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cep t  on  t h e  1/kobs  versus 1 / [ o x l p l o t  for  r e ac t i on  wi th  oxa-  
late ion at t he  same t e m p e r a t u r e  (8). It is t h e r e f o r e  c o n c l u d e d  
tha t  t he  m e c h a n i s m  o f  t he  r e ac t i on  o f  [ F e ( p p s a )  3 ]4-  w i th  
oxa l a t e  ion is a s imple  d i s soc ia t ive  process .  The  inc rease  in 
obse rved  ra te  c o n s t a n t  w i t h  o x a l a t e  ion c o n c e n t r a t i o n  to a 
l imi t ing  ra te  is due  to  the  c o m p e t i t i o n  o f  o x a l a t e  ion,  and  
the  back r ea c t i on  process ,  for  the  d i s soc i a t ed  spec ies  r a t he r  
t han  a t t a c k  o f  o x a l a t e  ion on  the  r e a c t a n t  c o m p l e x .  T h e  
m e c h a n i s m  o f  this  r e a c t i on  is t h e r e f o r e  no t  un ique ,  b u t  in 
keep ing  wi th  t he  b e h a v i o u r  o f  r e l a t ed  i r on ( l l )  c o m p l e x e s .  

Wc p r e se n t  f u r t h e r  e v i d e n c e  to  s u p p o r t  ou r  r e i n t e r p r e t -  
a t ion  of  Du t t  and  M o t t o l a ' s  k ine t i c  resul ts  f r o m  r e a c t i o n s  
o f  o t h e r  low-sp in  i ron( l  l) c o m p l e x e s ,  w i t h  oxa l a t e ,  c i t ra te  
(Du t t  and M o t t o l a  m e n t i o n  the  r eac t ion  o f  [ F e ( p h e n )  3 ]2. 
wi th  c i t ra te) ,  t a r t r a t e ,  and e t h y l e n e d i a m i n e t e t r a a c e t a t e .  
Rate  c o n s t a n t s  [or  these  r eac t ions  are c o m p a r e d  wi th  t h o s e  
for  d i s soc i a t i on  ( a q u a t i o n )  in t he  "Fable; ou r  ra te  c o n s t a n t s  
are l imi t ing  values, vide supra, as high c o n c e n t r a t i o n s  o f  
p o l y c a r b o x y l a t e s  have been  used.  For  t h o s e  r eac t i ons  w h i c h  
resul t  in c o m p l e t e  d i s soc i a t ion  o f  the  i r on ( l l )  c o m p l e x ,  ra te  
c o n s t a n t s  for  r eac t i ons  w i th  t he  p o l y c a r b o x y l a t e s  are equa l ,  
w i th in  e x p e r i m e n t a l  u n c e r t a i n t y ,  and cons ide r ing  d i f f e r e n c e s  
in such e x p e r i m e n t a l  c o n d i t i o n s  as ionic  s t r eng th ,  to t h o s c  
for  a q u a t i o n  at the  same t e m p e r a t u r e s .  For  t h o s e  r e a c t i o n s  
w h i c h  go to e q u i l i b r i u m  ra the r  t han  to c o m p l e t i o n ,  initial  
ra tes  are a p p r o x i m a t e l y  equal  to a q u a t i o n  rates.  T h o s e  reac- 
t ions  w h i c h  do  no t  go to c o m p l e t i o n  na tu ra l ly  involve the  

• ,+ (9)  morc stable complexes {eg. [Fc(phen)3]" } and/or the 
less potent carboxylates (eg. oxalate), condit ions where the 
i n coming  l igand c o m p c t e s  least e f f ec t ive ly ,  t t e x a d e n t a t e  
Sch i f f -base  i ron( l l  ) c o m p l e x e s ,  w h i c h  d i s soc ia t e  e x t r e m e l y  
s lowly( lO) ,  reac t  at negligible ra tes  w i th  c i t ra te  and oxa l a t e  
ion. It is in te res t ing  tha t  the  r e ac t i on  o f  [ l : e (b ipy )  3 ]2÷ wi th  
c i t ra te  d o e s  no t  p r o c e e d  in r e ac t i on  m i x t u r e s  s a tu r a t ed  wi th  
2,2 ' -b ipyr idy l  ( I t ). All this  s h o w s  tha t  p o l y c a r b o x y l a t e s  act  
as scavangers  r a the r  t han  n u c l e o p h i l e s  m these  reac t ions ;  a 
rolc a l ready  e s t ab l i shed  for e t h y l e n e d i a m i n e t e t r a a c e t a t e  (l 2). 
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Polymeric Coordination Compounds of Nickel(II), Cobah(II), and Zinc(II) 
with Oxalate Ions as Symmetric Tetradentate Bridging Ligands 

Corqel is  G. van Kral ingen,  J o h a n n e s  A. C. van O o i j e n  and  Jan  R e e d i j k *  

I ) c p a r t m c n t  o f  C h e m i s t r y ,  l )e l f t  Univers i ty  o f  T e c h n o l o g y ,  Delf t  2208 ,  The  N e t h e r l a n d s  

tRccc ived  Ju ly  19th,  1977)  

S u m m a  D, 

C o o r d i n a t i o n  c o m p o u n d s  having t h e  genera l  f o r m u l a  
ML2Ox are desc r ibed ,  w i th  Ox  = oxa l a to  d ian ion ;  M = Ni, 
Co and Zn; 1. = w a t e r  and imidazoles .  The  c o m p o u n d s  are  

* ,- \uth~r to x~hom all c o r r e s p o n d e n c e  s h o u l d  be addressed .  

cha rac te r i sed  by  chemica l  analyses ,  i.r., far-i .r . ,  R a m a n ,  
l igand field and e.s.r,  spec t ra .  Magne t i c  suscep t ib i l i t y  
m e a s u r e m e n t s  at low t e m p e r a t u r e s  ind ica te  a p o l y m e r i c  
s t r u c t u r e  o f  a n t i - f e r r o m a g n e t i c a l l y  c o u p l e d  M 2. ions.  

