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Abstract

Binary complexes of the type [M(S;CCN),] (M = Mn?*, Fe?", Co?™, Ni*t, Cu®* and Zn®*) have been synthesised from
alcoholic solutions. They have been characterised using elemental analyses, IR, UV-VIS spectroscopy, magnetic
susceptibility measurement and solution conductance data. In thermogravimetry (TG) studies, all these complexes exhibit a
prominent weight loss step between 100 and 330 °C under a N, atmosphere. Besides, a second weight loss step has also been
observed beyond 800° C for the Mn*>", Fe>™ and Co*" complexes, between 400 and 600 °C for Zn>* complex and beyond
380 °C for Cu*™ complex. Broad differential thermal analysis (DTA) endotherms are observed corresponding to these weight
loss steps. The first weight loss in the TG scan of the complexes follows a deceleratiory a—time curve with D3 mechanism for
all complexes. The activation energy (E,) for the thermal decomposition varies between 43 and 115 kJ/mol and removal of
CS, and/or CS have been suggested. Various decomposition parameters have been calculated. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The chemical, spectral and thermal decomposition
studies of cyanodithioformate (S,CCN™) ion and its
complexes have been the least explored ones among
the dithioacid family [1-5]. Although thermal decom-
position parameters for various thioacid complexes
have been reported, very little work has been done on
S,CCN™ [6-8]. Unlike the dithioformates and xan-
thates, the cyanodithioformate anion exhibits a very
high proclivity for dimerisation through the removal
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of one ‘S’ atom per ion. Also, its alkali metal salts
decompose spontaneously in dry state. However, it is
very stable in the complexed state [4,5] as well as the
(NEty)" salt.

The present paper reports the synthesis, spectral and
thermal decomposition studies of a series of binary
complexes of cyanodithioformate with bivalent transi-
tion metal ions (Structure I). Kinetic and thermal
decomposition parameters have been calculated using
the Freeman and Carrol method. Mechanistic models
have been ascertained from the do/dr versus T plots
and the assigned ones are those that gave the best
linear fit in the Arrhenius plots. The study shows that
the solid state decomposition of S,CCN™ complexes
do not follow the dimerisation path as exhibited by the
ion in solutions.
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2. Experimental

Na,S,CCN.3dmf compound was prepared accord-
ing to the literature procedure [9]. Solvents were dried
before use. AR grade sulphate salts of manganese(Il),
iron(II), nickel(Il) and copper(Il) and chlorides of
cobalt(Il) and zinc(I) were used. Solutions for metal
estimations were prepared by NaOH-NaNO; fusion
method while that for sulphur estimations were pre-
pared by treating with concentrated bromine solutions
followed by repeated treatment with conc. HNOs3 [10].
C and N analyses were obtained from RSIC-
CDRI, Lucknow. IR spectra were recorded on a
Perkin-Elmer 1600 FTIR spectrophotometer with
KBr pellets, electronic spectra on a Schimadzu-
1601 spectrophotometer with nujol thin films. Mag-
netic susceptibilities were measured on a PARC-155
Magnetometer at 25 °C. Thermogravimetry/differen-
tial thermal analysis (TG/DTA) experiments were
carried out on a Stanton Redcroft Thermobalance
STA-780 under a dynamic N, atmosphere at a flow
rate of 50 ml/min and heating rate 10 °C/min. Com-
putations were carried out using a series of BASIC
programs.

2.1. Preparation of the complexes

The complexes were prepared using a general
procedure as follows. A suspension of finely pow-
dered metal salts (4.0 mmol) and freshly prepared
Na,S,CCN.3dmf (4.0 g, ca. 10 mmol) in dry EtOH
(100 ml) was stirred for 4-6 h at 40 °C under a N,
atmosphere. For iron, nickel and copper salts, brown-
coloured compounds and for manganese and zinc
yellowish-white compounds separated out. For the
cobalt salt, the reaction mixture yielded a green solu-
tion which was filtered, and the solvent removed from
the filtrate at reduced pressure. The residue was
collected. The solids thus obtained were washed
twice with water followed by EtOH and Et,O. The
compounds were recrystallised from acetone-Et,O
mixture and dried over CaCl,. Yield: ca. 0.40-
0.75 g (38-71%).

=Mn®* 2: M=Fe*
=Co? 4: M=Ni*
Cu®*  6: M=2Zn*

3. Results and discussions

Reaction between metal salts and Na,S,CCN.3dmf
in 2:5 molar ratio in absolute ethanol have yielded bis-
chelate complexes of the type M(S,CCN),. The ligand
has a tendency to undergo dimerisation reaction in
water and chloroform, but not in dry alcohol. Although
hydrated metal salts have been used in these syntheses,
the traces of water does not cause dimerisation to any
significant extent, as the formation of corresponding
maleonitriledithiolate complexes as side reaction pro-
ducts has not been observed [11,12]. The complexes
have been characterised using elemental analyses and
spectral data (Table 1). All these complexes are inso-
luble in water and only moderately soluble in acetone,
acetonitrile, DMF and DMSO and other polar organic
solvents. Conductance measurements of their acetoni-
trile solutions indicate non-electrolyte nature. All
except nickel and zinc complexes are air sensitive.

