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The paper deals with the chemical and physical factors influencing the thermal octahedral 
square planar changes of nickel(II) complexes in the solid phase. The relationship between these  
transformations and the tetragonal distortion of the octahedral ligand field is discussed. 
Depending on the coordination of the ligands, these transformations can be divided into two 
groups: octahedral monomer ~-, square planar monomer, and octahedral polymer ~ square 
planar monomer changes. Attention is directed only to octahedral and square planar Ni(II) 
complexes (square planar complexes with chromophores [NiN,], [NiN202] and [NiO,]), which 
can be isolated in the solid state before and after heating. The possibility of such a con- 
figurational change seems to be dependent upon the thermal stabilities of the initial and final 
complexes, the electronic and steric properties of the ligands, the complexing ability of the 
central atom, and particularly the equatorial-axial interactions of the ligands via the central 
atom. 

The development of catalysis during the past two decades has been characterized 
by the wide application of metal complexes as catalysts. With unchanged catalytic 
technologies, coordination compounds have been used as solid heterogeneous 
catalysts (anchored complexes on inorganic supports, surface complexes, etc.) [1]. It 
is known [2] that the catalytically active complexes possess at least one free position 
in their coordination spheres, and they therefore, have often an energetically less 
advantageous arrangement of the ligands around the central ion. The nickel(II) ion 
forms complexes with various configurations (mainly octahedral and square 
planar [3]), between which thermal mutual transformations can occur. From this 
a~pect, attention has been paid to theoretical suggestions and experimental data 
.concerning the thermal octahedral ~ square planar changes of solid nickel(II) 
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1054 JONA: THERMAL PROPERTIES OF SOLID NICKEL(II) 

complexes (square planar complexes with [NiN4], [NiN202] and [NiO4] ) 
chromophores). 

Recent studies of Ni(lI) complexes by means of thermal analysis indicated that 
there are two types of thermal reactions involving the configurational change 
described above [4, 5]. One type is thermal decomposition (TD), when the 
complexes lose volatile ligands and configurational changes occur. Another type is 
thermal isomerization (TI), involving transformation without the liberation of any 
ligands. On the other hand, the octahedral ~-~ square planar changes may be further 
divided with regard to the coordination mode of the ligands into octahedral 
monomer ~ square planar monomer and octahedral polymer ~ square planar 
monomer. The following study considers both of these 'types of thermal 
transformation of Ni(II) complexes which can be isolated in the solid state before 
and after heating. 

Tetragonal distortion in solid pseudo-octahedral 
nickel(II) complexes 

The transition from one type of coordination polyhedron (e.g. octahedron) to 
another (square plane,) may be judged with regard to the tetragonal distortion of the 
octahedral ligand field (Fig. 1). The simple ligand field theory predicts that the 
triplet 3A 2 state (paramagnetic) must always lie below the singlet IE state (the latter 
state would impose diamagnetism) for all values of the ligand field strength (A0). All 
regular octahedral complexes of Ni(II) must therefore show a paramagnetism 
corresponding to the presence of two unpaired electrons. The situation changes, 
however, whenever axial distortion is applied to the originally regular octahedral 
field. Such distortion lowers the symmetry from Oh to D4h and is accompanied by a 
further loss in degeneracy of the d orbitals (Fig. 2). When this tetragonal distortion 
is large, the energy of separation between the dx2_y2 and dz~ orbitals (A 1) or between 
the dx~_ y2 and dxy orbitals (A 2) may exceed the electron-pairing energy (E,). In this 
case there will be a change in magnetic moment from ca. 3.0 B.M. to zero. It is clear 

( 2 . 4 )  (6) (4.2) (4) 

Fig. 1 Scheme of coordination polyhedra of nickel(II) complexes (with corresponding cooromatlon 
number) with regard'to the tetragonal distortion of the octahedral ligand field 
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Fig. 2 Splitting of orbitals in octahedral, tetragonal and square planar ligand fields for Ni(II) 
complexes; A: octahedral complex [NiLr]; B, C: tetragonal complex (NiL4X2]; D: square planar 
complex [NIL4] 

that tetragonal distortion leads, in the limit, to square planarity and a coordination 
number of four. Proceeding in the reverse direction for a square planar complex 
[NIL4] which interacts along the z axis with two tigands X, there will be a reduction 
in the energy of separation (A 1 or A 2) of the two highest-energy orbitals. For weak 
interactions, such as would be caused by ligands low in the spectrochemical series 
(e.g. C10 Z and BFZ) [3], A 2 may still exceed the pairing energy. On the other hand, 
if the separation of the ligands L and X in the spectrochemical series is relatively 
small (e.g. py and NCS-),  then A may be less than the pairing energy and a change 
in spin multiplicity will occur. The distorted octahedral and square planar Ni(II) 
complexes may then be high or low-spin, depending on A and E,. The square planar 
complexes, however, have large values of A and are diamagnetic, and pseudo- 
octahedral Ni(II) complexes are mostly paramagnetic. 

