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the predicted lifetimes serves to validate this treatment and points 
to the presence of competing nonradiative channels in the few 
compounds that exhibit anomalously short lifetimes. 
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The polarized single-crystal specular reflectance spectra of a series of barium salts of Ni(CNj?-, Pt(CN)?-, and mixtures of the 
two complex anions show that the in-plane spectra behave differently for transitions originating on the two complexes. The 
interpretation is that the lowest energy Ni and F't complex transitions polarized in-plane are not orbitally identical and that a new 
assignment of bz,(xy) - e,(r*) for the low-energy 'E, - 'A,, transition in Ni(CN),,- is required. 

Introduction 

Solid-state tetracyano complexes of nickel(II), palladium(II), 
and platinum( 11) have been of considerable interest because of 
the one-dimensional nature of the major electronic effects,2 the 
potential superconductivity among one-dimensional  conductor^,^ 
and the inherent interest due to the dramatic spectral changes 
upon crystallization from solution (the "solid-state e f f e ~ t " ) . ~ - ~  
Numerous electronic spectral studies have assigned observed 
absorptions to a variety of transitions with some general agreement 
in the Ni(CN)?- system+I2 and less in the Pd(CN)?-11,'3,14 and 
Pt(CN)4Z-9s11-19 systems. Both linear and circular polarization 
studies have determined the excited-state symmetries in many 
cases, but there is still ambiguity regarding actual orbital tran- 
sitions. Our approach has been to add new dimensions to the 
available evidence by comparing single effects across several salts 
of a single metal complex as in (1) a series of Pd(CN),2- com- 
pounds in which a single-molecule origin of the prominent out- 
of-plane solid-state peak is identified,14 (2) a single salt of three 
metallocyanides as with BaNi(CN)4, BaPd(CN)4, and BaR(CN)4, 
in which the similarity of the out of plane solid-state peak is 
demonstrated across the series,*O and (3) mixed-metal complexes 
as with [BaNi,Rl,(CN),].4H20, in which a delocalization over 
a t  least 20 centers was demonstrated for the prominent out-of- 
plane solid-state band.' In this work, we examine a more subtle 
aspect of these complexes, the lowest-energy in-plane bands in 
the barium salts of mixed Ni(CN)?- and R(CN),", which possess 
a significant amount of solid-state perturbation but do not lead 
to changes in color nor to one-dimensional conductivity. This has 
led to the need for a reevaluation of assignments for the lowest 
energy E, transition in Ni(CN)42-. 

Experimental Section 
We have studied the in-plane polarized visible and ultraviolet reflection 

spectra of crystals prepared from a range of mixed aqueous solutions of 
barium tetracyanonickelate(I1) and barium tetracyanoplatinate(I1). The 
parent crystals are isomorphous, with space group C2/c, stacking per- 
pendicular to the square planes and a M-M distance in the range of 
3.32-3.36 .k21.22 We have assumed that the mixed crystals have similar 
structures; our polarized spectra have confirmed that the planar orien- 
tations are the same for both pure and mixed-metal crystals. 

Single crystals of Ba[Ni,Pt,,(CN)4].4H20 were grown from aqueous 
solutions ranging from 1:4 to 4:l molar concentration of the pure Ba[M- 
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(CN),].4H20 salts. BaPt(CN),-4H20 was obtained by recrystallization 
from aqueous solution of the material from Ventron Chemicals. Ba- 
[Ni(CN),]-4H20 was obtained by the combination of an excess of bar- 
ium acetate with K2Ni(CN),. The latter had been obtained by recrys- 
tallization from material from Research Inorganic/Organic Chemical 
Corp. Depending upon the concentration, the long well-formed needles 
resembled the green body color with blue-white reflectivity of Ba[Pt(C- 
N)4].4H20, the orange body with white reflectivity of Ba[Ni(CN)4]. 
4H20, or an intermediate appearance. The surface quality was preserved 
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Figure 1. Polarized single-crystal spectra of Ba[Ni,,,,Pto,,(CN),].4Hz0. 
With the electric vector aligned parallel with the complex plane (in plane) 
(-) or perpendicular to the plane (out of plane) (--): (a) specular 
reflectance; (b) absorbance from Kramers-Kronig transformation of 
reflectance data. 

by maintaining the atmosphere at 58% humidity in a NaBr hygrostat or 
by approximating that atmosphere with damp wicks near the crystals 
during reflection spectroscopy. 