All phys ica l  m e a s u r e m e n t s  agree wi th  a p o l y m e r i c  s t ruc t -  
ure  bui l t  up by  oxa la t e  ions  as t e t r a d e n t a t e  br idg ing  l igands 
fo rmi ng  o n e - d i m e n s i o n a l  l inear chains.  F.ach meta l  ion is 
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c o o r d i n a t e d  by  four  oxa la te  oxygens  and  two d o n o r  a toms  
(N or O) in d i s to r t ed  oc t ahed r on .  

For  M = Ni, the  magne t ic  suscept ib i l i ty  m e a s u r e m e n t s  can 
be  best  descr ibed wi th  the  Heisenberg model  inc luding a 
zero-field spl i t t ing;  for  M = Co, the  lsing mode l  gives the  best  
results.  The  exchange  coupl ing  cons tan ts ,  l J I, vary f rom 
9 - 1 3  cm - t  . 

I n t r o d u c t i o n  

As par t  of  a research program on the  magnet ic  p roper t i es  
of po lynuc lea r  coo rd ina t i on  c o m p o u n d s ,  a sys tem of  linear- 
chain  c o m p o u n d s  is invest igated in which  the  oxa la to  an ion  
acts as a t e t r a d e n t a t e  bridge be tween  two metal  ions. Thus  
far, on ly  two similar chains have been  repor ted ,  i.e. 
Fe(HzO)Ox  (l) and Cu(NH3)2(H20)2Ox(2) .  For  the  com- 
p o u n d  F e ( H 2 0 ) 2 O x  two i n d e p e n d e n t  x-ray de t e r m i na t i ons  
have been  r epo r t ed  (3' 4). Each Fe II ion is located at the  
center  of a d i s to r t ed  o c t a h e d r o n  whose  axial pos i t ions  are 
occupied  by the  oxygen  a toms  of two water  molecules  
whereas  the  equator ia l  pos i t ions  are occupied  by four  co- 
planar  oxygen  a toms  be longing  to two d i f fe rent  oxa la to  
groups.  Barros and  Fr iedberg  (s) showed  tha t  a r a the r  s t rong 
in te rcha in  in te rac t ion  exists in the  F e ( H 2 0 ) 2 O x  c o m p o u n d .  
In order  to e l imina te  this in te rcha in  in te rac t ion ,  we have 
prepared  and s tudied a series of  c o m p o u n d s  having the  
general  fo rmula  ML2Ox, with M = Ni, Co and Zn; L = sub- 
s t i tu tcd  imidazole;  Ox = oxa la to  dianion.  

O M 

C 
• 0 
. N 

Figure l .  
pounds. 

~XX, 

Schematic representation of polymeric ML2Ox con1- 

In addi t ion ,  c o m p o u n d s  having L = H 20  were investi- 
gated for compar ison .  In Figure 1 the  proposed  s t ruc ture  of 
the  c o m p o u n d s  is i l lustrated schemat ical ly .  

were prepared  for e.s.r, m e a s u r e m e n t s  (vide infra). 
X-ray powder  d i f f rac t ion  pa t t e rns  show tha t  c o m p o u n d s  

wi th  the  same ligand but  wi th  d i f fe rent  metal  ions ( inc luding 
Fe II, to be descr ibed later) are powder  i somorphous ,  excep t  
for wate r  where  di f ferences  occur  in the  line pos i t ions  and 
relat ive intensit ies.  P robab ly  the  s t rong in terchain  hydrogen  
bridges are responsible  for this dif ference.  A n o t h e r  excep t ion  
is the  Ni(2-Mlz)2Ox c o m p o u n d  which  has a comple te ly  dif- 
fe rent  set of  lines, a l though  the  i.r. spectra  of all 2-Mlz com- 
p o u n d s  are a lmos t  identical .  

For  the  N i (H20)2Ox  c o m p o u n d ,  the  water  c o n t e n t  
found  by chemical  analysis exceeded the  theore t ica l  con ten t .  
This  suggests tha t  some addi t iona l  water  molecules  are en- 
closed in the  crystal  s t ructure .  Small d i f ferences  in the  i.r. 
spec t rum of this c o m p o u n d  are observed,  compared  wi th  
the  o the r  water  compounds .  F u r t h e r m o r e ,  some addi t iona l  
d i f ferences  in the  results  of  the  physical  m e a s u r e m e n t s  occur,  
vide in])'a, 

Table 1. Chemical analysis of ML2Ox compounds; with 
Ox = oxalato dianion; M = Ni, Co and Zn; L = water or substituted 
imidazole 

Compound Found (Calcd.)% 
(i H N M 

Ni(2-Mlz)2Ox a) 38.3 4.1 17.5 
(38.6) (3.9) (18.0) 

Co(2-MIz)2Ox 38.0 4.1 17.8 
(38.6) (3.9) (18.(9) 

Zn(2-Mlz)2Ox 37.9 3.9 17.7 
(37.8) (3.8) (17.01 

Ni(DMlz)2Ox b) 42.O 4.8 10.O 
(42.5) (4.7) ( 10.5 ) 

Co(DMIz)2Ox 43.O 4.9 16.5 
(42.5) (4.7) ( 10.51 

Zn ( DM I z )2Ox 4 1.7 4.8 16.0 
(41.7) (4.61 (16.2) 

Ni(Blz)2Ox c) 49.2 3.2 14.4 
150.2) (3,1) (14.6) 

Co(Blz)20x 48.8 3.1 14.2 
(5(1.1) (3.1) (14.6) 

Zn(BIz)20x 48.4 3.3 14.2 
(49.3) (3.11 (14.4) 

Ni(H 20)2Ox 13.1 2.8 d) 
(13.1) (2.21 

Co(It 20)2(_)x 13.2 2.5 
(13.1/ (2.2) 