In the solid state, however, there are many further factors which influence the 
interatomic distances and configurational transformations. Therefore, useful 
correlations must be based on a great many structural results, and a statistical 
elaboration of the data is necessary [6]. The mean value of the central atom--ligand 
distances in the equatorial plane is denoted by R e and that. for the distances in the 
axial direction by R a. 

The correlations between the values of Ra and R e have been found individually 
for several chromophores (Fig. 3). Increase in R, results in a shortening in R e and 
vice versa. This correlation has been classified as an equatorial--axial influence of 
the ligands [6, 7]. This term expresses the collective interaction of ligands in the 
equatorial plane versus that of those in the axial positions through the central 
atom. Figure 3 demonstrates a higher rigidity of Ni(II) complexes in comparison with 
Cu(II) complexes, manifested by the configurational change (octahedral to square 
planar) and usually by a change in the spin state. 

11" J. Thermal Anal. 34, 1988 
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Fig. 3 Plot of Ra vs. Re for Cu(II) and Ni(II) complexes: �9 - -  [MN6] chromophore; [] - -  [MN402] 
chromophore; x - -  [ M N j  chromophore 

Classification o f  thermal octahedral  ,-~ square planar 
transformations 

These stereochemical changes may be divided (with regard to the coordination 
mode of  the ligands) into octahedral monomer ~ square planar monomer and 
oetahedral polymer ~ square planar monomer transformations. 

The octahedral monomer (Oh) ~ square planar monomer (Sq) changes can be 
represented by the following schemes (Oh' = anated octahedron): 

TD TI 
1 [N i (H20)2Ln]X2  L 2 H 2 0  * [NiLn]X2 ..* [NiLnX2] (1) 

(Oh) (Sq) (Oh') 

(L = unidentate  or  bid~l~fite neutral  liff~nd, X = u n c o o r d i n a t e d  an ion  or 
unidentate  an ionic  l igand.) 

TD 
2 [Ni (H20)zLnX2] .  m L  _ 2 H 2 0  ~ [NiL"X2] (2) 

(Oh) - mL (Sq) 

(L = unidentate  neutral  l igand, X = unidentate  anionic  l igand.) 

J. Thermal Anal. 34, 1988 
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,-,. TD ,-, 
3 [NiL2(X X)2 ~ [Ni(X X)2] (3) 

(Oh) (Sq) 

( L  = unidentate neutral ligand, X X = bidentate anionic ligand:) 

[Ni(H20)2L(X'-" )]Y X TD ,-, 4 - 2H20 ' [NiL(X X)]Y (4) 

(Oh) (Sq) 

(L = bidentate neutral ligand, X X = bidentate anionic ligand, Y = uncoordi- 
nated anion:) 

The square planar monomer ~octahedral polymer (Oh(p)) changes can be 
expressed by the following reactions: 

1 n(NiL=X2) 

(Sq) 

�9 TD 
, [ 1 . . . ~dn  (5) 

- n(mL) 
(Oh(p)) 

[L = unidentate neutral ligand, X = monodentate anionic ligand (m=2) or 
uncoordinated anion (m = 4) in initial complex.] 

TI --, 
2 n[Ni(X X)2] , [Ni(X X)2], (6) 

(Sq) (Oh(p)) 

(X X = bidentate anionic ligand. The initial square planar complex is transformed 
to a polymeric pseudo-octahedral complex without the liberation of any ligands.) 

T h e r m a l  o c t a h e d r a l  m o n o m e r  *-, s q u a r e  p lanar  m o n o m e r  

t r a n s f o r m a t i o n s  

1. Reactions of the type 

TD TI 
[Ni(H20)2Ln]X 2 ~ [NiLn]X 2 ,'} [NiLnX2] 

(Oh) (Sq) (Oh') 

The studied changes are summarized in Table 1. 
i) L = unidentate neutral ligand: This stereochemical change has been observed 

in Ni(II) complexes with pyridine and imidazole derivatives (Table 1). The 
coordinating ability of anionic axial ligands generally gives rise to pseudo- 

J. Thermal Anal. 34, 1988 
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Table 2 Stereochemistry of the solid NiLaXa complexes 

1059 

L pK. 
Stereochemistry 

C1 Br I C10 ,  BF ,  

py 5.17 
3-Mepy 5.68 

4-Mepy 6.02 
3,4-Mezpy 6.46 
4-NH 2PY 9.17 

Oh Oh Oh Oh Oh 
Oh Oh Oh Oh Oh 

Sq Sq 
Oh Oh Oh Sq Sq 
Oh Oh Sq Sq Sq 

�9 Oh Oh Sq Sq Sq 
Sq Sq 

Table 3 Possibility of thermal Sq --,Oh transformation of NiL,X 2 " nH20 complexes 

X 
bimd abi 

CI - -  Sq --*Oh 
Br - -  Sq ~ O h  
I Sq ~ O h  decomposed 
NO 3 Sq ~ O h  Sq --*Oh 
CIO 4 decomposed decomposed 
SO. - -  decomposed 

(bimd = benzimidazole, abi = aminobenzimidazole) 

octahedral or square planar complexes NiL4X 2 (Table 2). with increasing basicity 
of the nitrogen-containing ligands and with decreasing coordination ability of 
anionic axial ligands, the probability of formation of square planar complexes 
increases [8]. f 

The possibilities of the transformation from a square planar configuration to an 
octahedral one on the isothermal treatment of benzimidazole and 2-aminobenzimid- 
azole complexes (Eq. (7)) are summarized in Table 3. 

