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Summary. Solvatochromic dinuclear mixed Ni(II)-complexes with one 1,2-diacetyl-l,2-dibenzoyl- 
ethanate (dadb 2-) and two tetramethylethylenediamine (tmen) ligands have been prepared and char- 
acterized. The tetraphenylborate is orange with molecules in bis-square@anar configuration and the 
nitrate is green with molecules in a bis-octahedral form. They have been investigated by UV, Vis, 
IR, and Far-IR spectroscopy as well as by electrochemical and magnetochemical methods. In strong 
donor solvents the nitrate ligands are replaced by solvent molecules. In weak donor solvents the 
anion-dependent equilibrium between the bis-planar, the bis-octahedral and an intermediate planar- 
octahedral form was investigated. 
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Spektrokopische und elektrochemische Untersuchungen an zweikernigen gemischten Ni(II)-Chelaten 

Zusammenfassung. Solvatochrome zweikernige Ni(II)-Komplexe mit einem 1,2-Diacetyl-l,2-diben- 
zoylethanate (dadb 2-) und zwei Tetramethylethylendiamin (tmen)-Liganden wurden hergestellt and 
charakterisiert. Das Tetraphenylborat ist orangegelb und enth/ilt Komplexionen in bis-quadratisch- 
planarer Anordnung. Das Nitrat ist grtin mit Molekfilen in bis-oktaedrischer Form. Die Untersu- 
chungen erfolgten mit Hilfe der Spektroskopie im UV-, im sichtbaren, im IR- und im Far-IR-Bereich 
sowie elektrochemischer und magnetischer Methoden. In starken Donor-L6sungsmitteln sind die 
Nitratliganden durch Solvens-Molekfile ersetzt. In schwachen Donor-L6sungsmitteln wurde das yon 
den Anionen abhfingige Gleichgewicht zwischen der bis-planaren, der bis-oktaedrischen sowie der 
intermedifiren planar-oktaedrischen Form untersucht. 

Introduction 

Mixed chelates of Ni(II) with a diamine and a ]3-diketonat appear either in a square 
planar configuration, o r - i n  the presence of donor molecules-  in octahedral ge- 
ometry. They show solvatochromic and thermochromic behaviour [1-7]. The mono- 
nuclear complex, [Ni( tmen)(acac)]  + ( tmen = tetramethylethylenediamine; acad = 

** Dedicated to Professor Dr. Edwin Hengge on occasion of his 60th birthday 
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acetylacetonate) can be used as a color indicator for the solvent donor strength 
[8-13-1. Coordinating anions like NO3 and acad- may compete for ligand sites 
at the Ni-coordination center with poorly coordinating solvent molecules such as 
1,2-dichloroethane (DCE) or nitroethane (NE) [12-16]. 

We wish to report about new dinuclear Ni-complexes with a tetradentate ligand 
[17], namely 1,2-diacetyl-l,2-dibenzoylethanate (dadb 2-) by which two Ni-coor- 
dination-centers are linked. As in the case of the monomeric complexes solvato- 
chromism and anion-dependent structural features due to the change between 
square planar and octahedral coordination at the coordination centers were ob- 
served. The investigation of spectroscopic, vibrational and electrochemical behav- 
iour of the dinuclear complexes brought insight into structural changes within these 
complexes due to donor-molecules or anions. 

Experimental 

Starting materials for the synthesis of the ligand 1,2-diacetyl-l,2-dibenzoylethanate, as described in 
the following, were obtained from Dojindo Laboratories (extra pure) and have been used without 
further purification. Solvents used for spectral, conductivity and polarographic measurements have 
been purified according to standard procedures [18] or were of "spectral grade". Other solvents and 
ligands were purified as described elsewhere [ 19-21]. The water content in the solvents was measured 
by Karl-Fischer titration and usually found less than 30 mg/dm-3. 

1,2-Diacetyl-l,2-dibenzoylethane (H2dadb) 

The method used was based on that by Charles et al. [-22] including some modifications: 18.4g 
(0.1 mmol) of well-dried sodiumbenzoylacetonate (Nabzac) ground to a fine powder were suspended 
into 450 ml of ether under vigorous stirring. Then 13.0 g (0.05 retool) of I dissolved in 150 ml of ether 
were added drop-wise within about 2 hours. Using a rotating evaporator the solvent was almost 
completely removed from the solution. The obtained crude solid was suspended into 500 ml of H20 
under vigorous stirring. The remaining precipitate was filtered and recristallized twice from methanol 
(MeOH) yielding about 35% of the stoichiometric amount. The results of the elementary analysis 
are given in Table 1. 

