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Abstract - Structural and vibrational properties of the nitro- 
prusside, [Fe(CN)5N0]2-, anion, including the vibrational in- 
teraction between the NO groups of neighbouring anions 
in structurally propitious crystals are briefly reviewed. The 
discussion extends to pentacyanonitrosylmanganate(3-) anions 
in the potassium salt. The vibrational behaviour of electron- 
ically excited (metastable) nitroprusside anions is also con- 
sidered. Finally, the vibrational manifestations of the strong 
coupling existing along the NCMnOMnCN axis of the linear p-oxo 
bis(pentacyanomanganate)(6-) anion, and the correct assignment 
of its electronic absorption bands are also reviewed. 

2- The nitroprusside anion, or pentacyanonitrosylferrate(2-), [Fe(CN)sNOI 1 

(Npr2-), is an old member of the vast series of pentacyanometallates. 

Its structure is a pseudo-octahedron containing the NCFeNO grouping in the po- 
lar axis and four CN groups in the equator, slightly bended towards the axial 
cyanide, Ideal symmetry is CqV but in crystals it is always lower. In 
SrNpr,4H~O(ref. l), for instance, bond lengths of ligands are nearly equal to 
bond lengths of the free groups, nitric oxide and cyanide (1.17 and 1.15 for 
NO and 1.13 and 1.14 for CN-, respectively ref. 2). 

Wavenumbers of the stretching vibrations of the bonded ligands are 2152 cm-I 
and about 1960 cm'l for CN and NO, respectively, in BaNpr.3H2O (ref. 3 ) ,  not 
far from values re orted for free CN' and NO (2080 and 1880 cm-l,respectively, 
ref, 4). In fact, tCN is greater than in the Fez11 complex [Fe(CN)6]3', which 
has its CN stretching bands between 2135 and 2118 cm'l (ref. 4). Therefore, 
although $N (2273 cm-' 
ref. 4), Fe?II and NOo oxidation states seem to apply better than the common- 
ly accepted Fe" and NO+ (cf. ref. 5 ) .  It is to be noted that XPS (ESCA) re- 
sults point t o  a +0.35 fractional charge on the NO group of NazNpr.ZH20 (ref. 
6) but on the contrary, SINDO calculations (ref. 7) result in a -0.254 charge, 
a seemingly overestimated value (ref. 7). A strong charge separation is recog- 
nized in the NO group, specially as result of the SINDO calculations (qN= 
+0.503, go= -0.757)(ref. 7). The high polarity of the group and the big change 
it experiences when the bond vibrates (ref. 6) ((dm/ds),53.35 a.u.(ref. 6)) are 
important characteristics of the group. 

Other characteristic vibrations of Npr2' are 6FeNO (666 cm-1) and VFeN (650 
crn'l), T o  the FeN bond is recognized a strong n contribution amounting 1.693 
(ref, 7 and references therein), The FeCN deformation and FeC stretching 
bands a pear below 500 cm-1 and are fairly intermingled. The strong band at 
419 cm-y is usually assigned to a FeC stretching and a FeCN deformation (ref. 
8a,b). 

The strong polarity of the NO group in Ngr2- perhaps determines that in mono- 
clinic SrNpr.4HZ0 (ref. 1) and orthorhombic BaNpr.3HzO(refl 9) the anions pile 
up alon the c crystallographic axes, forming double rowed chains separated 
about 7%. In the chains the anions are intercalated in an antiparallel 
(SrNpr.lH20) or nearly antiparallel (BaNpr.3H20) fashion with the NO g5oupr 
faced up (and opposed), the interanionic distances being about 48r ( 4 . 2 ~  in 
BaNpre3H20(ref. 9a, b)). The polar axes of the anions are parallel to the a 

is somewhat shifted towards the value reported for NO+ 
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a x e s  ( s ee  F i g .  1 o f  r e f .  lo), T h i s  a r r a n g e r h e n t  b r i n g s  u p  a s t r o n g  i n f r a r e d  
d i c h r o i s m  i n  s i n g l e  c r y s t a l  p l a t e s ,  as  p r o v e d  b o t h  f o r  SrNpr.4H2O ( r e f .  11) 
and BaNpr.3HzO ( r e f .  3 ) .  