(L = bimd, abi). 

[NiL, , ]X 2 �9 n i l 2 0  -- n H 2 0  , [NiL4X2]  
170-230 ~ 

(Sq) (Oh') 

(7) 

The results suggest that the ionic radii of the anions in bimd complexes are 
important as a stereochemical requirement for the preparation of the starting 
complexes and for the configurational transformation. The formation of the square 

J. Thermal Anal. 34, 1988 



1060 JONA: THERMAL PROPERTIES OF SOLID NICKEL(II) 

planar species in abi complexes seems to depend on steric hindrance by the amino 
group introduced and on the higher basicity of the abi ligands surrounding the 
nickel(II) ion. Another feature of the abi complex is that thermal configurational 
transformation favours tetragonal distortion in the products of heating relative to 
the bimd complexes [10, 11]. 

ii) L = bidentate neutral ligand: Table 4 summarizes the results of the thermal 
structural transformations of nickel(II) complexes with N- and C-substituted 
ethylenediamines. When the original species are octahedral, e.g. the diaqua- 
bis(diamine)nickel(II) complexes, they are denoted by Oh in this Table. When 
heated, they change in one of three ways: simple deaquation leading to a square 
planar species: Oh ~ Sq; single-step deaquation--anation (coordination of anionic 
ligands) leading to an octahedral dianiono species: Oh-+Oh' ;  and two-step 
deaquation--anation: Oh ~Sq-+Oh '  (Fig. 4). When the original species are 

Table 4 Thermal structural changes in v~,ckel(lI) complexes with N- and C-substituted 
ethylenediamines of the type [Ni(H20)2(N N)2]X z 

NN 
X 

.CI Br I NO 3 C104 

N N-dmen 
N N-deen 
N N-dmen 
N N-deen 

pn ~ 

phenen 
i-bn 
m-bn 
dl-bn 
m-stien 
dl-stien 

Oh ~ O h '  Oh --+Oh' Oh --,Oh' Oh --.Oh' - -  
Oh --+Oh' Oh -+Oh' Oh -~Oh' Oh --+Oh' Oh ~Sq  a 
Oh ~ Oh' Oh --+Oh' Oh ~Sq  Oh --+Oh' - -  
Oh -~Oh' Oh ~Sq  Sq b Sq Sq 

Oh --+Oh' Oh --*Oh' - -  Oh --*Oh' Oh ~Sq  
Oh --*Oh' Oh --+Oh' Oh ~Sq  --+Oh' Sq 
Sq --* Oh' Sq Sq Sq Sq 

Sq Sq Sq Sq ,~Oh' Sq 
Oh ~ S q ~ O h '  Oh ~ S q ~ O h '  Oh ~Sq  Oh --,Sq 

Sq Sq Sq Sq Sq 
Oh ~ S q ~ O h '  Oh ~Sq --+Oh' Sq Oh ~Sq  --.Oh' Sq 

a at 1.65 ~ at 130 ~ Oh --+Oh 
b only give the anhydrous square planar structure 
c see Table 1 

H~O 

H20 

X2nHzO 
- in z;r~zu 

. . . . . .  N 

\Ni"~,' ) AT Xz 

L X 

Fig. 4 Thermal reaction scheme of Oh ~Sq  -~Oh' transformation in nickel(lI) diamine complexes 

J. Thermal Anal. 34, 1988 
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square planar, they may remain unchanged upon heating, or they may be converted 
into the octahedral dianiono species: Sq ~Oh' .  

The configurational change is dependent upon the positions to which the 
substituents are attached and upon the nature of the substituents. In the complexes 
containing NN'~dmen and NN'-deen (two methyl or ethyl groups are bonded to 
different nitrogen atoms), all the complexes undergo the coordination of anionic 
ligands X after liberating coordinated water (except for CIO~- together with NN'- 
deen ligands). On the other hand, in the complexes containing NN-dmen or NN- 
deen (two alkyl substituents are bonded to the same nitrogen atom), the 
configurational change Oh ~ S q  takes place (Table 4), while the iodide and 
perchlorate NN-deen complexes give only the anhydrous square planar complex. 
Such differences are probably due to the larger steric hindrance of the NN- 
disubstituent against the coordination of anionic ligands than that of the NN'- 
disubstituent. The difference in behaviour as concerns the configurational change 
between the NN-dmen and NN-deen complexes (the latter has been found to turn 
or assume a square planar configuration more easily) is possibly attributable to the 
bulkiness of  the ethyl group relative to the methyl group [13, 14]. 

