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A kinetic investigation was carried out by means of a thermomagnetic analysis on two structural transfor-
mation reactions in solid phase: monomeric square planar-to-polymeric octahedral for Ni(N-Me-salam), and
polymeric octahedral-to-monomeric square planar for Ni(N-Ph-salam),. The polymerization process followed the
Avrami-Erofeev equation (n=2) with E,=303 kJ/mol and the monomerization followed the first order equa-

tion with E,=78 kJ/mol.

The thermal pyridine liberating reaction of Ni(N-Ph-salam),py,, involving an

octahedral-to-square planar transformation, has been investigated isothermally and found to follow the first

order equation with E,=167 kJ/mol.

Extensive investigations of the nickel(II) complexes
having the formula Ni(N-R-X-salam), (where N-R-
X-salam represents an anion of the Schiff bases derived
from the ring-substituted salicylaldehydes X-sal and
amine R-NH,) have revealed that the complexes exist
in several structural forms with different coordination
geometries: i.e., square planar,) tetrahedral, -3 di-
meric square bi-pyramidal, and polymeric octahed-
ral®® structures. Isomerization reactions in solid phase
have also been found to occur for some complexes
of these structural forms.?:¢-%) However, the kinetics
of the isomerization reaction has remained ambiguous.

In this work, the kinetics of the transformation reac-
tions in solid phase, monomer-to-polymer of Ni(N-
Me-salam), and polymer-to-monomer of Ni(N-Ph-
salam),, have been investigated by means of a ther-
momagnetic analysis measuring magnetic susceptibil-
ity changes of the sample under isothermal or dynamic
conditions.

Experimental

Materials. Diamagnetic dark green complexes, Ni-
(N-Me-salam), and Ni(N-Ph-salam), (Form I), were pre-
pared by the published procedure.”-8:10:1) The paramag-
netic light green modification (Form II) of Ni(N-Ph-salam),
was prepared in the following manner: the Form I complex
was saturated into dichloromethane (50 ml) at ca. 35 °C,
then to the solution was added ethanol (50 ml). The mix-
ture was kept at room temperature under stirring until light
green crystals separated.

The bis(pyridine) adduct Ni(N-Ph-salam),py, was pre-
cipitated from pyridine solution saturated with the Form
I complex by addition of ethanol.

Found for Form II: C, 69.07; H, 4.51; N, 6.39; Ni, 13.19
%. Calcd for CygH,N,O,Ni: C, 69.22; H, 4.44; N, 6.21;
Ni, 13.029%. Found for the pyridine adduct: Ni, 9.759%,.
Caled for CyeHyN,O,Ni: Ni, 9.64%,.

Neodymium oxide was purified by repeating the following
procedure: commercial reagent grade Nd,O; was dissolved
in aqueous HCI, and the solution was evaporated to dryness.
The residue was dissolved in water, and to the resulting
solution was added aqueous oxalic acid to precipitate neo-
dymium oxalate. The oxalate thus obtained was collected
on a filter, and then pyrolyzed at ca. 800 °C to give Nd,O,.
The purity was ascertained by Nd-content analysis using
the EDTA titration method.

Measurements. Thermogravimetric (TG) and differ-
ential scanning calorimetric (DSC) curves, and X-ray pow-

der diffraction patterns were recorded as described in a
previous paper.!? Reflectance spectra were measured by
means of an opal glass method'® using a Shimadzu MPS
5000 spectrophotometer. The isothermal weight-loss mea-
surements were made with a Sinku Riko micro DTA appa-
ratus TGD-3000-RH, under a constant flow of nitrogen.

A thermomagnetic analysis!¥ was carried out by using
a thermomagnetic analysis instrument which was constructed
by assembling a Faraday type magnetobalance and an
infrared lamp furnace.!® The sample was heated at a con-
stant heating rate or kept at a desired temperature with
a Sinku Riko temperature controller HPC-3000. On this
instrument the following thermomagnetic curves were re-
corded: the isothermal thermomagnetic curve (hereafter
abbreviated as ITM curve), obtained by plotting the mag-
netic susceptibility change of the sample against time while
it was kept under isothermal conditions; the sample was
usually heated to the desired temperature at a heating rate
of 200 °C min—!; and the dynamic thermomagnetic curve
(DTM curve), obtained by plotting the magnetic suscep-
tibility change of the sample under dynamic conditions
against temperature; the sample was usually heated at a
heating rate 1 °Cmin—'. These measurements were carried
out in a nitrogen atmosphere. The magnetobalance was
calibrated by wusing [Ni(en);]S;0; and Nd,O,;, and the
strenght of the applied magnetic field was regulated to an
appropriate constant value around 0.85T.