The reflection spectra were obtained on a double-beam specular re- 
flectance instrument described in detail elsewherez3 and based upon an 
earlier single-beam design.24 The instrument was centered around a 
reflecting microscope and was controlled by an Apple IIe computer. 
Crystal surface regions with diameters as small as 30 pm could be chosen 
for reflectance to ensure the best possible surface for measurement. The 
signal was evaluated statistically and collection continued until a 99% 
probability of a 1% agreement between the sample average and popula- 
tion average had been achieved. Spectra were obtained with the electric 
vector of the incident light aligned out-of-plane (parallel with the needle, 
or c crystallographic, axis) and in-plane (perpendicular to the needle 
axis). An internal reference beam mirror was calibrated to an NBS 
reflectance standard, yielding absolute reflectivities, which were trans- 
formed through a Kramers-Kronig analysis into absorp t i~ i t ies .~~~~~ An 
effective transition was added in the vacuum UV to provide the reflec- 
tivity necessary for proper base-line behavior throughout the experimental 
region. The intensity 3f the high-energy tail of this effective band was 
adjusted to give as low an absorption as possible in the regions where the 
solution spectra show no intensity. This adjustment did not affect the 
energies of transformed absorption bands and had only minimal effect 
upon integrated intensities. The same effective transitions (iiRmaX = 53.9 
X lo' cm-I, R,,, = 33.4%) were used for all samples. 

The composition of an individual crystal seldom equaled the compo- 
sition of the solution from which it was crystallized due to the large 
difference in aqueous solubilities of Ba[Ni(CN),].4Hz0 and Ba[Pt(C- 
N),].4Hz0. Since during crystallization the composition of the solution 
changed, the composition of successive layers in a crystal also changed. 
As reflection spectroscopy is a near-surface process, the composition of 
the surface layers was of interest in our study and it was determined in 
this case by reference to a detailed study of the position of the low-energy 
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Figure 2. In-plane absorbance spectra from Kramers-Kronig transfor- 
mation of Ba(Nio,76Pto.24(CN)4]-4HZ0 (-), Ba[Ni(CN),].4H20 (- -), 
and Ba[Pt(CN),].4H20 (--). 
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Figure 3. Relationships of positions of peaks A (*) and B (+) with 
percent Ba[Pt(CN),]-4HZ0. 

out of plane peak vs % BaPt(CN),.' 
Results and Analysis 

Single-crystal polarized specular reflectance spectra have been 
taken on 10 crystals ranging from Ba[Ni(CN)4].4H20 (0% Pt) 
to Ba[Pt(CN),].4H20 (100% Pt) over the spectral range of 15000 
to 46 500 cm-'. The reflectance results for a typical crystal are 
shown in Figure la .  Upon transformation via Kramers-Kronig 
analysis into absorption parameters, the spectra appear as in Figure 
lb. The sharp peak at  25.6 X lo3 cm-l was used in conjunction 
with Figure 3 of ref 7 to determine the surface composition to 
be 24 f 3% Ba[Pt(CN).,]. A comparison of in-plane polarizations 
is given in Figure 2, which includes data for the 24% Pt crystal 
and pure Ba[Ni(CN)4].4H20 and Ba[Pt(CN),]4H20 crystals. 
The mixed-metal crystal peak at  35.3 X lo3 cm-I corresponds well 
with the pure Ba[Ni(CN),].4H20 peak at 35.4 X lo3 cm-I (peak 
A) and may thus be associated with it. The origin of the peak 
at  37.5 X lo3 cm-I, however, is not as clear, although from the 
entire range of concentrations (vide infra), it may be seen to be 
associated with the Ba[Pt(CN)4].4H20 peak at  38.6 X lo3 cm-' 
(peak B). It is also evident that the integrated intensities of peaks 
A and B have been reduced in the mixed crystal, from 0.196 and 
0.076 A2 to 0.075 and 0.0095 A2, respectively. Summaries of the 
data for the 10 crystals studied are presented as transition energies 
in Figure 3 and as integrated intensities in Figure 4. 