In the case of Ni(II) complexes with C~substitutedethylenediamines, it can be seen 
that pn and phenen complexes easily undergo deaquation--anation, either in one 
step or in two. An important reason for this easy anation is to be found in the 
structure of the planar complex [Ni(NN)2] 2 +. It is clear that there is enough space 
above and below the plane to permit the anation of counter ions (the bulky phenyl 
groups can occupy the equatorial positions in the plane containing two diamines). 
On the other hand, in the complexes i-bn, m-bn or m-stien, at last two of their 
substituents are forced to occupy the axial positions and the Sq configuration is 
stabilized. For the Sq -~Oh' transformation to occur, the ateric hindrance of the 
ligands should be intermediate [5, 15-17]. 

2. Reactions of the type 

TD 
[Ni(H20)2LnX2] "mL , [NiL,,X2] 

- 2H20 
- m L  

can be represented by reaction (8): 

[Ni(H20)2L2(NCS)2] 12L - 2H20, - 2L , [NiL2(NCS)2] (8) 

(Oh) (Sq) 

(L = qn [18-20], 4-Meqn [21] and 6-Meqn [22].) 

It has been found [4, 20] that the initial complex with L = qn exhibits different 

J. Thermal Anal. 34, 1988 
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courses of thermal decomposition for the coarse-crystalline (cc.) form and the 
powder (p.) form. In the decomposition of the starting compound in the cc. form, a 
quinoline solution is produced, from which the thermodynamically more stable 
square planar isomer crystallized. In the decomposition of the starting compound 
in the p. form, the liquid phase was not observed macroscopically. Due to this 
circumstance, the pseudo-octahedral isomer Ni(qn)2(NCS)2 was formed. 

,'~ TD ,-, 
3. Reactions of the type [NiL2(X X)2 ] ~ [Ni(X X)2 ] 

(Oh) (Sq) 

i) X X = N O :  Structural changes and kinetic data for thermal pyridine 
(L = py) dissociation from the bis-pyridine adducts of bis(N-alkyl or aryl- 
substituted salicylindeneaminato)nickel(II) (abbreviated as [Ni(N-R-X- 
salam)2py2], Fig. 5) are summarized in Table 5 [23, 24]. On pyrolysis, these pyridine 

Fig. 5 Bis(pyridine)-bis(N-alkyl 
salam)2pyz] 

or aryl-substituted salicylideneaminato)nickel(II): [Ni(N-R-X- 

adducts of Ni(II) with an octahedral configuration liberated pyridine to leave 
products with the formula [Ni(N-R-X-salam)2]. The products obtained from 
compounds 1, 2, 7-15 were square planar, while those from 3-6 were pseudo- 
octahedral. The values of the activation energy (Ea) increased with increase in the 
electron-withdrawing property of the substituents; these values were considered to 
reflect the kinetic bond stability between the central atom and the axial pyridine 
ligands [23].  The A H  values of bis(pyridine)-bis(N-alkyl-substituted- 
salicylideneaminato)nickel(II) depend on the nature of R and X (products 7-13). 
The logarithmic values of the rate constants decreased linearly with increase in AH, 
indicating that the kinetic bond stability could be correlated with the thermody- 
namic bond stability with respect to the Ni(II)-pyridine linkage [20]. Whether 
pyridine dissociation gives rise to a square planar or octahedral complex is not 
determined purely by the Ea values. As far as the present complexes are conceimed, 
the rater morebulky R seems to favour the pseudo-octahedral form (Table 5). 

ii) X X = O O: Extensive investigations have been performed on the nickel(II) 
chelates of pentane-2,4-dione, of which bis(pentane-2,4-dionato)nickel(II)dihy- 

J. Thermal Anal. 34, 1988 
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Table 5 Thermal  structural change and kinetic data  of  pyridine liberation reactions o f  [Ni(N-R-X- 
salam)2py~] complexes 

Structural Eo, kJ mo1-1 AH, 
No. X R 

change izotherm, dynam, kJ m o l -  1 

1 H C6H s Oh ~ S q  167+ 4 - -  - -  
2 H F-C6H ~. Oh o S q  163+ 4 - -  - -  

3 H MeO-C6H 4 Oh  ~Ohtpl  ~ 97 4- 5 - -  - -  

4 H Me-C6H 4 Oh ---,Oh~p) 159 4- 14 - -  - -  

5 H C1-C6H 4 Oh --,Ohtp~ 173 + 12 - -  - -  
6 H Br-C6H 4 Oh --,Oh~v ~ 172 4-13 - -  - -  

7 5-MeO Me Oh --*Sq 73+  5 734-0.2 115:t: 1 

8 5-Me Me Oh ~ S q  89 4-11 80 + 0.5 121 4-1 

9 H Me O h ~ S q  864- 3 82•  131: t :2  
l0 5-F Me Oh - ,S q  674- 10 694-0.3 127:t:3 
11 5-CI Me Oh  ~ S q  8 1 5 : 4  83+0 .3  147=t:3 