Results

The magnetic and electronic spectral data of the
complexes in the solid state are given in Table 1.
Whereas the dark green Form I isomer of Ni(N-Ph-
salam), is diamagnetic and is considered to have a
square planar structure,’® the light green Form II

TasLe 1. MAGNETIC AND ELECTRONIC SPECTRAL DATA
ﬂeffa) Vmaxb)
Complex . 10° et
Ni(N-Ph-salam),, Form I dia® 16.3
Ni(N-Ph-salam),, Form II 3.28 10.1, 16.6
Ni(N-Ph-salam),py, 3.09 9.9, 16.8
Ni(N-Me-salam), dia 16.6
Ni(N-Me-salam), 3.309 12.7, 18.0

a) Determined at room temperature, 22—25°C. b)
Powder reflectance. <¢) dia: Diamagnetic. d) See
Refs. 7 and 8.
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isomer prepared in the present work is paramagnetic
with u,,=3.28 gz. The electronic reflectance spec-
trum of the Form I isomer exhibits a peak with the
maximum at 16.3x103cm™! ascribed to the square-
planar crystal field band of Ni(IT), A, —!A,, tran-
sition,1® while the spectrum of the Form II isomer
is composed of two peaks with the maxima at 10.1
and 16.6x10% cm™!; these may be ascribed respec-
tively to the 3A,,—%T,, and 3A,,—%T,,(F) transitions
of the octahedral crystal field bands.!® The para-
magnetism and the spectral data are indicative of an
octahedral coordination and hence a polymeric struc-
ture for the Form II isomer.

The TG and DSC curves of the Form I and II
isomers of Ni(N-Ph-salam), are shown in Figs. l-a
and -b. No weight-loss is observed up to 320 °C in
these TG curves. In the DSC curves of both isomers,
however, an endothermic peak is observed at 280 °C
due to the melting. An exothermic peak at 210 °C
observed for the Form II isomer may be attributed
to the transformation reaction into the Form I isomer.
The X-ray diffraction pattern of the product obtained
by heating the Form II isomer at 230 °C coincided
with that of the Form I isomer.

As for diamagnetic Ni(N-Me-salam),, the TG curve
shown in Fig. 1-c exhibits no weight-loss up to 290 °C;
the DSC curve shows two endothermic peaks due to
the melting at 215 and 302 °C. The former melting

a A\

10% E x0,
o T ) S
v 4
- Endo. ':':
i
. A : <
ST
: H
in TS
<=
o0 -
o e e
=

"

<.
e
=217
—

d
\
:"l
L . . L
100 200 300
Temp/°C
Fig. 1. TG(——) and DSC(---) curves; heating

rate, 10°Cmin~l, in a static air atmosphere.
(a): Ni(N-Ph-salam), (Form I), (b): Ni(N-Ph-salam),
(Form II), (c): diamagnetic Ni(N-Me-salam),, (d):
Ni(N-Ph-salam),py,.
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is found to be followed by the solidification of the
melt; this does not disagree with the observation
under microscope by Sacconi et al.”) On heating
diamagnetic Ni(N-Me-salam), at 230 °C, a paramag-
netic complex was obtained which showed quite dif-
ferent X-ray powder pattern from that of starting
diamagnetic complex. Thus, the melting at 215 °C
is thought to occur together with the transformation
reaction of diamagnetic Ni(N-Me-salam), into the
paramagnetic complex; the latter melts at 302 °C
with a partial decomposition.