Ni2( dadb )( tmen)2(N03)2 

1.84 g (5 mmol) of Hdadb and 0.56 g (10 mmol) KOH suspended in 30 ml ethanol (EtOH) were added 
under continuous stirring to a solution containing 2.90 (10retool) Ni(NO3)' 6H20 in 50 ml EtOH 
yielding a pale bluish-green solution. To this 1.285 g (11 retool) of tetramethylethylenediamine (tmen) 
were added drop-wise under stirring. After heating, the color of the solution turned green. KNO3 
was removed by filtration. Crude crystals obtained after 2 days were recrystallized from 1,2-dich- 
loroethane (DCE) to give pale blue crystals in 58% yield. 

Ni2( dadb )( tmen )2(B Ph4)2 

3.05 g (5 mmol) of the obtained Ni2(dadb)(tmen)2(N03), were dissolved in 150 ml DCE and 3.76 g 
(11 retool, i.e. twice excess) of NaBPh4 were added as a finely ground powder under vigorous stirring, 
changing the solution from green to red. After the reaction was completed after about one hour of 
stirring, the solution was filtered to remove NaNO3 and the remaining NaBPhg, and kept for 2 days 
at room temperature. The obtained red crystals were recrystallized from DCE with a yield of 80%. 
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Characterization of the Complexes 

Electronic spectra of solutions were obtained with a Hitachi 340 recording specrometer and a Cary 
17 D spectral photometer using 10ram quartz cells at constant temp. (25 °C). Powder reflectance 
spectra were recorded with the former instrument, attrached with an integrating sphere, using BaSO4 
as a reference. Infrared spectra were recorded from nujol mulls using a Perkin Elmer 457 Grating 
Spectrometer (5 000-400 cm 1). Far infrared spectra where measured with a Nieolet 20F-FTIR 
spectrometer. Elecric conductances of the solutiosn were measured with a Conductivity Outfit Model 
AOC-10 (Denki-Kagaku-Keiki Co. Ltd) at 25 4-0.2 °C. Magnetic susceptibility measurements were 
performed by a Faraday method with a Shimadzu Torsion Magnetometer MB-100 at room tem- 
perature. 

For polarographic measurements a standard polarographic setup from Texas Instruments was 
used as described elsewhere [23-25]. A nonisothermal cell arrangement was used with a silver wire 
reference electrode kept at constant temperature. Solutions containing 0.1 mmol dm- 3 of the dinuclear 
Ni-complex and 0.1 mmol dm -3 of NBu4Ph  4 were placed in a thermostated double-sided cell and 
pure nitrogen was passed through the solution during the experiment. Cyclic voltammetry was 
performed on platinum or on carbon-glass electrodes. For the polarographic measurement either bis- 
(biphenyl)-chromium(I)-tetraphenylborate (BBCr) [26] or ferrocene was used as reference. All po- 
tentials are given versus the former. The number of electrons transferred by each of the steps was 
obtained by plotting the cyclic voltammetric peak current versus the square root of the scan rate, 
yielding straight lines with characteristic slopes [27]. 

Results and Discussion 

The  ref lectance spectra  o f  the solid d inuclear  complexes  (Fig. 1) are similar to those 
o f  the m o n o m e r i c  chelates r epo r t ed  earl ier  [1-8,  11]. F o r  the t e t r apheny lbo ra t e  
the s t rong band  at 472 n m  (21.2 '  l03 c m - 1 )  can be assigned [28] to a 1A2g ~ 1Alg 
(i.e. dx2_y2,-dxy ) t rans i t ion  in ana logy  to the m o n o m e r i c  square  p lana r  Ni(II)  
complexes .  The  dinuclear  n i t ra te  shows two abso rp t ion  bands  at 1 0 5 3 n m  
(9.5" 103cm -1)  and  at 6 1 7 n m  ( 1 6 . 2 . 1 0 - 3 c m  - t )  which can be assigned to a 
3T2g ~ 3A2g t rans i t ion  (cor respond ing  direct ly to A) and  to a 3T 1 g(F) ~-- 3A2g t ran-  10 
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Fig. 1. Solid state reflectance spectra of Niz(dadb)(tmen)2(BPh4)2 (a) and Nia(dadb)(tmen)2(N03) 2 (b) 
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Fig. 2. Absorption spectra of Ni2(dadb)(tmen)2(BPh4)2 (a) and of Ni2(dadb)(tmen)2(N03)2 (b) in DCE 
solutions 

Table 1. Analytical data, magnetic moments (g), molecular weights (M.w.) and melting points (M.p.) 

Compound %C %H %N M.p./°C g/BM M.w. 