12 5-Br Me Oh ~ S q  844-10 81 4-0.5 140:t:7 
13 5-NO 2 Me Oh ~ S q  944- 4 96+  1.0 1654-2 

14 H Et Oh  ~ S q  - -  83+0 .7  1254-6 
15 H n-Pr Oh  --*Sq - -  71 4-0.6 1184-3 

a monomeric  oetahedral --,polymeric oetahedral change 

"%/" o/o' o 
I %./?0 %" 

\C - - -~1%- - - 'E  / H/~ o//~jo 
A) B) 

Fig. 6 Proposed pseudo-octahedral  structure o f  bis(pentane-2,4-dionato)nickel(II) dihydrate (A) and  
anhydrous  trimeric chelate (B) 

drate can be obtained most easily. The structure of this dihydrate is similar to that 
of the cobalt(II) complex dihydrate [25] (Fig. 6, A). 

The dehydration of this dihydrate affords the anhydrous trimeric chelate, in 
which Ni(II) is octahedrally coordinated [26] (Fig. 6, B). However, when the 
terminal methyl groups in pentane-2,4-dione are replaced by t-butyl groups, the 
steric hindrance between the substituents completely prevents trimerization, and 
the chelate is a spin-paired red planar chelate [27]. Similar observations have been 
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made with the ligands R ~ O - - C H 2 - - C O  C(CH3) 3 [28], where R is p-tolyl, p- 
anisyl, p-chlorobenzyl, p-bromobenzyl or p-nitrobenzyl. The octahedral ~ square 
planar transformation of these complexes seems to be connected with the steric 
hindrance of one substituent in the p position on the phenyl ring, and thus the 
formation of the trimeric chelate is more complicated. 

4. Reactions of  the type 

.-, TD [NiL(X'-X)]y 
[Ni(H20)2L(X X)]Y _ 2H2C ~ 

(Oh) (Sq) 

This kind of octahedral --}square planar change was observed in studies of the 
mixed complexes [Ni(HzO)2 (tmen)(acac)]Y, which are dehyrated as follows on 
heating (29-31]: 

-- 2H20 
[Ni(H20)2(tmen ) (acac)]Y A T 

(blue, Oh) 

, [Ni(tmen) (acac)]Y 

(red, Sq) 

acac = acetylacetonate 

(9) 

(tmen = N,N,N,N-tetramethylethylenediamine, ion, 
Y = I, C104). In this type of chelate, an anion with very poor coordination ability 
(e.g. C104) acts as the counter ion, while the complex cation contains either two 
water molecules or a bidentate anion with, relatively strong coordination ability 
(e.g. NO~) in its coordination sphere [30]. When Y = Br, thermal decomposition 
occurs in the following way [31]: 

, [Ni(tmen)(acac)2] + 

(10) 

-- 4H20 
2[Ni(H20)2(tmen ) (acac)]V A T 

+ [Ni(tmen)Y2] 

T h e r m a l  square  p lanar  m o n o m e r  ~-~ o c t a h e d r a l  p o l y m e r  

t r a n s f o r m a t i o n s  

TD 
Reactions of the type n(NiLmX2) _ n(mL) ' [NiX2]n 

(Sq) (Oh(p)) 

i) m = 2; L = q-Rpy 
The thermal structural changes of the complexes [Ni(q-Rpy)2(NCS)2], depend- 

ing on the various positions and nature of the substituents (q and R, respectively), 
are given in Table 6 [32-35]. These pseudo-octahedral complexes with the 
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substituent in the 4 or 3 position on the pyfidine ring liberate Rpy molecules on 
heating and form products with the composition (Ni(Rpy)I(NCS)2 or Ni(NCS)2 
with a more polymeric octahedral structure (similar changes were observed for 
L = 2-Clpy and 2-Brpy). However, the complexes with an alkyl substituent in the 2 
position (~t position) show the configurational change square planar-~more 
polymeric octahedral (Oh"(p)) (the hexacoordination is completed by the adjacent 
structural units [36]). 

The substituent in the 2 position on the pyridine ring leads to a steric interaction 
between the R and NCS groups, resulting in destabilization of the structure. 
Stabilization can be achieved by twisting of the pyridine ring out of the equatorial 
plane (Fig. 7). 