Zn(H20)2Ox I 2?) 2.2 
(12.7) ~2.11 

18,9 
(18.9) 
18.7 

(19.0) 
20. I 

(20.6) 
17.2 

(17.3) 
17.0 

(17.4) 
19.2 

(18.9) 
15.3 

(15.31 
15.2 

(15.4) 
10.7 

(10.81 

32.O 
(32.1) 
32.3 

(32,2) 
34.3 

134.51 

a) 2 MIz = 2-1nethvlinaidazole. 
b) I)MIz- 1,2-dim'cthylimidazolc. 
c) BIz = bcnzimidazolc. 
d) Different samples yielded hydrogen percentages in the 2.8 

region (sec text), 
3.o 

Results and Discussion 

General 

Table  1 lists the  c o m p o u n d s  with thei r  analyt ical  data. 
All chemical  analyses are in good agreement  with  the sug- 
gested formulae .  The nickel c o m p o u n d s  are blue, the cobal t  
c o m p o u n d s  are pink, whereas  the zinc c o m p o u n d s  are white.  
In add i t ion  zinc compounds ,  d o p c d w i t h  0.1 2 . 0 % ( ' o  II, 

ln.t)'ared and l.~aman spectra 

Infrared spectra were ob ta ined  for all c o m p o u n d s  and 
for the  free ligands. In addi t ion ,  Raman spectra of the zinc 
c o m p o u n d s  have been recorded.  The spectra show absorp- 
t ions due to b o t h  ligand v ibra t ions  and to oxala te  vibrations.  
The  i.r. spectra of the  c o m p o u n d s  with the same ligand are 
a lmost  identical.  Compar i son  with the  i.r. spectra of the frec 
ligands and tile Raman spectra of o the r  zinc complexes  x~ith 
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these ligands (ZnL2CI2) yields the posi t ion of the  oxalate  
absorpt ions  in the spectra of  the new compounds .  The wave- 
numbers  of these absorpt ions  for Zn(2-Mlz)zOx in Table 2 
have been listed. Data for Na2Ox and Fe(H20)2Ox are in- 
cluded because, in these compounds ,  the oxalate  anion is 
crystallographically known to have D2h symmet ry  (7). F rom 
the "Fable it is concluded that,  in the  new compounds ,  the 
oxalate anions also have approximate ly  D2h symmet ry  and 
must act as t e t r aden ta te  ligands. Compar ison with the data 
of complexes,  whose  crystal s t ructure  de te rmina t ions  have 
proved the t e t r aden ta t e  coord ina t ion  of  the oxalate  anions, 
confi rms this (a) . The only di f ference  is that  in our com- 
pounds  the asymmetr ical  C - O  s t re tching at ca. 1650 cm - l  
is split into two componen t s .  This splitting may be due 
either to a lowering of  the  lattice site symmet ry  or a combi-  
nat ion band. A similar splitting occurs in some dimeric 
niobium c o m p o u n d s  described by Kergoat and Guerchais (9) 
in which the oxalate anion also serves as a t e t r aden ta te  
bridging ligand. 

Far-i. r. spectra 

Far-i.r. spectra were recorded in order  to conf i rm tha t  all 
our c o m p o u n d s  have similar s t ructures  and to see if M - L  
vibrations could be assigned. In the  far-i.r, region 

( 5 0 0 - 2 0  c m - l  ) the  metal  oxygen  and metal-l igand s t re tch-  
ing and bending vibrat ions occur.  The absorp t ions  observed 
in the  4 5 0 - 5 0  c m - l  region for the ML2Ox c o m p o u n d s  wi th  
the ligand bands  are listed in Table 3. Also some tenta t ive  
assignments  were  made  and are included in the Table. It is 
clear that  a s trong mixing occurs  be tween  the  M - O x ,  M - L  
and oxalate  vibrations.  However,  all c o m p o u n d s  reveal the  
same pat te rn ,  indicating tha t  the same kind o f  s t ructure  
must  be present .  

Theoret ical ly  8 i.r. active vibrat ions (2 Blu, 3 B2u, 3 B3u) 

for the MO4N 2 unit under  D2h s y m m e t r y  are expected .  
However,  we have to bear in mind, that  by taking such a 
MO4N 2 unit to calculate the number  of  bands one  expect ,  
vibrat ions due to ligand-wagging and l igand-torsion are 

"gable 2. Oxalate absorptions in the i.r. and Rarnan spectra 

Description Zn(2-MIz)20 x Na20 x Fe(H20)2Ox 
Raman I.r. Raman l.r. l.r. 

Vl Ag C-O stretch (syrn) 1465 1455 
P2 Ag C-C stretch 915 880 
~'3 Ag O C-Obending(syrn) 525 482 
l)4 A u inactive 
Us Btg C Ostretch (syrn) 1630 1642 
I)6 Big C C-O bending (syrn) 585 568 
1'7 B2 u C - C - O  bending (asym) 485 510 
~'8 B3g out of plane a) 220 
u9 B2 u C O stretch (asym) 1675, 1605 b) 1612 1630 
vl0 Blu out of plane a) 270 c) 
vl I B3u C-O stretch (asym) 1320 1355 c) 1315 
v3 + v12 B3u combination band 1365 1335 
I;12 B3u O C-O bending (awm) 800 800 c) 780 

48O 

1630 d) 

1315 
1360 
815 

a) Could not be assigned, because of the strong overlap of this band with theM--OxandM l. vibrations that occur in the same region. 
b) Splitting caused by a small lowering of the lattice site symmetry. 
c) ForBidden absorption band. 
d} Very broad. 

"Fable 3. Far-i.r. da taof the  ML2Oxcompounds, wi thOx= oxalatodianion;M= Ni, Co and Zn; L = water or substituted imidazole 

Compound Observed absorptions (cm -1 ) 

2-MIz 38Orn 358rn 271s 151m l lSm 98m 
Ni(2-MIz)2Ox 427rn a) 4OSrn a) 385s 296s a) 273rn 252rn b) 22(Nv 195m 175m 74m 
C°(2-MIz)2()x 42Om a) 405m a) 385s 27Obr a) 176br 
Zn(2-Mlz)2Ox 425rn a) 4lOw a) 384s 234br a) 177m 158s 

DMIz 43Orn 272s 
Ni(DMlz)2Ox 45Os 429m a) 411rn a) 3OOs a) 272m 259m b) 215m 181rn 163m 
Ct~DMIz)2Ox 443s 413rn a) 390rn a) 273s a) 239m b) 196m 162m 147m 
Zn(DMlz)2Ox 441s 417rn a) 403rn a) 242s a) 220w b) 203m 182m 171w 155m 141m 