Complexes even upon prolonged refluxing in water
do not liberate sulphur nor disproportionate to form
anionic maleonitriledithiolate complexes. This is indi-
cative of the marked stabilisation of the anion upon its
co-ordination. However, upon treatment with benzyl
chloride in boiling ethanol, complexes dissociate giv-
ing metal halides and the pale yellow solution of
benzyl cyanodithioformate.

3.1. IR spectra

IR spectra of the complexes indicates (n°-S,5')
co-ordination. There are two characteristic group fre-
quencies [5], namely, v(CN) and v(—cég), of which the
v(—cég) is quite sensitive of the co-ordination mode. In
the case of 1)'-S co-ordination, two bands are observed
between 1100 and 1000 cm™' due to —C<§ group,
which are assigned to v,(C—S) and v4(C=S) stretching
frequencies [1,4,5]. However, in the case of (nz-S,S/ )
co-ordination, the v(—cég) group vibration resolves
into symmetric and anti-symmetric modes of which
the anti-symmetric mode is observed between 1100
and 1000 cm ™" and the symmetric mode between 600
and 700 cm™ ' [13,14].
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Analytical magnetic and spectral data®
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Complex Analyses found (caled.) (%) tegt BM) IR (cm™ 1) Electronic (Apq,/nm)
C N S M v(CN) vas(CS2)  v4(CSy)
[Mn(S,CCN),]  18.1 (18.5) 10.0 (10.8) 48.0 (49.4) 20.5(21.2) 0.197 2190 1023 625 336, 278(sh), 229
[Fe(S,CCN),] 18.2 (18.5) 10.1 (10.8) 48.0 (49.2) 21.0 (21.5) 0.269 2235 1010 625 852(w), 359, 223, 280
[Co(S,CCN),] 17.9 (18.3) 10.4 (10.7) 48.7 (48.7) 22.4 (22.4) 0.037 2220 1020 630 278(sh), 258, 226
[Ni(S,CCN),] 18.5(18.3) 10.2 (10.7) 48.7 (48.7) 22.8 (22.3) 0.072 2215 1000 630 500(vw), 273, 223
[Cu(S,CCN),] 17.6 (17.9) 10.0 (10.5) 47.5(47.9) 232 (23.7) 0.042 2220 995 620 630, 467, 254, 223
[Zn(S,CCN),] 17.5(17.8) 10.0 (10.4) 472 (47.5) 242 (242) - 2210 1000 620 385, 265, 223

* At 298 K, as thin film of paste in nujol; w: weak; vw: very weak.

All complexes exhibit a band between 2200 and
2235 cm™ ' due to v(C=N) stretching vibration, which
is observed at 20-55 cm ™" higher frequency than that
in uncoordinated ligand. This behaviour is contrary to
what is expected from the n back-donation effect. The
higher frequency side shift of the v(CN) band seems to
arise from coupling of the stretching frequencies of the
two juxtaposed CN groups into symmetric and anti-
symmetric modes. In these complexes, the two CN
groups are linearly arranged. The v,i(CN) being IR
active is more likely to be observed at higher fre-
quency than that in free ligand. The magnitude of the
shift decreases, on going from iron through zinc metal
ion, and is in agreement with metal ligand m back-
donation. Unlike the poor m acidity of xanthates and
dithiocarbamates, the cyanodithioformate is a good 1t
acid. The difference lies in the nature of the « function
of the cyanodithioformate vis-a-vis other dithioacids.
In cyanodithioformate, the m functions of the —C<§
group interact with the p—r orbitals of the CN group.
Thereby, five © molecular orbitals are generated of
which only three are occupied. Contrary to this in
xanthates and dithiocarbamates, the © function of the
—C(% group couples with only one p—m orbital bearing a
lone pair on the O/N atom. Thus, out of the four «t
molecular orbitals, three are occupied [15]. The sym-
metry and energy of the \, function in cyano-
dithioformate is favourable for strong m interaction
with metal ions causing a decrease in the CN bond
order.

3.2. Magnetic properties

The magnetic moments of the solid samples were
measured at ambient temperature (25 °C) and the

observed values are listed in Table 1. It can be seen
that these values are invariably lower than those the
ones expected in high spin configurations. Literature
evidences suggest that bivalent manganese [16], iron
[17], cobalt [18] and copper [19] complexes with
xanthates and dithiocarbamates exhibit antiferromag-
netic coupling. Thus, the observed lower magnetic
moments for the analogous S,CCN™ complexes are
not unreasonable. The [Ni(S,CCN),] is expected to
possess square planar arrangement of donor ‘S’ atoms
[20] and hence is diamagnetic.