C7 '~" " ~ C 4  
C3 

Fig. 7 The position of 2,5-Me2py in relation to the [NiN4] plane 

The 2 substitucnt of the twisted pyridine ring makes interaction in the axial 
position more difficult, and thus the formation of complexes with the coordination 
number four is understandable. With regard to the relatively strong ligand field of 
NCS groups (in contrast with the weaker ligand field of Cl - and Br- ,, for example), 
it is not surprising that the square planar configuration is preferred in the complexes 
Ni(2-Rpy)2(NCS)2 [37]. In the complexes with 2-Clpy and 2-Brpy, however, 
pseudo-octahedral configuration is achieved. This result can be explained by the 
different electronic properties of 2-Rpy. Alkyl substituents exhibit a positive 
inductive effect (+ I), and consequently the basicity and a-bonding ability of 2-alkyl 
substituents should be greater than those of halogenopyridines (the sequence of the 
base strengths is as follows: 2-Mepy = 2-Etpy> 2-Brpy> 2-Clpy, in accordance 
with the pKo values: 5.97 = 5.97 > 0.90 > 0.72, respectively) [37]. These properties 
of  the 2-alkylpyridines are evidently sufficient for them to form stable square planar 
complexes. A similar influence of the 2-alkyl substituent on the structural changes 
was observed during t he  thermal decomposition of nickel(II) isothiocyanate 
complexes with dialkylpyridines (Table 6) [35]. Considerable steric hindrance may 
also be assumed in complexes with dialkylamines as neutral ligands [38, 39]. 
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Table 7 Kinetic and thermodynamic data of thermal decomposition of NiL2(NCS)2 complexes 

Reaction E. b, AH, 
L Structural change 

scheme a kJ m o l -  1 kJ tool-  1 

PY 
3-Mepy 
qn (II) 
2-Mepy 
2,5-Me2py 
qn(I) 

A Ohtp ~ ~Ohi~,~ c 1234-6 132+ 7 
B Oh~p~ ~ Oh~p ~ ~ Oh~,~ ! 16 4- 6 123 4- 6 
A Oh~p ~ ~ O h ~  102 4- 5 116 + 6 
A 954-5 102+5 
A Sq ~ O h ~  1174-6 1264-6 
A 1284-6 119+6 

- 2 L  
~ A: NiL2(NCS)2 , Ni(NCS)2 

- L  
B: NiLe(NCS)2 ~ NiL(NCS)2 

b using the isothermal method [41-43] 
c see Table 6 

- L  
, Ni(NCS)2 

n[Ni(imd)4]X2 

(Sq) 

(X = Br, I; imd = imidazole). 

Kinetic and thermodynamic data on the thermal decompositions of the 
complexes NiL2(NCS)2 (L = pyridine and quinoline ligands) are given in Table 7 
[40-44]. The values of Ea decrease in the following sequences: 

a) Ea(L = py) > E~(L = 3-Mepy) > Ea(L = quin) for the Oh(p) ~Oh"(p) trans- 
formations; and 

b) Ea(L = quin(>E~(L = 2,6-Mepy)>E,(L = 2-Mepy) for the Sq---,Oh"(p) 
transformation. The reaction rate increases in the same sequence. The observed 
increase in reaction rate for the initial pseudo-octahedral complexes (a) with more 
voluminous ligands permits the suggestion that the course of the reaction 
corresponds to dissociative activation [41, 43]. For initial square planar complexes 
(b), the contrary was found, indicating associative activation [42, 43]. With the 
exception of [Ni(qu)2(NCS)2](II), the decomposition enthalpy (AH) is higher than 
the activation energy [44] in all cases, and it has to be assumed that intermediates 
are formed in all reactions (with coordination number 5). 

ii) m = 4; L = imd: 
This case of thermal square planar ~octahedral change was observed in 

reactions (11): 

T D  
- 4 imd ' [NiX2]n (11) 

(Oh(p)) 

The compounds [Ni(imd)4]X2 with X = Br and I form square planar low-spin 
compounds with a very strong Ni--imidazole bond, in contrast with [Ni(imd)4C12] 
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and [Ni(imd)4(NCS)2 ], which are paramagnetic. This agrees with the observed 
decomposition enthalpies: for X = NCS, (AH= 98.4 kJ mol-1), X = C1 
(AH = 102.2 kJ mol 1), X = Br (AH = 118.5 kJ mo l -1 ) ,  X = I 
(AH = 121.8 kJ mol-  1) [9]. Comparison with the AH values of the corresponding 
pyridine compounds confirms that imidazole and pyridine are similarly bound to 
Ni(II). Observed differences are all within experimental error, except for 
[Ni(imd)4]X 2 (X = Br, I), which are square planar. 

2. Reactions of the type 

i )  X X  = N O :  

n[Ni(X~X)z] TI .-. , [Ni(X X)z]. 