The most immediate observation about the behavior or peaks 
A and B from the nickel and platinum salts is that they remain 
as two separate peaks upon mixing the complexes, in contrast to 
the prominent out-of-plane transitions.' In the latter, two distinct 
out-of-plane transitions for the tetracyanonickelate and tetra- 
cyanoplatinate salts a t  26.8 X lo3 and 23.3 X lo3 cm-', respec- 
tively, became one peak of intermediate energy and intensity in 
mixed crystals. The origin of that peak appears to be the 'Azu - lA,, (a#) - a2,,(r*)) transition in both the nickel and 
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Table I Recent Assignments for Charge-Transfer Transitions in Ni(CN)42- and Pt(CN)>- 

Ni(CN)d2- 
ref method a A C 

this work specular reflectance and soln abs a 37 200 (1 3 040) 50 500 
b IE, IEU 
c b2g(XY) - e,(**) e,(xz,w) - a d * * )  

Mason and Gray" HZO a 37300 (12000) 50000 (23 000) 
CH3CN a' 36 230 (1 1 350) 
soh abs b 'E, 'E,II 

c e,(xz,yz) - a2,(**) b,(xy) - e,(**) 

b A2,1, Eul 'E" 
Peipho, Schatz, and McCaffery9 MCD a 37200(11400) 50 500 

Cowman, Ballhausen, and Graylo 5 K single-cryst abs a 36 500 (VI); 36700 (VII) 
[(n-C4H9),N]+ salt 3Eu, 3Blu (VI); 'E, (VII) 

46 900 
b )3A2,, 'E, 

Demuynck, Veillard, and Vinot2' LCAO-MO-SCF a 37900 
b 'E, IBIU 
c e,(xzw) - a2Jp27*)  b2&Y) - a2u(Pz,"*) 

Pt(CN)12- 
ref method a B D 

Gray and Ballhausen12 s o h  abs a 39 180 (29 500) 
b 'Eu 
c e,(xz,yz) - a d * * )  

Moncuit s o h  abs a 39200 (10600) 46 300 (22 600) 
b 'Eu 'E,(III), 'E,(IV) 
c e,(xz,yz) - a2J**) 111: b2,(xy) - e"(**) 

b clE, d'E, 

IV: e,(xz,yz) - bZu(r*) 
Mason and Gray" soh  abs a 39000 (9000) 46 190 (18 700) 

c e,(xz,yz) - a2,(**) ~ z & Y )  - e,(**) 

b Eu2, A 2 J  A2,1, Eul ,  B1,1 (3Eu) 
c e,(xz,yz) - a d * * )  ~ , ( x Y )  - e,(**) 

b E, E, 
c e,(xz,yz) - a2,,(**) e,(*) - al,(a*) 

Peipho, Schatz, and McCaffery9 MCD a 39200 (10700) 46 100 (22 100) 

Interrante and Messmer16 SCF-Xa-SW a 38700 52 400 

Isci and Mason[* MCD soln abs a 38450 (12900) 45 500; 47 000 

Cowman and GrayI9 polarized abs ( ~ - B u , N ) ~ +  salt a 38 020; 38 880; 39 140 45 290; 45 700 
b A2,1('Eu); EUZ(~EU) A2,2()Eu); E,4(3E,) + vCN 

b A2J3EU); E,(%) A2,('A2u); E,( 'EJ 

"Key: a, wavenumber in cm-' (maximum absorbance in M-I cm-I); b, state assignments, - IAIg; c, orbital transitions corresponding to the E, +- 

the two distinct peaks in the mixed-metal in-plane spectra indicate 
different behavior for the Ni(CN)42- and Pt(CN),'- 'E, - IA,, 
transitions. 