Hzdadb Found 74.32 5.75 - 189-209 

Calc. 74.52 5.63 

Niz(dadb)(tmen)z(BPh4)2 Found 73.22 6.73 4.30 224-225 
(orange) Calc. 73.43 6.78 4.28 

Niz(dadb)(tmen)z(N03)2 Found 47.62 6.00 10.78 237-242 a 
(yellowish green) Calc. 48.40 6.09 10.58 

Dimagnetic 

3.14 b 

1 308.6 

766.2 

a Under decomposition 
b At 25 °C, value given per one nickel ion 

sition in analogy to the octahedral mononuclear  complexes [-1, 2, 7, 11]. The 
shoulder near 450 nm may be associated with the 3T 1 g(P)+--3A2g transition. 

In DCE-solutions the spectra of the complexes are similar to those in the solid 
state. The small absorption band observed at the nitrate at 660 nm may be assigned 
to a lEg ~ 3Azg transition (see Fig. 2). The spectra obey Beer's law and hence no 
significant dissociation of  the N O 3  ligand appears to take place. 
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Table  2. I R - a b s o r p t i o n  f requenc ies  o f  d inuc lea r  and  the  c o m p a r a b l e  m o n o n u c l e a r  complexes  and  the i r  

a s s ignmen t s  

Ni2(dadb)(tmen)2(BPh4) 2 Ni(bzac)(tmen)BPh 4 Niz(dadb)(tmen)2(N03) 2 Ni(bzac)(tmen) NO3 Assignment 

- - 1 765 1 767 v N O 3 -  

- - 1 720 1 717 v N O 3  

1 590 1 585 1 590 1 597 v C = O  

1 550 1 555 1 570 1 575 v C = C 

1 485 1 520 1 500 1 520 v C = C 

- - 1290 1 285 v N O 3 -  

625 625 - - v BPh4 

The tetraphenylborate Ni2(dadb)(tmen)2(BPh4) 2 is diamagnetic, the Ni(II)-ions 
are of low-spin, and in the bis-square-planar form (Table 1). The two square planar 
subunits are orthogonally twisted to each other [17]. The nitrate 
N i z ( d a d b ) ( t m e n ) z C N 0 3 ) 2 ,  is paramagnetic and in the bis-octahedral form. Conduc- 
tivity measurements in weak donor solvent like DCE have shown that IOn--ions 
and BPh4-ions do not coordinate significantly to the Ni(II) center, whereas the 
NO~--ions are strongly coordinated [15, 17]. X-ray diffraction has shown that 
NO3-ions yield octahedral coordination I-1, 2, 15], and that the nitrate ion acts 
as a bidentate and occupies two cis-positions. The IR absorption frequencies are 
given in Table 2 and the absorption maxima observed in the Far-IR region between 
650cm-1 and 50cm-1 are given in Table 3. The observed bands are assigned 
according to the assignments based on normal coordinate analyses of similar com- 
plexes, namely of Ni(acac)2 [29] and of Ni(acad)2Py2 [30-321 and on the spectra 
of NaNO3 and NaBPh4 to identify absorptions due to the anion. The absorption 
bands are similar for the dinuclear and the mononuclear Ni-complexes and hence 
the mutual interactions between the two Ni-coordination centers seem to be small 
(this is supported by the also almost unchanged UV-Vis-spectra). 

The characteristic IR-absorption frequency of the nitrate ion (a weak combi- 
nation band vj and v4) in the dinuclear, bis-octahedral complexes is split into two 
bands at 1 765cm-1 and at 1 720cm-I  showing that the nitrate ion acts as a 
bidentate ligand [15, 16, 32]. Absorptions associated with N i - O  stretching vi- 
brations are significantly shifted towards lower energies when BPh4 is replaced 
by N O - .  This is found for Ni - O stretching vibrations and for more complicated 
vibrations including ring deformation of the coordinated ketone. When the 
NO3 is coordinated the N i - O - b o n d  strengths are decreased in agreement with 
the first bond length variation rule [10]. Accordingly, the square planar complex 
is low-spin with stronger metal-ligand bonds than the octahedral complex which 
is high spin. While the C = O bond seems to be strengthened when NO3 is co- 
ordinated to Ni(bzaz)(tmen)+, in agreement with the second bond length variation 
rule [10], the respective band remains unchanged in the dinuclear complexes. The 
C = C bonds are found to be strengthened in these complexes when NO3 is co- 
ordinated, whereas it is weakened in case of Ni(acac)(tmen) + [2, 15, 16]. Although 
similar effects are also expected for the Ni - N-bonds to the tmen ligands the assigned 
Ni-N-vibrat ions are found to be almost invariant towards the anion. 
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T a b l e  3.  F a r  I R - d a t a  ( v / c m - l )  o f  t h e  d i m e r i c  c o m p l e x e s  (s = s t r o n g ,  m = m e d i u m ,  w = w e a k  a b s o r p t i o n  b a n d )  