BIz 416s 270s 241s 227m 155s 106s 
NiU~,lz)2Ox 432rn 423s aj 4()3m a) 292m 3OOs a) 273s b) 254m 225s 170br 
Co(Blz)xOx 430w 421s a) 400m a) 292m 283m a) 264s b) 228s 198m 149m 
Zn(Blz)2Ox 432rn 424rn a) 408m a) 288m 245s a) 23Os b) 195w 148s 

Ni(H20)2Ox 45Ovbra) 358rob) 332s a) 285s b) 252w 203s 
C°(H20)2Ox 445vbra) 355m b) 306s a) 282m b) 182s 153m 
Zn~H20)2Ox 425vbra) 295sbJ 250s a) 24Os b) 195m 147s 

a) Vibrations withOx M-Oxcharacter. 
b) Vibrations hareM Lcharacter. 
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neglected.  Fu r the rmore ,  one out-of-plane vibrat ion (B lu) 
of  the oxalato  anion occurs  at ca. 270 cm - l ,  a region where  
also M - O x  and M - L  stretching vibrat ions are expec ted ,  some 
of  which having the  same symmet ry  and giving rise to coup- 
ling of  vibrations.  The theoret ica l ly  expec ted  features de- 
scribed here are observed for all c o m p o u n d s  by the  occur- 
rence of  a broad absorp t ion  in the 2 5 0 - 3 0 0  cm - l  region. 
In addi t ion,  absorp t ions  of the  free ligand are known  to 
occur  in the  2 0 0 - 3 0 0  cm - l  region. For reasons out l ined 
above, no a t t emp t  was made to give a comple te  far-i.r, data 
assignment;  only O x - M - O x  and M - L  vibrations were 

assigned. 
The sequence  of  the vibrat ions N i - C o - Z n  is just  as ex- 

pec ted  f rom electronegat ivi ty  and mass of  the metal ions; 
however,  the  two highest O x - M - - O x  vibrat ions do not  
fol low this sequence  and it is assumed, that  these are 
C - O - M - O - C  ring vibrations.  

Ligand field spectra 

The band maxima,  and calculated values of Dq and B for 
the  nickel and cobalt  c o m p o u n d s  are listed in Table 4. Dq is 
the  ligand field spli t t ing and B the Racah parameter  for an 
octahedral  env i ronment  of  the metal  ion. These parameters  
are calculated using publ ished methods ,  dealing with aver- 
aged envi ronment ( l  0). 

The di f ferences  in the Dq values may be due to differ- 
ences in steric h indrance of  the  various ligands. 

Examina t ion  of  the posi t ion of  [Ox] 2- and H20 in the 
spect rochemical  series (t 1) shows that  the Dq values in our 
c o m p o u n d s  are unusually high. This may be due to a lattice 
effect,  as is found  in some hydrates ,  or due to a n-back- 

bonding effect  o f  the symmetr ica l ly  bridging oxalato anions,  
resulting in a lowering of  the  (partly) filled t2g orbitals. The 
B-values occur in the region expec ted  for  octahedral  Co H 
and Ni II compounds .  

Electron spin resonance spectra 

The e.s.r, parameters  of  the Co-doped Zn compounds  are 
collected in Table 5. Commonly ,  these parameters  can be 
used to obta in  in format ion  about  the s t ructure  of  and the 
bonding  in the  compounds .  Our main goal was to conf i rm 
the te t ragonal  geomet ry  and to find out  a possible deviat ion 
f rom axial symmet ry .  

To obta in  suff icient ly sharp resonance lines, the samples 
have to be cooled below 20 K in order  to increase the  spin- 
lattice relaxat ion time. In this t empera tu re  region, high-spin 
octahedral  Co II c o m p o u n d s  behave as having ficticious S = 1/2 
spin systems. 

Theories  about  the in terpre ta t ion  of  spectral data and the  
relation with ligand field parameters  were published as early 
as 1951 by Abragam and Pryce 02). They described theoret ical  
curves of g// and g± plo t ted  against each o ther  in the weak 
and strong field approx imat ions  for trigonal symmetry .  

- -  2 - According to Abragam and Pryce 0 ) a relat ionship exists 
be tween  structural  and spectral parameters.  The g values are 
ex t remely  sensitive to small changes in the geomet ry  around 
the  Co u ion. 

In Figure 2, our exper imenta l  g / /and gi are p lo t ted  against 
each o ther  and compared  with the theoret ical  plots given by 
Abragam and Pryce. Most of  the spectra show three g values, 
characterist ic  for rhombic  geometry ;  in those cases the value 
(g2 + g3 )/2 was used to calculate g±. Our exper imenta l  values 

Table 4. Ligand field data for theML2Ox compounds; wi thOx= oxalato dianion;M = NiandCo; L= watcrorsubstituted-imidazole 

Compound 3"1" Ig(P) * 3"1" lg(F) ~ 1Eg ~ 3T2g ~ 3A2g Dq B 
(cm -1 ) (cm -1 ) Icm -1 ) (cm -1 (cm -1 ) 

Ni{2-Mlz)2Ox 26000 16000, 13700sh 9400 940 878 
Ni(DMIz)2Ox 26000 15900, 13700sh 9500 945 871 
Nit B lz)2Ox 25 060 15 600, 13 300sh 9000 900 895 
Ni(H20)2Ox 25060, 27040 a) 15700, 14000sh 9400 935 922 

4Tlg(P)_ 4A2g~ 4T2g ~ 4Tlg([:) 
(cm -1 ) (cm -1 ) (cm -1 ) 

Co( 2-MI z)2Ox 19 300 16500sh 8600 940 785 
CoCDMIz)2Ox 19400 16500sh 8600 935 795 
Co(Blz)2Ox 18 900 16500sh 8300 910 775 
Co ( H 2 O) 2Ox 20 000 17 O00sh 8500 930 840 

a) This splitting is caused by a lowering of the symmetry, probably due to additional water molecules in the crystal lattice (sec text). 