3.3. Electronic spectra

The prominent bands observed in the UV-VIS
spectra of these complexes are listed in Table 1.
Due to the poor solubility of these complexes, it is
likely that the d—d bands were not observed. However,
it is also possible that they lie in the NIR region. In
order to increase concentrations, the spectra were
recorded in thin films consisting of nujol pastes of
the compounds. The bands observed in the UV-region
primarily originate from n — n* and m — n* intrali-
gand transitions [4,5,15]. These bands are sensitive to
the nature of metal ion and thus indicate strong 7 back-
interactions. However, any definite trend could not be
deduced from these shifts.

3.4. Thermal studies

The TG and DTA of the compounds were recorded
under a dynamic N, atmosphere and some of the
important characteristics are listed in Table 2.

All complexes, except the Ni*" complex, decom-
pose in two steps. The first step occurs between 65 and
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TG, DTA characteristics of the complexes®

Complex

temperature (°C)

Decomposition Product expected

Residue at (330 °C)

DTA endotherms Phase change

in residue

T;

T¢

Nature

Mass expected
(calcd.) (%)

Nature Mass expected

(calcd.) (%)

Melting  Decomposition

100
190
185
155
100

65

[Mn(S,CCN);]
[Fe(S>CCN),]
[Co(S,CCN),]
[Ni(S>CCN),]
[Cu(S,CCN),]
[Zn(S,CCN),]

330
330
320
290
310
300

C3Sz
CS,
CS,
CS,

CsS,, CS

CS,

38.4(38.6)
30.4(29.2)
30.4(28.9)
26.4(28.9)
45.6(44.9)
27.6(28.2)

Mn(SCN)(NS)
Fe(CN)(S,CCN)
Co(CN)(S,CCN)
Ni(CN)(S,CCN)
Cu(CN)(SCN)
Zn(CN)(S,CCN)

61.6(61.4)
69.6(70.8)
69.6(71.1)
73.6(71.1)
54.4(55.1)
T2.4(71.8)

36-285
36-300

91 sh(w)
97 br(w)
97 sh(w)
91 sh(w)
90 br(w)
91 sh(w)

790 br(w)
812 sh(vs)
36-285 814 sh(vs)
36-290 903 sh(vs)
36-285 -
36-260 878 sh

“br: broad; sh: sharp; vs: very strong; w: weak.

100

80+

60—
40—

20+

—_

100

o

80
60—

o~
o
I

N
(=)
I

/o Weight remained or dw/dt ——>
S
(=)

60—
40—

20—

D

0
(a)

!
200

|
400

|
600

f ! I
800 1000 0 200 400
Temperature (°C) ——

! |
600 800 1000

Fig. 1. (a) TG and DTG curves of complexes 1-6. (b) DTA curves of complexes 1-6.
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Fig. 1. (Continued).

330 °C and brings about 25-45% mass loss, depending
upon the nature of the metal ion (Fig. 1a). This loss
corresponds to the loss of a CS, molecule. However, in
the case of Mn?*, this loss corresponds to C3S,, and for
Cu”" complex to both CS, and CS. The second mass
loss occurs beyond 800 °C for Mn, Fe and Co com-
plexes and between 400 and 600 °C for the zinc com-
plex. The copper complex exhibits a second gradual
mass loss beyond 380 °C. The nickel complex exhibits
two closely spaced mass loss steps between 155 and
210 °C (ca. 5% weight loss) and 210 and 300 °C ((ca.
21.4% weight loss) and there after no mass loss step
until 950 °C. The second mass losses possibly result
into the formation of metal nitrides. All these mass loss
steps correspond to broad endotherms in the DTA
curves (Fig. 1b). The first stage decomposition pro-
ducts of iron, cobalt, nickel and zinc complexes
undergo a phase transition between 800 and 900 °C,
seen as a sharp endotherm in the DTA scans.

The Freeman and Carrol method [21] was used to
evaluate the kinetic parameters from the steep part of the
TGcurves,i.e. between 195 and 315 °C for Mn”, Fe”,
Co”* and Cu®*, 210 and 290 °C for Ni** and 175
and 290°C for Zn>" complexes. The plots of
Aln(dw/dt)/Aln(wr) versus A(1/T)/AIn(wr) (where
Aln(dw/dt) = In(dw/dt); — In(dw/dt), , A(1/T) =
(1/T) — (1/T1o), Aln(wr); — In(wr);, ) for different
stages of the thermal decompositions are given in Fig. 2.
The frequency factor (In A) for the decomposition pro-
cesses were calculated using the following relationship:

(do/dr)] E,
ln[(l_a),,} —lnA—ﬁ (1

where (da/df) = (da/dT)" ¢, o is fraction decom-
posed, ¢ the heating rate and n the order of decom-
position reaction which was obtained from Fig. 2.
The T;, T1o and T} (initial temperature, temperature
for 10% and temperature for maximum mass loss for
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Fig. 2. Plots of Aln(dw/dt)/Aln(wr) vs. A(1/T)/Aln(wr) for the first step for complexes 1-6.

first step), T}, (temperature for maximum rate of mass
loss) have been used as the main criteria to indicate the
thermal stability of the complexes. Form the T}, and
T, value, the stability order of the complexes could be
given as Zn < Cu < Ni ~ Mn < Fe ~ Co.

The Ty, Too, T, (temperatures for 10 and 90%
decompositions and that for highest decomposition
rate), dmax (fraction decomposed at maximum decom-
position rate), (do/df),.x, activation energy (E,) and
frequency factor (A), are given in Table 3. The activa-
tion energy (E,) and frequency factor were also cal-
culated using the mechanistic models based on the
differential forms of the kinetic equations [22]. These

mechanistic models were assigned on the basis of the
DTG characteristics of the thermal decompositions
(Fig. 3) vis-a-vis the Arrhenius plots that gave the best
linear fit. Although, from the DTG characteristics the
Mn>" and Co*" complexes seem to follow Prout—
Tomkins (B;) mechanism, this gives unusually low
values for InA (—1.10, —0.39) and E, (14.9 and
179.9 kJ/mol, respectively). Instead, the first-order
(F;) mechanism for Co>" complex gives reasonable
values (InA = 15.40, E, = 91.6 kJ/mol). The values
for the D3 mechanism are given in Table 3 for all
complexes. The mechanistic model-based E, and In A
values for all complexes are comparatively much
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Data obtained from TG and DTG analysis: temperature characteristics, fraction decomposed at highest decomposition rate, maximum rate of
decomposition, half width of DTG curve and kinetic parameters®

Complex Temperatures (K) Lmax (do/df)max  Half Mechanistic parametersb Freeman and Carrol
x10? width parameters
Tio Ty T, Model E, InA(s) Order E, InA (s)°
(kJ/mol) (kJ/mol)

[Mn(S,CCN),] 495 566 538 0.556 1.56 46 D3 169.8 31.40 1.314 1153 21.04
[Fe(S,CCN),] 496 562 543 0.624 1.85 37 D3 163.4 29.94 0.479 61.4 8.10
[Co(S,CCN),] 496 563 533 0.508 1.53 62 D3 182.2 34.30 0.841 87.6 14.40
[Ni(S,CCN),] 502 550 539 0.683 2.13 47 D3 220.3 43.55 0.462 76.1 11.80
[Cu(S,CCN),] 496 563 544 0.644 1.57 50 D3 167.1 30.81 0.660 76.8 11.70
[Zn(S,CCN),] 466 543 525 0.690 1.33 54 D3 124.4 22.43 0.380 43.1 4.22

a

T,,: temperature at which (de/ds) is maximum.

® Mechanistic models (D3: three-dimensional diffusion with deceleratiory a—time curve).

¢ Calculated from In[(de/ds)/(1 — a)"] vs. 1/T plot.
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Fig. 4. Plots of In[(do/df)/F(e)] vs. 1/RT for D3 mechanistic model [F(x) = (3/2)(1 — a)**/(1 = (1 —2)'/?)].

higher vis-a-vis those obtained using Freeman and were evaluated using standard equations and the
Carrol method (Fig. 4). values thus obtained are given in Table 4. The values
The activation thermodynamic parameters, namely, of AS* were found to be negative but very small for all

enthalpy (AH"), entropy (AS™) and free energy (AG") complexes. This indicates that the transition states for

Table 4

Decomposition rate constant and thermodynamic parameters for the thermal decomposition process at 500 K

Complex k%10 (s7h AH" (kJ/mol) AS* (J/K mol) AG" (kJ/mol)
[Mn(S,CCN),] 1.252 109.79 —1.23 110.40
[Fe(S,CCN),] 1.263 59.45 —2.69 60.79
[Co(S,CCN),] 1.262 84.21 —-1.97 85.20
[Ni(S,CCN),] 1.489 72.17 —2.24 73.29
[Cu(S,CCN),] 1.149 74.04 —2.28 75.18

[Zn(S,CCN),] 2.156 41.49 —3.14 43.06
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these thermal decompositions are primarily intramo-
lecular, removing CS, in a concerted step and thus
do not exert any significant restriction on the vibra-
tional degrees of freedom. However, the higher order
observed for [Mn(S,CCN),] is suggestive of intermo-
lecular interaction for the removal of CzS, and is
in agreement with the nature of the decomposition
process.
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