The DTM curve of the paramagnetic Form II
isomer of Ni(N-Ph-salam), is presented in Fig. 2.
When W mg of the sample is placed in the magnetic
field, the response of the electrobalance, W’ mg, is
expressed by Eq. 1:

W=W+Wy:H, (1)
where i is the apparent gram magnetic suscepti-
bility of the sample, and H, a constant value which
is determined by the apparatus and the strength of
the applied magnetic field. The DTM curve shown
by Fig. 2-a is obtained by plotting (W’'— W)/W value
vs. temperature under dynamic conditions of a heating
rate of 1 °Cmin. In this curve a large decrease
in the magnetic susceptibility of the Form II isomer
is seen in the 170—230 °C region. This may cor-
respond to the transformation reaction of the para-
magnetic Form II to the diamagnetic Form I isomer,
which is consistent with the results of the thermal
analyses. On the basis of the DTM data, Xyapn,
the apparent susceptibility per mole of Ni(II), not
corrected for the diamagnetism of all atoms, was
calculated by Eq. 2:

xxan = (W—W)M|(HW), 2

where M is relative molecular mass of the complex,
450.7. The H, value has been determined by using
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Fig. 2. DTM curve for Ni(N-Ph-salam), (Form II),
(a); plots of reciprocal Ywiqp vs. temperature, for
Form II, (b); sample, 18.40 mg. DTM curve for
diamagnetic Ni(N-Me-salam),, (c); sample, 18.40 mg.
Heating rate, 1°Cmin-'. On the dashed line in
the curve (a) magnetic-field strength was attenuated
to zero to check the base line,
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Nd,O; as a standard!” to be 8.40%x 10® under the
present experimental conditions; it is practically con-
stant in the range 25—300 °C. And the plots of re-
ciprocal xy,p against temperature give a curve shown
by Fig. 2-b. The curve indicates that a Curie-Weiss
dependence of the magnetic susceptibility of the Form
II isomer is broken at 165 °C; at this temperature
the transformation reaction from the Form II to Form
I isomer is thought to occur.

The ITM curves for the Form II isomer recorded
under isothermal conditions at 175.6, 180.9, 186.1,
and 191.3 °C are shown in Fig. 3. The apparent
gram susceptibility of the sample, 1;, can be expressed
by Eq. 3, where 2g, 2¢, and « are the gram sus-
ceptibilities of the Form I and II isomers, and the
molar fraction of Form II transformed into Form I,
respectively:

M-yg = [x5(1—0)+ x5-a]M. 3
Then, the « value is given as
= (Xz—xs)/(Xs—2%) - )

The x: value was found to be practically zero and
x:' was evaluated from a Curie-Weiss dependence,
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Fig. 3. ITM curves for Ni(N-Ph-salam), (Form II);
polymer-to-monomer transformation under isothermal
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t.e., by extrapolating the linear part below 165 °C
of the line in Fig. 2-b to each desired temperature.
As shown in Fig. 4, the transformation reaction pursued
at four different temperatures is found to be well
described by the first order equation: —In(l—a)=
kt, where k£ and t are the rate constant and time. On
the basis of these data, the activation energy E, and
pre-exponential factor 4 in the Arrhenius equation
were determined to be 78 kJ/mol and 1x107.

In the case of diamagnetic Ni(N-Me-salam),, the
DTM curve shown in Fig. 2-c¢ indicates that the mag-
netic susceptibility begins to increase gradually at
190 °C, and rapidly increases at >215 °C, which cor-
responds to the DSC peak temperature due to the
melting. The ITM curves recorded at 186.7, 191.3,
and 197.7 °C for the transformation to the paramag-
netic form are shown in Fig. 5. In this case the i
and xg' in Eq. 3 are the gram magnetic susceptibilities
of the paramagnetic and diamagnetic Ni(N-Me-salam),,
respectively. The x; values at these temperatures
were determined after the reaction was completed,

and x;' was found to be practically zero. As shown
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Fig. 4. First order rate plots for polymer-to-monomer

conditions. transformation of Ni(N-Ph-salam), (Form II).
TasLe 2, KINETIC DATA OF TRANSFORMATION REACTIONS IN SOLID PHASE
Reaction E, k Tem
Complex —— ——-—’1_—1 log (4/min™?) ) 5 P
Mode Scheme kJ mol 10-2 min C
Ni(N-Ph-salam), a) —In (1—a)=Fkt 78+ 5 7.0+0.6 0.723 175.6
0.867 180.9
1.13 186.1
1.46 191.3
Ni(N-Me-salam), b) —In (1 —a)=(kt)2 303411 33+2 3.76 186.7
7.81 191.3
24.9 197.7
Ni(N-Ph-salam),py, c) —In (1 —ea)=kt 167412 22+1 0.668 86.8
0.937 88.8
1.23 90.6
1.73 93.0

a) Polymer-to-monomer. b) Monomer-to-polymer.

