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The 2E*--~4A 2 absorption and emission spectra of [Cr(NH3)5(NO3)](NO3)2, [Cr(NH3)5(NO2) ] 
.(NO3)2, and [Cr(NH3)5(HzO)](NO3) 3 microcrystals have been recorded at 77 ~ Tetragonal 2E 
splittings are 209, 188 and 87 cm -a, respectively. An analysis of the limited vibronic structure has 
been made and compared to the results for the parent "t)ctahedral" complex, [Cr(NH3)6](NO3) 3. 
Vibrations of approximately 270 and 700 cm- ~ are prominent. 

Die 2E,l--).4A2 Absorptions- und Emissionsspektren von [Cr(NHa)5(NOa)](NO3)2-, [Cr(NH3)s 
(NO2)](NOa)2- und [Cr(NHa)5(H20)](NOa)3-Mikrokristallen werden ftir 77 ~ angegeben. Die tetra- 
gonalen 2E Aufspaltungen sind 209, 188 bzw. 87 cm -~. Eine Analyse der begrenzten vibronischen 
Struktur wurde vorgenommen und mit den Resultaten fiir den oktaedrischen Stammkomplex, 
[Cr(NH3)6](NOa)3 verglichen. Schwingungen von etwa 270 und 700 cm -1 treten besonders hervor. 

Les spectres d'6mission et d'absorption 2E~-o,'*A2 de microcristaux de [Cr(NHa)5(NOa)](NO3)2, 
[Cr(NH3)5(NO2)I(NO3) 2 et [Cr(NH3)5(H20)](NO3) 3 ont 6t6 enregistr6s ~t 77 ~ K. Les 6cartements 
t6tragonaux 2E sont respectivement 209, 188 et 87 cm -1. Une analyse de la structure vibronique 
limit6e a 6t6 effectu6e et compar6e aux r6sultats pour le complexe <~octa6drab)parent [Cr(NI-Ia)6](NO3) 3. 
Les vibrations au voisinage de 270 et 700 cm- 1 6mergent. 

The 2E~--~4A2 t rans i t ion  has been observed in abso rp t ion  and emission f rom 
a large n u m b e r  of  Cr 3§ systems [1]. The  0 -  0 t rans i t ion  (R line) is split  into two 
componen t s  ( 0 - 0 1  and  0 -  02) when the site symmet ry  is r educed  f rom Oh, due 
to the  pa r t i a l  r emova l  of  the  2E degeneracy.  In most  cases s tudied to date,  the 
d i s to r t ions  have been essent ial ly  t r igona l  and  the 2E spl i t t ings typica l ly  range 
f rom 5-60  c m - 1  [1]. W h e n  a well-defined molecu la r  complex,  e.g., [ C r ( H 2 0 )  3+] 
is i nco rpo ra t ed  into a crystal  lattice, it has  been poss ib le  in several  instances  to 
assign much  of  the v ibronic  s t ruc ture  to i n t r amolecu la r  modes  [2-53.  In  each of 
these t r igona l  systems, the  v ib ra t iona l  intervals  were near ly  the same in bo th  the 
g round  (4A2) and excited (2E) states, as expected for an in t raconf igura t iona l  (t 3) 
t rans i t ion .  The  intensi ty  d i s t r ibu t ions  were somet imes  qui te  different, the ab-  
so rp t ion  and emiss ion spec t ra  were not  good  " mi r ro r  images"  [4, 6]. 

In  con t ras t  to the ra the r  large number  of 2E spl i t t ings in t r igonal  fields that  
have been identified,  only  one example  o fa  t e t r agona l  spl i t t ing appears  to have been 
repor ted ,  viz., Cr 3 § : M g O  [7]. A l though  mos t  of the Cr 3-- ions  in this crystal  
are  in cubic  envi ronments ,  some are  in C4v sites p r o d u c e d  by  the ca t ion  vacancies  
tha t  resul t  when M g  +2 is rep laced  by  Cr  3§ In these t e t r agona l  sites the 2E 
spl i t t ing is 94 c m -  1 

* This contribution is dedicated to the memory of Prof. Hans-Ludwig Schl~ifer, a stimulating 
colleague and valued friend. 
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The absorption and emission spectra of another tetragonal [D4h ] complex, 
trans K[Cr(C204)2(H20)2 ] . 3H20 ,  have been recorded [81. Although con- 
siderable structure is present in these spectra, the second 2E component was not 
assigned. 