Ni2(dabd)(tmen)2(BPh4)2 Ni(bzac)(tmen)BPh4 Niz(dabcO(tmen)2(N03) 2 Ni(bzae)(tmen) N O  3 A s s i g n -  

m e n t  
S o l i d  s t a t e  I n  DCE S o l i d  s t a t e  I n  DCE S o l i d  s t a t e  I n  DCE S o l i d  s t a t e  I n  DCE 

- 6 3 9 . 0 2  m - 

6 2 3 . 9 4  m 6 2 4 . 0 5  m 6 2 4 . 7 8  m 

6 1 0 . 3 5  s 6 1 3 . 3 0  s 6 1 2 . 3 0  s 

5 9 5 . 7 1  w - 5 9 0 . 5 4  w 

5 8 7 . 2 5  m 5 8 8 . 2 1  m 5 7 6 . 8 4  s 

5 2 8 . 6 3  m 5 3 3 . 1 7  m 5 3 0 . 6 1  m 

5 0 5 . 0 0  w 5 0 5 . 0 0  w 5 0 9 . 3 6  m 

4 9 0 . 8 7  w 4 8 0 . 0 0  w 4 9 2 . 5 8  m 

4 6 7 . 6 0  m 4 6 8 . 9 2  m 4 7 8 . 5 3  s 

- - 4 6 7 . 9 0  s 

4 4 1 . 5 7  w 4 4 1 . 0 0  w 4 4 1 . 5 7  s 

4 1 8 . 9 3  m - 4 1 6 . 5 7  w 

4 0 0 . 0 6  m - 4 0 5 . 3 2  m 

- - 3 9 3 . 3 1  w 

3 4 3 . 3 5  w 3 4 3 . 3  w 3 4 1 . 3 8  m 

3 1 0 . 0 0  w 3 1 0 . 0 0  w 3 1 5 . 0 0  w 

2 9 7 . 4  w 2 9 8 . 2  w 3 0 6 . 9 8  m 

2 9 4 . 2 1  m 2 8 1 . 3 7  m 2 8 1 . 2 7  s 

2 7 8 . 9  w 2 9 1 . 0 0  w - 

2 5 9 . 2  m 2 6 1 . 2 6  m 2 5 9 . 4 0  s 

2 2 7 . 4 3  w 2 2 9 . 3 1  w 2 3 1 . 6 0  s 

2 0 1 . 3 7  w 2 0 3 . 7 8  w 2 0 2 . 5 7  s 

1 7 8 . 8 2  m - 1 8 2 . 1 6  m 

- 1 2 8 . 8 2  m 1 2 7 . 0 3  w 

- 1 1 9 . 3 5  w 1 1 2 . 0 9  w 

- - 1 0 6 . 1 9  w 

- - 9 0 . 5 9  m 

7 4 . 5  w - 8 0 . 8 7  s 

6 4 5 . 5 2  m . . . .  

6 2 4 . 1 7  m 6 2 1 . 6 7  m - 6 1 7 . 5 0  m - 

6 1 2 . 4 0  s . . . .  N i -  B P h  4 

- 6 0 0 . 0 2  m 6 0 0 . 0 3  w 6 0 4 . 8 1  m - N i - N O 3  

- 5 9 0 . 7 0  m 5 9 4 . 0 0  w - - 

5 9 4 . 0 6  m 5 8 5 . 8 1  m 5 8 8 . 2 0  m 5 8 9 . 2 9  s 5 8 9 . 7 1  s N i - O "  

5 7 8 . 5 6  m 5 6 7 . 3 7  m 5 6 8 . 8 9  m - - N i - O  a 

5 5 3 . 5 6  s 5 5 7 . 9  m 5 3 1 . 5 6  s 5 3 1 . 9 7  m N i - N O 3  

5 3 0 . 2 5  m . . . .  N i -  B P h  4 

5 1 2 . 9 7  m 4 9 2 . 8 4  m 4 9 3 . 6 5  m 4 9 4 . 3 0  s 4 9 3 . 6 4  m N i - O  b 

5 0 1 . 4 7  m 4 8 1 . 0 3  s 4 8 6 . 2 3  w - - N i - O  b 

4 9 3 . 4 4  m 4 5 0 . 7 9  m - - 4 4 6 . 5 5  m 

4 7 8 . 2 6  m 4 6 3 . 8 7  s 4 6 9 . 7 3  m 4 7 1 . 2 0  m 4 6 7 . 7 7  m N i - O  a 

4 7 0 . 7 3  m . . . .  N i -  BPh  4 

- 4 4 2 . 1 5  m 4 4 7 . 8 8  m 4 3 3 . 9 3  s 4 2 8 . 2 5  m N i - O  a 

. . . . .  N i - O  b 

- 3 9 7 . 3 9  m - 4 0 9 . 0 5  w 3 9 7 . 3 2  w N i - O  b 

3 7 5 . 7 2  m 3 7 8 . 0 6  m 3 8 2 . 3 3  s 3 7 4 . 0 9  w 3 7 5 . 9 0  w N i - O  a 