It is important to next establish the origins of each of the 
transitions. Figure 4 illustrates that peak A increases in intensity 
with increasing % Ni(CN)42- and that peak B increases in intensity 
with increasing 7% Pt(CN)42-, thus indicating that peak A ori- 
ginates on Ni(CN):- and peak B on Pt(CN)Z-. This is, of course, 
confirmed in the pure materials. The significance in the mixed 
metals, however, is that the individual origins are retained 
throughout the range of concentrations. 

The platinum-based peak B, which red-shifts over 1000 cm-' 
as the % Ni content is increased, is reminiscent of the out-of-plane 
solid-state peak behavior. While the transition originates on Pt, 
the energy appears dependent upon the population of Ni centers 
surrounding the Pt. This behavior is consistent with the termi- 
nating orbital having a delocalized character. One such orbital, 
as noted in the review of out-of-plane spectra, is the a2,(n*,p,) 
orbital. Table I illustrates that peak B has been widely assigned 
as the orbital transition, e,(xz,yz) - az,(rr*). These assignments 
are consistent with our present observations. 

Table I also shows that peak A, originating on Ni(CN):-% has 
been assigned through experimental" and theoreticalz7 bases as 
the same transition as the above peak in Pt(CN),2-. If this were 
the case, one would expect peaks A and B to both shift toward 
the other. The condition of a single peak would not necessarily 

AI, transitions listed in b, where available. 

- .08- 

.04 - 

96 Ba[PtlCN),] 

~i~~~ 4. Integrated intensities of peaks A (*) and B (+) as a function 
of percent Ba[Pt(CN)J4H20. 

platinum complexes. That assignment seems reasonable in view 
of the demonstration of delocalization over at least 20 centers' 
and the proposals of band formation from the empty az,(n*) 
orbitals, which has some pz character, and from the filled alg 
orbitals of primarily dZ2 character.26 Extended molecular orbitals 
or even bands would average the effective nuclear charge from 
each metal along a chain, thus giving a single intermediate value 
in the case of mixed-metal crystals. In the case at hand, however, 

~ ~~ 
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be required since the overlap of the originating orbitals, d, and 
d,,, is not as great as those for the solid-state Azu transition, d,2, 
and limited overlap would not lead to identical ground state 
energies for the two complexes. Peak A, however, is notably 
energy stable throughout the range of concentrations for which 
it is observable, from 0 to 58% Pt. This energy stability dem- 
onstrates a clear independence from platinum, indicating that 
neither the originating nor terminal orbitals are participating in 
delocalization of any kind. This interpretation rules out the 
possibility of the e,(xz,yz) - a’,(**) transition. A different 
assignment thus appears to be needed. The assignment should 
account for three factors: (1) no involvement with the delocalized 
orbital associated with the out-of-plane solid-state band, (2) 
solid-state red-shifting, since this band is of lower energy than 
its corresponding transition in solution, and (3) a reasonable 
alternate location for the e,(xz,yz) - aZu(r*) transition. 

Possible candidates for peak A will be the several lowest energy 
‘E, - ,Alg transitions in Ni(CN)42-. Since spin-orbit coupling 
is not a major effect in Ni,9 only singlet-singlet transitions will 
be considered as bases for the state transitions. A widely accepted 
energy-level scheme is that of Gray and Ballhausen,” in which, 
for both Ni(CN):- and Pt(CN)?-, the occupied metal d orbitals 
are distinct in energy from ligand orbitals. Although SCF-Xa- 
S W  calculations16 on Pt(CN),*- and [Pt(CN),’-], show extensive 
mixing of both bonding and nonbonding ligand orbitals with metal 
d orbitals, which introduces many more choices for transitions, 
preliminary SCF-Xa-SW calculations on Ni(CN)42-28 show a 
clear separation of metal d levels from bonding ligand orbitals. 
Thus, the most reasonable candidates for peak A will be the 
following transitions: (i) al,(z2) - e,,(**); (ii) b,,(xy) - e,(**); 
(iii) e,(xz,yz) - bzu(ir*); (iv) e,(?yb) - bl,(x’ - y’). 