(Sq) (Oh(p)) 

Thermal isomerizations in the solid phase have been found to occur for nickel(II) 
complexes having the formula Ni(N-R-X-salam)2 (where N-R-X-salam represents 
an anion of the Schiffbases derived from the ring-substituted salicylaldehydes X-sal 
and amine R-NH2) [45-47]. A kinetic investigation was carried out on two struc- 
tural transformations in the solid phase (Fig. 8) [48]: square planar monomer 
to octahedral polymer for Ni(N-ME-salarri) 2 (E, = 303 + 11 kJ mol-  1) and octa- 
hedral polymer to square planar monomer for (Ni(N-Ph-salam)2 
(E~ = 78 + 5 kJ mol-  1). The oolvmerization of Ni(N-Me-salam)2, involving the 

N-__ 

R - - p ?  , -  . . . . .  . _ _ . ,  �9 / , o,L, Ni , .  A t _  , \  . - 9  , _ . , _ ,  o . . . .  _'X, 
/ 6 / \ , 1  - o - - N  , o--_ , , ,  

Fig. 8 Skeletal representation of monomer-to-polymer and polymer-to-monomer transformations for 
complexes [Ni(N:R-X-salam)2 ] 

alteration of the spin state of 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(II) ion of adjacent molecules at the 
apical position, forming octahedral coordination geometry around the Ni(II). On 
the other hand, the monomerization of Ni(N-Ph-salam)z involves the spin state 
alteration of  Ni(II), triplet (polymer) to single t (monomer). The larger E, value for 
the polymerization of Ni(N-Me-salam) 2 than that for the monomerization of 
Ni(N-Ph-salam)2 can be understood by speculating that the progress of the 
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polymerization requires a more extensive movement of the molecules than that of 
the monomerization does. 

ii) X~X = O'-'O: 
Thermal isomarization has also been found for nickel(II) complexes with t-butyl- 

substituted fl-diketones. While bis(dibenzoylmethanato)nickel(II) [49, 50] and bis(3- 
phenylacetylacetonato)nickel(II) [27] can change upon heating from planar 
monomer to octahedral trimer before the melting point, transformation of the 
analogous diamagnetic chelates [28] proceeds only in the melt. On rapid cooling of 
the melt, a paramagnetic green "glass" is formed, which melts during subsequent 
careful heating (but at a considerably lower temperature than the previously 
diamagnetic form) and slowly changes again into the red or brown starting 
material. Figure 9 shows the scheme of this cyclic process. 

AT 
CrystaUic diamagnetic D Mett 
form (green) 

" F 
Melting and transformation -AT 

~ " ' , , . . , ~  Pa ra m og net i c .grass" 
(green) form 

Fig. 9 Mutual transformation of diamagnetic (monomer) and paramagnetic (trimer) chelates with t- 
butyl-substituted fl-diketones 

Conclusions 

The studied thermal octahedral ~ square planar transformation of solid Ni(II) 
complexes (square complexes with [NiN4], [NiN202] and [NiO4] chromophores) 
maybe expressed by the following general scheme: 

1 [Ni(H20).,L.]X 2 

2 [Ni(H20),.L2X2]" nL 

3 [Ni L.(X X)2 l 

4 [Ni(H 2d),~ L(X"X)]Y 

I [NiL.]X2 

[NiL2X2] 

TD / 
.... [ [Ni(X X)2 ] 

I [NiL(X X)]~/ 

TI~_, 

(Oh) -, (Sq) , (Oh(p)) 
(A) (B) 
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Step (A) represents octahedral monomer ~square planar monomer changes 
(Oh ~Sq). Step (B) represents square planar monomer ~octahedral polymer 
changes (Sq ~Oh(p)). 

In the mechanism of both of these observed thermal transformations for Ni(II) 
complexes, a number of factors may play a role: 

1) The thermal properties of the starting complexes and the decomposed (or 
changed) products: these properties influence the studied structural changes from 
two aspects: 

i) the thermodynamic aspect (certain species, octahedral or square planar, are 
thermodynamically unstable, and this change is therefore not likely to be 
observed); 

ii) the kinetic aspect (certain species are formed slowly, so that again there is little 
probability of identifying this change). 

2) The basicity of the ligands: the basicity and the CFES of the ligands play a role 
in that the strengths of the M-N or M-O bonds are determined in part by the basic 
nature of the ligands (e.g. with increasing basicity of the pyridine ligands, the 
probability of formation of square planar complexes [Ni(R-py)4]X 2 increases). 

3) The steric effects of  the ligands: steric factors play an important role. It h a s  
been observed that octahedral ~ square planar transformations depend on the size 
of the substituents (e.g. the alkyl or aryl groups on the N,N and N~N'-- 
disubstituted diamine complexes), on the positions ,,nd nature of the substituents 
on the heterocyclic ligands (e.g. the alkyl substituents in the 2 position on the 
pyridine ring), the changes in orientation of the ligands with changes in 
temperature, and their influence on the axial interactions. 

4) The nature of the anions: the structural transformation is also seen to be related 
to the nature of the anion. For Ni(II) complexes with bimd and abi, the ionic radii of 

the  anions are important for the above change (the smaller ion fits to a greater 
extent the packing of the trans sites of the coordination plane surrounded by the 
four bimd molecules). The probability of formation of square planar complexes 
[Ni(Rpy)4]X 2 increases with decreasing coordination ability of the axial anionic 
ligands. 