3 3 4 . 6 9  w 3 3 4 . 0 5  m - 3 3 9 . 0 7  m 3 4 0 . 4 1  m N i - O  a 

3 2 3 . 9 1  w 3 1 3 . 6 5  m 3 2 3 . 8 0  m - 

3 0 2 . 2 3  w . . . .  N i -  B P h  4 

2 8 0 . 6 8  s 2 7 7 . 5 1  s - - - N i - O  b 

. . . . .  N i -  BPh4 
2 6 8 . 0 1  s 2 5 7 . 2 3  s 2 6 2 . 3 0  s 2 6 3 . 5 1  s 2 6 0 . 6 2  m N i - O  ° 

2 3 5 . 0 3  s - - - 2 2 1 . 1 9  m N i - O  c 

- 1 9 9 . 9 3  m - 2 0 2 . 5 9  s 2 0 2 . 1 4  m N i - O  ° 

- 1 8 0 . 1 0  m - 1 7 7 . 0 9  m 1 7 7 . 5 8  m N i - N  

- 1 6 7 . 1 9  m - - - 

- 1 5 1 . 3 7  w - 1 4 0 . 1 3  m - 

- 1 2 5 . 7 9  w - 1 2 9 . 0 0  w 1 2 7 . 5 3  m N i - N  

- 9 4 . 5 2  w - 9 4 . 2 0  m - 

- 8 8 . 3 3  w - - - 

- 7 3 . 7 6  w - 6 9 . 6 6  w - 

a S t r e t c h i n g  v i b r a t i o n  

b A s y m m e t r i c  d e f o r m a t i o n  o f  d a b d - p l a n e  

° S y m m e t r i c  d e f o r m a t i o n  o f  d a b d - p l a n e  

P o l a r o g r a p h i c  a n d  c y c l i c  v o l t a m m e t r i c  t e c h n i q u e s  w e r e  u s e d  t o  i n v e s t i g a t e  

c h a n g e s  o f  e n t h a l p i c  a n d  e n t r o p i c  c o n t r i b u t i o n s  t o  t h e  f r e e  e n e r g i e s  o f  

Ni2(dadb)(tmen)2(BPh4)2 a n d  o f  Ni2(dadb)(tmen)2(NO3)2 i n  d i f f e r e n t  s o l v e n t s .  

F i g s .  3 a n d  4 s h o w  t h e  c y c l i c  v o l t a m m o g r a m s  m e a s u r e d  o n  a c a r b o n  g l a s s  e l e c t r o d e  

f o r  t h e  t w o  c o m p l e x e s  d i s s o l v e d  i n  a c e t o n e .  T w o  m a i n  o x i d a t i o n  w a v e s  t o g e t h e r  
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with four reduction processes are observed, all of them being irreversible on both 
the carbon glass and the platinum electrode. 

The oxidation processes can be regarded as the stepwise oxidation of trnen as 
given in the Schemes 1 and 2. 

The observed reduction processes can be described by reaction schemes (Schemes 
3-6), namely the reduction of the two Ni-coordination centers and the stepwise 
reduction of the bridging ketone. 

H H H H 
H3C\N-~-~-I~/CH3 = H3CN:÷N--L--L--N//:./CH 3 + e- 
H3 C/ I I \CH 3 H3 C/ I l \CH 3 

H H H H Scheme 1 
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H H 
HsC\.. I I 04 ~CH 3 

u i- ru 

nsu\'" . r- ;, '/un3 H ÷ . N-C-C-N- = .N--L = u--rL + 2 e- 
H3 C/ I I \CH3 H3 C/ I I \CH3 

HH HH Scheme 2 

Ni2(dodb)(frnen)2 z÷ + 2e- ~ Ni{dctdb)(fmen) + Ni ° + tmen Scheme 3 

Ni(dadb)(fmen) + 2e- ~ Ni ° + dtadb + tmen S c h e m e 4  

/CH3 ( ~  

O=C C=O 
\ / 
HE--CH + 
I \ 

O=C C=O 
/ 

CH 3 

2H + + 2e-- -  

/CH3~) x 

O=C C=O 
\ / 
HE--CH 
/ \ 

O=C H-E-OH 
/ 

CH~ 

>@ 
O=C C=O HO-C-H C--O 

\ / \ / 
HC--CH + 2H + + 2 e - ~  HC--CH 
/ \ / \ 

O=C H-C-OH O=C H-C-OH 
/ / 

~ )  CH3 ~ )  CH3 

Scheme 5 

Scheme 6 

Table 4. H a l f  wave  potent ia ls  E1/2 at 25 °C o f  the first Ni ( I I )  reduct ion  step, their  t empera tu re  dependen t  

pa r t  dE~/2/dT and  their  t empera tu re  independen t  pa r t  El~ 2 ( Z  = 0 K)  

