 (135)
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However, considering that in the Sny2 reaction the
formation of a Schottky defect, by moving the anion
from its lattice position, is known to involve a high
energy (Egefrect = 0.24 U, U = lattice energy) [22], the
observed activation energies are too low for an Sn2
process.

The intimate mechanism may, therefore, be dis-
sociative with the formation of a square-base-pyramid
activated complex, requiring only 4.00 Dq [21] (activa-
tion energy in the range of 108-118 kJ mol™!). The
transition state is, thus, determined by amine loss and
a nonionic Frenkel defect formation (Scheme 1).

With respect to (b), the variation of the activation
energy is expected to be parallel to the metal-amine
bond strength if an Sy1 mechanism is operative, and
the rate of deamination depends upon the rate at
which metal-ligand bonds are broken. This is in accord
with the experimental results. The observed sequence:
prldn > pprdn > mrpln for the values of E, (Table 3)
is similar to that for the Dq values of these complexes.
The observed E, value for bzlan complex 2, which does
not fit the expected order, may have an origin in the
size of bzlan, which is quite different from that of the
other three amines. This is supported by the highest
negative value of AS¥ for complex 2.

The entropy effect may be explained by the
relative sizes of the anions and cations and free space
between the ions. A large free space will make it
easier for the released amine molecule to slip into
an interstitial position, causing little or no lattice
distortion. Therefore, the entropy of activation may be
small or slightly negative. Effectively, the radius of the
NCS~ (1.99A [23]) is quite different from the radius
of the voluminous cation (about 8A [11]) resulting
in a large free volume. Considering the role of the
free space, the observed negative:values of AS# may
then be rationalized. With respect to the highest
value of AS* (-512.1 J K~! mol™!) for complex
2, the following possibility may be pointed out: If
a dissociative mechanism is assumed, in which the
transition state is determined by Co-N(amine) bond
rupture, detachment of the amine with a longer chain is
expected to be accompanied by a more negative AV#
and AS# in the activation process. This is because
an amine with a longer chain provides more free space
and it is also more likely for such an amine to fold and
attain a more compact structure. For example, the
AS# of deaquation-anation, which is accompanied by
isomerization, is reported to be —28.24 and —178.61
J K71 mol~! for trans-[CrF(en)2(H;0)]|Br; and trans-
[CrF(tn)2(H2O)]Bry respectively (en = ethylenedi-
amine and tn = 1, 3-diaminopropane) [24].

The results obtained in the present work are con-
sistent with a dissociative mechanism in which a non-
ionic Frenkel defect with a square-base-pyramid struc-
ture is formed. The Co-N{amine) bond rupture is the
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dominant process controlling the rate of deamination-
anation reaction in these cobalt complexes and this
is confirmed by the parallel trends observed in the
activation energy and the strength of Co-N(amine)
bonds.

CONCLUSION

The solid state deamination-anation reaction of trans-
[Co(acacen)(amine)s] NCS complexes have been stud-
ied under both nonisothermal and isothermal condi-
tions. There seems to be a good correlation between
E, values (ranging from 98.0 + 8.3 to 132.2 + 19.7 kJ
mol~!) and the values of 4 Dq (being in the range
of 108-118 kJ mole~!) for different amines. Thus,
the transition state is determined by amine loss and a
dissociative mechanism can be operative. The resulting
pentacoordinated species, then, reacts with NCS~ to
give the anation product. The mode of coordination
of NCS, which is N-bonded for the anation products
of 1, 3 and 4 and S-bonded for that of complex 2, is
confirmed by IR and UV-Vis spectroscopy.

The negative values of activation entropy for the
complexes 1-4 reflect the role of the free space between
the ions. The highest value of AS# observed for bzlan
complex, 2, is also a consequence of a larger free space
for this complex relative to 1, 3 and 4.
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