¢) Monomer(octahedral)-to-monomer(square-planar).
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Fig. 5. ITM curves for diamagnetic Ni(N-Me-salam),;
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Fig. 6. Plots of In[—In(l —«)] vs. In(¢) for monomer-
to-polymer transformation of Ni(N-Me-salam),.

in Fig. 6, the transformation isotherms thus obtained
are well fitted to the Avrami-Erofeev equation:1®)

—In[—In(1—a)] = (kt)». [p=1.94—2.02] )

The kinetic parameters, £, and 4, were calculated
to be 303 kJ/mol and 1x10%, respectively.

For the purpose of comparison, the thermal dis-
sociation reaction of the axial pyridine molecules of
Ni(N-Ph-salam),py, has been subjected to kinetic anal-
ysis. The DSC curve of the adduct shown in Fig.
1-d exhibits two endothermic peaks at 140 and 280
°C; the former peak is accompanied by 26.09, weight-
loss in the range 100—150 °C, which corresponds to
the elimination of 2 mol of pyridine per mol of the
adduct, while the latter one is accompanied by no
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Fig. 7. First order rate plots for pyridine-liberating
reaction of Ni(N-Ph-salam),py,.
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Fig. 8. Skeletal representation of monomer-to-polymer
transformation.

weight-loss, and corresponds to the melting of the
Form I isomer of Ni(N-Ph-salam),. The X-ray dif-
fraction pattern of the sample obtained after heating
at ca. 150 °C. was identical to that of an authentic
Form I isomer. The pyridine-liberating reaction of
the adduct could easily be followed by the isothermal
weight-loss measurements. The liberation isotherms
obtained at 86.8, 88.8, 90.6, and 93.0 °C fit well to
the first order equation, as shown in Fig. 7. The
kinetic parameters, E, and ‘4, were calculated to be
167 kJ/mol and 1x10%2, respectively.

Discussion

The polymerization reaction of Ni(N-Me-salam),
including the alteration of the spin-state of central
Ni(II), singlet(monomer)-to-triplet(polymer), has been
considered to progress through the further coordination
of the phenolato oxygen atoms in the complex molecule
to a Ni(Il) ion of adjacent molecules at the apical
position, forming octahedral coordination geometry
around the Ni(II) ion, as drawn above.®) The poly-
merization kinetics is found to be depicted by the
Avrami-Erofeev equation with n=2, suggesting that
the reaction rate is determined either by two dimen-
sional growth of nuclei'® or by random nucleation
and one dimensional growth of nuclei.?® By taking
into account the fact that the proposed polymeric
structure includes a one-dimensionally extended mono-
mer, the latter model seems to be preferable for the
present polymerization. On the other hand, the mono-
merization reaction of Ni(N-Ph-salam), includes the
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spin-state alteration of Ni(II), triplet(polymer)-to-sin-
glet(monomer); the monomerization kinetics fits the
first order equation. The thermal pyridine liberating
reaction of Ni(N-Ph-salam),py,, which occurred with
the accompanying triplet-to-singlet alteration of Ni(II)
and the formation of monomeric Ni(N-Ph-salam),,
is also depicted by the first order equation.

As shown in Table 2, the larger E, and A4 values
for the polymerization of Ni(N-Me-salam), than those
for the monomerization of Ni(N-Ph-salam), could be
understood by speculating that the progress of the
polymerization requires more extensive movement of
the molecules than that of the monomerization does.

We can compare the polymer complex and the
pyridine adduct of Ni(N-Ph-salam),, both having
octahedral and triplet Ni(II); the larger E, value for
the pyridine-liberating reaction than for the mono-
merization reaction seems to reflect a weaker associa-
tion interaction than the adduct-formation interaction.
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