Solvent  E1/2(T = 298 K ) / m V  dE1/2dT/mVK- 1 EI/2 ( T  = 0 K ) / m V  m a r b 

Ni 2( dadb )( tmen )2(B Ph4)2 

DCE - 5 3 2 . 1  - 1 . 6 6  - 3 8 . 7 8  5 

An - 5 2 8 . 1  2.86 - 1 316 5 

AC - 589.4 - 1.21 - 2 2 7 . 7  5 

EtOH - 573.0 1.87 - 1 130 5 

DMF - 735.8 1.36 - 1 142 4 

DMSO - 690.8 2.09 - 1 316 4 

0.976 

0.999 

0.999 

0.995 

0.996 

0.993 

Ni2( dadb )( trnen )z(N03)2 

DCE - 595.9 - 1.36 - 191.3 6 

AN - 538.0 2.21 - 1 196 5 

AC - 6 5 4 . 1  - 0 . 1 3 8  - 6 1 2 . 9  3 

EtOH - 552.4 3.40 - 1 566 5 

D M F  - 698.4 - 0.637 - 508.6 5 

DMSO - 6 8 2 . 8  1.77 - 1 212 4 

0.980 

0.996 

0.998 

0.968 

0.993 

0.999 

a N u m b e r  o f  da ta  sets measu red  at different t empera tu res  

b Cor re la t ion  coefficients for  l inear regress ion o f  E1/2(7) versus  T 
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With common polarography at the dropping mercury electrode only the first 
Ni-reduction step could be resolved for all the investigated solvents (Table 4). 
analysis of the polarographic waves by differential pulse polarograms show that a 
further reduction process appears, exhibiting a much lower limiting current (in 
EtOH for Ni2(dadb)(tmen)2(BPh4)2 three separable Ni-reduction waves appear). 
With the exception of Ni2(dadb)(tmen)2(BPh4)2 in DMSO the corresponding half- 
wave potentials are found at less negative potentials. 

The two waves, exhibiting a separation of the two half wave potentials of up 
to 200 mV, cannot be due to separately observed redox properties of the two Ni- 
coordination centers, because they are also observed for the monomeric species. 
They cannot be due to differences in redox properties of the square-planar and of 
the octahedrally coordinated form because in DCE the two signals are found in 
the presence of either of them (i.e. dissolving either the BPh4 or the NO~ species). 
A titration procedure adding of DMF or DMSO to solutions of the square planar 
complexes in DEC confirmed this. 

From investigations in aqueous systems it is known that Ni 2 + sometimes ex- 
hibits catalytic pre-waves [33, 34]. When the Ni-complex is titrated in DCE with 
tmen a pre-wave is observed, which may be a catalytic one, due to free tmen- 
molecules in the electrode surrounding formed by reduction Ni °. Increasing tem- 
perature leads to a decrease of is limiting current until the signal completely vanishes 
above about 45 °C in all investigated solvents. This supports its interpretation as 
a catalytic a pre-wave. 

The reduction potentials of the bis-square-planar BPh4 -complexes at 25 °C are 
nearly linearly related to the donor number. The E1/2 values are more negative than 
those found for the comparable monomeric bzac complexes [the redox potentials 
of Ni(bzac)(trnen)BPh4 are found [37] in DCE = -471 mV, in DMF = -647  mV, 
in DMSO = -727  mV] and this shows that the Ni(II-coordination centers are 
more stable towards reduction in the dinuclear species. The same conclusion is 
reached by comparing the bis-square-planar with the bis-octahedral complexes: As 
the coordination number is increased by solvent molecules or by coordinating 
NO~--ions more negative Ni-reduction potentials are found, pointing to a decreasing 
free energy, i.e. an increasing stability of the coordination compound. The differ- 
ences of the EI/2 values between the NO3 and the BPh4 compounds are linearly 
related to the solvent donor number. In the strong donor solvend DMSO the El~ 
2 values as well as the UV-Vis-spectra are nearly the same bothe for the (octahedral) 
nitrate and the (planar) tetraphenylborate. This may be due to substitution of the 
nitrate ligands by DMSO molecules. The difference of the E1/2 values and of UV- 
Vis spectra decrease in the solvent series DMSO>.An>DMF>Ac>~DCE. Ac is 
coordinated scarcely propably due to a sterically hindered coordination towards 
the Ni-center. This is in agreement with results found at the mononuclear species. 
The El~ 2 values obtained in DMSO and An solutions are approximately the same 
for the NO3 and the BPh4 species, whereas the values differ significantly for the 
solvents DCE, Ac, An, EtOH, and DMF. This suggests that the NO3- is completely 
removed and exchanged by DMSO molecules and unexpectedly also by An mol- 
ecules. (This explains the surprising position of An within the above given sequence 
of the differences of El~ 2 values.) The differences in the UV-Vis spectra between 
BPh4 and NO;- complexes are largest in DCE and Ac and decrease with increasing 
donor number of the solvent. The temperature dependence of the El~ 2 values, 
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however, remain different for the two anion species even for strong coordinating 
solvents. The half wave potential of Ni2(dadb)(tmen)2(BPh4)2 in DCE is found to 
be lower as expected from the linear relationship with the donor numbers which 
can be interpreted either by the donor properties of DCE [39] or by ion-pair 
formation [ 12, 14]. The inertness of Ni2(dadb)(tmen)2(N03)2 is seen from the absence 
of correlations with the donor number or with the acceptor number. This may be 
due to competition between the coordination of one or two charged anions acting 
each as bidentates and coordination by solvent molecules. 