We now add to the meager literature describing tetragonal effects on the 
2E state by presenting the absorption and emission spectra of microcrystalline 
[Cr(NH3) 5(H20)] (NO3) 3, [Cr(NH3) 5 (NO3) ] (NO3)2, and [Cr(NH3) 5(NO2) ] 
�9 ( N O 3 )  2 and comparing these with the spectra of [ C r ( N H 3 ) 6 ] ( N O 3 )  3. 

Results 

In order to minimize spurious emissions, it is desirable to incorporate the 
complex of interest in a transparent host. The A13§ analogs, which are quite 
satisfactory for trigonal complexes, have not been prepared for these tetragonal 
complexes. The only hosts that we were able to obtain were the corresponding 
Co 3§ systems. Unfortunately, the host absorption masks the Cr 3§ absorption 
in the mixed crystals and energy transfer from Co 3 + to Cr 3 § is so inefficient that 
no 2E~4A2 emission was detectable. Consequently, it was necessary to utilize 
pure Cr a § compounds for both the absorption and emission studies. Under these 
conditions, energy migration between Cr 3 § centers is rapid and the excitation 
is easily trapped in defect and impurity centers [9, 10]. In addition, photo- 
decomposition was observed in [Cr(NH3)6] (NO3) 3 and [Cr(NH3)6] C13. We have 
reduced interference from impurities and defects by several procedures. To 
decrease the irradiation time and eliminate photodecomposition, the spectra were 
recorded quickly with a photoelectric instrument (20 cm-1 slit width). These 
spectra were compared with those obtained photographically at higher resolution 
(4 em-1). Photoproduced lines were identified in this manner. Examination of 
the photoelectric emission spectrum as a function of temperature permitted the 
identification of impurity (defect?) lines. The impurity and genuine line intensities 
should have a different temperature dependence. These are denoted by an asterisk 
in Figs. 6 and 8. We believe that all features assigned in Figs. 1-8 arise from the 
species of interest. 

[Cr(NH3)6] (NO3)3 

Our crystal spectra (Figs. 1-2) are in good agreement with the room 
temperature solution absorption and low temperature glass emission spectra 
of [Cr(NH3)63 +] [11, 12]. The 0 - 0 transition (unsplit) is located at 15,209 cm- a 
in the crystal and 15,225 cm- 1 in an ethylene glycol-water (2 : 1 v/v) glass at 77 ~ 
Direct measurement of the 2E*--4.4 z absorption in solution has been made in 
Prof. Schl/ifer's laboratory and f = 4 . 7  x 10 .7 [13]. Since the 0 - 0  transition 
accounts for roughly 5% of the total emission intensity, f0-0----2 x 10 .8 , rather 
large for a magnetic dipole transition. It is probable that the 0 -  0 transition 
contains a large electric dipole component indicating the absence of an inversion 
center at the Cr 3 + site. 
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Fig. l. Absorption spectrum of [Cr(NH3)6](NO3) 3 at 77 ~ 
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Fig. 2. Emission spectra of [Cr(NH3)6](NO3) 3 at several temperatures. The sensitivity was increased 

above 77 ~ 

The intrinsic line widths and resolution attainable in this work preclude the 
detection of splittings < 10 cm- 1. Hence, exchange couplings [2], if present are 
ignored in the analysis. Indeed, the emission spectra from microcrystals and 
glassy solutions are nearly identical. 
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Tetragonal Complexes 

Of prime interest here is the evaluation of the 2E splitting. Although the 
vibronic structure is more limited in these spectra of the tetragonal complexes 
than in the [Cr(NH3)6] (NO3) 3 parent, some of the vibrational frequencies appear 

tN 
0~ 

~0 ~ eJ 

Fig. 3. Absorption spectrum of [Cr(NH3)5(NO3)](NO3)/ at 77 ~ The feature designated by the 
asterisk does not appear in all spectra and is probably spurious 
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Fig. 4. Emission spectra of [Cr(NHa)s(NOa)](NO3)2 at several temperatures. The sensitivity was 
increased above 106 ~ 
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Fig. 5. Absorption spectrum of [Cr(NH3)5(NO2)](NO3) 2 
at 77 ~ 
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Fig. 6 