The c o r r e l a t i o n  d i a g r a m  p r e s e n t e d  be low w i l l  h e l p  t o u n d e r s t a n d  t h e  v i b r a t i o n -  
a l  b e h a v i o u r  o f  t h e  b a r i u m  s a l t  ( r e f .  3 )  w h i c h  b e l o n g s  t o  t h e  P c a 2 l  (C:", N o - - -  
29)  s p a c e  g r o u p  (Z= 4 )  ( c f .  r e f .  9 ) .  

c4v =1 c2v 
( p o i n t  g r o u p )  ( s i t e  g r o u p )  ( f a c t o r  g r o u p )  

A s  shown i n ( r e f .  3 ) , ( 0 0 1 )  ( c - c u t )  p l a t e s  d i s p l a y  i n  t h e  N O  s t r e t c h i n g  r e g i o n  a 
v e r y  s t r o n g  a n d  b r o a d  a b s o r p t i o n  b a n d  c e n t e r e d  a t  a b o u t  1960 cm-1 when t r a n s -  
m i t t e d  l i g h t  i s  a n a l i z e d  a l o n g  a ( B 1  m o d e ) ,  a n d  a s h a r p  a n d  n a r r o w  b a n d  a t  1936 
cm-I (B2)  when E//b. An a - c u t ( 1 0 0 )  p l a t e  shows two s h a r p  b a n d s  a t  1976 and 1936 
f o r  E / / b .  The l a s t  b a n d  i s  a g a i n  d u e  t o  t h e  B 2  mode a n d  t h e  b a n d  o f  h i g h e s t  
wavenumber i s  a s s i g n e d  t o  t h e  l o n g i t u d i n a l  B 1  mode w h i c h  a p p e a r s  d u e  t o  e x -  
p e r i m e n t a l  d e f f e c t s  a s  i t  o c c u r s  a l s o  when R / / c .  F i n a l l y ,  t h e  b - c u t ( 0 1 0 ) s h o w s  
t h e  s t r o n g e s t  d i c h r o i c  b e h a v i o u r .  

The i n t e n s i t y  o f  t h e  B1 band i s  s o  s t r o n g  t h a t  e v e n  i n  t h e  t h i n n e s t  o b t a i n -  
a b l e  p l a t e s  i t  a b s o r b s  t h e  r a d i a t i o n  c o m p l e t e l y .  I n  o r d e r  t o  o b t a i n  t h e  r e a l  
p o s i t i o n  o f  t h e  a b s o r p t i o n  maximun, i t  i s  p o s s i b l e  t o  r e s o r t  t o  s p e c u l a r  re-  
f l e c t i o n  s p e c t r o s c o p y .  Thus ,  when l i g h t  i s  t h r o w n  o n t o  a n  ( a b )  f a c e  ( c - c u t )  
a t  1 5 O  i n c i d e n c e  i n  t h e  ( b c )  p l a n e  a n d  t h e  p o l a r i z a t i o n  a n a l y z e r  i s  o r i e n t e d  
p a r a l l e l  t o  t h e  a a x i s  ( T E  r e f l e c t a n c e )  t h e  T O  B 1  mode a p p e a r s  a s  a s h a r p  a n d  
d e f i n e d  f e a t u r e  a t  1 9 6 8  cm-l ( r e f .  12). 

T h i s  s p e c t r u m  c o n t a i n s  t h e  n e c e s s a r y  i n f o r m a t i o n  t o  s i m u l a t e  t h e  a b s o r p t i o n  
s p e c t r u m  o f  a p l a t e  as  t h i n  a s  n e c e s s a r y  t o  t r a n s m i t  l i g h t  i n  t h e  NO s t r e t c h -  
i n g  r e g i o n .  I t  c a n  b e  d e d u c e d  i n  t h i s  way t h a t  t h i c k n e s s  o f  t h e  c r y s t a l  p l a t e  
s h o u l d  b e  r e d u c e d  a t  l e a s t  t o  0.2 U m  t o  s e e  t h e  V N 0  p e a k  ( s e e  F i g .  6 o f  r e f .  
11). T h i s  p e a k  a p p e a r s  a t  1962 cm-1, I t  i s  t o  b e  n o t e d  t h e  26 c m ' l  d i f f e r e n c e  
e x i s t i n g  b e t w e e n  t h i s  v a l u e ,  c o r r e s p o n d i n g  t o  t h e  B 1  mode, a n d  1 9 3 6  cm-l ,  a s -  
s i g n e d  t o  B2. Such a s t r o n g  (Davydov)  c o r r e l a t i o n  s p l i t t i n g  s h o u l d  b e  t r a c e d  
t o  a s t r o n g  d i p o l a r  c o u p l i n g  b e t w e e n  n e i g h b o u r i n g N 0  g r o u p s  i n  t h e  c h a i n s  
a l o n g  t h e  c c r y s t a l l o g r a p h i c  a x i s .  