A plot of the E~/2 values observed in different solvents versus T yields straight 
lines with entropy related slopes and intercepts corresponding to the enthalpy of 
the reduction processes [24, 35, 36] (Figs. 5 and 6). The entropy related temperature 
coefficients of El~ 2 of the bis-square-planar complexes are linearly related to the 
donor number. The dE1/2/dT values decrease with increasing donor number and 
show negative values in DMSO. The enthalpy related E1/2(T = 0 K) values become 
less negative with increasing donor number, which might be an indication for a 
compensation effect [37-38]. A proper statistical analysis, however, did not yield 
a common isosolvent relationship [37, 39]. A necessary condition for the occurrence 
of an isoparameter relationship (i.e. an isokinetic, isoequilibirum, isosolvent rela- 
tionship, etc.) is that the changes within the considered series can be associated 
with only one parameter (i.e. a general LFER condition) [40]. Figs. 5 and 6 show 
that this condition is not fulfilled. Ni2(dadb)(tmen)2(BPh2)42 yields two groups 
associated with different LFER conditions in Anm, EtOH, DMSO, and DMF and 
in DCE and Ac. In the former group of solvents the temperature coefficients of 
Ell 2 a r e  positive and in the latter negative. The entropy changes are decreasing 
with more negative reduction potentials of the dissolved complex, i.e. with increasing 
donor number. The reduction of one Ni-coordination center leads to an entropy 
increase for the former group and to decreasing entropy in case of the latter. This 
increase in entropy may be connected with the reduction to Ni ° and hence the 
destruction of the complex. This is in agreemeent with the entropy differences 
between the bis-square-planar (BPh4 in DCE and Ac) and the bis-octahedral 
(NO~- and BPhg- in An, EtOH, DMSO, and DMF) complexes. In DCE (due to 
its low donor number) and in Ac (due to sterical hindrance) square planar complexes 
are present and the entropy increase due to the destruction of the complex is 
overcompensated by the entropy decrease due to the electron transfer process itself. 

The temperature dependence of the reduction potentials of 
Ni2(dadb)(tmen)z(N03)2 in different solvents is obviously complicated because of 
the appearance of a solvent-anion exchange reaction. With the exception of DMF 
the same sequence of the solvents is found although no isoentropic behaviour is 
occurred. The E1/2 values for Ac shows almost no temperature dependence, i.e. no 
entropy changes occur. The values in DCE and in DMSO (complete replacement 
of the nitrate by two DMSO molecules) remain almost unchanged whereas the 
values for DMF exhibit an entropy decrease with the reduction process. 

It might be pointed out that the reduction potentials shift towards more negative 
values when going from the monomeric ( E l / 2  = -471 mV for Ni(bzac)(tmen) 
BPh2- in DCE), to the bis-square-planar (Em = - 532.1 mV for 
Niz(dadb)(tmen)z(BPh4) 2 in DCE), to the bis-square-planar (E1/2 = - 532.1 mV for 
Niz(dadb)(tmen)z(BPh4) 2 in DCE) and further to the bis-octahedral species (E1/2 = 
-595 .9mV for Ni2(dadb)(tmen)2(N03)2 in DCE) with about equal differences. 
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Accord ing  to this the Ni -coord ina t ion  center is more  stabilized in the dimeric 
complex than  in the monomer ic  complex in agreement  with the stronger acidity of  
dadb (pK1 = 9.90, pK2 = 12.37 as result ing f rom pH-met r ic  t i t rat ion) in compar i son  
to bzac (pK = 13.23). 
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/ 