5) The complexing ability of the central atom: the complexing ability of the 
central atom is important as well. This factor is illustrated by the differences 
between Ni(II) and Cu(II)complexes (Fig. 3). In the case of pseudo-octahedral 
Ni(II) complexes, the tetragonal distortion does not change continuously to a 
square planar configuration; after a certain mean value of the central atom--ligand 
distance is reached, an octahedral ~ square planar change proceeds. Thus, the 
determining factor in the integral redistribution of the bond strengths along the 
three axes of the octahedron, leading to the octahedral ~ square planar 
transformation of Ni(II) complexes, is the equatorial--axial interactions of the 

J. Thermal Anal. 34, 1988 



JONA: THERMAL PROPERTIES OF SOLID NICKEL(II) 1071 

ligands via the Central a tom [6, 7]. The process, which is connected with weakening 
of the bonds on one axis and strengthening of the bonds on the remaining two axes, 
and vice versa, strongly influences the catalytic properties of metal complexes [2]. 
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Zttsammenfassung-- Vorliegende Arbeit befasst sich mit den chemischen und physikalischen Faktoren, 
die den thermischen Obergang oktaedrisch-rechteckig planar der Festk6rperphase yon Nickel(II) 
komplexen beeinflussen. Es werden die Beziehungen zwischen dieser Transformation und der 
tetragonalen Verzerrung oktaedrischer Ligandenfelder besprochen, Entsprechend der Koordinierung 
der Liganden k6nnen diese Transformationen in zwei Gruppen eingeteill werden: monomer 
oktaedrisch-monomer rechteckig planar sowie polymer oktaedrisch-monomer rechteckig planare. Hier 
werden nut solche oktaedrische und rechteckig planare Ni(II)komplexe (rechteckig planare Komplexe 
mit (NiNa)-, (NiN202)- und (NiO,)-Chromophoren) betrachtet, die sowohl vor als auch nach dem 
Erhitzen in fester Form isoliert werden k6nnen. Die M6glichkeit solcher Konfigurations/ibergange 
scheint vonder  thermischen Stabilit/it der Ausgangs- und Produktekomplexe, yon elektronischen und 
sterischen Eigenschaften der Liganden, von de r  Komplexbildungsstiirke des Zentralatomes und 
hauptsiichlich yon den iiquatorial-axialen W'echselwirkungen der Liganden gegeniiber dem Zentralatom 

abzuh/ingen. 

PelioMe - -  CTaTb~! KacaeTca XHMI, IqeCKHX H qbH3l, l~lecKrtx ~aKTOpOB, 3aTparHBavoLtt•x TepMr~qecKo e 

CTpyKTypHoe npeBpalLleHHe OKTa3~tp ~ IIJIOCKH~ KBa~paT ,a~a TBepJlbIX KoMnJIeKCOB HHKeJI~. 
O6cy~r,~eaa B3allMOCB,q3b Mex<~y 3THM npenpamenHeM rt TeTpaFOHa.rll, HblM itcKax<eHrieM 
OKTa3.RpI, IqeCKOFO IIOYDI YlI, IFaHj1OB. COF.rlaCHO KoopI1HHalIItH YlHFaH./~OB, 9TH IlpeBpallIeUHSl MOFyT 6bITh 

pa3~eyleHbi Ha ABe rpynm,~: MOHOMepHaa OKTa3~lpt4~tecKa2 cTpyKTypa ~ MOHOMepHaSl I]~ocKa~ 
KBa,apaTuaa cTpyi<Typa a noanMepnaa oKTa3aprtaecKaf cTpy~Typa ~ MoHoMepnaa u~ocKaa 
KBadlpaTHa9 cTpyKTypa. OCHOBHOe BHHMaHHe yaeae~to OKTa3JIpHqeCKHM R tI;tOCKO-KBas 
Komn.rleKcaM /lsyxBa~eaTaoro nxxen~ (nnocx~e K~a,apaTnme KoMnJaeKcl,l c xpoMOqbOpaMn [NiNe], 
[NiN202] tt [NiO,]), KoTopme MoryT 6blTb m,laenema B T~epaoM COCTOmmn nepe/l n noc:le narpeBa. 
Ilpe/lCTaBJIIleTCll, xlTO BO3MO)KHOCTb TaKOFO golt~rlrypaLtrIomtoi-o H3MeHemt~ 3aBHCHT OT 

TepMOyCTO~qHBOCTH HCXO]IHOFO H KOHeqHOFO KOMII.rleKCOB, 3JleKTpOHHbtX I4 CTepHqeCKHX CBOHCTB 

aaranaa,  KoMnJ]eKcoo6pa3ytottte~ ClIOCO6HOCTH ;~eHTpaJ~bHOrO aoHa MeTaJIJ~a 14, FJIaBHbIM o6pa3oM, 
OT 3KBaTOpHaJlbHOFO----aKCl4aJIbHOFO B3aHMO,/Ie~CTBI, I~I JlltlFaU,/IOB qepe3 IlenTpa.qbHbIH I, IOH MeTaJIJIa[. 
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