Table 5. f'.s.r, parameters at X-band frequencies of ML2Ox compounds, with M= 98%Zn and 2% Co (uncertainties in thegvalues 
are 0.01; A values are accurate to ca. 2G in the ideal splitting case) 

Compound gl = g// g2 g3 g± = 0.5 (g2 + g3) Al = A8 A2 A3 
(G) (G) (G) 

M(H20)2Ox 0.28 3.75 2.62 3.19 80 ~ 51 - 24 a) 
M(2-bllz)2Ox 0.29 3.62 2.52 3.07 70 a) h) b) 
M(DMIz)2Ox 5.51 3.66 3.66 3.66 71 - 34 
M(BIz)2Ox 5.68 4,20 2.78 3.49 70a) b) b) 

a) The hyperfine structure is not completely resolved; [in the ideal case the absorptions split into g lines tMl(Co ) = 7/2 and one expects 
2 I + 1 = 8 splittings)l. 

b) No hyperfine structure is observed. 
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Magnetic measurements 

Figure 2. Experimental values of g// plotted against gl; drawn 
curves arc the theoretical ones for weak-field (upper curve) and 
srrong field (lower curve). 

Figuw 3. E.5.r. derivative curve of the 2% Co doped z n ( D M l ~ ) ~ O x  
compound ar 4.2 K.  

i r e  4. I l . \ . r .  Jcrlvacivc curvc o f  the 2% C o  Jopcd Z n ( H 2 0 ) 0 x  
c~>mpound ar 4 7 K.  

fall betwecn the  two  extreme cases uf weak-field (upper  
curve) and htrong-f~eld (lower cur\'e). The  observed Aii 
values fur our  compounds are a11 in thc  region of 70  G ;  this 
v;lluc I S  frequently found for iniidazoles that are octahedrally 
coc,rdinated to c o l l  and that  have g) > g, ( I 3 ) .  

I:rc)m the  e.s.r. experiment,  we c:ln conclude that in the  
present compounds the CO" ion IS  octahedrally coordi- 
narecl; howe\-er, only the  Dhllz compound shows strict 
axial symmetry ,  whereas all others reveal a rhomhic distor- 
t lon. I t  IS remarkahle that  only for the  ligancl w ~ r h o u t  an  
a c d  I\! I I group, i h  xx~a l  s>~ninietr>s observed. 'l'his suggests 
char hydrogen bonding betw,een the  azolc ligands and the  
o u l , ~ t o  anions i \  s g n ~ f ~ c a n t .  Two  ~llustrarive spectra are 
d r .~wn  In Ii1gures 3 ( a x ~ a l )  and Figurc I ( rhombi() .  

Magnetic susceptibility measurements a t  low temperature  
(4.2-100 K)  were carried o u t  t o  determine t h e  sign and 
magnitude of the  exchange coupling between t h e  metal ions 
and t o  confirm t h e  linear chain behaviour. For  all compound: 
the  susceptibility curves show a broad maximum, indicating 
that  t he  metal ions are coupled antiferromagnetically. T o  
describe t h e  experimental  susceptibility data ,  a model is 
needed. T h e  basic properties of t he  models can be  under- 
s tood f rom t h e  spin interaction Hamiltonian, e.g.(I7): 

where J is t he  exchange parameter between nearest neigh- 
bours,  X is the  summation over all pairs of ions i and j and . . 

1.1 

s X ,  sY and SZ are the  components  of spin angular moment  S. 
T h e  a lb  ratio is an  anisotropy parameter. 

In many cases, S represents the  effective spin operator,  
utilized in the  description of a ( 2  S + 1 )-fold degenerate 
ground state of a magnetic ion. Crystal field anisotropy may 
suppress e.g. t he  SX and sY components  and thereby induce 
anisotropic exchange. 

The  a = b = 1 case is called t h e  Heisenberg model in which 
the  magnetic interaction is isotropic. The  case of a = 1, b = 0 
describes an  ext reme anisotropic coupling and is called the  
lsing model.  T h e  case a = 0 ,  b = 1 is called t h e  XY model or  
planar Heisenberg model if it is required that  t he  spins lie 
within the  molecular xy-plane. Determination of t h e  thermo-  
dynamic functions starting f rom the  general interaction 
Hamiltonian ( I ) ,  gives rise t o  severe problems. Until now 
closed form expressions fo r  t he  parti t ion function could be 
derived only for  the  S = 112 lsing model(14), the  S = 112 XY 

model('" and for the  classical limir S -. with arbitrary 
spin Numerical approximations con- 
cerning the  thermodynamic properties of infinite chain 
systems are available. Honner and  ish her''^) and weng('') 
applied the  methods  of extrapolation f rom limited chain 
length calculations t o  obtain thermodynamic values for  
the  infinite chain. Weng neglected the  influence of zero- 
field splitting for  ions S > 112 o n  the  thermodynamics of 
such chains. In fact all ions with S > 112 (except those in 
an S-state) may e x h ~ h i t  a large zero-field splitting. Recently,  
de  ~ e e f ( l "  published some thermodynamic properties of 
linear chains with Heisenberg eschange and crystal field 
anisotropy for S = 1 ions. De Neef found that  the  influence 
of the  zero-field splitting on  the  specific heat is more pro- 
nounced than on  the  magnetic suceptibility. Since ou r  data  
concern only t h e  magnetic suscrptibility, in our  description 
of the  experimental susceptibility data,  both  Weng's results 
and d e  Necf's results for the  S = 1 systems (Ni  chains) are 
considered. For the  S = 112 systems - as is t he  case for  ~ o "  
at  low temperatures - the  results of Bonner and ~ i s h c r ( " '  
are available, for  the  Heisenberg model.  