0 0" 

p, p 2+ + 0 ~ 0 0 ~ p +  

Scheme 7 

By addition of NO 3 ions to a solution of the bis-square-planar BPh4 complex 
( p_  p2+) a stepwise coordination of nitrate ions via an octahedral-planar form 
( 0 -  p+)  as an intermediate to the bis-octahedral form ( 0 - o )  may be assumed. 
The equilibrium constants K1 and K2 of the processes 

[ o - p  ] 
p _ p 2 +  + NO 3 ~ o - p  + , K~ = [p_p2+][NO~_ ] , (1) 

and 

o - p  + +NO3-  ~ o - o ,  / (2= [ o - o ]  (2) 
[ o _ p + ]  [NO3-] ' 

cannot be obtained by spectroscopic titrations because the spectrum of a solution 
of 0 - p + is hardly distinguishable from that of the mixture of 0 - 0 and p - p2 + 
[42]. 

In order to find access to K1 and K 2 we have investigated the related equilibrium 
shown in Scheme 7 with the corresponding equilibrium constant K by means of 
solutions containing constant overall Ni concentrations with varying initial con- 
centrations of the BPhz  complex (i.e. p - p2 + ) and of the NO;- complex (i.e. o - o), 

[O __p+]2 
K =  [ o - o ] [ p - p  2+] " (3) 

The concentration setup was chosen to obey linearly decreasing initial concen- 
tration o fp  - p2+ paralleled by linearly increasing initial 0 - 0 concentration Under 
these circumstances, for K--0 at least one isosbestic point is expected to appear 
over the whole concentration range at an absorption frequency, namely at a wave 
length where the molar absorptions of the p - p 2 +  and of the 0 - 0  spectra are 
equal. In case of large K (i.e. K =  oo) two different ranges are expected, one for 
excess in [ 0 - 0 ] o  and another one for excess in [ p - p 2 + ] o  concentration. 

In each range only two species are present, namely in the former 0 - 0  and 
o - p +  and in the latter p _ p 2 +  and o - p + .  This means that in the case of large 
K at least two isosbestic points are expected, i.e. one in the presence of excess of 
[ p - p 2 + ] o ,  and one in the presence of excess of [ 0 - 0 ] o  When passing from one 
to the other concentration region the respective isosbestic points are expected to 
disappear. They are expected at wave numbers where either 0 - 0  and o - p +  or 
p _  p2+ and 0 -  p+ have equal molar absorptions. To visualize this situation the 
concentrations of p - p 2 + ,  0 -  o, and o - p  + and the resulting spectral absorption 
were calculated using the formulas given below for several K values 0ncluding the 
extreme cases of K =  0 and K=  o0) and are plotted for an isosbestic wavelength 
(Fig. 7). 
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The experimental spectra (Fig. 8), obtained under the above conditions for the 
initial concentrations show that the actual K value appears to be within the region 
accessible with this method. The expected isosbestic points are found at 461.9 nm 
and 574.7 nm in the range of  a concentration ratio of  [ p -  p]o/[O - o]o between 0 
and up to about 0.5 as well as at 611.6 nm when the concentration ratio was above 
0.5. 

With Eqs. (4)-(6) 

x = 2 [ o - p + ]  , (4) 

[ o -  o] = [ o -  O]o - x ,  (5) 

[ p _ p 2 + ] =  [ p _ p 2 + ] o  _ x ,  (6) 

Eq. (3) can be rewritten as 

4 x 2 

K = ([o - O]o - x) ([p - p2 + ]o - x) (7) 

Using the stoichiometry of  reaction Scheme 7 one gets 

[o - O]oK + [p - p2+]oK + 3/{[0 - O]oK + [ p -  p2+]oK}2 - 4 ( K -  4)[0 - O]o[p - p2+]oK 
x = 2 ( K -  4) 

(8) 

The measured spectral absorption E in dependence of  the initial concentrations is 
given by 

E = 2 x Eop -~- ~oo ( [ o -  O]o - x )  Jr gpp ( [ p -  p2 + ] o  - x )  . (9) 
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In Eq. (9) E is expressed in terms of the weighed [ o - o ]  o and [p_pa+]o  concen- 
trations depending on two unknown parameters, namely K and top (i.e. the ex- 
tinction coefficient of o - p). Including the condition [o - p + ] ~< [o - o] + [p - p2 + ] 
K and ~o-p have been evaluated using a Marquart least square fitting procedure 
[41 ] for overall complex-concentrations of 0.002 and 0.005 M, respectively. Because 
of the functional dependence upon the wavelength the best values for K are expected 
near the isosbestic points, yielding K =  96 + 3. This value was used for fitting a 
spectrum of the [ o - p  +] species, which is given in Fig. 9, where the absorption 
band at the right hand side refers to the octahedrally coordinated Ni center and 
the band at the left hand side to the planar coordinated part of the molecule. 
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