Fig. 6. Emission spectra of [Cr(NH3)5(NO2)](NO3) 2 at several temperatures. The feature designated 
by the asterisk disappears at higher-temperatures and is ascribed to an impurity 
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Fig. 7. Absorption spectrum of [Cr(NH3)5(H20)](NO3) 3 
at 77 ~ 

Fig. 8 

Fig. 8. Emission spectra of [Cr(NH3)5(H20)](NO3) 3 at several temperatures. The feature designated 
by the asterisk disappears at higher-temperatures and is ascribed to an impurity 
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in all four complexes (Table). An interval around 270 cm-1 is ubiquitous and, 
with the exception of [Cr(NH3)s(H20)](NO3)3, a vibration near 700cm -1 
seems to be involved�9 On the basis of the analysis presented in the table, 
we assign the following 2E splittings: [Cr(NH3)s(NO3)](NO3)2, 209cm-1; 
[Cr(NH3)s(NOz)](NO3)2,188 cm- 1; and [Cr(NH3)5(H20)](NO3) 3, 87 cm- 1. 

The ratio of the 0 - 0  and vibronic intensities is larger in the tetragonal 
complexes than in the parent "octahedral" species, as expected for C4~ symmetry. 

Discussion 

A splitting of the broad 4Ti+--4A 2 absorption band cannot be detected 
unless the magnitude exceeds 2000 cm 1. In solution, at room temperature, the 
4T 2 +- 4A 2 spectra of [Cr(NH3) 5 (NO2)] 2 +, [Cr(NH3)s (NO3)] 2 + and [(Cr(NH3) s 
�9 (H20)] 3+ are more asymmetrical (tailing to the red) than is the corresponding 
[Cr(NH3)6] 3+ band. We estimate the tetragonal splittings to lie between 1000 
and 2000 cm-1. A similar asymmetry is observed in the excitation spectrum 
(4T2+-4A2) for the 2E--+4A 2 emission arising from the tetragonal Cr 3+ sites 
in Cr3+:MgO [14], where the 2E splitting is 94cm -1. The 2E and 4T 2 
splittings depend upon the tetragonal parameters, # and ~ in different ways and a 
simple parallelism between these splittings is not expected. Nonetheless, as a 
crude estimate, we can say that tetragonal distortions which split ~T 2 by 
1000-2000 cm-1, produce 2E splittings in the neighbourhood of 100-200 cm-1 
in the pentamine complexes. 

We can interpret the spectra of Dingle [8] in light of the present results. 
The 2E splitting in transK[Cr(CeO4)2(H20)2]. 3H20 must be at least 
131 cm -1. The emission within 130 cm -1 of the 0-0 line is probably due to 
impurities. 

In summary, we conclude that the 2E splittings in tetragonal complexes are 
rather larger than those commonly encountered in trigonal systems. When allow- 
ance is made for the 2E splitting, the absorption and emission spectra are good 
mirror images of one another. 

Experimental 

The compounds were synthesized by published methods: [Cr(NH3)6] (NO3) 3 

[15], [Cr(NH3)s(NO3)](NO3)2 [16], [Cr(NHg)s(NO3)](NO3) 2 [16], and 
[Cr(NH3) 5 (U20)] (NO3) 3 [17]. 

The powdered samples were mounted in a dewar in direct contact with liquid 
nitrogen. The temperature dependences of emission spectra were obtained by 
allowing the liquid nitrogen to evaporate while the spectra were continuously 
scanned. 

The spectra were recorded photographically on Kodak I-N plates with a small 
grating spectrograph (80/~/mm) and photoelectrically by means of a Jarrell-Ash 
0.75 m instrument equipped with an EMI 9558B detector (S-20). The spectra 
were analyzed by reference to the neon spectrum and we believe that the 
absolute positions of sharp lines are reliable to 6 cm -1. The photographic 
plates were scanned with a Joyce-Lobel recording microdensitometer and 
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v i sua l ly  wi th  a N i k o n  Prof i le  P ro j ek to r ,  M o d e l  6 C. F o r  u n i f o r m i t y  a n d  ease of 
c o m p a r i s o n  all  o f  the  spec t ra  s h o w n  in  Figs.  1 -8  are pho toe lec t r i c  records ,  
a l t h o u g h  the  l ine  p o s i t i o n s  were o b t a i n e d  for the  m o s t  pa r t  f rom the p h o t o g r a p h i c  
plates.  
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