The third consideration noted earlier, an alternate location for 
the e,(xz,yz) - a’,(**) transition, should now be discussed in 
preparation for considering the most likely assignment for peak 
A. Since we are ruling out this transition for peak A, it most likely 
will reside nearby in the low end of the remaining Ni(CN)42- 
charge-transfer transitions. The second-lowest prominent E, +- 

A,, transition is at - 50 500 cm-I and appears to be the most likely 
location of e,(xz,yz) - a,,(**). 

Peak A should thus be due to a transition of lower energy than 
e,(xz,yz) - a’,(.*). This requirement eliminates transition iv 
since the bl,(xz - y 2 )  orbital has been placed close to or above 
the aZu(r*) orbita112*16,26 and eu(rb) is >1 eV below the occupied 
3d levels.26 Transition iii is also suspect since the b2,(r*) orbital 

is nonbonding in the complex and most certainly is above the 
azu(r*) orbital. 

The remaining transitions, i and ii, are still plausible candidates 
on the basis of semiquantitative energy arguments. Transition 
i, however, is clearly associated with an orbital involved with the 
extensive out-of-plane delocalized transition, alK(z2) - a2,(r*). 
Thus, the first consideration, noninvolvement with delocalized 
orbitals, rules out transition i. Transition ii thus passes the first 
and third considerations, and it also satisfies the second: a sus- 
ceptibility to solid-state perturbation. While the mechanism of 
perturbations is not within the scope of this paper, it is reasonable 
to note that, though we have ruled out band formation for peak 
A in Ni(CN),’-, both factor-group splittingz9 and crystal field 
interactions remain as other possible mechanisms. The latter could 
conceivably raise the energy levels of the 3d, levels more than 
Ah* levels due to the 45’ staggering of adjacent planes” and the 
distance from Ni to the Ah* orbitals, which would lead to red- 
shifting upon crystallization from solution. A solvent effect has 
been observed for this transition by Mason and Gray” in which 
they observed a 1100-cm-’ red-shift upon changing the solvent 
from HzO to CH3CN. 

The conclusions from our observations are that the in-plane 
35 400 cm-I transition in Ni(CN),’- (37 200 cm-l in solution) is 
likely due to a bZg(xy) - e,(**) orbital transition and the 50 500 
cm-’ transition (C) is possibly the e,(xz,yz) - az,(r*) transition. 
This essentially is a complete switch from two previous assign- 
ments”,” of the corresponding transitions in Pt(CN)42-. Such 
a switch is not without some precedent: Peipho, Schatz, and 
McCaffery9 have proposed that their assignment for the 46 100- 
cm-l Pt(CN),’- E, transition (D) be applied to the 37 200-cm-’ 
transition in Ni(CN)42- (A). 

We are currently studying series of various salts of Ni(CN),’- 
and Pt(CN)4Z- and continuing SCF-Xa-SW calculations on 
Ni(CN),’- transitions to further elucidate the several effects 
apparently present in these compounds. 
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Excited-State Raman Spectroscopic Study of Bonding Changes in K3[Mn(CN)5NO] 
Induced by Nitrosyl Bending 
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The Raman spectrum of K3[Mn(CN)5NO] in the manganese to nitrosyl charge-transfer excited electronic state is reported. The 
C N  stretching frequencies in the excited electronic state decrease by about 100 cm-’ from those in the ground electronic state. 
The dependence of the Raman intensity on the laser pulse energy shows that the observed band arises from a two-photon process. 
Two excited-state Raman peaks are found in the metal-ligand region of the spectrum at 533 and 565 cm-’ and are assigned to 
the excited-state MnCN bending mode and the Mn-N stretching mode, respectively. These peaks also exhibit a two-photon 
dependence on the laser pulse energy. The changes in the vibrational frequencies between the ground and excited electronic states 
are interpreted in terms of the loss of the highly covalent linear (MN0l6 unit caused by bending of the M N O  bond in the excited 
electronic state. 

Transition-metal nitrosyl complexes that contain a linear MNO 
unit can undergo a geometry change to a bent MNO unit in metal 

to ligand charge-transfer excited The photochemical 
consequences of this geometry change were first pointed out  in 
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