From t h e  wavenumbers  o f  t h e  B 1  a n d  B 2  modes i t  i s  p o s s i b l e  t o  o b t a i n  t h e  
v a l u e s  o f  t h e  i n t e r a c t i o n  f o r c e  c o n s t a n t  ( f l )  a n d  o f  t h e  d i p o l e  moment d e r i v a -  
t i v e  ( ( d m / d s ) , )  which  a r e ,  r e s p e c t i v e l y ,  0 , 1 7 2  mdyne/f( a n d  1 3  D / f (  ( r e f .  10). 
The h i g h  v a l u e  of fl c o n f i r m s  t h e  s t r o n g  i n t e r a c t i o n  betweenneighbouringvibr_a 
t i n g  N O  g r o u p s ,  I n t e r e s t i n g l y ,  f l  i s  a b o u t  o n e  hundredth o f  t h e  ( b o n d e d )  N O  
s t r e t c h i n g  f o r c e  c o n s t a n t  (fNOP 15 .91  mdyne/fj ( r e f .  1 3 ) ) .  

T h i s  i n t e r a c t i o n  c a n  b e  b r o k e n  by  i s o t o p i c  s u b s t i t u t i o n  i n  t h e  N O  g r o u p s .  
Thus ,  when e x c h a n g i n g  160 w i t h  180, a t  low s u b s t i t u t i o n  d e g r e e  a b a n d  a s s i g n -  
a b l e  t o  t h e  s t r e t c h i n g  o f  i s o l a t e d  N180 g r o u p s  c a n  b e  s e e n  i n  t h e  low t e m p e r a -  
t u r e  powder  s p e c t r u m  ( r e f .  1 3 ) .  A t  h i g h e r  l8O c o n c e n t r a t i o n s ,  a f e a t u r e  t h a t  
c a n  b e  a s s i g n e d  t o  t h e  i s o l a t e d  N160 s t r e t c h i n g  c a n  b e  s e e n  i n  t h e  s p e c t r u m .  
A s i m p l i f i e d  GF m a t r i x  t r e a t m e n t  o f  t h e  t r i a t o m i c  FeNO g r o u p i n g  a l l o w s  t h e  
c a l c u l a t i o n  o f  t h e  v i b r a t i o n a l  f r e q u e n c i e s  of  i s o l a t e d  g r o u p s  a n d  c l u s t e r s  o f  
i n c r e a s i n g  number o f  i s o t o p i c a l l y  i d e n t i c a l  g r o u p s .  R e s u l t s  d e s c r i b e  f a i r l y  
well t h e  c o n t o u r s  o f  t h e  a b s o r p t i o n  b a n d s  f o r  d i f f e r e n t  d e g r e e s  of  s u b s t i t u -  
t i o n  ( s e e  F i g u r e  4 o f  r e f ,  14). Wavenumbers o f  i s o l a t e d  N160 a n d  N1'0 g r o u p s  
a r e  1947 and 1904 c m - 1 ,  w h i l e  f o r  c o m p l e t e  s u b s t i t u t i o n  t h e y  a r e  1 9 6 8  a n d  
1 9 2 4  cm'l, r e s p e c t i v e l y .  

A f u r t h e r  ( i n d i r e c t )  p r o o f  o f  t h e  e x i s t e n c e  o f  t h e  s t r o n g  N O  c o u p l i n  
BaNpr.3H20 a n d  SrNpr.4H20 i s  p r o v i d e d  by t h e  s p e c t r u m  o f  p a r t i a l l y  0 s u b s t i -  
t u t e d  [ F e ( o - p h e n )  1 [Fe(CN)5NO].ZH20 which  shows s h a r p  a n d  n a r r o w  b a n d s  a t  
1 8 9 3  a n d  1853 cm-1 ( r e f .  1 4 ) .  T h e s e  b a n d s  a r e  t o  b e  compared  w i t h  t h e  b r o a d  
a n d  complex b a n d s  f o u n d  f o r  BaNpr.JH20 ( r e f .  1 3 ) .  I n  t h i s  compound t h e  b u l k y  
c a t i o n s  " i s o l a t e "  t h e  a n i o n s  a n d  do n o t  a l l o w  a n y  a p p r e c i a b l e  i n t e r a c t i o n  be-  
tween  t h e i r  N O  g r o u p s  ( r e f .  1 4 ) .  
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A simpler interactive case b e  provided by K3 [Mn(CN)5NO1.2H20, where the 
anions are in one set of C1 sites and due to interaction give place to only 
two bands in the NO stretching region (ref. 15), at 1745 and 1732 cm-1, 
splitting amounts 13 cm'l therefore. A two-dimensional treatment of the inter- 
action using the value 12 D/A given in (ref. 6 )  for ((dm/ds),), predicts a 
splitting of 16 cm'l, 