LVithin [he  l s ~ n g  model,  closed form expressions for t he  
parallel and transverse susceptibility are available for the  
S = 112 For the  S = 1.sysrern. Suzuki r t  ~ r l . ( ? ' )  
published the  parallel susceptibility versus temperature curve. 
Within the  XY model,  for  S = 112 only ,  the  transverse sus- 
cepr ib~l i ty  has been c:ilculated by tiatsura"". To the  t,est of 
our  knowle~lge  no theoretical work has been carr~ed o u t  
previously for systems S > 112. In the  present paper,  the  
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exper imenta l  susceptibil i ty data have been interpreted in 
the light of  the a forement ioned  calculations and approxima-  
tions. We are aware of  the  fact that the listing of possible 
ways to interpret  our  magnetic susceptibil i ty data is not  
complete .  Especially in the isotropic case, much more theo- 
retical work  has been done, i.e. hi h tempera ture  series ex- 
pansions (22), Green 's  func t ion  approaches (23), low-tempera-  
ture approximat ions  (24) (spin wave theory) .  However,  using 
all these available results would lead us much too  far f rom 
the goal of  this work, namely to find ou t  if we are dealing 
with chains of  high one-dimensional i ty ,  and to obtain an 
indication for the strength of the magnetic interaction.  

In the next section, the exper imenta l  magnetic suscepti- 
bil i ty data of  the Ni and Co chains will be described and 
discussed. 

Nicke l  c o m p o u n d s  

chain-length calculations, neglecting zero-field splittings. 
De Neef(19) did the same, but  included an axial zero-field 
splitting D, taking an extra term in the Hamil tonian 1 

2 
namely -- D Y:(S z - 2/3). Some results according to Weng 

i 
and de Neef, together  with the exper imental  data of  the 
compound  Ni(2-Mlz)=Ox, are plot ted in Figure 5. Within the 
Ising model,  the theoret ical  expression for the parallel sus- 
ceptibil i ty given by Suzuki, et. al., was used to describe the 
exper imental  data (21): 

(N- t3  2 "g2//) (1) 4a 3 +5a  2 - a +  1) 
X// = " ( 1  + 

2kT a2(a + 2) a [ ( a + a - ' ) 2  + 8] 0,5 

with a = exp ( - 2  J /kT) .  
However,  in no case could a reasonable fit be obtained,  

probably due to the influence of the perpendicular  suscepti- 
bility, which is neglected. Because octahedral ly  coordinated 

All susceptibil i ty versus tempera ture  curves show a broad 
maximum,  typical  for ant i ferromagnet ical ly  coupled metal  
ions. Principally the metal  ions can be coupled in three 
different  ways, i.e. in dimers, one-dimensional  chains and 
two-dimensional  chains. Ginsberg (2s) published the theo- 
retical expression for the susceptibil i ty of  Ni dimers, but it 
was not  possible to describe our susceptibil i ty data with this 
expression. Fur thermore ,  Hendrickson,  et al. (26) has pub- 
lished magnetic data of  crystallographically established 
dimeric oxalato-bridged nickel compounds.  Comparing their 
data with ours it is evident that  our  susceptibil i ty maxima 
are much broader and lower, whereas Tma x is of the same 
order  of  magnitude.  

Distinguishing between one- and two-dimensional  struc- 
tures from magnetic measurements  on powders is more 
difficult;  however,  f rom the i.r. spectra of  the compounds  
under discussion and that of  e.g. Fe(H20)2Ox,  it is clear that  
one-dimensional  structures are involved here. Moreover,  C - O  
and C - C - O  vibrations differ strongly for the bis-bidentate 
(one-dimensional)  and the t e t r amonoden ta t e  ( two-dimen- 
sional) cases. 

From these arguments, it is assumed that in the present 
compounds  the metal  ions are coupled in one-dimensional  
chains. This is confirmed by the excellent  agreement  be- 
tween calculations according to the one-dimensional  models 
and the observed susceptibili ty data, vide infra. 

The relevant susceptibili ty data for the NiL2Ox com- 
pounds are listed in Table 6, together  with the J and g para- 
meters obtained for the different  one-dimensional  models.  
Within the Heisenberg model,  our susceptibility data were 
fit ted to both Weng's and de Neef 's  results. Weng 08) has 
published results obtained f rom extrapolat ion of l imited 
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Figure 5. Molar susceptibility Xm of Ni(2@llz)2Ox as a /'unction of 
temperature; + = experimental points. The full curve represents the 
theoretical curve for J = 12.0 cm-I,  D = 0 cm-I and g = 2.17 ac- 
cording to the results of Weng. The dotted curve represents the 
theoretical curve forJ = -12 .0cm -1, D = -12 .0cm -I andg= 2.20 
according to de Neef's results. 

Ni II compounds  generally have g-values that are not very an- 
isotropic, it is evident that  ~he powder susceptibility could 
not be described by taking into account  only the X// contri- 
bution. 

F rom Figure 5 it is seen that our data can be described 
very well within the Heisenberg model (for temperatures 
above ca. 40 K), with and without  a D-term. 

"Fable 6. Susceptibility data for NiL2Ox compounds with L= H20,2-MIz, DMIz. Blz. Uncertainties in the last digit are in parentheses 

Compound Xntaxa) l Tma x Weng's results de Neef's results 
(emumole ) (K) -J(cm -1) g ( l ) = -  IJI) b) 

-J(cm -I ) 

Ni(H20)2Ox /I.00928(9) 41(2) 11.0(4) 2.12(4) 11.5(3) 2.22(2) 
Ni(2-MIz)2Ox 0.00889(9) 45(2) 12.0(2) 2.17(2) 12.0(2) 2,20(1) 
Ni(DMIz)2Ox 0.00870(9) 47(2) 12.4(2) 2.18(2) 12.5(2) 2.22/2) 
Ni(Blz)2Ox 0.00870(9) 46(2) 12.4(2) 2.19(3) 12.5(2) 2.23(2) 