Recently, an excited electronic metastable state of nitroprusside was obtain- 
ed by irradiating Na2Npr.2H20 single crystals at low temperature (lower than 
160 K) with the green line (514 nm wavelength) of an Ar+-laser (ref. 16), and 
it was characterized by Md'ssbauer (ref. 16) and Raman (ref. 17)spectroscopies. 
The apparently same excited state has been detected also when irradiating a 
K2Npr solution with powerful CW or pulsed lasers (ref. 18 a,b). 

In orthorhombic Na2Npr.2H20 the anions are disposed as in the strontium and 
barium salts, in (ab) planes but their polar axes are not parallel to the 
crystal a axis but form with it an angle of 30' (ref. 16, 17). 

When a thin a-cut plate of Na2Npr.2H20 is irradiated at boiling air tempera- 
ture with the 514 nm line of the Ar+-laser new bands appear (ref. 19). For 
instance, a band assigned to the NO stretching of the metastable species 
shows up at 1839-1834 cm-', with the same polarization behaviour as the ground 
state band, which appears at 1954-1942 cm'l. This band has its counterpart in 
the Raman spectrum of the irradiated crystal again at 1838-1834 cm-1 (ref. 17). 
The downshift of the NO stretching band upon excitation has been explained by 
a population increase of the antibonding IT* orbitals of the NO group (ref. 16, 
17, 18), which apparently does net-suffer the expected bending (ref. 17, 19, 
20). Other new bands appear in both spectra but in the infrared spectrum there 
are bands not reported in Raman, most of which show a strong dichroic behav- 
iour. 

The most conspicuous of them is perhaps the band located at 1665 cm-l, in a 
region that turns difficult its assignment, although it is tempting to trace 
it to a strongly shifted NO stretching. This and its companion bands dissap-, 
pear at about 90 K while the other set of bands (common to infrared and Raman) 
d6 it at about 140 K, when heating the irradiated crystal. This different be- 
haviour, which has also been proved for BaNpr.3H20 (ref. 20), is presently 
unexplained. 

At the beginning of this lecture, the strong 71 contribution to FgN bonding in 
nitroprusside was mentioned, Interestingly, a strong bond of this sort exiats 
in the p-oxobis (pentacyanomanganate) (6-) anion, which is one o f  the few cases 
where oxygen is linearly bonded due, precisely, to strong 71 bonding, with com- 
plete p71 donation to the metallic nuclei. The oxygen-to-manganese double 
bonding and the 0, 'TI bonding between manganese and axial cyanides bring up 
high electronic conjugation and polarizability to the anion along the 
NCMnOMnCN (polar) axis. 

In the double potassium salt with cyanide, K7[Mn2(CN)1001.CN, the axes of the 
anions are normal to the c crystalographic axis and therefore to the long axes 
of the needle-like crystals bringing about a strong electronic and vibrational 
dichroism (ref. 21, 22). 

Among the infrared features shown by an ordered array of needles are to be 
pointed out the strongly polarized bands at 2158 and 408 cm'l which have been 
assigned to the antisymmetric axial CN and MnC stretchings (ref. 22), respect- 
ively. The corresponding, symmetric, Raman modes appear at 1881 and 527 cm-l, 
respectively. The extraordinarily big differences existing between infrared 
and Raman wavenumbers point to a strong coupling between the two Mn(CN)5 
moieties through the oxygen bridge. 

These modes, together with the MnOMn symmetric stretching (all A1) give place 
to a strong Raman resonance effect. Band progressions are seen at 2133, 1888, 
527 and 258.5 cm-1, all due to the axial MC symmetric stretching coupled with 
equatorial and axial CN stretchings, with itself (overtones) and with the 
MnOMn symmetric stretching, respectively (ref. 22, 23). 

The experimental excitation profiles fit quite well to the theoretical curves 
(ref. 23, 24) and confirm in part the assignment proposed for the electronic 
bands (ref. 25). Our results point to a metal-to-ligand (cyanide) charge 
transfer (ref. 22, 23) better than to the proposed d-d transition (ref. 25) 
for the band at 509 nm. 
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