a) Corrected for diamagnetism of constituent atoms using Pascal's constants (27). 
b) High temperature region. 
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From these exper iments  and the knowledge that  Ni 2 ÷ 
ions, coordinated octahedrally,  can exhibi t  zero-field split- 
tings up to ca. 30 cm -1 and the fact that  even at Q-band 
frequencies no e.s.r, spectra could be obtained,  it is reason- 
able to assume that describing the susceptibil i ty data within 
a model  including a D-term is the most honest  approach. 
However,  the value of  this axial zero-field splitting para- 
meter ,  D, must  be regarded only as a rough estimate,  because 
de Neef (18) published results only for values D = nx [Jh with 
n = - 4 ,  - 2 ,  - 1 ,  0, +2, +4. The best fits for all our  com- 
pounds were obtained for the curve with n = - 1 .  The next  
best fit was obtained by taking the curve with n = 0. (The 
results of Weng are very close to those of  de Neef with N = 0.) 
The sharp susceptibili ty decrease at the lowest tempera tures  
can be explained in several ways. A first reason for this de- 
crease could be that the ground state of  the Ni 2÷ ion is a 
nonmagnet ic  singlet caused by the exchange integral and the 
D-term. Another  explanat ion is that  the lsing system occurs 
here, but  as no expression for the perpendicular  susceptibility 
is known it is not  possible to confirm this. However,  g//needs 
to be much larger than g± in order to give rise to a large 
powder-susceptibi l i ty decrease at low temperatures  and this 
is seldom found for Ni 2÷ ions. A third explanat ion could be 
that anisotropic interchain coupling gives rise to the strong 
susceptibility decrease. As ment ioned above, such an aniso- 
t ropy is not expected for Ni 2+ ions. 

For the Ni(H20)2Ox compound  an increase in suscepti- 
bility at very low temperatures  was found,  indicating the 
presence of  a small amount  of paramagnetic  impurity.  Im- 
purity corrections in the 0.5 to 1.0% range (for different 
samples) of a monomer ic  nickel compound  was necessary in 
order to describe the data with Weng's results. This correc- 
t ion hardly effected the susceptibility data in the high tem- 
perature region, f rom which the J /D  parameter,  n, was cal- 
culated. 

To find out  to what extend the phenomena of zero-field 
splitting, inter-chain coupling or anisotropic intra-chain 
coupling are involved, bet ter  theories must be awaited. Espec- 
ially, a description of  the low tempera ture  region where 
these phenomena  give rise to serious problems in interpreta- 
tions, is needed. A first step towards assembly of  more ex- 
perimental  data could be the col lect ion of single-crystal 
susceptibility data; however,  so far no crystals have been 
prepared. 

A second reason for the observed increase in suscepti- 
bility at lowest temperatures  for the Ni(H20)2Ox could be 
the onset of long-range magnetic order, i.e. interchain cou- 
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piing (v ide  infra) .  In that  case the  interchain coupling must  
be ferromagnet ic .  

C o b a l t  c o m p o u n d s  

The relevant susceptibil i ty data of  the CoLzOx com- 
pounds, together  with the J and g parameters  obta ined 
within the lsing model,  are given in Table 7. The suscepti- 
bil i ty curves again show a broad m a x i m u m  typical for an 
ant i fer romagnet ic  linear-chain system. 

In describing magnetic propert ies of Co 2÷ ions in an octa- 
hedral field, one has to bear in mind that, at very low tem- 
peratures, Co II acts as though it had a ficticious spin S = 1/2. 
In a cubic octahedral  field the 4F orbital  state of  the free 
Co 2 + ion splits into three levels of  which the lowest level 4"F, 
is t r iply degenerate.  Under the act ion of  an axial or rhombic  
dis tor t ion - as is the case in the present compounds  (v ide  
supra)  - of the crystal field in combina t ion  with spin-orbit 
coupling, the  4T level splits into six Kramers doublets  caus- 
ing the ground state of  the Co 2÷ ion to be a doublet .  The  
same energy level remains lowest for all values of the field 
strength and the splitting be tween  the two lowest lying 
doublets  is so large, that  up to ca. 2 0 - 2 5  K the system 
can be described as having a spin S = 1/2. For higher tem- 
peratures, thermal  occupa t ion  of  the higher si tuated Kramers 
doublets  cannot  be ignored, resulting in an increase of  the 
susceptibil i ty compared to the fictious S = 1/2 system sus- 
ceptibil i ty.  This would  give rise to severe problems in the 
in terpreta t ion of  the data. In order  to correct for this in- 
crease in susceptibili ty,  the energy differences be tween 
ground state and the five Kramers doublets  must be known 
and to calculate these energy differences one  has to know 
the crystal field strength and also the spin-orbit  coupling 
constant.  Since these parameters are not  known for the 
compounds  under discussion, no description of the high 
tempera ture  part of  the susceptibil i ty curves was a t t empted  
and so only the low tempera ture  parts were f i t ted as being 
S = 1/2 systems in the 4 . 2 - 2 0 . 0  K region. Within the Heisen- 
berg model ,  Bonner and Fisher (t7) published the extrapo-  
lated curve for S = 1/2 ions. Their  results, together  with Ising 
and exper imental  results for Co(H20)2Ox,  are plot ted  in 
Figure 6. 

By means of the results (2°) for parallel and transverse 
susceptibili ty in the Ising model  with S = 1/2 and the formula,  
Xpowder = 1/3 X//+ 2/3 XI, a fit with the exper imental  sus- 

"[able 7. Susceptibility data for CoL2Ox compounds with L= H20,2-MIz, DMIz, Blz. Uncertainties in the last digit are inparcntheses 

Compound XMmaxf) 1 Tmax Fitting parameters (Ising model) E.s.r. data 
Cemu mole- ) (K) g//a) gla) :m_l)a ) glb) _j cb,c) 

( ( c m - l ) b )  g// gl 

Co(H20)2Ox 0.0425(4) 18.0(5) 6.1(1) 3.3(1) 9.3(3) 5.2(1) 9.1(3) 0.004(5) 6.28(1) 
Co(2-MIz)2Ox 0.0405(4) 18.5(5) d) d) d) 3.0(1) 9.5(5) 0.049(4) 6.29(1) 
Co(DMlz)2Ox 0.0390(3) 19.5(5) d) d) d) 3.4(2) 10.6(6) 0.042(4) 5.51(1) 
Co(Blz)2Ox 0.0435(4) 15.0(5) d) d) d) 3.3(1) 9.3(4) 0.066(4) e) 5.68(1) 

3.19(1) 
3.07(1) 
3.66(1) 
3.49(1) 

a) No impurity correction. 
b) Impurity correction included. 
c) In units (emu. K. mole-I). 
d) No fit could be obtained. 
e) C-value corresponding to roughly 1% of a monomeric cobalt compound. 
t-) Corrected for diamagnetism of constituent atoms using Pascal's constants (27). 
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ceptibility data was tried. The theoretical expressions for 
parallel and transverse susceptibility are given by: 

X//= N/3-~-2 . g2// "exp (2 J/kT) 
4kT 

N32 • g~ - {tanh (IJI / kt) + (IJI/RT) • [sech 2 (IJI/kT)]} X± = 8 IJ-~- 

Within the confines of the XY model, Katsura (Is) pub- 
lished the perpendicular susceptibility for an infinite S = 1/2 
system. 
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Figure 6. Molar  suscept ibi l i ty  Xm of  C o ( H 2 0 ) 2 O x  as a func t ion  of  
t e m p e r a t u r e ;  + = expe r imen ta l  Ploints. The  full curve represents  the 
theore t ica l  fit for  J = - 9 . 3  c m -  , gg = 6.1 and g£ = 3.3 accord ing  to 
the lsing model .  T he  d o t t e d  curve represents  the theore t ica l  fit for  
J = - 1 0 . 1  cm - I  and g = 4.7 accord ing  to the  results o f  Bonner  and 

Fisher. 

From Figure 6, it is clear that the lsing model describes 
the susceptibility data best, especially in the low tempera- 
ture region where the Heisenberg curve fails. It was not pos- 
sible to describe the experimental data within the XY 
model, just as expected, because the influence of the parallel 
susceptibility on the powder susceptibility is neglected in 
this model. For all cobalt compounds, a good fit with the 
experimental data could be obtained neither for the Heisen- 
berg nor for the XY model. This is in agreement with the 
e.s.r, results, i.e. g# > g± which is indicative of the presence 

of an lsing type of interaction. Using a least-squares tech- 
nique, the data were fitted to the expression for X p o w d e r  

within the Ising model in two different ways, yielding the 
values for the parameters listed in Table 7. As mentioned 
before, the approximation resulting from a fictious S = 1/2 
system only holds for temperatures below ca. 20 K. In this 
region small amounts of paramagnetic impurity and inter 
chain-coupling effects also become important. These effects 
very strongly influence the g// and to a lesser extent the gi 
and J parameters. For these reasons the data were fitted in 
two ways: 

Firstly, the data were fitted without a correction for a 
small amount of paramagnetic impurity with parameters 
g//, gi, and J. Only for the compound with L = H20 could 
a reasonable fit be obtained (viz. Figure 6). The g para- 
meters, calculated in this way, correlate well with those ob- 

tained from the e.s.r data for the compound with L = H20. 
Secondly, the data were fitted with a correction for the 

presence of a paramagnetic impurity, having a Curie-like 
susceptibility C/T. Using fixed g// and g.L, J, and C as param- 
eters the data were fitted within the Ising model. The values 
for the fixed g// were taken from the e.s.r, data, because 
these could be obtained with great accuracy for all com- 
pounds.Examination of these parameters, listed in Table 7, 
reveals that for all compounds the gl results are in good 
agreement with the e.s.r, data, indicating that the CoL2Ox 
compounds seem to be good examples of one-dimensional 
Ising compounds. Differently prepared samples of one 
compound yielded data that could be fitted with slightly 
different C-values and identical g± and J values. 

Final remarks  

The compounds under discussion appear to be linear- 
chain coordination compounds, in which the oxalato 
dianion acts as a tetradentate bridging ligand. The metal ions 
are antiferromagnetically coupled, with relatively large values 
for the exchange integral, J. The ligands hardly seem to in- 
fluence the J-values, in agreement with a super-exchange 
pathway via the O - C - O  or O - C - C - O  bonds of the oxalato 
dianion. Qualitatively such a polyatomic bridge having a 
mirror plane perpendicular to the chain, can be regarded as 
acting like a molecular orbital and because of the symmetry 
each metal ion will interact identically with this bridge 

,. (26) orbital, giving rise to antiferromagnetic coupnng . 
At present, the corresponding Fe II compounds are being 

investigated and preliminary M6ssbauer experiments reveal 
that for the compound having L = water at ca. 20 K lon~- 
range magnetic order, i.e. interchain coupling, sets on (28). 
However, a second peak in the susceptibility versus tempera- 
ture curve as published by de Barros and Friedberg (s), could 
not be detected thus far. This indicates that it is difficult to 
distinguish between anisotropic intra chain coupling and 
anti ferromagnetic inter chain coupling from susceptibility 
measurements alone. 

Experimental 

Syn thes i s  

All chemicals were commercially available and used with- 
out further purification. Ligands used are: water (H20), 
2-Methylimidazole (2-Mlz), 1,2-Dimethylimidazole (DMIz), 
and Benzimidazole (Blz). 

On mixing solutions of the Ni, Co and Zn metal(II) 
chlorides (5 mmol) and the ligand (20 mmol) in H20 and of 
sodium oxalate (5 mmol) in H20, very finely divided pow- 
ders separated. These powders were filtered and washed with 
dry ethanol and diethyl ether and dried in vacuo at room 
temperature. 

Analys is  

All samples were checked for purity by chemical analysis 
(M, C, H, N) and i.r. spectra. 
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Physical measurements 

l.r.,  far-i .r .- ,  l i gand  f ield- ,  e . s . r . - spec t r a ,  x - r a y  p o w d e r  d i f f r ac -  

t i on  p a t t e r n s  and  m a g n e t i c  s u s c e p t i b i l i t y  m e a s u r e m e n t s ,  w e r e  

p e r f o r m e d  as d e s c r i b e d  e l s e w h e r e  (6). R a m a n  s p e c t r a  o f  sol id  

s a m p l e s  we re  o b t a i n e d  u s i n g  a J E O L  R a m a n  s p e c t r o m e t e r  

u s i n g  Ar  a n d  Ne e x c i t a t i o n .  
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Note added in press 

A recent x-ray structure determination in our depar tment  of  
Zn(2-MIz)2Ox(H20)o. s has shown that linear chains with tetra- 
dentate,  symmetr ic  oxalate bridges indeed occur. In this partic- 
ular case the ligand 2 Mlz occur in a cis orientation, in agreement 
with t h e r h o m b i c e s . r  spectrum of the Co-doped compound.  
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